EXPERIMENTAL AND THERAPEUTIC MEDICINE 18: 2681-2686, 2019

Downregulation of TRAP1 aggravates injury of
H9c¢2 cardiomyocytes in a hyperglycemic state
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Abstract. Diabetic cardiomyopathy increases the risk of heart
failure and is one of the major causes of death in patients with
diabetes. The present study investigated the expression and
function of tumor necrosis factor receptor-associated protein 1
(TRAP1) in cardiomyocytes in a hyperglycemic state. For the
in vitro study, H9c2 cells (rat cardiomyoblasts) were treated with
normal glucose, high glucose. TRAP1 expression was deter-
mined by reverse transcription-quantitative PCR and western
blot analysis. Viability of cardiomyocytes was detected using
the CellTiter 96® AQ,.,., One Solution assay. The intracellular
reactive oxygen species (ROS) content was detected using a
fluorescent 2',7'-dichlorodihydrofluorescein diacetate probe, and
the change in mitochondrial membrane potential was detected
by JC-1 fluorescent staining. Changes in cell viability, ROS
content and mitochondrial membrane potential were determined
following small interfering (si) RNA-mediated knockdown of
TRAPI. Results demonstrated that compared with the normal
control group, the expression of TRAPI in H9¢2 cells decreased
in the high glucose group which was accompanied by a reduc-
tion in mitochondrial membrane potential and cell viability, and
increased intracellular ROS production. TRAP1 expression was
significantly decreased following TRAPI-siRNA transfection
which was accompanied by enhanced ROS production, lower
mitochondrial membrane potential and impaired cell viability.
In conclusion, the present findings suggested that the decrease
in cardiomyocyte TRAP1 expression under high glucose condi-
tions was associated with myocardial injury. It was hypothesized
that TRAP1 may have a protective role on cardiomyocytes
under high glucose surroundings.
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Introduction

Diabetic cardiomyopathy (DCM), a heart disease that is inde-
pendent of hypertension and coronary artery disease, mainly
manifests as a cardiac dysfunction and a structural disorder.
DCM increases the risk of heart failure and is one of the major
causes of death in patients with diabetes (1). Pathogenesis of
DCM is multifactorial, but hyperglycemia-induced overpro-
duction of superoxides by the mitochondrial electron-transport
chain is considered to be the common pathway leading to the
condition (2). Mitochondria participate in the terminal part of
the majority of apoptotic signaling pathways as ‘gatekeepers’
that ultimately determine cell survival and death (3).
Mitochondrial dysfunction is closely related to multiple
morbidities associated with DCM. A previous study demon-
strated that compared with the control, the mass-specific
respiration of streptozotocin-diabetic hearts was reduced
during oxidative phosphorylation (4). Mitochondria in atrial
tissues in individuals with type 2 diabetes demonstrated a mark-
edly reduced capacity for glutamate and fatty acid-supported
respiration compared with those of non-diabetic patients (5).
Tumor necrosis factor receptor-associated protein 1
(TRAPI) is a heat shock protein (HSP), which belongs to the
HSP90 family, mainly located in mitochondria. TRAPI is
involved in a series of cell signaling pathways, participating
in the regulation of mitochondrial function and cell oxidative
stress (6). TRAPI can protect cells and reduce apoptosis by
decreasing the production of reactive oxygen species (ROS)
and reducing oxidative stress (6). TRAPI1 protects cancer cells
from hypoxia-induced mitochondrial dysfunction and cell
apoptosis during tumor progression, and is a key regulator of
mitochondrial bioenergy that assists tumor cells in avoiding
death and damage (7). Therefore, TRAP1 is a potential thera-
peutic target for designing novel anticancer agents (8). Previous
studies determined that changes in TRAPI expression in
normal tissues also impact cellular function. TRAP1 serves a
role in protecting mitochondria against damaging stimuli via
the decrease of ROS generation (9). TRAPI reduces cardiac
hypertrophy and fibrosis that is induced by pressure overload
through blocking the TAK/P38, JNK, and AKT signaling
pathways (10). TRAP1 overexpression decreases ROS produc-
tion and preserves mitochondrial membrane potential during
glucose deprivation, while preserving ATP levels and cell
viability during oxygen-glucose deprivation (11). However, the
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role of TRAPI in DCM and its mechanisms of action remain
undefined.

The present study aimed to investigate the role of TRAP1
in hyperglycemia-induced myocardial damage and to under-
stand the associated mechanisms in cardiomyocytes under
high glucose conditions.

Materials and methods

H9c2 cell culture. H9¢c2 cells (The Cell Bank of Type
Collection of Chinese Academy of Sciences) were cultured
with low-glucose DMEM medium (Gibco; Thermo Fisher
Scientific, Inc.) containing 10% FBS (Gibco; Thermo Fisher
Scientific, Inc.), 1% penicillin-streptomycin solution (Gibco;
Thermo Fisher Scientific, Inc.) and incubated with 5% CO,
at 37°C. When cell density reached 70-80% confluence,
the cells were passaged in a 1:3 ratio, and logarithmic
growth phase cells were used in subsequent experiments.
The cells were grouped into normal glucose control group
(C; 5.5 mmol/l glucose treatment for 48 h; Sigma-Aldrich;
Merck KGaA), high glucose group (G; 33 mmol/I glucose
treatment for 48 h), negative control small interfering RNA
group (NC siRNA; negative control siRNA was transfected
into H9c2 cells for 24 h, then cultured in the aforementioned
hyperglycemic condition for 48 h) and TRAP1 siRNA group
(TRAPI1 siRNA was transfected into H9¢c2 cells for 24 h,
then cultured in the aforementioned hyperglycemic condi-
tions for 48 h).

SiRNA design and preparation. TRAP1 siRNA and NC siRNA
sequences were designed and synthesized by GenePharma Co.,
Ltd. The sequences of the siRNAs were as follows: TRAP1
siRNA forward, 5'-GCUAGUGGAUCAGAUCUAUTT-3'
and reverse, 5S'-"AUAGAUCUGAUCCACUAGCTT-3"; NC
siRNA forward, 5'-UUCUCCGAACGUGUCACGUTT-3', and
reverse: 5'-ACGUGACACGUUCGGAGAATT-3" The siRNA
products were vacuum centrifuged (2,000 x g at room temper-
ature for 5 min) and dissolved in diethyl pyrocarbonate-treated
water (GenePharma Co., Ltd.) to obtain a 20 uM stock solution
before use.

siRNA transfection. H9c2 cells were seeded in six-well plates
(1.5x10° cells/well) and cultured for 12 h to obtain fully
adherent cells with a confluence of 30-50%. Transfection was
performed by adding 13 pl of 20 uM TRAPI siRNA stock
or NC siRNA stock and 6 ul Lipofectamine® RNAIMAX
(Invitrogen; Thermo Fisher Scientific, Inc.) to 400 ul
Opti-MEM medium (Gibco; Thermo Fisher Scientific, Inc.).
Following gentle mixing, the mixture was incubated at room
temperature for 5 min to form a siRNA-transfection reagent
mixture, which was then added to the six-well plate containing
the cells, followed by addition of FBS-free DMEM to a final
volume of 2 ml/well. The medium was replaced with complete
DMEM medium following 6 h. After transfection with siRNA
for 24 h, the medium was replaced with high glucose DMEM
for 48 h prior to subsequent experimentation.

Western blot analysis. Cells were washed twice with PBS,
followed by addition of radioimmunoprecipitation assay lysis
buffer (Beyotime Institute of Biotechnology) for 10 min.
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Next, the samples were kept on ice, sonicated (130 W;
20 kHz; 30%; 4°C; 10 sec), centrifuged (13,680 x g; 4°C;
5 min) and the supernatant was added to the loading buffer
(Hangzhou Fude Biological Technology Co., Ltd.) and boiled
for 10 min. Protein concentration was determined using a
BCA assay. The proteins (30 pug per lane) were separated via
SDS-PAGE on a 10% gel then transferred to polyvinylidene
fluoride membranes. Membranes were blocked using 5%
non-fat dry milk at room temperature for 2 h. Samples were
incubated with primary antibodies anti-TRAP1 (1:1,000; cat.
no. ab176478; Abcam) and GAPDH (1:3,000; cat. no. 5174;
Cell Signaling Technology, Inc.) overnight at 4°C. Following
washes, membranes were incubated with horseradish
peroxidase-conjugated goat anti-rabbit secondary antibody
(1:5,000; cat. no. L153B; GeneCopoeia, Inc.) for 1 h at room
temperature. This was followed by use of the FDbio-Femto
Enhanced chemiluminescence kit (Hangzhou Fude Biological
Technology Co., Ltd.) and exposure of the plate to a chemi-
luminescence imaging analyzer. Image J software (Image J
64-bit Java 1.8.0_112; National Institutes of Health) was used
to analyze the gray-scale value of each band with GAPDH
used as a loading control.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from cells using TRIzolO (Thermo
Fisher Scientific, Inc.). The quality and quantity of RNA
samples were determined using Epoch™ microplate spec-
trophotometer (BioTek Instruments, Inc.). Total RNA was
reverse transcribed into cDNA according to the instructions
of PrimeScriptTM RT master mix (Takara Bio, Inc). gPCR
was performed using Applied Biosystems™ PowerUp™
SYBR™ Green mix (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's instructions. The reac-
tion volume total was 30 ul and PCR was performed with
LightCycler® 480. the 2224 method was used for quantifica-
tion (12). The primers used were as follows: TRAP1 forward,
5'-CTCAGTTGCTACAGCCCACA-3' and reverse, 5'-CTG
CTATCATGGCGTTCTCA-3'; GAPDH forward, 5-AGG
TGAAGGTCGGAGTCAAC-3"; and reverse, 5'-CGCTCC
TGGAAGATGGTGAT-3"

MTS assay to determine cell viability. H9c2 cells were plated
in 96-well plates at 5,000 cells/well. Viability was measured
using the CellTiter 96® AQ,.., One Solution Assay kit
(Promega Corporation). Culture medium was replaced with
complete medium (100 pl/well) at the respective treatment
time points. Then 20 1 MTS assay reagent per well was added
and incubated for 2 h at 37°C. A microplate reader was used to
detect the optical density (OD) at 490 nm. The optical density
is directly proportional to cell viability.

Intracellular ROS detection. ROS were detected using
2'7'-dichlorodihydrofluorescein diacetate (DCFH-DA)
probe (Beyotime Institute of Biotechnology) according to
the manufacturer's guidelines and fluorescence intensity was
observed under a fluorescence microscope (magnification,
x40). Fluorescence intensity was proportional to intracellular
ROS levels. Image J software (Image J 64-bit Java 1.8.0_112;
National Institutes of Health) was used to analyze the staining
intensity of each group.
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Figure 1. TRAPI inhibition significantly decreases TRAPI protein expression in H9c2 cells. Representative western blots and quantification following down-
regulation of TRAP1. "P<0.05 vs. C group; “P<0.05 vs. NC siRNA group. TRAPI, tumor necrosis factor receptor-associated protein 1; C, control group;

G, high glucose group; NC, negative control; siRNA, small interfering RNA.

Mitochondrial membrane potential.JC-1 fluorescence staining
mitochondrial membrane potential detection kit (Beyotime
Institute of Biotechnology) was used to detect changes in mito-
chondrial membrane potential according to the manufacturer's
instructions. Fluorescence intensity was observed under a fluo-
rescence microscope (magnification, 40x). Image J software
(Image J 64-bit Java 1.8.0_112; National Institutes of Health)
was used to analyze the staining intensity value of each group.

Statistical analysis. All data were analyzed using SPSS
16.0 statistical software (SPSS, Inc.) and expressed as the
mean + standard deviation. This analysis was performed
for three independent experiments at least. The differences
between groups were analyzed using one-way analysis of vari-
ance followed by Least Significance Difference post hoc test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

TRAPI inhibition significantly decreases TRAPI protein and
gene expression. siRNA-mediated knockdown efficiency was
evaluated by detecting TRAP1 protein and mRNA levels by
western blot analysis and RT-qPCR, respectively. Compared
with C group, the expression of TRAP1 protein was decreased
significantly by 45% in G group (P<0.05; Fig. 1). Compared
with the NC siRNA group, the expression of TRAP1 was
significantly decreased by 96% in TRAPI1 siRNA group
(P<0.05; Fig. 1). Compared with C group, the level of TRAP1
mRNA was decreased significantly by 13% in G group
(P<0.05; Fig. 2). Compared with NC siRNA group, the level of
TRAP1 mRNA was significantly decreased by 87% in TRAP1
siRNA group (P<0.05; Fig. 2).

Downregulation of TRAPI reduces cell viability. Compared
with the NC siRNA group, the downregulation of TRAP1
significantly reduced cell viability of H9c2 cells (P<0.05;
Fig. 3). Relative cell viability values in the normal glucose
control group, high glucose group, NC siRNA group and
TRAPI siRNA group were 1.02+0.07, 0.83+0.06, 0.83+0.07
and 0.65+0.05, respectively. The optical density is directly
proportional to cell viability. The viability of G group was
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Figure 2. TRAPI inhibition significantly decreases TRAP1 mRNA expression
in H9¢2 cells. mRNA expression measured by reverse transcription-quantita-
tive PCR following downregulation of TRAP1. “P<0.05 vs. C group; “P<0.05
vs. NC siRNA group. TRAPI, tumor necrosis factor receptor-associated
protein 1; C, control group; G, high glucose group; NC, negative control;
siRNA, small interfering RNA.
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Figure 3. TRAPI inhibition significantly decreases cell viability in H9¢c2
cells. "P<0.05 vs. C group; “P<0.05 vs. NC siRNA group. TRAPI, tumor
necrosis factor receptor-associated protein 1; C, control group; G, high
glucose group; NC, negative control; siRNA, small interfering RNA.

significantly lower compared with C group (P<0.05; Fig. 3).
Downregulation of TRAPI1 significantly reduced cell viability
of HO9¢2 cells compared with the NC siRNA group (P<0.05;
Fig. 3).
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Figure 4. Downregulation of TRAP1 leads to ROS overproduction in H9¢2 cells. Representative immunofluorescence micrographs demonstrating ROS
content (green staining) and quantification of staining intensity. ‘P<0.05 vs. normal control group; “P<0.05 vs. NC siRNA group. TRAPI, tumor necrosis factor
receptor-associated protein 1; ROS, reactive oxygen species; C, control group; G, high glucose group; NC, negative control; siRNA, small interfering RNA.
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Figure 5. Downregulation of TRAPI lowers the mitochondrial membrane potential in H9¢2 cells. Representative immunofluorescence micrographs demon-
strating the mitochondrial membrane potential (red staining) and quantification of staining intensity. "P<0.05 vs. C group; “P<0.05 vs. NC siRNA group.
TRAPI, tumor necrosis factor receptor-associated protein 1; C, control group; G, high glucose group; NC, negative control; siRNA, small interfering RNA.

Downregulation of TRAPI leads to ROS overproduction. The
level of intracellular ROS can reflect the degree of oxidative stress
in cells. Excessive ROS production can induce mitochondrial
dysfunction of cardiomyocytes, thereby causing apoptosis (13).
ROS content was investigated to determine whether cardiomyo-
cyte injury was caused by the downregulation of TRAP1. The
results demonstrated that the green fluorescence intensity of the
G group was higher compared with C group (P<0.05; Fig. 4).
The green fluorescence intensity is directly proportional to
intracellular ROS content, and therefore, these results indicate
that H9¢c2 cells produced more ROS in the hyperglycemic state.
Compared with NC siRNA group, the green fluorescence of
TRAPI1 siRNA group was significantly enhanced, suggesting
that downregulation of TRAPI in H9¢2 cells led to ROS over-
production (P<0.05; Fig. 4).

Downregulation of TRAPI lowers the mitochondrial
membrane potential. To investigate the effect of TRAPI on

mitochondrial function, the mitochondrial membrane potential
in HO9¢2 cells was investigated (Fig. 5). Results demonstrated
that the red fluorescence intensity of G group was weaker
compared with C group (P<0.05; Fig. 5), suggesting that
mitochondrial membrane potential of H9¢c2 cells was reduced
when cells were in the hyperglycemic state. Red fluorescence
of cardiomyocytes transfected with TRAP1 siRNA was
weaker (P<0.05; Fig. 5) compared with NC siRNA group, indi-
cating that downregulation of TRAP1 induced mitochondrial
dysfunction in cardiomyocytes.

Discussion

DCM is one of the major causes of death in patients with
diabetes (14). Insulin resistance, hyperinsulinemia and hyper-
glycemia are important factors triggering the development
of DCM (15). The mechanisms involve multiple patho-
physiological changes, including metabolic derangements,
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inappropriate activation of the renin-angiotensin-aldosterone
system, oxidative stress, inflammation and immune dysfunc-
tion (16). Oxidative stress is considered to be an initiation
factor for DCM development. Hyperglycemia and glucose
fluctuation can induce acute oxidative stress, which leads to
ROS accumulation, cellular dysfunction and cell death (17).
The present study demonstrated that ROS levels increased
and cardiomyocyte viability decreased when cells were in
the hyperglycemic state, which was consistent with the litera-
ture (18,19).

TRAPI was first identified as a partner of tumor necrosis
factor receptor 1 (TNFR1) in a yeast two-hybrid screen (20).
Subsequently, it was demonstrated to be a molecular chap-
erone of the HSP90 family, as TRAP1 and HSP90 display
34% identity and 60% homology at the mRNA level and
share the same domain organization (20). Previous studies
demonstrated a pivotal role of TRAPI in the pathogenesis of
different tumors including breast, colon, pancreas, lung and
nasopharyngeal adenocarcinoma with TRAPI significantly
upregulated in these malignancies (21-23). TRAP1 inhibition
leads to impaired cell proliferation, mitochondrial lesion
and reduced energy metabolism, and eventually results in
apoptosis of tumor cells (24).

TRAPI is variably expressed in multiple organs and
tissues, including skeletal muscle, liver, heart, brain, kidney,
pancreas, lung and placenta (20). It is mainly localized in
the inner membrane of the mitochondria, and its primary
function is to protect cells from mitochondrial apoptosis (6).
TRAPI is part of a supramolecular complex that is physi-
cally associated with HSP90, HSP60 and cyclophilin D
(CypD) (25). CypD is a matrix peptidyl prolyl isomerase,
which is a component of the organellar mitochondrial
permeability transition pore (mPTP). This complex regulates
mitochondrial function by controlling the mitochondrial
permeability transition pore, cytochrome C release and the
caspase cascade (26). TRAPI can inhibit the opening of
mPTP and reduce the release of cytochrome C and caspase
3 (27). Sorcin, a calcium binding protein of 18 kDa, is a
TRAPI client protein. Overexpression or downregulation
of sorcin and/or TRAPI demonstrated a reciprocal regula-
tion between these two proteins and revealed that their
interaction is required for sorcin mitochondrial localiza-
tion and TRAPI stability (28). Sorcin has a key role in
controlling mitochondrial Ca** homeostasis, which assists
in regulating the opening of the mPTP. TRAP1 chaperone
activity may be crucial for sorcin folding, which contrib-
utes to mitochondrial Ca** homeostasis and is involved in
Ca*-dependent mPTP regulation (6). Silencing of TRAPI
via RNA interference increases ROS accumulation, whereas
TRAPI overexpression attenuates ROS production (29).
Although TRAPI is considered as ‘mitochondrial HSP90’, it
also exists in extramitochondrial locations. TRAPI interacts
with the proteasomal particle TBP7 on the outer side of the
endoplasmic reticulum (ER), and serves an important role
in protein quality control. Inhibition of TRAPI or TBP7
increases ER stress, apoptosis and intracellular protein
ubiquitination (30,31). Previous studies demonstrated
that hypoxia induces an increase in TRAP1 expression in
cardiomyocytes, and TRAPI has a protective role by regu-
lating the opening of the mPTP (32-34). TRAPI1 provides
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cardioprotection against myocardial ischemia reperfusion
by ameliorating mitochondrial dysfunction (35).

The present study demonstrated that TRAPI levels were
reduced in cardiomyocytes under hyperglycemic conditions,
which was accompanied by increased ROS production,
decreased mitochondrial membrane potential and impaired
cell viability. Silencing of TRAP1 led to further deteriora-
tion of these changes, which indicated that TRAP1 may be
involved in oxidative stress, mitochondrial dysfunction and
cardiomyocyte lesion during hyperglycemia. However, the
present study only involves preliminary in vitro research.
Further in vitro and in vivo studies are required to investigate
the role and underlying mechanisms of TRAP1 in DCM and
to reinforce the current findings. Future work will involve
establishment of a model of TRAPI1 overexpression to inves-
tigate the changes of cardiomyocytes under high glucose
surroundings.

In conclusion, the present study demonstrated that TRAP1
was associated with oxidative stress and mitochondrial
dysfunction in cardiomyocytes cultured under hyperglycemic
conditions. This suggested that TRAP1 may be involved in
DCM development. To the best of our knowledge, this is the
first study to investigate the expression and role of TRAP1 in
cells that were in a high glucose state.
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