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Abstract
Long-term hyperglycemia can lead to diabetic cardiomyopathy (DCM), a main lethal complication of diabetes. 
However, the mechanisms underlying DCM development have not been fully elucidated. Heat shock protein A12A 
(HSPA12A) is the atypic member of the Heat shock 70kDa protein family. In the present study, we found that the 
expression of HSPA12A was upregulated in the hearts of mice with streptozotocin-induced diabetes, while ablation of 
HSPA12A improved cardiac systolic and diastolic dysfunction and increased cumulative survival of diabetic mice. An 
increased expression of HSPA12A was also found in H9c2 cardiac cells following treatment with high glucose (HG), 
while overexpression of HSPA12A-enhanced the HG-induced cardiac cell death, as reflected by higher levels of pro-
pidium iodide cells, lactate dehydrogenase leakage, and caspase 3 cleavage. Moreover, the HG-induced increase of 
oxidative stress, as indicated by dihydroethidium staining, was exaggerated by HSPA12A overexpression. Further 
studies demonstrated that the HG-induced increases of protein kinase B and forkhead box transcription factors 1 
phosphorylation were diminished by HSPA12A overexpression, while pharmacologically inhibition of protein kinase B 
further enhanced the HG-induced lactate dehydrogenase leakage in HSPA12A overexpressed cardiac cells. Together, 
the results suggest that hyperglycemia upregulated HSPA12A expression in cardiac cells, by which induced cell death 
to promote DCM development. Targeting HSPA12A may serve as a potential approach for DCM management. 

Keywords Heat shock protein A12A (HSPA12A) · Diabetic cardiomyopathy (DCM) · Cardiac cell injury · High 
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Introduction

Diabetes is a metabolic disorder characterized by hy-
perglycemia. With its high morbidity (1 in 11 adults in 
the world), diabetes has become a serious public health 
problem.1,2 Diabetic cardiomyopathy (DCM) is a spe-
cific cardiac manifestation of patients with diabetes and 
shows a negative impact on the prognosis in affected 
patients. However, the effective approach for DCM 
treatment is still lacking, partially due to that the exact 
mechanisms underlying DCM development have not 
been fully understood.2,3

DCM is characterized by left ventricular hypertrophy 
and diastolic dysfunction in the early phase up to overt 
heart failure with reduced systolic function in the advanced 
stages.4-6 Although multiple factors have been shown to be 
involved in DCM pathogenesis, hyperglycemia is con-
sidered to play a central role in DCM development.7 By 
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promoting excessive generation of reactive oxygen species 
(ROS) and other products such as advanced glycation end 
products, hyperglycemia directly disrupts cardiomyocyte 
homeostasis to induce cell death.7 Considering that cardi-
omyocyte death is not only a pathological character but also 
a prominent contributor to DCM development, improving 
cardiomyocyte survival upon hyperglycemia challenge 
therefore represents a promising therapeutic approach for 
DCM management.

Studies demonstrate the involvement of protein kinase B 
(Akt)/Forkhead box transcription factors 1 (FoxO1) sig-
naling in hyperglycemia-evoked cell death.8-11 As a tran-
scription factor, FoxO1 promotes apoptotic signaling by 
inducing the expression of multiple proapoptotic members 
when FOXO1 localizes in nuclei. The nuclear localization 
and activation of FOXO1 are regulated by post-translational 
modifications such as phosphorylation.11,12 Evidence de-
monstrated that Akt is a kinase for FOXO1 phosphoryla-
tion, leading to FOXO1 exported from nuclei, and 
ultimately inhibiting the apoptotic process.9,11,12

Heat shock protein A12A (HSPA12A), an atypical 
member of the heat shock protein 70 family, shows ubi-
quitous expression in different organs including the 
heart.13,14 We have recently reported that HSPA12A pro-
motes the development of obesity and non-alcoholic fatty 
liver disease.14,15 We also have demonstrated that 
HSPA12A protects the liver during endotoxemia and in-
hibits metastasis of renal cancer.16,17 Specifically, we have 
shown that HSPA12A protects against ischemic stroke in 
an Akt-dependent manner.18 It is possible, therefore, that 
HSPA12A may play a role in DCM development by mod-
ulating the Akt/FOXO1-mediated cardiomyocyte death.

To test this possibility, we examined the effects of 
HSPA12A on streptozotocin (STZ)-induced DCM and 
high glucose (HG)-induced cardiomyocyte death using 
both mouse and cell culture models. We found that 
HSPA12A expression was upregulated in mouse DCM 
hearts, while ablation of HSPA12A attenuated DCM 
development. Further studies revealed that upregula-
tion of HSPA12A promoted HG-induced cardiac cell 
death through modulating Akt/FOXO1 signaling. The 
findings suggest that targeting HSPA12A in cardio-
myocytes has therapeutic potential for the management 
of DCM in patients.

Results

HSPA12A expression is upregulated in the hearts of 
diabetic mice

To investigate the possible involvement of HSPA12A in 
DCM pathogenesis, we first examined the expression of 

HSPA12A in the hearts of diabetic mice. To this aim, 
diabetes was induced in mice by STZ administration 
(Figure 1(a)). Blood glucose increased significantly 3 
days after STZ administration, and the hyperglycemia 
was maintained throughout experiments (P  <  0.01, 
Figure 1(b)). After diabetes was induced for 12 weeks, 
cardiac diastolic function was examined using echo-
cardiography. As shown in Figure 1(c) (P  <  0.01), 
diabetes for 12 weeks decreased the E/A ratio compared 
to the vehicle-treated control mice, indicating that DCM 
was developed following hyperglycemia for 12 weeks. 
Meanwhile, a higher expression of HSPA12A was de-
tected in DCM hearts (P  <  0.01, Figure 1(d)).

Ablation of HSPA12A does not affect hyperglycemia but 
improves the survival of diabetic mice

The upregulation of HSPA12A in DCM hearts motivated us 
to investigate the role of HSPA12A in DCM pathogenesis. 
To this aim, HSPA12A knockout (Hspa12a−/−) mice and 
their wild-type (WT) littermates were employed in the ex-
periments (Figure 2(a)). HSPA12A showed no expression in 
hearts of Hspa12a−/− mice (Figure 2(b)). Blood glucose 
increased significantly after STZ administration in both 
genotypes (P  <  0.01, Figure 2(c)), but the level of hy-
perglycemia was not different between Hspa12a−/− 

mice and WT mice (P  >  0.05, Figure 2(c)). However, 
Hspa12a−/− mice displayed higher cumulative survival 
than WT mice after STZ-induced diabetes (P  <  0.05, 
Figure 2(d)). Together, the data indicate that the improved 
survival in diabetic Hspa12a−/− mice was not mediated by 
limiting hyperglycemia.

Ablation of HSPA12A attenuates cardiac dysfunction and cardiac 
hypertrophy in diabetic mice

Considering that DCM is a main lethal complication of 
diabetes, we thus examined cardiac performance in 
Hspa12a−/− mice and their WT controls. 
Echocardiographic examination demonstrated that fol-
lowing STZ-induced diabetes for 12 weeks, cardiac ejection 
fraction (EF%) and fraction shortening (FS%) were de-
creased in both genotypes, when compared to their vehicle 
controls (P  <  0.01, Figure 3(a) and Table 1). However, the 
diabetes-induced decreases of EF% and FS% were atte-
nuated in Hspa12a−/− mice compared to WT controls 
(P  <  0.05, P  <  0.01, Figure 3(a) and Table 1), suggesting 
that HSPA12A ablation attenuated cardiac systolic dys-
function in diabetic mice. Similar results were found in the 
examination of cardiac diastolic function, which showed 
that following STZ-induced diabetes for 12 weeks, the E/A 
ratio was decreased in both genotypes, but this decrease 
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was attenuated in Hspa12a−/− mice compared to WT 
controls (P  <  0.01, Figure 3(b) and Table 1). 

Cardiac hypertrophy is another characteristic of 
DCM besides cardiac dysfunction.6 Following STZ-in-
duced diabetes for 12 weeks, heart weight was sig-
nificantly increased in both genotypes when compared 
to their vehicle controls, while this increase of heart 
weight was attenuated in Hspa12a−/− mice compared to 
WT controls (P  <  0.05 or P  <  0.01, Figure 3(c)). In line 
with this, the diabetes-induced increase of cardiomyo-
cyte size was attenuated in Hspa12a−/− mice compared 
to WT mice (P  <  0.05 or P  <  0.01, Figure 3(d)). Taken 
together, the data suggest that ablation of HSPA12A 
protects the heart against DCM development. 

HSPA12A expression is upregulated in cardiac cells upon higher 
glucose challenge 

Cardiomyocyte injury plays a pivotal role in DCM de-
velopment.19 We thus investigated whether HSPA12A is 
involved in hyperglycemia-induced cardiac cell death. 

To this aim, in vitro experiments were performed using 
H9c2 cardiac cells (Figure 4(a)). Exposure to HG-in-
duced injury in H9c2 cardiac cells, as reflected by in-
creases in abnormal cellular morphology, lactate 
dehydrogenase (LDH) leakage, and propidium iodide 
(PI) staining compared to control cells (P  <  0.01, Figure 
4(b–d)). Meanwhile, when HG-induced injury of H9c2 
cardiac cells, HSPA12A expression was also upregulated 
following HG exposure (P  <  0.01, Figure 4(e)). The 
results suggest that HSPA12A may play a role in HG- 
induced cardiac cell injury. 

Overexpression of HSPA12A aggravates the HG-induced cardiac 
cell injury 

To evaluate the direct role of HSPA12A on the HG-in-
duced cardiac cell injury, we overexpressed HSPA12A 
(Hspa12aO/E) in H9c2 cardiac cells by infection with 
HSPA12A-adenovirus, and the empty adenovirus-in-
fected H9c2 cardiac cells served as negative controls 
(NC) (Figure 5(a)). Treatment of HG for 24 h increased 

Fig. 1 HSPA12A expression was upregulated in DCM hearts. (a) Mouse experimental setting. (b) Levels of blood glucose were 
measured after treatment with STZ or vehicle control. **P  <  0.01 vs. base level (“0” time point) of the same treatment, ∇∇P  <  0.01 
vs.. same time point of the control group. n = 3/group. (c) Cardiac diastolic function was measured using echocardiography at 12 
weeks after STZ treatment. The diastolic function was expressed as the ratio of E-wave and A-wave, which was derived by measuring 
flow velocities across the mitral valve using pulsed Doppler. The upper panel shows the representative Doppler images. **P  <  0.01. 
n = 5/group. (d) HSPA12A expression in hearts was analyzed at 12 weeks after STZ treatment using immunoblotting analysis. The 
blots against α-Tubulin served as loading controls. **P  <  0.01. n = 3/group. Abbreviations used: A, A peak; DCM, diabetic 
cardiomyopathy; E, E peak; STZ, streptozotocin. 
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LDH leakage in both NC and Hspa12aO/E groups when 
compared to their control groups. However, the HG- 
induced LDH leakage was greater in Hspa12aO/E group 
than in NC group (P  <  0.01, Figure 5(b)). Similarly, the 
HG-induced increase of PI-stained cells was also en-
hanced in Hspa12aO/E group than in NC groups 
(P  <  0.01, Figure 5(c)). In supporting these results, the 
HG-induced cleavage of caspase 3 was exaggerated in 
Hspa12aO/E H9c2 cells compared to NC controls 
(P  <  0.05 or P  <  0.01, Figure 5(d)). Altogether, the re-
sults indicate that overexpression of HSPA12A ag-
gravated the HG-induced cardiac cell injury. 

Overexpression of HSPA12A aggravates the HG-induced 
oxidative stress in cardiac cells 

Evidence demonstrates that hyperglycemia causes oxi-
dative stress to promote cardiac cell injury.20 We, 
therefore, measured the effect of HSPA12A on HG-in-
duced generation of ROS in H9c2 cardiac cells using a 
dihydroethidium (DHE) fluorescence probe. As shown 
in Figure 6(a) (P  <  0.05 or P  <  0.01), HG increased 
DHE fluorescence intensity in both NC and Hspa12aO/E 

groups. However, the HG-induced increase of DHE 
fluorescence intensity was greater in Hspa12aO/E group 
than in the NC group. Heme oxygenase-1 (HO-1) is an 
enzyme that has antioxidant properties.21 Unexpectedly, 

Hspa12aO/E group displayed higher levels of HO-1 ex-
pression either at the basal level or following HG 
treatment (P  <  0.05 or P  <  0.01, Figure 6(b)). 

Overexpression of HSPA12A inhibits the HG-induced 
phosphorylation of Akt and FOXO1in cardiac cells 

Studies demonstrate that cell death can be promoted by 
activation of forkhead box 1 (FOXO1), while the activity 
of FOXO1 is suppressed following their phosphorylation 
by Akt.12 Considering that we have previously shown a 
regulatory effect of HSPA12A on Akt phosphorylation 
in brain,18 we investigated whether Akt may play a role 
in the regulation of HSPA12A in HG-induced cardiac 
cell death. As shown in Figure 7 (P  <  0.01), HG in-
creased phosphorylation levels of Akt and FOXO1 in 
NC groups but not in Hspa12aO/E group. Moreover, 
following HG treatment, Hspa12aO/E group showed 
lower levels of Akt and FOXO1 phosphorylation than 
the NC groups (P  <  0.01, Figure 7). 

Inhibition of Akt exacerbates the HSPA12A-enhanced injury of 
HG-treated cardiac cells 

To clarify the role of reduced Akt phosphorylation in 
the HSPA12A-enhanced injury of HG-treated cardiac 
cells, we treated Hspa12aO/E H9c2 cardiac cells with an 

Fig. 2 Ablation of HSPA12A improved survival of diabetic mice. (a) Mouse experimental setting. (b) Expression of HSPA12A in the 
hearts of WT and Hspa12a−/− mice was compared using immunoblotting. The blots against α-Tubulin served as loading controls. 
Note that HSPA12A showed no expression in the hearts of Hspa12a−/− mice. n = 10/group. (c) Levels of blood glucose were 
measured using tail vein blood. Note that blood glucose was not different between STZ-treated WT and Hspa12a−/− mice. **P  <  0.01 
vs. the same time point and same genotype group without STZ treatment. n = 3/group. (d) Mouse survival was recorded after STZ 
treatment. **P  <  0.05. n = 10 for control WT group, n = 8 for control Hspa12a−/− group, n = 24 for STZ-WT group, n = 18 for STZ- 
Hspa12a−/− group. Abbreviations used: Hspa12a−/− mice, Hspa12a knockout mice; STZ, streptozotocin; WT, wild-type. 
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Akt inhibitor MK-2206. MK-2206 significantly de-
creased Akt phosphorylation levels in Hspa12aO/E H9c2 
cardiac cells (P  <  0.01, Figure 8(a)). Notably, inhibition 
of Akt phosphorylation with MK-2206 further enhanced 
the HG-induced LDH leakage of Hspa12aO/E cardiac 
cells (P  <  0.01, Figure 8(b)), suggesting that HSPA12A 
promoted the HG-induced cardiac cell injury through 
inhibition of Akt phosphorylation. 

Discussion 

The main finding of this study is that HSPA12A was 
upregulated in the DCM heart, while ablation of 
HSPA12A in mice attenuated the STZ-induced DCM 

and mortality of mice. Further experiments demon-
strated that upregulation of HSPA12A promoted HG- 
evoked cardiac cell death through modulating Akt/ 
FOXO1 signaling. 

DCM is a diabetes-induced pathophysiological con-
dition that is characterized by cardiac hypertrophy and 
cardiac dysfunction and can eventually result in heart 
failure.4 The prevalence of DCM is high, ranging from 
19 to 26% in diabetic patients.4 Because DCM is not only 
a cause of death but also a risk factor for coronary dis-
eases in DCM patients,22 the management of DCM is 
therefore critical for improving the prognosis of the af-
fected patient. Studies demonstrate that some of the 
heat shock proteins (HSPs) are involved in the patho-
genesis of DCM. HSPs are highly conserved chaperones 
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Fig. 3 Ablation of HSPA12A attenuated cardiac dysfunction in diabetic mice. (a) Cardiac systolic function was examined at 12 weeks 
after STZ administration using echocardiography. The upper panel shows the representative M-mode images. **P  <  0.01 and 
*P  <  0.05, n = 5/group. (b) Cardiac diastolic function was examined after STZ administration for 12 weeks using echocardiography. 
The upper panel shows the representative pulse Doppler images. **P  <  0.01, n = 5/group. (c) Heart weight was examined 12 weeks 
after STZ administration and expressed as the ratio of heart weight to tibia length (mg/mm). **P  <  0.01 and *P  <  0.05, n = 6/group. 
(d) The size of cardiomyocytes was examined at 12 weeks after STZ administration using WGA staining on the cardiac frozen 
section. DAPI was to counterstain nuclei. Scale bar = 10 µm. **P  <  0.01 and *P  <  0.05, n = 6/group. Abbreviations used: Hspa12a−/− 

mice, Hspa12a knockout mice; STZ, streptozotocin; WGA, wheat germ agglutinin; WT; wild-type. DAPI:4’, 6-diamino-2-phenylindole. 

276                                                                                                                                                                Jia et al.  



Table 1 
Echocardiographic measurements.       

Group n = 5 WT Hspa12a−/– WT + STZ Hspa12a−/– + STZ  

A, mm/s 247.64  ±  39.95 249.94  ±  45.73 355.34  ±  111.78 202.28  ±  50.69 
E, mm/s 473.66  ±  77.04 459.79  ±  58.11 333.74  ±  53.57a 291.02  ±  53.82b 

E/A 1.92  ±  0.12 1.86  ±  0.12 1  ±  0.21c 1.47  ±  0.13b 

LVVs, μL 12.28  ±  2.62 15.94  ±  4 36.24  ±  11.88c 22.07  ±  4.51 
LVVd, μL 47.36  ±  10.45 61.29  ±  10.9 68.58  ±  12.49 52.84  ±  8.12 
EF% 73.87  ±  3.37 74.34  ±  2.22 47.01  ±  5.72c 58.48  ±  3.74b 

FS% 41.92  ±  2.9 42.59  ±  1.8 23.24  ±  3.49c 30.27  ±  2.52b 

LVIDs, mm 1.96  ±  0.17 2.24  ±  0.3 3  ±  0.43c 2.48  ±  0.19 
LVIDd, mm 3.38  ±  0.31 3.8  ±  0.32 3.92  ±  0.56 3.55  ±  0.22 
Body weight, g 29.93  ±  1.56 30.29  ±  1.55 25.02  ±  0.96c 25.89  ±  1.23b 

Abbreviations used: A, A peak; E, E peak; EF%, ejection fraction %; FS%, fractional shortening %; LVIDd, LV end-systolic dimension; 
LVIDs, LV end-diastolic dimension; LVVd, left ventricular end-diastolic volume; LVVs, LV end-systolic volume; STZ, streptozotocin; WT, 
wild-type; Standard Error of Mean. 
Data presented as mean  ±  SEM. 
aP  <  0.05 compared to WT. 
bP  <  0.01 compared to Hspa12a−/−. 
cP  <  0.01 compared to WT.  

Fig. 4 HSPA12A expression was upregulated in HG-treated cardiac cells. (a) Cardiac cell experimental setting. (b) Cell morphology. 
Scale bar = 100 μM. n = 3/group. (c) LDH leakage was examined 24 h after HG exposure by examining LDH activity in a culture 
medium of H9c2 cardiac cells. **P  <  0.01, n = 5/group. (d) PI staining was performed in H9c2 cardiac cells 24 h after HG exposure. 
Scale bar = 100 µm. **P  <  0.01, n = 3/group. (e) HSPA12A expression in H9c2 cardiac cells 24 h after HG treatment using 
immunoblotting analysis. The blots against α-Tubulin served as loading controls. **P  <  0.01. n = 4/group. Abbreviations used: HG, 
high glucose; LDH, lactate dehydrogenase; PI, propidium iodide. 
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among species and are divided into several families 
based on their molecular weight. Among them, HSP27, 
HSP72, and HSP60 show protective roles against 
DCM.23-26 However, the non-successful clinical trans-
lation of these HSPs in DMC treatment encourages us to 
investigate whether other HSPs may play roles in DCM 
pathogenesis. HSPA12A was initially identified in mice 
by Han and his colleagues13 in 2003. By blasting 
HSPA12A against the National Center for Bio-
technology Information database, they grouped 
HSPA12A into the Heat shock 70kDa protein family 
because HSPA12A contains the ATPase domain of the 
Heat shock 70kDa protein family. However, the ATPase 
domain in HSPA12A was separated in two parts by 
spacer amino acids 245–311, thus HSPA12A was con-
sidered an atypical member of the Heat shock 70kDa 
protein family. When taken into account that HSPA12A 
expression is altered by certain stimuli in humans, ro-
dents, and oysters,13,14,27 the changes of HSPA12A ex-
pression by stimulation is a conserved stress response. 
In this study, we found that HSPA12A expression was 

upregulated in the DCM heart of mice, while ablation of 
HSPA12A in mice attenuated cardiac diastolic and 
systolic dysfunction, alleviated cardiomyocyte hyper-
trophy, and improved animal survival in STZ-induced 
diabetic mice. In different with the protective roles of 
other HSPs mentioned above, our findings revealed that 
the upregulation of HSPA12A promoted the develop-
ment of DCM. Also, we found that STZ increased car-
diomyocyte size nearly 3-fold but only increased heart 
weight to 115%. This could be partially due to that long- 
term exposure to hyperglycemia results in changes in 
cell population, cell size, cell death, and cell phenotype 
in the heart. 

Considering that we found an upregulation of 
HSPA12A in DCM hearts whereas HSPA12A attenuated 
cardiac dysfunction and improved mice survival in STZ- 
induced diabetic mice, we performed in vitro experi-
ments to investigate whether upregulated HSPA12A 
impacts cardiac cell injury upon hyperglycemia ex-
posure. We found that HG increased HSPA12A ex-
pression and induced death of cardiac cells, and 

Fig. 5 HSPA12A overexpression enhanced the HG-induced injury of cardiac cells. (a) HSPA12A was overexpressed in H9c2 cardiac 
cells by infection with Hspa12a-adenovirus (Hspa12aO/E). The H9c2 cardiac cells infected with empty adenovirus served as NCs. (b) 
LDH leakage was examined 24 h after HG exposure by examining LDH activity in a culture medium of H9c2 cardiac cells. 
**P  <  0.01, n = 5/group. (c) PI staining was performed in H9c2 cardiac cells 24 h after HG exposure. **P  <  0.01, n = 3/group. (d) 
Cleavage of caspase 3 was examined 24 h after HG treatment using immunoblotting analysis. The blots against α-Tubulin served as 
loading controls. **P  <  0.01 and *P  <  0.05, n = 3/group. Abbreviations used: HG, high glucose; Hspa12aO/E, HSPA12A 
overexpression; LDH, lactate dehydrogenase; NC, negative controls; PI, propidium iodide. 
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overexpression of HSPA12A further exaggerated the 
HG-evoked ROS production and cardiac cell injury. 
However, HSPA12A increased the antioxidant HO-1 ex-
pression, suggesting that the upregulation of HO-1 might be 
an adaptive response to the greater oxidative stress. The 
findings indicate a role of HSPA12A in the medication of 
hyperglycemia-induced injury of cardiac cells. 

In this study, we used an STZ-inducted type 1 diabetic 
mouse model. DCM is the main cardiac complication of 
both type 1 and type 2 diabetes.28-30 Various animal models 
of type 1 and type 2 diabetes have been developed to in-
vestigate the pathological mechanisms of DCM. Among 
them, the STZ-induced type 1 diabetic mouse model mi-
mics the various perturbations observed in diabetic myo-
cardium, including glucose oxidation, oxidative stress, 
lipotoxicity, cell death, fibrosis, and contractile function and 
size. Also, cardiac remodeling and cardiac dysfunction were 
severe in STZ-induced type 1 diabetic mouse models. In-
terestingly, type 1 diabetic mice showed higher cardio-
myocyte size (hypertrophy) compared with T2 diabetic 
mice.31 Therefore, STZ-induced type 1 diabetes in mice is a 
proven and widely accepted model to study the pathogen-
esis of diabetes and its complications. 

Evidence has demonstrated an involvement of Akt/ 
FOXO1 signaling in the pathogenesis of diabetic com-
plications, including DCM.32,33 FOXO1 is one of four 
mammalian isoforms of the FOXO transcription factor 

family. When localizing in the nucleus, FOXO1 has the 
ability to regulate the transcription of its target genes 
including the proapoptotic genes. Cytosolic FOXO1 is 
considered inactive. Studies demonstrate that following 
phosphorylated by Akt, the phosphor-FOXO1 shuttled 
to the cytoplasm to be inactivated. In this study, we 
found that when overexpression of HSPA12A-enhanced 
the HG-induced cardiac cell death, HSPA12A over-
expression also suppressed phosphorylation levels of 
Akt and FOXO1 upon HG exposure. Moreover, inhibi-
tion of Akt further exaggerated the HSPA12A over-
expression-induced increase of cell injury following HG 
exposure. Together, the findings indicate that HSPA12A 
promoted cardiac cell injury through, at least in part, 
modulating the Akt/FOXO1 signaling. 

In conclusion, hyperglycemia upregulated HSPA12A 
expression to promote the development of DCM through 
increasing cardiac cell death. Targeting HSPA12A expres-
sion has the therapeutic potential for DCM management. 

Materials and methods 

Chemicals and antibodies 

D-glucose (DG), glucose oxidase (GO), wheat germ ag-
glutinin (WGA), and DHE were purchased from Sigma- 

Fig. 6 HSPA12A overexpression enhanced the HG-induced oxidative stress in cardiac cells. (a) DHE staining was performed in H9c2 
cardiac cells 24 h after HG exposure. **P  <  0.01 and *P  <  0.05, n = 3/group. (b) HO-1 expression was examined 24 h after HG 
treatment using immunoblotting analysis. The blots against α-Tubulin served as loading controls. **P  <  0.01 and *P  <  0.05, n = 3/ 
group. Abbreviations used: DHE, dihydroethidium; Hspa12aO/E, HSPA12A overexpression; HG, high glucose; NC, negative controls. 
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Aldrich (St. Louis, MO). The LDH assay kit was from 
Solarbio (Beijing, China). PI was from Beyotime 
Biotechnology (Shanghai, China). Hoechst33342 re-
agent was obtained from Invitrogen (Carlsbad, CA). 

4’, 6-diamino-2-phenylindole reagent was from Cell 
Signaling Technology (Boston, MA). The Bicinchoninic 
Acid Assay protein assay kit was obtained from Pierce 
(Rockford, IL). The primary antibody for HSPA12A was 

Fig. 7 Effects of HSPA12A on phosphorylation levels of Akt and FOXO1. H9c2 cardiac cells were challenged with HG for 24 h. Cells 
were harvested for the immunoblotting against the indicated antibodies. **P  <  0.01 and *P  <  0.05, n = 3/group. Abbreviations 
used: Akt, protein kinase B; FOXO1, forkhead box transcription factors 1; HG, high glucose; NC, negative controls. 
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from Abcam (Cambridge, MA). Primary antibodies for 
Akt, phosphor-Akt, FOXO1, phosphor-FOXO1, and 
Cleaved-caspase3 were from Cell Signaling Technology 
(Beverly, MA). The primary antibody for HO-1 was from 
Proteintech (Chicago, CA). Anti-α-Tubulin antibody 
was from Sigma-Aldrich. MK-2206 was from 
MedChemExpress (Monmouth Junction, NJ). Bovine 
serum albumin was from Roche (Basel, Switzerland). 
Dulbecco’s Modified Eagle’s medium and fetal bovine 
serum were from Gibco (Shelton, CT). High-sig en-
hanced chemiluminescence western blotting substrate 
was from Tanon (Shanghai, China). STZ was from 
Biosharp (Hefei, China). 

Generation of HSPA12A knockout (Hspa12a−/−) mice 

Hspa12a−/− mice were generated using the Cre-locus of X- 
overP1 recombinant system as previously de-
scribed.14,18 Briefly, the region of the Hspa12a gene con-
taining exons 2–4 was retrieved from a 129/sv 
Bicinchoninic Acid Assay clone (Bacterial artificial chro-
mosome/PAC Resources Center, Oakland, CA) using a 
retrieval vector containing two homologous arms. Exons 2 
and 3 were replaced by locus of X-overP1 sites flanking a 
Mouse phosphoglycerate kinase 1 promoter-neo cassette as 
a positive selection marker. To remove the Hspa12a gene, 
the chimeric mice were crossed with EIIa-Cre trans-
genic mice. 

The mice were bred at the Model Animal Research 
Center of Nanjing University and were maintained in the 
Animal Laboratory Resource Facility of the same institu-
tion. All experiments conformed to the Guide for the Care 
and Use of Laboratory Animals published by the US 
National Institutes of Health (NIH Publication, 8th Edition, 
2011) and international guidelines on the ethical use of 

animals. The animal care and experimental protocols were 
under the regulation and approval of the Committee on 
Animal Care of Nanjing University and Nanjing Medical 
University. 

Induction of DCM in mice 

To induce diabetes, 8–10 weeks-old male mice were ad-
ministrated with a single dosage of STZ (120 mg/kg, soluble 
in citric acid buffer, pH 4.5) through intraperitoneal injec-
tion according to the previous method.34 The control mice 
were injected with the same volume of citric acid buffer 
(vehicle). Blood glucose levels were measured using mouse 
tail vein blood from day 3 after STZ administration, and 
then blood glucose was monitored weekly up to 12 weeks 
after STZ treatment. Mice were considered to be diabetic 
and enrolled in the study only if they had hyperglycemia 
(> 16.7 mmol/L). Mice were randomly allocated to each 
experimental group. For tissue collection, mice were sacri-
ficed by overdose anesthesia with pentobarbital sodium 
(150 mg/kg, intraperitoneal injection) and cervical dis-
location. 

Mortality of mice 

Hspa12a−/− mice and WT mice were randomly assigned 
into vehicle control and STZ treatment groups. For STZ 
groups, mice received a single injection of STZ (120 mg/kg, 
intraperitoneally). For vehicle control groups, mice were 
injected with the same volume of citrate buffer. The sur-
vival of mice was recorded twice a day until the end of the 
experiment (a total of 12 weeks). The numbers for each 
group were as follows: n = 10 for the WT/control group, 
n = 8 for Hspa12a−/−/control group, n = 24 for WT/STZ 
group, n = 18 for Hspa12a−/−/STZ group. 

Fig. 8 Effects of Akt inhibition on injury of the HG-treated Hspa12aO/E cardiac cells. Hspa12aO/E H9c2 cardiac cells were challenged 
with HG for 24 h in the presence or absence of Akt inhibitor MK-2206. LDH leakage was examined by evaluating LDH activity in a 
culture medium of H9c2 cardiac cells. **P  <  0.01, n = 4/group. Abbreviations used: Akt, protein kinase B; HG, high 
glucose; Hspa12aO/E, HSPA12A overexpression; LDH, lactate dehydrogenase. 
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Echocardiography 

Twelve weeks after STZ administration, the cardiac 
function of mice was examined by two-dimensional 
echocardiography using the Vevo770 system equipped with 
a 35-MHz transducer (Visualsonics, Toronto, Canada) ac-
cording to our previous methods.35,36 Briefly, after anaes-
thetized with inhalation of 1.5–2% isoflurane, mouse 
cardiac function was analyzed by an observer blinded to the 
treatment. The parameters were obtained in M-mode and 
pulsed Doppler tracings and averaged using 3–5 cardiac 
cycles. Each group contained five mice. 

WGA staining 

Cardiomyocyte size was evaluated using WGA staining 
according to our previous study.37 Briefly, cardiac tissues 
were collected at the papillary muscle level after treatment 
with STZ for 12 weeks. After fixed, the cardiac tissues were 
prepared for frozen sections with 4 µm thick, followed by 
WGA (10 μg/mL) incubation for 30 min. DAPI was used to 
counterstain nuclei. The staining was photographed by 
fluorescence microscopy and quantified using Cellsens 
Dimention 1.15 software (Olympus, Tokyo, Japan). Each 
group contained six mice. 

Heart weight 

Mice were sacrificed by cervical dislocation after over-
dose anesthesia by pentobarbital sodium 150 mg/kg 
(intraperitoneal injection). After that, the hearts were 
harvested, washed in Phosphate-balanced solution to 
remove blood clots, wiped with paper, and weighed. 
Also, the tibia of the left hind limb of the mice was 
removed, and the length was measured. To exclude the 
confounding factor of mouse body size on heart weight, 
the heart mass was expressed as the ration of heart 
weight/tibia length (mg/mm). Each group contained six 
mice. The above information was incorporated in the 
revised manuscript. 

Cell culture and treatment 

Rat H9c2 cardiac cells were from the Type Culture 
Collection of the Chinese Academy of Sciences. Cells 
were maintained in Dulbecco’s Modified Eagle’s 
medium supplemented with 10% fetal bovine serum and 
1% penicillin/streptomycin. To mimic a HG environ-
ment, H9c2 cardiac cells were treated with 33 mM of 
DG and 5 mU of GO according to previous stu-
dies.38,39 The H9c2 cells that were treated with 5.5 mM 
of DG and 5 mU of GO served as controls. Analysis was 
performed 24 h after treatment. In the Akt inhibition 

experiments, cells were pretreated with an Akt inhibitor 
MK-2206 (3 μM) 30 min prior to the HG challenge. 

Overexpression of HSPA12A 

For gain-of-function experiments, H9c2 cardiac cells 
were infected with adenovirus (20 Multiple viral infec-
tion) that carry three flag-tagged Hspa12a expression 
sequences to overexpress HSPA12A. H9c2 cells infected 
with empty adenovirus served as NC. 

Measurement of LDH leakage 

LDH leakage is an indicator of cell injury. In our study, 
a culture medium was collected for measuring LDH 
activity 24 h after HG treatment using the assay kit ac-
cording to the manufacturer’s instructions. Each group 
contained five repeats. 

Cell morphology 

H9c2 cardiac cells were treated with 33 mM of DG and 
5 mU of GO. The H9c2 cells that were treated with 
5.5 mM of DG and 5 mU of GO served as controls. 
Bright field images of each group were taken with a 
phase-contrast microscope 24 h after treatment. Each 
group contained three repeats. 

PI fluorescence staining 

PI staining is an indicator of cell death. Twenty-four 
hours after HG treatment, cells were stained with PI 
(10 μg/mL) for 30 min. The staining was observed under 
a fluorescence microscope (Zeiss Ltd, Germany). Death 
cells were expressed as a percentage of PI-positive cells 
to total cells. More than three fields per sample were 
taken at random. Image acquisition and cell scoring 
were conducted by an investigator blinded to the 
treatment of experiments. Each group contained three 
repeats. 

Measurement of intracellular ROS content 

Intracellular ROS content was measured by DHE assay 
as described in our previous studies.39 Briefly, after 
treatment with HG for 24 h, H9c2 cardiac cells were 
stained with DHE (10 μM) for 30 min. The staining was 
observed, and images were captured using a fluores-
cence microscope with a magnification of 10× (Zeiss 
Ltd.). The fluorescence intensity was quantified using 
Cellsens Dimention 1.15 software (Olympus). Each 
group contained three repeats. 
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Immunoblotting 

Twenty-four hours after HG treatment, H9c2 cardiac cells 
were collected for immunoblotting analysis according to 
our previous methods.14,15 Briefly, an equal amount of 
cellular protein extracts was separated by 10% Sodium do-
decyl sulfate-polyacrylamide gel electrophoresis and then 
transferred onto polyvinylidene difluoride membranes 
(Millipore Corp., Bedford, MA). After being blocked in 5% 
skimmed milk for 1 h at room temperature, the membranes 
were probed with primary antibodies at 4 °C overnight 
followed by incubation with peroxidase-conjugated sec-
ondary antibodies. For loading control, the membranes 
were probed with anti-α-Tubulin. The signals were quan-
tified by scanning densitometry and the results from each 
experimental group were expressed as relative integrated 
intensity compared with that of controls. Each group con-
tained three repeats. 

Statistical analysis 

Data are expressed as the mean  ±  standard deviation. 
Groups were compared using Student’s two-tailed un-
paired t test, log-rank test, or using one-way and two- 
way Analysis of variance followed by Tukey’s post-hoc 
test. A P value of  < 0.05 was considered significant. 
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