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Abstract Endoplasmic reticulum stress (ERS)-induced un-
folded protein response (UPR) and the subsequent cell deaths
are essential steps in the pathogenesis of diabetic cardiomy-
opathy (DCM), a main cause of diabetics’morbidity and mor-
talities. The bis(maltolato)oxovanadium(IV) (BMOV), a po-
tent oral vanadium complex with anti-diabetic properties and
insulin-mimicking effects, was shown to improve cardiac dys-
functions in diabetic models. Here, we examined the effects of
BMOVonUPR pathway protein expression and apoptotic cell
deaths in both high glucose-treated cardiac H9C2 cells and in
the hearts of diabetic rats. We show that in both the high
glucose-treated cardiac cells and in the hearts of streptozotocin
(STZ) diabetic rats, there was an overall activation of the UPR
signaling, including both apoptotic (e.g., the cascades of
PERK/EIf2α/ATF4/CHOP and of IRE1/caspase 12/caspase
3) and pro-survival (GRP78 and XBP1) signaling. A high
amount of apoptotic cell deaths was also detected in both
diabetic conditions. The administration of BMOV suppressed
both the apoptotic and pro-survival UPR signaling and

significantly attenuated apoptotic cell deaths in both condi-
tions. The overall suppression of UPR signaling by BMOV
suggests that the drug protects diabetic cardiomyopathy by
counteracting reactive oxygen species (ROS) and endoplas-
mic reticulum (ER) stress. Our findings lend support to pro-
mote the use of BMOV in the treatment of diabetic heart
diseases.
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Introduction

Cardiomyopathy independent of major vascular diseases is
becoming one of the main complications of diabetes, resulting
in a high percentage of morbidity andmortality [1]. According
to a recent report, 56 % of the diabetes patients have diabetic
cardiomyopathy (DCM), and cardiac dysfunctions have be-
come the leading cause of death in the diabetic population
[2]. Apoptotic cell death has been reported to play a critical
role in the development of diabetic cardiomyopathy [1, 3–5].
Increasing evidence suggest that the endoplasmic reticulum
(ER) stress (ERS)-induced unfolded protein responses
(UPRs) are essential steps in the pathogenesis of diabetic car-
diomyopathy [6, 7]. For example, Li et al. [8] demonstrated
that ER stress was involved in the cardiac apoptosis of a
streptozotocin (STZ)-induced type 1 diabetic rat model. A
number of studies observed the upregulation of UPR pathway
proteins in the hearts of diabetic models, such as PERK,
ATF6, p-EIf2, cleaved ATF6 and GRP78, etc. [4, 8–12].
Younce et al. reported that high glucose caused cardiomyop-
athy via reactive oxygen species (ROS) production and ER
stress [13]. However, whether other molecules of the UPR
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pathway are also involved in diabetic cardiac cell apoptosis
has not been reported.

The beneficial effects of vanadium have been widely
studied in diabetic conditions mainly due to its insulin-
mimicking effects of hypoglycemia [14–18]. Vanadium
compounds exhibit long-lasting effects of anti-diabetic
effects independent of the insulin receptor [19–21]. As
vanadium salts are poorly ingested, organo-vanadium
complexes were synthesized to increase uptake in the
intestinal lining. Bis(maltolato) oxovanadium (IV)
(BMOV) is one of such species to achieve anti-diabetic
effects at one half of the dosage of vanadium salts, with
minimal toxicity, and was shown to reverse the biochem-
ical and morphological changes in diabetic models [18,
22–26]. Particularly, vanadate was shown to improve car-
diac performance in diabetic animals [22] and can inhibit
the ERS-induced increase in GRP78 and CHOP expres-
sions at both messenger RNA (mRNA) and protein
levels [27]. Given the antioxidant effects of BMOV
[28, 29] and the essential roles of ROS and ERS in
diabetic cardiac cell death [6, 7, 12, 28, 30–32], we
assumed that BMOV antagonizes apoptosis in the diabet-
ic heart by suppressing ERS and the subsequent activa-
tion of UPR. In this study, we have evaluated this as-
sumption in both high glucose-treated cardiac cells and
the hearts of diabetic rat models.

Materials and Methods

Ethics Statement

All animal procedures were reviewed and approved by
Institutional Animal Care and Use Committee of the
Institute of Zoology, Chinese Academy of Sciences (permit
number IOZ11012) and by the Ethics Committee of Jilin
University University. All researchers and students had re-
ceived appropriate training and certification before
performing animal studies. The use of research animals com-
ply with the research to the Principles of Laboratory Animal
Care (NIH publication #85-23, revised in 1985).

Cell Cultures and Treatments

The rat cardiomyoblast cell line H9C2 cells (American Type
Culture Collection, Manassas, VA, USA) were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplement-
ed with 10 % fetal bovine serum (FBS). The cultures were
exposed to high glucose (30 mmol/l, Sigma) or 5.5 mmol/l D-
glucose as control. To exclude a hyperosmolar effect, an equal
concentration of mannitol (Sigma) was added to the control
culture. At 2 h after high glucose treatment, BMOV (10 μM)
was added. In experiments for terminal deoxynucleotidyl

transferase-mediated dUTP nick-end labeling (TUNEL) as-
say, 4′,6-diamidino-2-phenylindole (DAPI) staining, and
annexin-fluorescein isothiocyanate (FITC) apoptosis assay,
the cells were grown in chamber slides. After high glucose
exposure for 24 h, the monolayer cultures were collected after
phosphate-buffered saline (PBS) washing and trypsinization
treatment.

Diabetic Rat Model

Type II diabetic rats were induced as described with modifi-
cations [33]. Male SD rats weighed (250–280 g) were ran-
domly divided into two groups: normal control group (6)
and high-fat diet group (HFD, 12). All animals were fed with
diet and water ad libitum. The normal control group was fed
with regular diet; high-fat group was fed with a high-fat diet
containing 20 % fat and 20 % sucrose. Animals were raised at
ambient temperature of 22~27 °C, with 12/12 h day/night
cycle. After 4 weeks of feeding, both group of animals were
fasted (with water) for 16 h. Afterwards, the HFD group rats
received a single intraperitoneal injection of low-dose STZ
(45 mg/kg) in 0.1 mol/l bacteria-free citrate buffer, pH 4.4.
The normal control group received a single injection of equal
volume of 0.1 mol/l sterile citrate buffer. At 72 h after STZ
injection, 6 ml blood was drawn from each animal (fasted 16 h
of food but not water) and kept in coagulant tubes, centrifuged
at low temperature (4 °C, 3500 r/min) for 7 min, and the serum
was separated and kept at −20 °C. Fasting blood glucose
(FBG) levels were measured. Animals with FBG levels higher
than 10.0 mM/l and insulin sensitivity index (ISI = 22.5 /
[FBG× INS], HOMA method) less than that of normal rats
were determined as diabetic rats. During the experiment, all
diabetic rats were continued to be fed with high-fat diet, while
the normal control rats were fed with normal diet.

The experimental group rats were divided into BMOV
group (6) and non-BMOV group. For the BMOV group,
the rats received 6.22 mg BMOV/l in drinking water,
reaching a daily supply of 10 μmol/kg day. In all cases,
the BMOV solution was prepared daily. Weight gain and
blood glucose were monitored weekly. For measurement
of blood glucose, blood sample was taken from the tail
vein, collected in sterilized tubes, and kept at 4 °C. After
separation of serum by centrifuging, blood glucose was
measured by the glucose oxidase method. Four weeks
after the injection of STZ or vehicle, the animals were
euthanized, and the heart were collected and rapidly fro-
zen in liquid nitrogen for Western blot assays. For
TUNEL staining, animals were perfused with 4 %
paraformadehyde in PBS, followed by paraff in-
embedding in 6-μm section. All animal procedures were
approved by the Animal Care Committees of the
University.
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Western Blots

Cultured cells were rinsed twice with ice-cold PBS and
lysed on ice in 10 volume lysis buffer (65 mM Tris·HCl,
pH 6.8, 2 % sodium dodecyl sulfate (SDS), 2 % 2-
mercaptoethanol, and 5 % glycerol, 30 min) containing
1 mM phenylmethylsulfonyl fluoride (PMSF) and centri-
fuged for 15 min, 12,000 rpm at 4 °C. Supernatants were
stored at −80 °C for further experiments. Frozen tissue
samples (hearts) were ground on dry ice and added
200 μl lysis buffer containing PMSF for every 10 mg
tissue, sonicated, and lysed for 30 min on ice. The sam-
ples were centrifuged for 15 min, 12,000 rpm at 4 °C. The
supernatants were stored at −80 °C for further use.

Protein concentration of the samples was measured by
Coomassie Brilliant Blue G250 and was adjusted to the same
level (6~8 μg/μl). An equal 50 μg protein samples in 5×
loading buffer (containing β-mercaptoethanol) were loaded
and run in electrophoresis on a 5 and 15 % separating SDS-
polyacrylamide gel and then transblotted onto PVDF mem-
branes (Merck Millipore) with a standard wet transferring ap-
paratus (Bio-Rad). The membranes were blocked in Tris-
buffered saline with Tween 20 (TBST) buffer (0.1 % Tween
20 and 5 % skim milk) at room temperature for 60 min. After
three washes in TBST (15 min each), the membranes were
incubated at 4 °C overnight in TBST containing primary an-
tibodies diluted as per instructions (usually 1:1000). After
three washes (15 min each) in TBST, blots were incubated
with HRP-labeled sheep anti-mouse or sheep anti-rabbit IgG
(1:5000; BOSTER, Pleasanton, CA, USA) in TBST buffer for
1 h. Antigens were detected by the BeyoECL Plus enhanced
chemiluminescence system (Beyotime Institute Biotech,
Jiangsu, China).

Apoptosis-TUNEL Assay

Apoptosis was detected on the paraffin sections using the
Roche in situ cell death TUNEL assay kit of Converter-
POD. Paraffin sections were dewaxed in water and
dehydrated. Enzyme antigen was retrieved using proteinase
K 10–20 μg/ml in 10 mM Tris–HCl (pH 7.4–7.8), 37 °C
incubation for 20 min. The slides were washed in PBS twice
(5 min each). Added TUNEL reaction mixture (enzyme
solution/label solution=1:9) on the slides, covered with film,
incubated at 37 °C for 60 min. Added Converter-POD solu-
tion, incubated at 37 °C for 30 min. Sections were developed
using DAB substrate with H2O2 in PBS. Counterstaining of
DAPI was performed for some slides. The slides were washed
for three times (5 min) with PBS after each step. Apoptotic
cell deaths was visualized and counted under light microscope
(Olympus BX51). Cells with stained nuclei were determined
by counting 100 cells in three randomly selected fields.

Flow Cytometric Detection of Apoptosis

Early apoptosis in H9C2 cells were identified by double fluo-
rescence staining using the Annexin V-FITC/PI Apoptosis Kit
according to the instructions (Invitrogen). The cells were har-
vested after digestion with EDTA-free trypsin and centrifuga-
tion, washed twice with pre-cooled PBS, and centrifuged again
at 300×g, 4 °C for 5 min, and 1~5×105 cells were collected.
The cells were resuspended in 100 μl 1× binding buffer and
added 5 μl annexin V-FITC and 5 μl PI staining solution and
mixed gently, and the mixture reacted for 10 min in the dark at
room temperature. Four hundred microliters of 1× binding
buffer was added and mixed gently. Within 1 h, cellular fluo-
rescence was measured by flow cytometry analysis with a
FACSCalibur flow cytometer (BD Biosciences, USA).

Statistical Analysis

All data are expressed as means±SD from at least three inde-
pendent experiments. The differences were analyzed by
ANOVA, followed by post hoc analysis with Student–
Newman–Keuls test. Statistical significance was considered
at P<0.05.

Results

BMOV Inhibits Elevated Expression of the UPR Pathway
Proteins in Cultured Cardiac H9C2 Cells

We examined the protein expression of the UPR signaling
pathways in cultured H9C2 cells. High glucose treatment for
24 h dramatically enhanced the expression of almost all the
UPR pathway-related proteins, except ATF6, TRAF2, and
caspase 12 (Fig. 1). Addition of BMOV to the culture solution
at 2 h after high glucose treatment significantly suppressed the
enhanced expression of almost all the examined proteins, with
some being completely restored, such as EIf2a, GRP78, cas-
pase 3, ATF4, and CHOP. These results indicate that upon
high glucose stimulation, the UPR pathways were fully acti-
vated and can be mostly suppressed by BMOV treatment.

BMOVAntagonize Apoptosis in Cultured H9C2 Cells
Induced by High Glucose

High glucose treatment was shown to cause apoptosis in cul-
tured H9C2 cells and in cardiac tissue of diabetic animal
models. Consistently, we detected a high rate of apoptosis in
both H9C2 cells (29.4±1.2 %, Fig. 2), which was significant-
ly reduced by the treatment of BMOV (22.8±1.3 %, P<0.01;
Fig. 2a–b). The apoptosis assay of annexin-FITC similarly
detected increased apoptosis in the high glucose-treated
H9C2 cells, which was also attenuated by BMOV (Fig. 3).
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BMOV Counteracts Blood Sugar Level and Body Weight
Increment in STZ Diabetic Rats

We monitored body weight and blood glucose levels weekly
in STZ diabetic rats, control rats, and diabetic rats treated with
BMOV. As shown in Fig. 4, both blood glucose levels

(Fig. 4a) and body weight (Fig. 4b) were greatly increased
in STZ-induced diabetic rats. The blood sugar increase started
soon after STZ injection and reached a plateau level at week 2,
while body weight gradually increased during the 4-week ob-
servation. Treatment of BMOV significantly ameliorated, but
not completely reversed, the increment of both blood sugar
level and body weight.

BMOV Suppressed Expression of the UPR Pathway
Proteins in the Hearts of Diabetic Rats

We then examined the protein expression of the UPR signal-
ing in the cardiac tissue of diabetic rat model by Western blot.
Like in the H9C2 cells, most of the UPR pathway proteins
showed increased expression in the STZ diabetic rats and were
mostly completely inhibited by the treatment of BMOV
(Fig. 5). The expression profiles were highly similar to those
in H9C2 cells. Noticeably, in both the H9C2 cells and the
hearts of diabetic rats, the expression of ATF6 and TRAF2
was not significantly altered. However, there was some slight
difference in the expression patterns of UPR pathway proteins
between the H9C2 cells and the hearts of diabetic rats, in that
the expression of IRE1 and PERK was not significantly
changed in the diabetic animals.

BMOVAlleviated Apoptosis in the Hearts of Diabetic Rats

Apoptotic cell deaths have been observed in the cardiac tis-
sues of STZ-induced diabetic animal models [1, 3–5].
Consistently, using TUNEL assay, we detected a high ratio
of apoptotic cells in the cardiac tissue of the STZ diabetic rats
(20.5±2.3 %, Fig. 6b, d). As in the H9C2 cells, treatment of
BMOVeffectively counteracted apoptosis in the hearts of the
diabetic rats (5.4±0.4 %, P<0.001; Fig. 6c–d).
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Discussion

In the current study, we show that in both high glucose-treated
H9C2 cells and the hearts of the STZ rats, most of the UPR
signaling molecules were significantly upregulated, together
with a high rate of apoptotic cell deaths. Treatment of BMOV
not only suppressed the overall enhanced expression of UPR
pathway proteins but also significantly attenuated the apopto-
sis in both diabetic systems. These results provide further ev-
idence for the crucial roles of ERS-activated UPR signaling in
diabetic cardiomyopathy and suggest that BMOV alleviates
apoptotic cardiac cell deaths in diabetes via suppression of
activated UPR signaling.

The glucose-regulated protein, GRP78, was significantly
increased in both the high glucose-treated cardiac cells and
in the hearts of STZ rats, being particularly high in the cul-
tured cells. GRP78 normally binds to the three initiators
(PERK, IRE1, and ATF6) of UPR signaling to inhibit the
UPR (Fig. 7), but is dissociated from these molecules upon
ERS and results in the activation of UPR. The GRP78 protein
regulates ER homeostasis by a variety of mechanisms: protein
folding and assembly, targeting misfolded protein for degra-
dation and ER Ca2+ binding, etc. It is considered a protector
against ER stress, and the elevated expression in the two dia-
betic conditions is presumably a negative feedback protection
mechanism. The particularly high expression in the H9C2
cells is possibly due to the direct effect of glucose, as it is a
glucose-regulated protein.

TheUPR signaling can be of either pro-survival or apoptotic.
It is believed that the UPR initially restores normal ER functions
by halting protein translation and increasing the generation of
molecular chaperones to promote protein folding. However,
prolonged disruption of ER functions by ER stress or when
the restoration of ER functions could not be restored within a
certain time lapse, the apoptotic pathwaywould be turned on [6,
34, 35]. To be survival or apoptotic also depends on the different
UPR pathways. As illustrated in Fig. 7, there are three branches
of the UPR signaling, initiated by PERK, ATF6, and IRE1α,
respectively. The signaling cascade of PERK/EIf2α/ATF4/
CHOP is of solely apoptotic, while the ATF6-initiated signaling
is mainly pro-survival, and the IRE1α signaling may be either
pro-survival or apoptotic which is further branched in three
directions: the apoptotic pathways of TRAF/JNK and caspases
12/9/3 and the survival signaling of XBP1.

Our results show that in both diabetic systems, expression
of ATF6 and TRAF2 was not increased, suggesting that the
survival signaling of ATF6 and the apoptotic signaling of
TRAF/JNK may not be activated. In high glucose-treated car-
diac cells, both PERK and IRE1α were greatly increased,
along with elevation of the corresponding downstream signal-
ing molecules: EIf2α, ATF4, CHOP, and caspase 3. Among
those, the elevation of PERK/EIf2/ATF4/CHOP signaling was
more apparent comparing to that of caspases (no significant
increase of caspase 12), suggesting that the PERK/EIf2/ATF4/
CHOP signaling cascade is the major apoptotic UPR signaling
in the H9C2 cells.
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In the hearts of STZ rats, a significant change of PERK
expression was not observed, while the expressions of
EIf2α, ATF4, and CHOP were significantly elevated, indicat-
ing that the EIf2α/ATF4/CHOP signaling is also pivotal for
the pathogenesis of cardiac cell deaths in the animal model.
Comparing to the H9C2 cells, however, a remarkable increase
in the expression of caspase 12 was detected besides the sig-
nificant increase of caspase 3. Thus, it appears that in the STZ
rats, the caspases also play an important role in diabetic car-
diomyopathy. Presumably, with prolonged disruption of ER
functions in the STZ rats, more apoptotic signaling is
involved.

Regardless of the dominating apoptotic signaling and con-
siderable apoptosis, the survival signals appear to be
remained. In high glucose-treated H9C2 cells, we observed
an increase of the spliced XBP1 mRNA (supplementary data,
Fig. S1). In the hearts of STZ rats, the XBP1 protein

expression was also elevated. In addition, the GRP78 protein
was significantly upregulated in both diabetic conditions.
Thus, despite the significant amount of apoptosis, the cardiac
cells did not give up restoring the normal ER functions even
under prolonged disruption of ER functions.

Vanadate may directly suppress the UPR signaling or indi-
rectly via counteracting ROS and ER stress. For example,
BOMV have been shown to be a strong antioxidant and
exerted inhibiting effects on ERS [27, 36, 37]. Gao et al.
[38] reported that vanadyl bisacetylacetonate (2.5 μM)
protected pancreatic β cells from palmitate-induced cell death
by further enhancement of GRP78 and downregulation of
CHOP and subsequent insulin mRNA degradation. Their
findings suggest that vanadate, at the concentration of
10 μM or less, may act directly on the UPR signaling to
protect the pancreatic β cells. In another study, however, van-
adate inhibited the ERS-induced increase in GRP78 and
CHOP expressions at both mRNA and protein levels in glial
cells [27]. These results suggest that in different cells, BMOV
may exert different effects on the UPR signaling.

Our data show that BMOV counteracted the overall acti-
vation of UPR pathways in high glucose-treated H9C2 cells
and in the hearts of STZ rats, including both the apoptotic and
survival (GRP78 and XBP1) signaling. Therefore, the sup-
pression may be the results of inhibition of the upstream of
UPR signaling, possibly via inhibition of ROS and ERS, giv-
en the strong antioxidant activity of BMOV [36, 37]. As the
apoptotic pathways were the dominating signaling in these
conditions, the final consequence of BMOV administration
was the attenuation of cardiac cell deaths.

Besides suppression of ROS and ER stress, vanadium com-
pounds exhibited multiple insulin-mimicking effects, such as
hypoglycemia (lowering plasma glucose levels, increasing
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peripheral glucose uptake, and improving insulin sensitivity),
decreased plasma lipid levels, and normalized liver enzyme
activities [39]. These effects are likely to be mediated by the
inhibition of tyrosine phosphatases and the subsequent

activation of non-receptor protein tyrosine kinase (PTK)
[40]. These actions, however, may not be related to the sup-
pression of UPR protein expression of BMOV in the H9C2
cells, where there is no issues of lipids, liver enzymes, or
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plasma glucose level. Moreover, there is no evidence that the
activation of PTK is related to the suppression of ROS and
UPR signaling. However, it was shown that hyperglycemia
and high plasma lipid can lead to ER stress and UPR [41,
42]. Therefore, it is possible that in the STZ animals, the
suppression of ROS and UPR activation by BMOV could be
an indirect effect of hypoglycemia and reduction of plasma
lipid levels.

Taken together, we demonstrated that in both the high
glucose-treated cardiac cells and in the hearts of STZ diabetic
rats, there was an overall activation of the UPR signaling,
which is predominantly apoptotic. However, pro-survival sig-
naling still exists despite considerable amount of apoptosis,
arguing against a single mode of apoptotic UPR signaling
upon prolonged disruption of ER functions.

The administration of BMOV suppressed both the apopto-
tic and pro-survival UPR signaling, and the overall effect was
the attenuation of the apoptotic cell deaths, suggesting that
BMOV protects diabetic cardiomyopathy by counteracting
ROS and ER stress. Our findings lend support to promote
the use of BMOV in the treatment of diabetic heart diseases.
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