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ARTICLE INFO ABSTRACT

Keywords: Diabetes mellitus-related cardiomyopathy (DMCMP) has been defined as ventricular dysfunction that occurs in

Diabetes mellitus-related cardiomyopathy diabetic patients independent of a recognized cause such as coronary artery disease or hypertension.

pp2A Mechanisms underlying DMCMP have not been fully elucidated. In this study, the roles of protein phosphatase

llflofz 2A/nuclear factor NF-E2-related factor 2 (PP2A/Nrf2) in experimental DMCMP induced by high glucose were
T

studied in vitro and in vivo. The results showed that high glucose could induce experimental DMCMP and
increase ROS generation, increase the expression and nuclear translocation of Nrf2, down-regulate the expres-
sion of PI3K/Akt/mTOR and up-regulate the expression of ERK, and activate the autophagy of cardiomyocytes.
The activity or expression of PP2A in DMCMP increased. PP2A could up-regulate the expression of Nrf2 and
promote cardiomyocytes autophagy and apoptosis. Inhibition of PP2A could reduce the expression of Nrf2 and
inhibit the autophagy and apoptosis of cardiomyocytes. The results suggested that hyperglycemic-induced ex-
perimental DMCMP may be related to up-regulating the expression of Nrf2 through PP2A/Nrf2 pathway. These
results will be helpful to elucidate the pathogenesis and mechanism of DMCMP and find targets for the devel-

Autophagy
Apoptosis

opment of new drugs to prevent or treat DMCMP.

1. Introduction

Diabetes mellitus-related cardiomyopathy (DMCMP) was originally
described as a dilated phenotype with eccentric left ventricular (LV)
remodeling and systolic LV dysfunction. However, recent clinical stu-
dies on DMCMP mainly describe a restrictive phenotype with con-
centric LV remodeling and diastolic LV dysfunction [1]. It is char-
acterized by diastolic abnormalities in early stage and later by heart
failure in the absence of dyslipidaemia, hypertension and coronary
artery disease [2,3]. Multiple potential mechanisms have been im-
plicated in the pathophysiology of DMCMP. Although depicted as se-
parate mechanisms, these pathways interact with each other in complex
ways. Examples include: (1) increased fatty acid oxidation and lipo-
toxicity may promote mitochondrial dysfunction; (2) mitochondrial
dysfunction and endoplasmic reticulum stress may increase apoptosis;
(3) oxidative stress, increased advanced glycation end products (AGE)
signaling and inflammation may promote expression of pro-fibrotic
genes or apoptosis [4]. DMCMP is known to relate to oxidative stress

that is due to a severe imbalance between reactive oxygen species
(ROS) and/or reactive nitrogen species (RNS) generation and their
clearance by antioxidant defense systems [5]. Therefore, it is significant
to elucidate some of the molecular and cellular mechanisms via
studying the ROS and related pathways that may help struggle against
DMCMP [6].

Transcription factor nuclear factor NF-E2-related factor 2 (Nrf2) is a
master regulator of cellular responses against environmental stresses.
Nrf2 induces the expression of detoxification and antioxidant enzymes,
and Kelch-like ECH-associated protein 1 (Keapl), an adaptor subunit of
Cullin 3-based E3 ubiquitin ligase, regulates Nrf2 activity [7]. As an
important cellular redox sensor, Keapl causes Nrf2 to be degraded
through the ubiquitin-proteasome pathway. In the presence of oxidative
or electrophilic stress, critical cysteine thiols of Keapl are modified/
oxidized and Keapl loses its ability to ubiquitinate Nrf2 and Nrf2 de-
gradation ceases. Nrf2 is thus stabilized and translocated to the nucleus,
resulting in a coordinated activation of gene expression [8,9]. In ad-
dition, new sets of Nrf2 target genes whose products are involved in cell
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proliferation and differentiation but not necessarily in the regulation of
oxidative stress have been identified by analyses of the genome-wide
distribution of Nrf2 [10]. Study has indicated Nrf2 may have an im-
portant protective effect on DMCMP. Genetic activation of Nrf2 sig-
naling by Keapl gene hypomorphic knockdown (Keaplflox/—) mark-
edly suppresses the onset of diabetes [8]. By using Nrf2-KO mouse
model, the important role of Nrf2 in protecting various organs including
the heart from diabetes has been extensively approved [5]. Enhanced
Nrf2 activation worsens insulin resistance, impairs lipid accumulation
in adipose tissue, and increases hepatic steatosis in leptin-deficient mice
[11]. In addition, Nrf2 deficiency prevents from reductive stress-in-
duced hypertrophic cardiomyopathy. Sustained activation of Nrf2 may
cause a significant decrease of protein oxidation in association with the
induction of chronic reducing stress, which in turn causes deubiquiti-
nation and downstream protein degradation pathways, resulting in the
development of cardiac hypertrophy and remodeling [12]. Meanwhile,
there is a close relationship between Nrf2, autophagy, and apoptosis
through the relationship with ROS. The tight interactions between ROS
and autophagy reflects in two aspects: the induction of autophagy by
oxidative stress and the reduction of ROS by autophagy [13]. It has
been found that oxidative stress induces apoptosis of diabetic cardio-
myocytes through multiple pathways, such as direct activation of mi-
tochondrial apoptosis pathway, tumor necrosis factor a (TNF-a) and
death receptor pathway, p53 apoptosis pathway and p38 mitogen ac-
tivated protein kinases (MAPK) pathway [14].

Protein phosphatase 2A (PP2A) is a central cardiac phosphatase that
regulates diverse myocyte functions through a host of target molecules.
It is composed of a catalytic subunit (C), a structural subunit (A), and a
regulatory/variable B-type subunit [15]. Study showed that, in high
glucose (HG)-cultured cardiomyocytes, phosphorylation of GSK-3p3 was
decreased, while that of the PP2A catalytic subunit C (PP2Ac) and IKK/
IkBa was increased, followed by NF-kB nuclear translocation and
apoptosis. These findings demonstrated that Atorvastatin protected
cardiomyocytes from HG-induced apoptosis and alleviated experi-
mental DMCMP by regulating the GSK-3B-PP2A-NF-kB signaling
pathway [16]. Recent study has reported that the relationship between
ROS and promotion of chemoresistance via nitration of PP2A and ex-
cess ROS can promote oxidative inactivation of PP2A [17-19]. PP2A
can participate in insulin activation and improve insulin resistance in
metabolism [20]. However, whether PP2A/Nrf2 can protect cardio-
myocytes in the hyperglycemia environment is not clear. Thus, the roles
and mechanisms of PP2A/Nrf2 in experimental DMCMP were studied in
vitro and in vivo for the first time in order to lay the foundation for the
development of the drugs for the prevention and treatment of DMCMP.

2. Materials and methods
2.1. Materials

Dulbecco's modified Eagle's medium (DMEM) was purchased from
Gibco BRL (Grand Island, NY, USA). Fetal bovine serum (FBS) was from
Tianjin Kangyuan Biotech Co., Ltd. (Tianjin, China) ; LysoTracker
Green fluorescent dye (LTG) was purchased from Invitrogen (California,
USA); Acridine orange (AO) and Hoechst 33342 solution were from
Beyotime Biotechnology (Shanghai, China); Annexin V-FITC/propi-
dium iodide (PI) cell apoptosis detection kit was from Beijing 4A
Biotech Co., Ltd. (Beijing, China); Malondialdehyde (MDA),
Glutathione peroxidase (GSH-Px), Superoxide dismutase (SOD),
Catalase (CAT), and Total nitric oxide synthase (NOS) detection Kkits
were from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China); Sodium citrate buffer (0.1 M, pH 4.5) was from Solarbio Biotech
Co., Ltd. (Beijing, China); Streptozocin (STZ) was from Sigma; p-Akt
and Akt were from Santa Cruz Biotechnolog (Santa Cruz, USA); Bcl-2,
Bax, PARP, caspase-3, PI3K, ERK, p-ERK, p-mTOR, mTOR, p62, and [3-
actin were from Cell Signaling Technology (Cell Signaling, USA); LC3B,
Nrf2, and HIF-1a were from Sigma. Okadaic acid (OA , 98%) was from
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J&K Scientific LTD (Beijing, China) ; Fingolimod hydrochloride
(FTY720) was from Shanghai Sixin Biotechnology Co., Ltd. ; Ad-PP2A/
Ad-dn-PP2A were presented by Professor Shile Huang, Health Sciences
Center, Louisiana State University.

2.2. Cell culture

Rat cardiac H9c2 cells (ATCC, Rockville, MD, USA) were cultured in
DMEM supplemented with 10% heat-inactivated FBS, 100 pg/ml
streptomycin, and 100 unit/ml penicillin at 37 °C in a humidified at-
mosphere (5% CO,). The cells were fed every 1-2 days and subcultured
once they reached about 80-90% confluence. Cells were plated at an
appropriate density according to each experimental design, and the
cells were in the exponential phase of growth before exposure to drugs
in all experiments.

2.3. Cell viability in vitro

HO9c2 cells were seeded in 96-well plates at a density of 3000 cells/
well. Following overnight adherence, cells were incubated with glucose
(5, 10, 25, and 50 mmol/L) in DMEM supplemented with 10% fetal
bovine serum at 37 °C for 24, 48, and 72 h. Then cell proliferation was
determined by MTT assay. Cells were treated with MTT solution (final
concentration, 0.5mg/ml) for 4h. The supernatants were removed
carefully, followed by the addition of 150 pl DMSO to each well to
dissolve the precipitate. Then, the absorbance was measured at 570 nm
in a microplate reader (Synergy HT).

2.4. Cell morphological analysis

HO9c2 cells were seeded at a density of 2.5 x 10* cells/well in a 24-
well plate and grew overnight at 37 °C in a humidified incubator with
5% CO,. The next day, cells were pretreated with/without glucose
(50 mmol/L) for 72 h. After indicated incubation, Giemsa staining [21]
and cell morphology was examined under an inversion microscope. The
cell area of each group was measured by the software of image Pro Plus,
each group randomly selected 50 cells and calculated the average value
(% 200).

2.5. Analysis for generation of ROS

The production of ROS was measured by detecting the fluorescent
intensity of oxidant-sensitive probe DCFH-DA, which was a stable
nonfluorescent molecule that passively diffuses into cells, where the
acetate could be cleaved by intracellular esterase to produce a polar
diol that was well retained within the cells. H9c2 cells were seeded at a
density of 2.5 x 10* cells/well in 24-well plate. The next day, cells were
pretreated with/without NAC (5 mmol/L) for 2h followed by incuba-
tion with glucose (50 mmol/L) for another 72 h. Then cells were loaded
with DCFH-DA (10 ummol/L) as per the manufacturer's protocol for
0.5 h. Fluorescent intensity was recorded by excitation at 485 nm and
emission at 535nm using a Wallac 1420 Multilabel Counter (Wallac,
Turku, Finland). Cells in the 24-well plate were observed under a
fluorescence microscope.

2.6. AO and LTG staining

AO and LTG staining were applied to observe the autophagy in cells
pretreated with glucose. H9c2 cells were seeded in 24-well plates at
density of 2.5 x 10* cells/well. After the corresponding treatment, the
cells were stained with AO or LTG. Morphologic changes were observed
and photographed under the fluorescence microscope (Olympus,
Japan). AO was used to evaluate the abundance of autophagic vacuoles
in the cells [22]. LTG is a green fluorescent dye used to dye acidic
chambers in living cells.
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Fig. 1. Effects of high glucose on H9c2s
cells. (A) Cell viability. H9c2 cells were
treated with different concentrations (0, 5,
10, 25, and 50 mmol/L) glucose in different
times(24, 48, and 72 h) before cell viability
was measured by MTT assay. *P < .05,
=P < .01, vs. control cells. “P < .05, vs.
mannitol cells. Results are presented as
means + SEM (n=6). (B) Cell mor-
phology. H9c2 cells were treated without
(a) or with (b) high glucose (50 mmol/L)
for 72h. Cells were stained with Giemsa
staining and counted cell surface area.
“P < .01, vs. control cells. Results are
presented one of three independent ex-
periments. (C) AO staining. H9c2 cells were
incubated with 3-MA (5 mmol/L) for 2h,

e then treated with glucose (50 mmol/L) for
72h. Cell pictures were taken under a
fluorescent microscope (x200). (a)

Control; (b) High glucose; (¢) 3-MA; (d) 3-
MA + High glucose. Results are presented
one of three independent experiments. (D)
LTG staining. H9c2 cells were pretreated

High-glucose

with 3-MA or glucose as above. Cell pic-
tures were taken under a fluorescent mi-
croscope (Xx200). (a) Control; (b) High
glucose; (c) 3-MA; (d) 3-MA + High glu-
cose. Results are presented one of three
independent experiments. (E) Western
blotting was used to detect the expression
of LC3B and P62. Results are presented as
means + SEM of three independent ex-
periments. *P < .05, **P < .01, vs. con-
trol cells. P < .05, *#P < .01, vs. High-
glucose.
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2.7. Western blotting

A total of 30 ug of myocyte proteins were separated by 10% SDS-
PAGE, and then transferred to polyvinylidene difluoride membranes
(PVDF) (Millipore Corporation, USA) in Tris-glycine buffer. After
blocking with 5% (w/v) non-fat dry milk in 20 mmol/L Tris-buffered
saline containing 0.1% (v/v) Tween-20 (TBST) for 4 h, the membrane
was incubated with the appropriate primary antibodies at 4 °C over-
night and then washed three times. After incubation with secondary
antibodies (ZSGB-BIO, China) at room temperature for 1 h, the proteins
were detected with enhanced chemiluminescence and quantified using
a Gel Doc 2000 Imager (Bio-Rad, USA). Protein expression was nor-
malized to B-actin.

2.8. Adenovirus transfection of PP2A

HO9c2 cells were seeded at a density of 10 x 10* cells/well in 6-well
plate. The next day, cells were pretreated with/without NAC (5 mmol/
L) for 2 h followed by incubation with OA/FTY720 or Ad-PP2A/Ad-dn-
PP2A for another 24 h (control cell was treated with LacZ), then cells
were pretreated with/without glucose (50 mmol/L) for 72 h.

2.9. Hoechst 33342 staining

H9c2 cells were seeded at a density of 2.5 x 10* cells/well in 24-
well plate. Then pretreated with/without NAC (5 mmol/L) for 2h fol-
lowed by incubation with OA/FTY720 or Ad-PP2A/Ad-dn-PP2A for
another 24 h, followed by glucose (50 mmol/L) for another 72 h. Cells
were fixed with 4% paraformaldehyde for 10 min, followed with 1%
Triton-X-100 for 10 min. Hoechst 33342 stain at concentration of
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Fig. 2. ROS generation and autophagy in high-glucose induced H9c2 cells. H9c2 cells were pretreated with NAC (5 mmol/L) for 2h, then treated with glucose
(50 mmol/L) for 72 h. (A) The ROS level was determined by assaying the fluorescent product 2’, 7’-dichlorofluorescein (DCF) from 2’, 7’-dichlorofluorescin diacetates
(DCFH-DA). The images were captured by fluorescence microscopy using identical exposure settings (x 200). Results are presented one of three independent
experiments. (B) Western blotting was used to detect the expression of Nrf2 and HIF-1a. Results are presented as means = SEM of three independent experiments.
“p < .05, **P < .01, vs. control cells. *P < .05, *#P < .01, vs. High-glucose. (C) Cells were stained with AO. (a) Control, (b) High glucose, (c) NAC, (d)
NAC + High glucose. Results are presented one of three independent experiments. (D) Cells were stained with LTG. (a) Control, (b) High glucose, (c) NAC, (d)
NAC + High glucose. Results are presented one of three independent experiments. (E, F, G) Western blotting was used to detect the expression of LC3B, P62, PI3K, p-
Akt, p-mTOR, and P-ERK. Results are presented as means + SEM of three independent experiments. *P < .05, **P < .01, vs. Control; #p < .05, ¥*P < .01, vs.

High-glucose.
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10 mg/mL was used to dye the nucleus of H9c2 cells.
2.10. Flow cytometric detection of apoptosis

H9c2 cells were seeded at a density of 10 X 10* cells/well in 6-well
plate, treated with OA/FTY720 or Ad-PP2A/Ad-dn-PP2A and harvested
as described above. Cells were washed twice with DPBS and stained
with Annexin-V/PI staining kit following the manufacturer's instruc-
tions. Cells were analyzed using a FACSCanto II (BD Biosciences).
Quantification of viable (double-negative), early apoptotic (annexin V-
positive), late apoptotic (annexin V and PI double-positive) and ne-
crotic cells (PI-positive) was performed using FlowJo v10.4.1 (FlowJo,
LLC).

2.11. In vivo animal model

Male Kunming mice, 6-8 weeks, weighed 18-22 g were purchased
from the Experimental Animal Center, Shandong University. The re-
search protocol was in accordance with the institutional guidelines of
the Animal Care and Use Committee at Shandong University. Thirty-six
mice were fed with high sugar and high fat diet for 4 weeks. Then the
mice fasted overnight, each mouse was injected with STZ at a con-
centration of 30 mg/kg for 3 days. There were 32 mice whose blood
glucose was stable at 10.9 mmol/L, then randomly divided into 3
groups for follow-up experiment. Normal diet was used in the blank
group, and OA group received intraperitoneal injection of 2 ug/kg/d,
FTY720 group was intraperitoneally injected with 1 mg/kg/d. Fasting
body weight and blood glucose were measured every 7 days until the
end of the experiment.

2.12. Tissue collection and serum analysis

At the end of the experiment, all mice were sacrificed, and each
mouse's blood was taken in the 1.5 ml EP tube. After resting 2 h at room
temperature, blood was centrifuged at low temperature (13,000 r/min)
for 15 min, and the upper serum was taken in the new EP tube and used
for enzyme activity assays. The heart tissue of each mouse was collected
and used for Western blotting.

2.13. Statistical analyses

Data were described as the mean + SEM and analyzed by one-way
ANOVA. A P value < .05 was considered statistically significant.
Statistical analysis was performed using the SPSS/Winl13.0 software
(SPSS, Inc., Chicago, IL).

3. Results
3.1. Effects of high glucose on H9c2 cells

To analyze effects of high glucose on the proliferation of H9c2 cells,
cell viabilities were evaluated with MTT assay. As shown in Fig. 1A,
H9c2 cells were incubated with glucose at different concentrations and
mannitol was used as osmotic pressure control. When incubation for 24
and 48h, glucose had little effect on the viability of H9c2 cells
(P > .05). But incubation for 72 h, the proliferation of H9¢2 cells was
significantly inhibited with the increase of glucose concentration (10,
25, 50 mmol/L), and at concentration of 50 mmol/L, there was a sig-
nificant difference between glucose group and mannitol group
(P < .05). So, the subsequent experiments were carried out under the
conditions of high glucose 50 mmol/L for 72h. To further confirm
whether high glucose caused cardiomyocyte damage, cells were stained
with Giemsa staining solution and photographed, and cell area of each
group was counted by Image Pro Plus. As shown in Fig. 1B, the surface
area of H9c2 cells in high-glucose group was significantly higher than
that in control group (P < .01).
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Autophagy plays an important role in normal cardiomyocyte mor-
phology and function. To analyze the effects of high glucose on au-
tophagy in H9c2 cells, autophagy inhibitor 3-MA was added. As shown
in Fig. 1C, the red fluorescence of H9c2 cells stained by AO in high
glucose group was significantly increased, and the autophagy level in-
creased. Incubation with 3-MA (5 mmol/L) could reduce the increase of
autophagy induced by high glucose. As shown in Fig. 1D, LTG was used
to further determine the effect of high glucose on autophagy, the green
fluorescence intensity of lysosome in H9c2 cells was significantly in-
creased after treated with high glucose. In addition, the expression of
autophagy associated protein LC3B and P62 were detected by Western
blotting. As shown in Fig. 1E, high glucose group could increase au-
tophagy level by increasing the ratio of LC3B2/LC3B1 and decreasing
the expression of P62 protein. 3-MA incubation could attenuate the
upregulation of autophagy induced by high glucose.

3.2. Effects of ROS on high-glucose accumulated H9c2 cells

ROS are the main facilitators of cardiovascular complications in
diabetes mellitus, and the ROS level is increased in cultured cells ex-
posed to high glucose or in diabetic animal models [23]. As shown in
Fig. 2A, the results also confirmed this point. High glucose could in-
crease ROS generation in H9c2 cells. In order to further explore the
mechanism of ROS in hyperglycemic cardiomyopathy, NAC was added
as an inhibitor of ROS. As shown in Fig. 2B, compared with the control
group, the expression of Nrf2 and HIF-la increased in high glucose
group. Pretreatment with NAC (5 mmol/L) could decrease the expres-
sion of Nrf2 and HIF-1a. Furthermore, the nuclear translocation of Nrf2
reduced. On this basis, we further detected the changes of autophagy
and related pathways when the content of ROS changed. As shown in
Fig. 2C, the red fluorescence of H9c2 cells in NAC + high glucose group
was significantly decreased; indicating pretreatment with NAC could
reduce the increase of autophagy induced by high glucose. Meanwhile,
as LTG staining shown, when ROS generation was inhibited, the green
fluorescence was obviously weakened (Fig. 2D). In addition, as shown
in Fig. 2E, NAC + high glucose group could decrease autophagy level
by decreasing the ratio of LC3B2/LC3B1 and increasing the expression
of p62 protein.

We further detected expression of related proteins by Western
blotting. As shown in Fig. 2F and G, compared with the control group,
the high glucose group could inhibit the expression of PI3K, P-Akt, and
P-mTOR and increase the expression of p-ERK. Compared with the high
glucose group, NAC group could reverse the results.

3.3. Effects of PP2A on Nrf2 in H9c2 cells

In order to study the relationship between PP2A and Nrf2 in car-
diomyocytes cultured with high glucose, and whether this is related to
the change of ROS. OA, an inhibitor of PP2A, FTY720, an inducer, and
Ad-PP2A/Ad-dn-PP2A were added in the experiment. As shown in
Fig. 3A and B, compared with the high glucose group, the expression of
Nrf2 and nuclear translocation decreased when pretreatment with NAC
and/or OA was inhibited. While FTY720 could increase the expression
of Nrf2 and nuclear translocation. When the expression of PP2A was
inhibited and NAC was added, it was found that the expression of Nrf2
and nuclear translocation was reduced. Upregulation the expression of
PP2A could increase the expression of Nrf2 and nuclear translocation.
Furthermore, compared with the control group, high glucose could
increase the expression of HIF-la. Ad-dn-PP2A and NAC could sig-
nificantly reduce the expression of HIF-lo compared with the high
glucose group (Fig. 3C). These results suggest that there is a close re-
lationship between PP2A, Nrf2 and ROS level in high-glucose cultured
cardiomyocytes.
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Fig. 3. Effects of PP2A on the expression of Nrf2 in H9¢2 cells. H9c2 cells were pretreated without or with NAC (5 mmol/L) for 2 h, then treated with OA (20 nmol/L),
FTY720 (5 mmol/L) or Ad-PP2A/Ad-dn-PP2A for 24 h, followed by treatment with glucose (50 mmol/L) for another 72 h. Western blotting was used to detect the
expression of Nrf2 and HIF-1a. Results are presented as means + SEM of three independent experiments. *P < .05, **P < .01, vs. Control; #p < .05, **P < .01, vs.

High-glucose.

3.4. Effect of PP2A/Nrf2 on autophagy of H9c2 cells induced by high
glucose

The above experiments confirmed that PP2A and Nrf2 were closely
related to high glucose in H9c2 cells. In order to further study the re-
lationship between PP2A/Nrf2 and autophagy, AO and LTG staining
and Western blotting were used. As Fig. 4A shown, compared with the
high glucose group, the red fluorescence level of OA or FTY720 group
was lower. As LTG staining shown in Fig. 4B, consistent with AO
staining, the green fluorescence level of OA or FTY720 group was lower
than that of the high glucose group. In addition, as shown in Fig. 4C,
compared with high glucose group, the ratio of LC3B2/LC3B1 de-
creased and p62 protein increased in OA group, the ratio of LC3B2/
LC3B1 and p62 protein in FTY720 group was similar to that in high
glucose group. The level of autophagy in FTY720 group decreased
significantly after NAC incubation while the autophagy level in OA
group was not changed. After adding Ad-PP2A/Ad-dn-PP2A in H9c2
cells induced by high glucose, as Fig. 4D and E shown, the effects were
consistent with that of PP2A inhibitor and inducer. These results sug-
gested that PP2A is closely related to ROS in regulating the level of
autophagy induced by high glucose.

3.5. Effect of PP2A/Nrf2 on apoptosis of H9c2 cells induced by high glucose

In order to further study the effect of PP2A/Nrf2 on apoptosis of
HO9c2 cells under high glucose condition, the apoptosis in each group
was detected by Hoechst 33342 staining. As shown in Fig. 5A, com-
pared with the control group, the changes of nuclear staining in high
glucose group and NAC group were not obvious. It was possible that
this concentration of glucose had a weak effect on cardiomyocyte
apoptosis. However, the changes of nuclear staining in OA group and
FTY720 group were obvious. Compared with high glucose group, most
nuclei in OA + NAC group and FTY720 group showed dense staining.
Some of them showed fragmented dense staining and semilunar con-
densation, and apoptosis was promoted. In FTY720 + NAC group, the
apoptotic bodies were significantly less, the morphology of the cells was
normal, and the apoptosis was inhibited.

The expression of Bcl-2, Bax, PARP and other proteins was detected
by Western blotting. As shown in Fig. 5B, compared with the control
group, the expression of Bcl-2 in high glucose group was not sig-
nificantly changed. The ratio of Bcl-2/Bax decreased, the expression of
caspase-3 increased. The expression of cleaved-PARP was also slightly
increased, but the change of cleaved-PARP/PARP was not obvious.
These results suggested that glucose in this concentration can promote
cardiomyocyte apoptosis. Compared with high glucose group, the ratio
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of Bcl-2/Bax in NAC and NAC + high glucose group significantly de-
creased, the cleaved-PARP/PARP and caspase-3 increased, which in-
dicated that NAC promoted apoptosis. The ratio of Bcl-2/Bax sig-
nificantly increased in OA group. The changes of caspase-3 were not
significantly decreased in OA group, indicating that OA inhibited

cardiomyocytes apoptosis induced by high glucose, while Bcl-2 was
completely inhibited in OA + NAC group. Apoptosis was significantly
increased, indicating that inhibition of ROS at the same time by adding
NAC could enhance the decrease of Bcl-2 expression in cardiomyocytes.
However, the ratio of Bcl-2/Bax in FTY720 + NAC group increased
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Fig. 4. Effects of PP2A and NAC on high glucose induced autophagy in H9¢2 cells. (A) AO staining. H9c2 cells were pretreated without or with NAC (5 mmol/L) for
2h, then treated with OA (20 nmol/L) or FTY720 (5 mmol/L) for 24 h, followed by treatment with glucose (50 mmol/L) for another 72 h. Cell pictures were taken
under a fluorescent microscope (X 200). (a) Control; (b) High glucose; (c) OA + High glucose; (d) OA + NAC + High glucose; (e) FTY720 + High glucose; (f)
FTY720 + NAC + High glucose. Results are presented one of three independent experiments. (B) LTG staining. H9c2 cells were pretreated as above. Cell pictures
were taken under a fluorescent microscope (X 200). (a) Control; (b) High glucose; (c) OA + High glucose; (d) OA + NAC + High glucose; (e) FTY720 + High
glucose; (f) FTY720 + NAC + High glucose. Results are presented one of three independent experiments. (C) Western blotting was used to detect the expression of
LC3B and P62. Results are presented as means + SEM of three independent experiments. *P < .05, **P < .01, vs. Control; #p < .05, ¥*P < .01, vs. high-glucose.
(D) Effects of Ad-PP2A on high glucose induced autophagy in H9c2 cells. H9c2 cells were pretreated without or with NAC (5 mmol/L) for 2 h, then treated with Ad-
PP2A or Ad-dn-PP2A for 24 h, followed by treatment with glucose (50 mmol/L) for another 72h. Cell pictures stained by LTG were taken under a fluorescent
microscope (% 200). (a) Control; (b) High glucose; (c) Ad-dn-PP2A + High glucose, (d) Ad-dn-PP2A + NAC + High glucose, (e) Ad-PP2A + High glucose, (f) Ad-
PP2A + NAC + High glucose. Results are presented one of three independent experiments. (E) Effects of PP2A and NAC on the expression of autophagy related
proteins in H9c2 cells. Western blotting was used to detect the expression of LC3B and P62. Results are presented as means + SEM of three independent experiments.

*P < .05, **P < .01, vs. Control; *P < .05, **P < .01, vs. high-glucose.

significantly and the expression of caspase-3 decreased, which in-
dicated apoptosis was inhibited compared with FTY720 group.

Apoptosis rate was detected by flow cytometry. As shown in Fig. 5C,
compared with the high glucose group, the apoptosis rate of OA group
decreased, while the apoptosis increased significantly after the addition
of NAC. The apoptosis of FTY720 group increased, and the apoptosis of
the group decreased significantly after the addition of NAC. After
adding Ad-PP2A/Ad-dn-PP2A in H9c2 cells induced by high glucose, as
Fig. 5D and E shown, these results were consistent with that of PP2A
inhibitor and inducer. However, the effect of Ad-PP2A on the expres-
sion of capase-3 was more obvious. After adding Ad-dn-PP2A, the ex-
pression of caspase-3 was almost completely suppressed.

3.6. The changes of body weight and blood sugar levels in mice

Changes of body weight and blood sugar in mice were shown in
Table 1. After STZ injection, blood glucose increased in a time-depen-
dent manner. Compared with the control group, the body weight and
blood sugar in the model group were significantly increased, indicating
that the model was successful. Compared with the model group, the
body weight and blood sugar in OA group were significantly increased
after 6 weeks. On the contrary, blood sugar in the FTY720 group were
significantly decreased.

3.7. Detection of peroxidase in serum in mice

As shown in Table 2, compared with the control group, the content
of SOD and CAT in serum of the model group decreased and the ratio of
MDA, MDA/SOD and NOS increased obviously, which indicated the
activation of antioxidant reduction pathway. The increase of CAT
content and the decrease of MDA/SOD ratio were in the OA group
compared with the model group. The levels of NOS in serum of mice
treated with FTY720 were significantly higher than those of model
group.

3.8. Expression of Nrf2, autophagic and apoptotic protein in myocardium of
mice

The results were consistent with cell experiments in vitro. As Fig. 6A
shown, compared with the control group, the expression of Nrf2 and the
ratio of LC3B2/LC3B1 increased and the expression of p62 decreased in
model group. Compared with model group, after administration of OA,
the expression of Nrf2 decreased significantly, the ratio of LC3B2/
LC3B1 decreased and the expression of p62 increased. The expression of
Nrf2 significantly increased after FTY720 administration while the ratio
of LC3B2/LC3B1 decreased and p62 increased slightly. As Fig. 6B
shown, compared with the control group, the ratio of Bcl-2/Bax in-
creased, the expression of caspase-3 and PARP increased in model
group. Compared with model group, after administration of OA, the
ratio of Bcl-2/Bax decreased a little, the expression of caspase-3 and
PARP decreased significantly. After FTY720 administration, the ex-
pression of Bcl-2 were almost entirely suppressed, the expression of

caspase-3 and PARP decreased. The results indicated that compared
with the model group, the autophagy was decreased after administra-
tion of OA and FTY720. The apoptosis of OA group was inhibited and
the apoptosis of FTY720 group was increased, which may be related to
the change of Nrf2 protein.

4. Discussion

Diabetes mellitus is a vastly prevalent metabolic disorder with es-
calating global health concerns [24]. Cardiovascular complications are
the major cause of mortality and morbidity in diabetic patients [25].
Despite a growing interest in the pathophysiology of DMCMP, there are
no specific guidelines for diagnosing patients or structuring a treatment
strategy in clinical practice [26]. Thus, an urgent need exists to clarify
the mechanism of pathogenesis. Studies have demonstrated that hy-
perglycemia can result in oxidative stress and is generally considered to
be a key factor in the initiation of diabetic myocardial damage. Fur-
thermore, the interplay between the autophagic and apoptotic path-
ways is important in the pathogenesis of DMCMP [27,28].

As redox-sensing transcription factor, Nrf2 regulates the expression
of a large battery of cytoprotective genes. Study has revealed that Nrf2
and its target genes are critical regulators of cardiovascular homeostasis
via the suppression of oxidative stress [29]. In our experiment, we
found that the level of ROS increased under high glucose condition, the
expression and nucleus translocation of Nrf2 increased, thus regulating
the downstream redox pathway to protect cardiomyocytes. At the same
time, it was found that the level of autophagy increased. When the
production of ROS was inhibited, the expression of Nrf2 decreased and
the level of autophagy decreased, suggesting that Nrf2 can also protect
cardiomyocytes by regulating autophagy.

The process of autophagy is regulated by a series of complex sig-
naling molecules. mTOR is the key protein controlling autophagy in
mammals and responds to different environmental changes by changing
the autophagy of cells. PI3K/Akt is the upstream signaling pathway of
mTORC1 which can regulate cardiac injury during diabetes [30]. Akt
phosphorylation can activate mTOR and inhibit autophagy [31]. It has
been shown that Ras/Raf/MEK/ERK signaling pathway can not only
induce autophagy directly by up-regulating the expression of autophagy
related proteins, but also inhibit autophagy by indirectly activating the
PI3K/Akt/mTOR signaling pathway [32]. On the one hand, Ras/Raf/
MEK/ERK signaling pathway activates ERK under stress and directly
promotes the expression of LC3II and p62, then starting autophagy in
the insulin resistant diabetic heart [33]. On the other hand, it can de-
crease the expression of lysosomal associated membrane protein 1
(LAMP1) and LAMP2, and prevent binding with lysosome, thus in-
hibiting the degradation of autophagy [34]. In our experiment, high
glucose might regulate the increase of Nrf2 by increasing ROS gen-
eration, and further regulate PI3K/AKT/mTOR and ERK signaling
pathway to enhance autophagy. Pretreatment with NAC reversed these
effects (Fig. 7A).

In addition, the results showed that whether the expression of PP2A
was inhibited or increased, the cardiac myocytes remained higher
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Fig. 5. Effects of PP2A/Nrf2 on high glucose induced apoptosis in H9c2 cells. H9c2 cells were pretreated without or with NAC (5 mmol/L) for 2 h, then treated with
OA (20 nmol/L), FTY720 (5mmol/L) or Ad-PP2A/Ad-dn-PP2A for 24h, followed by treatment with glucose (50 mmol/L) for another 72h. (A) Hoechst 33342
staining. Original magnification, x 200. Results are presented one of three independent experiments. (a) Control, (b) High glucose, (c) NAC, (d): NAC + high glucose,
(e) OA + high glucose, (f) OA + NAC + high glucose, (g) FTY720 + high glucose, (h) FTY720 + NAC + high glucose. (B) Effects of PP2A and NAC on the expression
of apoptosis related proteins in H9c2 cells. Western blotting was used to detect the expression of Bax, Bcl-2, caspase-3, and PARP. Results are presented as
means = SEM of three independent experiments. *P < .05, **P < .01, vs. Control; P < .05, **P < .01, vs. high-glucose. (C) Apoptosis detection by flow cyto-
metry. (a) Control, (b) High glucose, (c) NAC, (d) NAC + high glucose, (e) OA + high glucose, (f) OA + NAC + high glucose, (g) FTY720 + high glucose, (h)
FTY720 + NAC + high glucose. Results are presented as means *+ SEM of three independent experiments. *P < .05, **P < .01, vs. Control; #p < .05, **P < .01,
vs. high-glucose. (D) Hoechst 33342 staining. Original magnification, X 200. Results are presented one of three independent experiments. (a) Control, (b) High
glucose, (¢) NAC, (d) NAC + high glucose, (e) Ad-dn-PP2A + high glucose, (f) Ad-dn-PP2A + NAC + high glucose, (g) Ad-PP2A + high glucose, (h) Ad-
PP2A + NAC + high glucose. (E) Effects of Ad-PP2A and NAC on the expression of apoptosis related proteins in H9c2 cells. Western blotting was used to detect the
expression of Bax, caspase-3 and PARP. Results are presented one of three independent experiments.
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Table 1
The Changes of body weight and blood sugar levels in mice (means = SD).

Cellular Signalling 62 (2019) 109339

Project Week Control (n = 10) Model (n = 11) HG + OA (n = 10) HG + FTY720 (n = 11)
Weight (g) 4 353 = 41 36.8 =+ 3.8 38.6 = 3.8 39.0 = 3.4
5 38.6 = 45 39.3 £ 35 41.0 = 4.0 38.9 = 35
6 411 = 2.7 42.3 + 4.3* 44,6 + 2.4 40.9 + 4.2¢
Blood sugar (mmol/L) 4 59 + 0.8 9.1 = 0.8* 9.2 + 0.98 9.3 + 1.0*
5 5.4 = 1.0 109 = 0.7¢ 11.0 = 0.8 8.1 = 1.3*
6 53 + 0.7 11.9 * 0.8 125 + 0.7+ 8.6 * 1.1+%#
P < .05, **P < .01, vs. Control group; “P < .05, *#P < .01, vs. Model group.
Table 2
The changes of oxidoreductases levels in serum (means = SD).
Group n MDA(mmol/L) SOD(U/ml) MDA/SOD CAT(U/g) GSH-px(U) NOS(U/ml)
Control 10 108.97 = 12.52 15.39 + 2.84 7.44 + 1.74 33.85 + 17.54 115.45 * 19.43 1.22 = 0.21
Model 11 136.42 + 14.08 14.99 = 1.55 9.36 = 1.77* 16.62 + 9.88" 120.08 + 15.91 1.60 = 0.52**
HG + OA 10 78.75 = 7.97+%% 13.10 = 3.94 6.86 = 1.77* 32.65 * 16.40% 116.23 + 14.93 1.67 = 0.14**
HG + FTY720 11 165.98 + 16.38*%% 16.88 + 2.38" 10.18 * 2.99* 16.35 * 7.95* 111.07 + 14.59 1.50 + 0.23*
*P < .05, **P < .01, vs. Control group; #p < .05, **P < .01, vs. Model group.
Fig. 6. Effects of PP2A on diabetes mellitus-related
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autophagy under high glucose condition. While increasing PP2A ex-
pression and inhibiting ROS production, autophagy level decreased
significantly. Commensurately, the expression of Nrf2 upregulated
significantly when the expression of PP2A increased. This suggested
that increasing the expression of PP2A in hyperglycemia can enhance
cardiomyocyte protective autophagy, which is associated with anti-
oxidant and reductive protein Nrf2. More recently, autophagy has been
shown to engage in complex interplay with apoptosis. Apoptosis may
begin with autophagy and autophagy can often end with apoptosis.
Inhibition or a blockade of caspase activity may lead a cell to default
into autophagic cell death from apoptosis [35]. It has been found that
the binding of Bcl-2 to BH3 domain of Beclin 1 can inhibit autophagy
[36]. Caspase can affect autophagy process by cleavage of autophagy
related protein, especially p62 protein [37,38]. Ser70 phosphorylation
of Bcl-2 by selective tyrosine nitration of PP2A-B568 stabilizes its an-
tiapoptotic activity [19]. Excess ROS could promote oxidative in-
activation of protein phosphatase PP2A [18]. In our experiment, it was
found that the expression of caspase-3 was increased under high glu-
cose condition, and the apoptotic pathway was initiated, but the

10

apoptosis of cardiomyocytes increased after inhibiting ROS by NAC.
When the activity of PP2A was inhibited under high glucose condition,
the expression of Bcl-2 and caspase-3 protein changed obviously, but
the expression of Nrf2 decreased. After NAC was added to inhibit the
production of ROS, the results showed a reverse trend.

The results of animal experiment were the same as that of cell ex-
periments in vitro. Elevation of cardiomyocyte autophagy and inhibi-
tion of apoptosis was found in model group. By intraperitoneal injection
of FTY720, it was found that myocardial injury of mice was improved.
Compared with the model group, the expression of Nrf2 and autophagy
increased significantly, while the expression of caspase-3 was increased
and the expression of Bcl-2 was inhibited to promote cardiomyocyte
apoptosis.

In conclusion, the role of PP2A/Nrf2 in DMCMP was studied for the
first time and its mechanism was explored. It was found that the activity
or expression of PP2A in DMCMP increased, and the myocardial pro-
tective autophagy increased, and apoptosis increased. Further studies
had shown that this increased protective autophagy and apoptosis
might be mediated by activating the antioxidant reduction pathway and
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Fig. 7. Effects and mechanisms of PP2A/Nrf2 on high-glucose induced cardiomyopathy. (A) Regulation of high glucose on autophagy and apoptosis in high-glucose
induced cardiomyopathy; (B) PP2A/Nrf2 regulates autophagy and apoptosis in high-glucose induced cardiomyopathy.
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regulating the expression of Nrf2. The interrelation and regulation be-
tween PP2A and Nrf2 and the regulation of downstream autophagy and
apoptosis by PP2A/Nrf2 may be related to ROS, p62, Bcl-2 and caspase-
3 (Fig. 7B). This study will be helpful to explore the pathogenesis and
mechanism of DMCMP and lay the foundation for the development of
drugs for prevention and treatment of DMCMP.
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