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Metformin has been shown to ameliorate diabetic cardiomyopathy. In the present research we investigated
whether metformin would reduce cardiomyocyte apoptosis that was induced by high-glucose stimulation in vitro
via activation of PP2A. Primary human and rat cardiomyocytes were subject to high-glucose stimulation. Okadaic
acid was used to inhibit PP2A activity. Cell viability and apoptosis was assessed using CCK-8 and by ﬂow
cytometry, respectively. Release of HMGB1, TNFa or IL-6 was analyzed by ELISA. Oxidative stress was
evaluated by measuring cellular ROS and mitochondrial superoxide level. PP2A activity was evaluated by Serine/
Threonine phosphatase assay system or analyzing Y307 phosphorylation level of PP2A catalytic domain (PP2Ac)
by Western blot and the association between PP2Ac and a4 by co-immunoprecipitation. Activation of the NF-jB
signaling pathway was assessed by detecting Ser32 phosphorylation level of IjBa as well as nuclear entry of p65
protein by Western blot. Activation of the GSK3b/MCL1 signaling pathway was assessed by detecting Ser9
phosphorylation level of GSK3b and protein level of MCL1. We found Metformin pre-treatment attenuated
human and rat cardiomyocytes apoptosis, HMGB1, TNFa and IL-6 release and ROS production that were induced
by high-glucose stimulation, and these effects of metformin could be blocked by okadaic acid treatment. Metformin reduced the upregulation of PP2Ac pY307 and the PP2Ac-a4 association, which was not affected by
okadaic acid treatment. Metformin pre-treatment reduced NF-jB activation in human and rat cardiomyocytes
apoptosis that was elicited by high-glucose stimulation, and this effect of metformin could be blocked by okadaic
acid treatment. GSK3b/MCL1 is not part of metformin activating PP2A induced myocardial cell death inhibition.
In conclusion, metformin reduced apoptosis, ROS production and inﬂammatory response in primary human and
rat cardiomyocytes in vitro in a PP2A dependent manner.
Keywords. Diabetic cardiomyopathy; metformin; protein phosphatase 2A; reactive oxygen species; NF-jB
signaling pathway

1. Introduction
Diabetic cardiomyopathy is a severe complication and a
major cause of death in diabetic patients. Diabetic cardiomyopathy starts with ROS production, apoptosis,
necroptosis and inﬂammation in diabetic cardiomyocytes in response to exceeded blood glucose, the main
pathological feature of diabetes (Liang et al. 2017; Yu

et al. 2008). ROS production by the malfunctioning
mitochondria in response to cellular stress plays a fundamental role in the pathogenesis and progression of
diabetic cardiomyopathy as well as other myocardial and
cardiovascular diseases (Sack et al. 2017). Cell apoptosis
and necrosis led by ROS accumulation cause the release
of pro-inﬂammatory mediators such as HMGB1, TNFa
and IL-6, which induce tissue inﬂammation and augment

Electronic supplementary material: The online version of this article (https://doi.org/10.1007/s12038-020-00096-5) contains
supplementary material, which is available to authorized users.
http://www.ias.ac.in/jbiosci

126

Page 2 of 11

G. Cheng and L. Li

the ROS induced cell death in proximal cells, resulting in
myocardial cell ﬁbrosis, tissue remodeling, cardiac
dysfunction and, eventually, heart attack (Jia et al. 2018;
Palomer et al. 2018; Rajesh et al. 2010; Sack et al. 2017).
Improving mitochondrial function, reducing ROS production and myocardial cell death have been therefore
suggested as possible approach to ameliorate diabetic
cardiomyopathy and diabetic patients’ outcome.
Metformin is a classic insulin sensitizing drug for diabetes management. Previous studies have revealed that
treatment with metformin could alleviate or delay
myocardial ﬁbrosis and cardiac vascular remodeling
caused by diabetes (Abdel-Hamid AAM and Firgany AEL
2018), suggesting that metformin might reduce the development of diabetic cardiomyopathy, although the molecular mechanism of this potential effect of metformin
remains elusive. Data from recent reports showed that
metformin could reduce myocardial cell apoptosis in
response to high-glucose stimulation in vitro, possibly by
facilitating autophagy (Wang et al. 2017; Xie et al. 2011).
In vivo study by Da Silva et al suggested that metformin
could improve the cardiac function in diabetic rat by
increasing glycolysis in myocardial cells (Da Silva et al.
2012).
The two currently known pharmacological targets of
metformin are complex i in the mitochondrial respiratory
chain and the PP2Ac-a4-MID1 complex (Demir et al.
2014; Hettich et al. 2014; Kickstein et al. 2010; Pernicova
and Korbonits 2014). Metformin activate AMPK by
reducing ATP/AMP level resulting from complex i inhibition, while it directly interrupts the association of PP2A
catalytic domain (PP2Ac) with a4 and MID1, two inhibitory proteins that limit PP2Ac catalytic activity. Previous researches studying the bioactivity of metformin
primarily focused on its AMPK-activating role, but its
effects mediated by PP2Ac activation is less appreciated
or understood. Ren et al have previously demonstrated
that PP2A activation could attenuate high-glucose-induced myocardial cell apoptosis in vitro by deactivating
NF-jB signaling pathway (Ren et al. 2016). In addition, in
the heart tissues of the offspring of diabetic rats in vitro and
in vivo, GSK3beta (GSK3b) phosphorylation on Ser9
occurred concomitantly with HG-induced cardiomyocyte
apoptosis and myeloid cell leukemia 1 (MCL1) overexpression partly inhibits HG-induced apoptosis in cardiomyocytes (Su et al. 2019). Another research published
in Cancer Cell indicated that in hypoglycemia condition,
metformin impairs tumor metabolic plasticity and growth
via modulate the PP2A-GSK3b-MCL1 Axis (Elgendy
et al. 2019), which demonstrates GSK3b/MCL1 may take
part in the process of PP2A regulated cell death. In the
present research, we investigated out hypothesis that

metformin treatment would reduce high-glucose-induced
myocardial cell apoptosis by activating PP2A. Our data
showed that pre-treatment with metformin strongly
reduced apoptosis, release of pro-inﬂammatory mediators, mitochondrial ROS production and activation of NFjB signaling pathway that were induced by high-glucose
stimulation in primary human or rat cardiomyocytes, and
these effects of metformin could be blocked by PP2A
inhibition. Besides, metformin activating PP2A induced
myocardial cell death inhibition is not GSK3b/MCL1
dependent. We conﬁrmed that metformin treatment would
signiﬁcantly increase PP2A activity by reducing its
phosphorylation and association with a4.
2. Materials and methods
2.1 Cell culture
Human and rat cardiac myocytes were purchased from
Sciencell. These cells were cultured in vitro using
cardiac myocyte medium kit (#6201, Sciencell) in a
cell incubator with humidiﬁed atmosphere at 37°C with
5% CO2. After shipment, these cells were expanded
in vitro for 4 passages and were stored in liquid
nitrogen before further analysis.

2.2 Treatment with metformin, okadaic acid
and high glucose
Human and rat cardiac myocytes were pre-treated with
vehicle (PBS), 0.5 mM of metformin (S1950, Selleckchem) (Clement et al. 2009; Wang et al. 2017) or 0.5
mM metformin plus 50 nM of okadaic acid (1136, Tocris)
(Nizamutdinova et al. 2013) for 2 h before high-glucose
stimulation, which was performed by adding sterile
D-Glucose (G8270, Sigma Aldrich) water solution at 2.5
M into the cell culture medium at a ratio of 1:100.
L-glucose (G5500, Sigma Aldrich) was used as control for
high-glucose challenge (normal glucose, NG). Cells were
further analyzed 24 h after high-glucose stimulation.

2.3 Elisa
HMGB1, TNFa and IL-6 concentrations in cell culture
medium after high-glucose stimulation were evaluated by
ELISA. Capturing antibodies against HMGB1 (ab18256,
Abcam), TNFa (ab6671, Abcam) or IL-6 (ab6672,
Abcam) were coated on 96-well ELISA microplate (2240096, Bio-Rad). After blocking with 5% BSA in PBS, the
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culture medium aliquot were incubated on the plate, and
HMGB1, TNFa or IL-6 captured by the antibody were
revealed by binding with primary and secondary detection
antibodies, followed by chromogenic reaction with TMB
substrate (P0209, Beyotime). Concentration of HMGB1,
TNFa or IL-6 was detected using a microplate reader.
Human and rat recombinant HMGB1, TNFa or IL-6
protein was purchased from Genscript.
2.4 PP2A activity assay
Cellular PP2A activity were assessed using the Serine/
Threonine Phosphatase Assay System (V2460, Promega, Madison, WI) according to the manufacturer’s
instructions. Brieﬂy, the whole-cell extracts were prepared in RIPA lysis buffer (Cell Signaling) and transferred to a desalting column. Protein concentrations of
cell lysate were determined by Bradford assay, and a
standard curve was constructed for determining the
amount of free phosphate. Then, 1 lg of protein from
each sample was incubated with PP2A assay buffer at
37°C for 30 min. The reaction was terminated by
addition of 50 ll of dye/additive. After 15 min of
incubation at room temperature, the optical density of
the samples was read using a plate reader at 600 nm.
2.5 Cellular ROS and mitochondrial superoxide
level detection
For cellular ROS and mitochondrial superoxide detection,
high-glucose stimulation was performed for 6 hours. Cellular ROS level in each cell culture was detected using
Reactive Oxygen Species Assay Kit (50101ES01, Yeasen).
After removing culture medium, cells were incubated with
DCFH-DA probe diluted to a working concentration of 10
lM in serum-free medium for 30 min, followed by measuring ﬂuorescence intensity at 488/525 Ex/Em using a
microplate reader. Mitochondrial superoxide level in in
each cell culture was detected using Fluorimetric Mitochondrial Superoxide Activity Assay Kit (22971, AAT
Bioquest) following the product manual. Mitochondrial
superoxide level was evaluated by measuring ﬂuorescence
intensity at 540/590 Ex/Em using a microplate reader.
2.6 Co-immunoprecipitation, Western blot
and nuclear/cytoplasmic protein extraction
Co-immunoprecipitation was performed to determine the
association between PP2Ac and a4. After high-glucose
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stimulation, cells were lysed using homemade lysis buffer
(20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM
Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium
pyrophosphate, 1 mM beta-glycerophosphate, 1 mM
Na3VO4, 1 lg/ml leupeptin, 1 mM PMSF) by harsh
pipetting. the cell lysate was incubated with IP antibody
against PP2Ac (05-421, EMD Millipore) and protein A/G
agarose beads (20423, Thermo Scientiﬁc) at 4 Celsius for
2 h, followed by Western blot detecting PP2Ac and a4
protein. Primary antibodies used for Western blot were
purchased from R&D system: PP2Ac pY307 (AF3989)
PP2Ac (AF1653). The following primary antibodies used
for Western blot were purchased from Abcam: a4
(ab70545), IjBa (ab32518), IjBa pS32 (ab92700), p65
(ab16502), GAPDH (ab8245), Lamin B1 (ab16048),
GSK3b (phospho S9) (ab131097), GSK3b (ab32391) and
MCL1 (ab32087). Nuclear proteins and cytoplasmic
proteins were extracted using nuclear/cytoplasmic protein
extraction kit (P0028, Beyotime) following the product
manual. Nuclear or cytoplasmic protein level was normalized to that of Lamin B1 or GAPDH, respectively, by
gray scale comparison performed using Image J software.
2.7 Statistical analysis
Each treatment group was composed of 6 independent
replicates. Data of cell viability, ROS and superoxide level
as well as protein level revealed by Western blot were
presented as fold induction comparing to base line. Tukey’s
test was performed for multiple comparison. A difference
was determined statistically signiﬁcant when p\0.05.
3. Results
3.1 Metformin attenuated apoptosis in highglucose-stimulated human and rat primary
cardiomyocytes by activating PP2A
The present research aimed to investigate whether and
how metformin would reduce myocardial cell apoptosis elicited by high-glucose stimulation in vitro.
Human and rat cardiac myocytes (HCM and RCM,
respectively) were pre-treated with metformin with or
without okadaic acid co-treatment, followed by highglucose stimulation mimicking high blood glucose in
diabetic patients. As demonstrated in ﬁgure 1, our cell
viability and apoptosis assay demonstrated that highglucose stimulation signiﬁcantly reduced cell viability
and increased apoptosis in HCM and RCM, which was
largely attenuated by metformin pre-treatment in a

126

Page 4 of 11

G. Cheng and L. Li

PP2A activity dependent manner, as these effects of
metformin were damaged by okadaic acid co-treatment. These data conﬁrmed that metformin could
reduce cardiomyocytes apoptosis under diabetic condition in a PP2A activity dependent manner.

3.2 Metformin reduced pro-inﬂammatory
mediators release and ROS production in highglucose-stimulated human and rat primary
cardiomyocytes by activating PP2A
Secretion of pro-inﬂammatory mediators plays a signiﬁcant role in augmenting diabetic cardiomyopathy.
We performed ELISA to evaluate the release of
HMGB1, TNFa and IL-6 from HCM and RCM
receiving different treatment. As shown in ﬁgure 2,
high-glucose stimulation signiﬁcantly increased the
release of these pro-inﬂammatory mediators from
HCM and RCM into the cell culture medium, which
was potently attenuated by metformin pre-treatment in
a PP2A activity-dependent manner. ROS production
by malfunctioning mitochondria is one of the initial
steps in high-glucose-induced myocardial cell
inﬂammation and death. As demonstrated in ﬁgure 3,
both the upregulation of cellular ROS and increase in
mitochondrial superoxide that were induced by highglucose challenge were inhibited by metformin pretreatment. Subsequently, we detected the activity of
PP2A in HCM and RCM under high-glucose challenge. As shown in supplementary ﬁgure 1, compared
with untreated with high-glucose group, high-glucose
treatment signiﬁcantly inhibits the activity of PP2A,
while metformin reversed high-glucose-induced PP2A
inhibition. Besides, metformin mediated the activation
of PP2A was inhibited by Okadoic acid. These results
show high-glucose-mediated ROS based cell death
was negatively correlated with PP2A activity, metformin could reduce ROS production and inﬂammatory response in cardiomyocytes by activating PP2A.

glucose stimulation signiﬁcantly increased phosphorylation of PP2Ac Y307 and its association with a4;
intriguingly, the downregulation of PP2Ac pY208 or
PP2Ac-a4 association by metformin pre-treatment
was not signiﬁcantly affected by okadaic acid cotreatment. However, Western blot analyzing the
phosphorylation of IjBa on a PP2Ac sensitive site
S32 revealed that okadaic acid co-treatment signiﬁcantly abrogated the activation of PP2Ac by metformin pre-treatment in high-glucose-stimulated HCM
and RCM, resulting the increase in nuclear entry of
p65 subunit that was inhibited by metformin in HCM
and RCM under high-glucose stimulation, as shown
in ﬁgure 4E to H. These data suggested that metformin could reduce NF-jB activation that were
induced by high-glucose stimulation in cardiomyocytes in vitro by activating PP2A.
3.4 Metformin activating PP2A attenuated
cardiomyocyte apoptosis by GSK3Beta/MCL1independent pathway
In order to detect the role of GSK3Beta/MCL1 in
metformin activating PP2A induced cardiomyocyte cell
apoptosis inhibition, GSK3Beta Ser9 phosphorylation
level and the expression of MCL1 were detected by
Western blot, respectively. As shown in ﬁgure 5A and
B, high-glucose stimulation signiﬁcantly inhibited the
GSK3b phosphorylation on Ser9. Surprisingly, however, high-glucose in combination with metformin or
OA did not substantially impact the serine phosphorylation of GSK3beta compared with high-glucose
without metformin treated. Similar results were seen
for MCL1 (ﬁgure 5C and D), which demonstrate that
GSK3beta/ MCL1 are not involved in the cardiomyocyte apoptosis inhibition induced by metformin activating
PP2A
in
high-glucose
stimulated
cardiomyocytes.
4. Discussion

3.3 Metformin inhibited NF-jB signaling in highglucose-stimulated human and rat primary
cardiomyocytes by activating PP2A
To further verify whether metformin could activate
PP2A in diabetic cardiomyocytes, we evaluated
PP2Ac Y307 phosphorylation level and its association
with a4 by Western blot and co-immunoprecipitation,
respectively. As shown in ﬁgure 4A to D, high-

In the present research we investigated whether metformin would reduce apoptosis in high-glucose-stimulated human and rat primary cardiomyocytes by
activating PP2A. Our data clearly showed that PP2A
activity participated in the anti-apoptotic and anti-inﬂammatory effect of metformin on diabetic
cardiomyocytes.
PP2A is a potent anti-inﬂammatory and anti-cancer
protein in mammalian cells (Enjoji and Ohama 2017).
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Figure 1. Metformin attenuated high-glucose-induced myocardial cell apoptosis in vitro by activating PP2A. (A–B) Human
and rat cardiac myocytes viability in vitro after indicated treatments was evaluated using CCK-8. (C–E) Human and rat
cardiac myocytes apoptosis was evaluated by FITC-Annexin V/PI staining and ﬂow cytometry. Cells with positive FITCAnnexin V staining was considered apoptotic cells. NG, normal glucose. Met., metformin pre-treatment. Met.?OA,
metformin plus okadaic acid pre-treatment. HCM, human cardiac myocytes. RCM, rat cardiac myocytes. ****, p \ 0.0001.
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Figure 2. Metformin reduced HMGB1, TNFa and IL-6 release from high-glucose-stimulated myocardial cells in vitro by
activating PP2A. HMGB1, TNFa and IL-6 concentration in cell culture medium was detected by ELISA. NG, normal
glucose. Met., metformin pre-treatment. Met.?OA, metformin plus okadaic acid pre-treatment. ***p \ 0.001; ****p \
0.0001.

PP2A has been reported to inhibit the activation of NFjB signaling pathway by catalyzing the dephosphorylation of IKK, IjBa and p65, resulting the decrease in
nuclear entry of NF-jB subunits and their

transcriptional activity (Nakajima and Kitamura 2013).
Activation of NF-jB augmented tissue damage and
malfunction by amplifying inﬂammation, and inhibiting this pro-inﬂammatory signaling pathway has been
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Figure 3. Metformin reduced cellular ROS and mitochondrial superoxide level in high-glucose-stimulated myocardial cells
in vitro by activating PP2A. Met., metformin pre-treatment. Met.?OA, metformin plus okadaic acid pre-treatment. **p \
0.01; ***p \ 0.001; ****p \ 0.0001.

proved to ameliorate diabetic cardiomyopathy (Guo
et al. 2016; Liao et al. 2017; Ren et al. 2016; Thomas
et al. 2014). PP2A activity in cells is regulated by posttranslational modiﬁcations and interaction with other
protein molecules. Phosphorylation of Tyr307 on
PP2Ac by receptor associated tyrosine kinases result in
the decrease in PP2A activity (Seshacharyulu et al.
2013), which is also led by the interaction of PP2Ac
with MID1 and a4 (Du et al. 2013, 2014).
We observed that high-glucose stimulation signiﬁcantly increased Y307 phosphorylation of PP2Ac in
human and rat primary cardiomyocytes in vitro, which
is similar to what Ren et al have reported (Ren et al.
2016), and this upregulation of PP2Ac pY307 was
signiﬁcantly attenuated by metformin pre-treatment.
We also have found that metformin inhibited the
increase in PP2Ac-a4 association induced by highglucose stimulation. As the results of PP2A regulation,
metformin pre-treatment signiﬁcantly reduced the
upregulation of NF-jB activation induced by high-

glucose stimulation in human and rat primary cardiomyocytes in vitro, marked by the IjBa pS32 level
and p65 nuclear entry level change. Activation of NFjB signaling pathway in diabetic cardiomyocytes is
also reported in previous publications (Ren et al. 2016;
Zhong et al. 2015). In the present research we also
found that metformin pre-treatment reduced mitochondrial ROS production in high-glucose-stimulated
cardiomyocytes in a PP2A activity-dependent manner,
which have not been reported before. Both ROS-induced oxidative stress and NF-jB activation have been
implicated in high-glucose-induced myocardial cell
death (Guo et al. 2018; Zhong et al. 2015), but whether
these two mechanisms would amplify each other
remains to be determined.
It is currently unknown why okadaic acid treatment
did not reverse the effect of metformin on PP2Ac Y307
phosphorylation or its association with a4 in highglucose-stimulated cardiomyocytes. Cellular ROS
accumulation has been found to inhibit PP2A activity,
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Figure 4. Metformin attenuated PP2A inhibition in high-glucose-stimulated myocardial cells and reduced NF-jB activation
by activating PP2A. (A–D) pY307 of PP2Ac and PP2Ac-a4 association was evaluated by Western blot and coimmunoprecipitation. (E–H) Activation of NF-jB signaling pathway was evaluated by detecting pS32 of IjBa and nuclear
entry of p65 by Western blot. Met., metformin pre-treatment. Met.?OA, metformin plus okadaic acid pre-treatment. **p \
0.01; ***p \ 0.001; ****p \ 0.0001.

which might partially explain the regulation of PP2Ac
pY307 by metformin that we have observed. How
metformin and okadaic acid regulate PP2Ac activity
under diabetes or other pathologic conditions that
involves ROS-induced inﬂammatory cell death will be
investigated in our future work. Interestingly, our
results show also that in high-glucose-stimulated cardiomyocytes, metformin activating PP2A induced
GSK3Beta/MCL1-independent cell apoptosis. The
results suggest that there might be other mechanisms
involved in the apoptotic regulation of cardiomyocytes,
which still needs further clariﬁcation. A major drawback of this study is that we have not verify the conclusion we drew from our observation in in vivo
experiments. Mammalian heart function depends on
multiple types of cells, which might respond to metformin differently under diabetic conditions. Hypertension is another common pathological feature of
diabetes, which also causes cellular stress and participate in the development of diabetic cardiomyopathy,

but this complication of diabetes cannot be properly
mimicked in vitro. Other hemogram indexes such as
hyperinsulinemia often observed in type 2 diabetes
patients was not investigated in this research. The
molecular mechanism of metformin in reducing diabetic cardiomyopathy in vivo should be further
investigated.
5. Conclusion
Overall, our data demonstrated that metformin could
alleviated
the
high-glucose
stimulation-induced
GSK3Beta/MCL1-independent apoptosis, inﬂammatory
response, ROS accumulation and NF-jB activation in
human and rat primary cardiomyocytes in vitro by activating PP2A, possibly by reducing the Y307 phosphorylation of PP2Ac and interrupting the PP2Ac-a4-MID1
interaction. Effect of PP2A activation by metformin
deserve to be evaluated in other inﬂammatory diseases.
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Figure 5. Metformin activating PP2A attenuated apoptosis in high-glucose-stimulated myocardial cells by GSK3Beta/
MCL1-independent pathway. (A–B) pSer9 of GSK3b was evaluated by Western blot. (C–D) Protein level of MCL1 was
detected by Western blot. Met., metformin pre-treatment. OA,okadaic acid pre-treatment. ns, no signiﬁcant difference, **p\
0.01; ***p \ 0.001; ****p \ 0.0001.
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