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Major vault protein attenuates
cardiomyocyte injury in doxorubicin-induced
cardiomyopathy through activating AKT

3

Yu Qi'", Jianzhou Chen'", Junfeng Duan', Lina Kang', Kun Wang', Ziwei Chen?, Biao Xu'*" and Rong Gu'"

Abstract

Background: Doxorubicin (DOX) has limited chemotherapy application for malignancies due to cardiotoxicity. The
pathogenesis of DOX-induced cardiomyopathy (DICM) is yet to be elucidated. Increasing studies proved that activa-
tion of AKT prevented cardiomyocyte apoptosis and cardiac dysfunction in response to DOX insult. Our previous
studies indicated that major vault protein (MVP) deficiency was accompanied by suppressed phosphorylation of AKT
in metabolic diseases. This study aimed to investigate the role and underlying mechanism of MVP on cardiomyocyte
apoptosis in DICM.

Methods: Mice were intraperitoneally injected with DOX 5 mg/kg, once a week for 5 weeks, the total cumulative
dose was 25 mg/kg. Cardiomyocyte-specific MVP overexpression was achieved using an adeno-associated virus
system under the cTnT promoter after the fourth DOX injection. Cardiac function was examined by echocardiography
followed by euthanasia. Tissue and serum were collected for morphology analysis and biochemical examination.

Results: Herein, we found that MVP expression was upregulated in DOX-treated murine hearts. Cardiac-specific MVP
overexpression alleviated DOX-induced cardiac dysfunction, oxidative stress and fibrosis. Mechanistically, MVP overex-

pression activated AKT signaling and decreased cardiomyocyte apoptosis in DiCM.
Conclusions: Based on these findings, we supposed that MVP was a potential therapeutic agent against DICM.
Keywords: Doxorubicin-induced cardiomyopathy, Major vault protein, AKT, Apoptosis

Background

Doxorubicin (DOX) is one of the most highly prescribed
anthracyclines due to its broad spectrum of chemo-
therapeutic efficacy [1]. However, its use can result in a
dose-dependent toxicity to cardiomyocytes and develop
irreversible degenerative cardiomyopathy and conges-
tive heart failure, which greatly limits DOX clinical appli-
cation for malignancies [2, 3]. A series of studies have
been demonstrated that transcriptional dysregulation,
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Ca”*" abnormalities and mitochondrial dysfunction are
chief among the molecular and cellular mechanisms
of a cumulative dose of DOX-induced cardiomyopathy
(DiICM) [4]. Indeed, whatever the driver of cardiomyo-
cyte bioenergetic failure, the progressive cardiomyocyte
loss with the activation of apoptosis signaling pathway is
the key consequence of DOX insult [5]. Thus, reducing
apoptosis of cardiomyocytes is a promising therapeutic
strategy for DICM and a way to prevent heart failure.
AKT, or protein kinase B (PKB), is a 57-kDa serine/
threonine-protein kinase which belongs to the cAMP-
dependent protein kinase A/G/C superfamily [6]. Nor-
mally, inactive form of AKT resides in the cytoplasm,
while activated AKT, phosphorylated form (pAKT), will

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12872-022-02517-9&domain=pdf

Qi et al. BMC Cardiovascular Disorders (2022) 22:77

translocate from the phosphorylated site in plasma mem-
brane to nucleus to activate a wide range of substrates
involving multiple cellular processes such as cell sur-
vival, proliferation, apoptosis and metabolism [7]. AKT
is a well-characterized candidate of phosphoinositide
3-kinase (PI3K) in PI3K/AKT/mTOR signaling pathway
medicating cell survival responses in cancer [8], as well as
a key point in PTEN/AKT/p53/cyclinD1 underlying tum-
origenesis [9]. Increasing studies have revealed that acti-
vation of AKT can prevent cardiomyocyte apoptosis and
cardiac dysfunction [10, 11], while little is known about
of the positive regulator of it in DiCM.

Major vault protein (MVP), also called lung resistance-
related protein (LRP), is the dominant structural pro-
tein of the vault complex, which is a hollow, barrel-like
ribonucleoprotein particle in the cytoplasm and is widely
expressed [12]. MVP plays a role in multidrug resistance,
autophagy, and cell signaling and is widely researched
in the tumor area [13]. The elements of MVP promoter
contain binding sites for transcription factors, including
the tumor suppressor protein p53, which inversely asso-
ciated with the occurrence of carcinoma [14]. In addi-
tion,. Besides, our previous studies showed that MVP
deficiency was accompanied by suppressed phospho-
rylation of AKT in metabolic diseases [15]. However, it is
unknown whether MVP is required for the development
of DiCM or how MVP might protect the cardiac func-
tion. In this study, we identify that MVP was upregulated
in the heart tissue of DICM mouse model. Adeno-asso-
ciated virus serotype 9 (AAV9)-mediated overexpression
of MVP significantly attenuates cardiomyocyte apoptosis
in DiCM through activating AKT, providing a potential
cardioprotective target to improve cardiac function from
DOX-induced cardiomyopathy.

Methods

Mice model

Forty C57BL/6 male mice (7-8 weeks old, 22-26 g) were
purchased from the Model Animal Research Center of
Nanjing University (GemPharmatech, Nanjing, China)
and the experiment lasted about one year. Mice were
housed at 22—24 °C under standard light conditions (12 h
light/dark cycle) and subjected to an adaptive feeding for
1 week before the study commenced.

For identify a suitable DOX concentration of chronic
DOX (51208, Selleck)-induced heart failure model, mice
were divided into three groups (n=6): (1) In CON group,
mice were treated with saline containing 0.5% dimethyl
sulfoxide (DMSO) triple a week for two weeks; (2) In
DOX5 group, DOX (5 mg/kg) was administered intra-
peritoneally (i.p.) with once a week for a total cumulative
dose of 25 mg/kg; (3) In DOX3 group, DOX (3 mg/kg)
were administered i.p. thrice a week for a total cumulative
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dose of 18 mg/kg. Bodyweight was measured weekly
and cardiac function was assessed by echocardiography
(ECHO) (Fig. 1A). In general, mice treated with DOX
5 mg/kg showed significant decrease in cardiac function
and this concentration was used in the following study.

To investigate that whether specifical overexpress MVP
in myocardium has therapeutic significance for DiCM,
mice were divided into three groups (n=7, 8, 7, respec-
tively): (1) In Con group, mice were treated with saline
containing 0.5% DMSO once a week for 5 weeks; (2) In
DOX + Vec group (negative control), mice first received
DOX 5 mg/kg once a week and then treated with a sin-
gle intravenous (i.v.) injection of AAV9 vector via the tail
vein at a titer of 1 x 10'? viral genome (v.g.) per mouse
immediately after the fourth DOX injection; (3) In
DOX+ MVP group, DiCM mice model were same to the
above, but received AAV9 carrying mouse MVP under
the cInT promoter (Fig. 3B).

The AAV9-cInT-MVP and AAV9-cTnT-Vector were
generated and purification by Viraltherapy Technologies
Co. (Wuhan, China). After 8 weeks from the first injec-
tion of DOX, cardiac function was evaluated and murine
hearts and serum were collected for further detection.

Echocardiography

The mice were anesthetized with 1% isoflurane and
monitored for respiratory frequency and temperature.
Cardiac function assessed by transthoracic echocardiog-
raphy (Vevo 2100; Visual Sonics) was performed accord-
ing to our previous studies [16]. In brief, left ventricular
(LV) dimensions, including diastolic and systolic wall
thickness and LV end-diastolic and end-systolic chamber
dimensions, were measured from 2D short-axis under
M-mode tracings at the level of the papillary muscle. The
left ventricular ejection fraction (EF) and left ventricular
fractional shortening (FS) were calculated from 3 to 5
cardiac cycles.

Histology assay

Mice were euthanized and euthanized, hearts and serum
were collected as described [17]. In brief, hearts were
harvested and fixed in 4% paraformaldehyde overnight,
embedded in O.C.T. (SAKURA, 4583) with the apex
toward the surface. Then cut into 5-um-thick transversal
sections serially. The sections were stained with hema-
toxylin and eosin (HE) to analyze the global heart mor-
phology and inflammatory cell infiltration and stained
with Masson’s trichrome to measure collagen deposits.
The sections were scanned at 20-fold magnification on
a high-resolution microscope (Leica, Japan), and the
images of Masson staining of perivascular were captured
at 40-fold magnification.
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Fig. 1 Effects of doxorubicin-induced cardiotoxicity in mice. A Flow chart of the chronic DICM models. ECHO, echocardlography B Bodyweight
alterations. C Statistical results of the heart weight (HW) and HW/tibia length (TL). D, E Percentage of the ejection fraction (EF) and fractional
shortening (FS) of mice as determined via echocardiography. N =6, values represent the mean = SEM. *P < 0.05, **P < 0.01, ***P <0.001
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Immunohistochemistry (IHC) and terminal
deoxynucleotidyl transferase- mediated dUTP nick end
labeling (TUNEL) staining

IHC staining was performed according to our previous
studies[18]. Nonspecific binding of the antibody was
blocked with 5% donkey serum (S30, Millipore) in 1 h.
The MVP antibody (1:200 dilution, sc-18701, Santa Cruz)
was used to determine the protein expression levels.
Cryosections of heart were also processed for TUNEL
staining according to the manufacturer’s instruction
(12156792910, Roche) and covered the slides with DAPI
Fluoromount-G (0100-20, SouthernBiothch). The his-
tological features were observed and captured in 20 or
40-fold magnification.

Transmission electron microscopy (TEM)

For TEM images, mice heart apex pieces were fixed in
1% glutaraldehyde in PBS, overnight at 4 °C. Samples
were post-fixed in 1% osmium tetroxide and dehydrated
through a series of ethanol solutions. After the last
dehydration step, samples were incubated in a 1:3, 1:1,
3:1 mixture of Durcupan resin and acetone and cured
at 60 °C for 48 h. Ultrathin sections (50—60 nm) were
obtained using a diamond knife (Diatome) in an ultrami-
crotome (Leica Reichert ultra-cut S) and then collected.
The sections were counterstained with 2% uranyl acetate
in water for 20 min followed by a lead citrate solution.
Samples were examined with a JEOL JEM1010 elec-
tron microscope (Tokyo, Japan) equipped with an Orius
SC200 digital camera (Gatan Inc.) at the Transmission
Electron Microscopy Laboratory in Nanjing Medical
University.
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Oxidative stress measurements and biochemical
determination

Peripheral blood samples were collected 8 weeks after
the first DOX injection. Malondialdehyde (MDA) and
superoxide dismutase (SOD) levels in serum were
measured using kits (Jiancheng Bio, China) according
to the manufacturer’s instructions. The concentrations
of lactate dehydrogenase (LDH) and creatine kinase
isoenzymes (CK-MB) were measured by an automatic
biochemical analyzer (ADVIA 2400, China).

Cell culture

HI9C2 cells were purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China) and
were cultured in DMEM medium with 10% fetal bovine
serum. After synchronization for 12 h, cells were
treated with DOX (2 mM) for 24 h.

Quantitative RT-PCR

Total RNA was extraction from heart tissues using
RNAiso Plus (9109, Takara, Japan) according to the
manufacturer’s protocol. The concentration of RNA
obtained was measured using a supersensitive Nan-
oDrop OD-2000 spectrophotometer. Reverse tran-
scription reaction was performed using the SuperMix
(R323-01, Vazyme Biotech, China). Quantitative RT-
PCR was performed using the SYBR Green (Q711-01,
Vazyme Biotech, China) on a Quant Studio 6 system
(Thermo Fisher Scientific, USA) with standard PCR
conditions. The expression level of each transcript was
normalized to glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH). All samples were run in triplicate and
the relative expression level for each mRNA was cal-
culated using the 2742t method. Primers are listed in
Table 1.

Western blot

Heart tissue was quickly homogenized immediately in
RIPA buffer (P0013B, Beyotime) with EDTA-free (HY-
K0010, MCE) and PhosStop (04906837001, Roche) at
4 °C. After protein-concentration measurement, the
lysate was stored at — 80 °C for western blot analysis.
Lysate protein (20 pg) was electrophoresed and trans-
ferred to polyvinylidene difluoride membranes. After
blocking with 5% nonfat dry milk or BSA, the mem-
brane was incubated with primary antibodies at 4 °C
overnight. The following antibodies were used: MVP
(Santa Cruz, sc-23916, 1:800), phospho-AKT (Cell Sign-
aling, 9271, 1:1000), AKT (Cell Signaling, 9272, 1:1000),
Bcl-2 (Abcam, ab182858, 1:1000), Bax (Abcam, ab32503,
1:1000), cleaved Caspase 3 (Cell Signaling Technology,
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Table 1 The sequences of PT-PCR primers

Primer Sequence (5’ to 3')

MVP Forward TGGATCTGGTGGACGCTGTGAT
Reverse TGCACCGTCACTAGCCATTCCT

Trp53inp1 Forward TGCACCGTCACTAGCCATTCCT
Reverse TAAGCAGCTTTTTCTGGCCCT

Ppargcla Forward GCACGCAGCCCTATTCATTG
Reverse TGAGTCTCGACACGGAGAGT

Ppargc1b Forward AGAAGGTTGGCTGACATGGG
Reverse AGGTCAAGCTCTGGCAAGTC

GAPDH Forward GGGTCCCAGCTTAGGTTCAT
Reverse CCAATACGGCCAAATCCGTT

9661 s, 1:1000), Caspase 3 (Abcam, ab18487, 1:1000),
GAPDH (Proteinthch, 10494-1-AP, 1:5000). Full-
unedited gel blots could been seen in Additional file 1 in
Supplementary Information.

Statistical analysis

Data are presented as the mean 4 standard error of the
mean (SEM). Differences between groups were analyzed
with the student’s t-test for two groups or one-way analy-
sis of variance (ANOVA) followed by Tukey post hoc
test for multiple groups. Survival data were assessed by
the Kaplan—Meier method. Tests were performed using
GraphPad Prism 8.0, P<0.05 was considered statistically
significant.

Results

Effects of doxorubicin-induced cardiotoxicity in mice

To determine the toxic effect of doxorubicin (DOX) on
cardiomyocytes, mice were treated with DOX 5 mg/kg
via i.p. once a week for 5 times (DOX5 group), or 3 mg/
kg three times a week for two weeks (DOX3 group)
as shown in Fig. 1A. The total cumulative dose is 25 or
18 mg/kg respectively [16, 19]. We observed that DOX
injection gradually decreased the body weight in two
groups, but only the DOX5 group was moderately and
effectively enlarge the final ratio of the heart to the tibia
length (Fig. 1B, C), which is consistent with the previ-
ous studies which indicated that DOX application sig-
nificantly decreased the body weight in cancer patients
[20]. Besides, at 5 weeks after the first DOX injection, we
measured cardiac function by echocardiography, then
collected the hearts for analysis. DOX5 group did signifi-
cantly attenuated the heart function compared with the
control (CON) group or DOX3 group (Fig. 1D, E), indi-
cated that the DOX5 group made the hypertrophy model



Qi et al. BMC Cardiovascular Disorders (2022) 22:77 Page 5 of 11
A DOX5 B GONNG A il i s ] [oDIOKs ah )
4 2y AV W < LB % LY
' ":»\.‘ \ b )t
T rrrrrrrrreeemmy g ity
C 1.5 D 1.59
CON DOX5 - PBS DOX *
T T
2 1.0 : 2 1.0
MVP F ~110kDa < MVP [#— —= % S -110kDa &
% 0.5 % 0.5
GAPDH —36 kDa GAPDH | «se «sie «lle s (36 kDa
0.0- 0.0-
CON DOXS PBS DOX
E ~ *k I 3- F
Lz a3 il T 15 T 154
o < o [ **
o ') < <
g = o o
E 2+ ‘é_ 2+ E ‘Q_. 1.0+
= o o
S 2 & 5
bt g 8 8
O 14 = 1 o o 0.5-
< "6 [ Y
z <] o
14 g < <
E g & g
0- g 0- £ 0.0- £ 0.0-
CON DOX5 CON DOX5 CON DOX5 CON DOX5
Fig. 2 Expression of MVP is up-regulated in DOX-treated heart tissues and cardiomyocytes. A The morphology of the hearts of the two groups.
B Representative immunohistochemistry images of MVP in murine hearts. C Western blot and a quantitative result of MVP in DOX-treated hearts.
D Western blot and a quantitative result of MVP in HOC2 cardiomyocytes (three independent experiment). E, F The mRNA levels of MVP/p53/
Ppargcla/Ppargclb in DOX-treated hearts. N=6, values represent the mean 4 SEM. *P < 0.05, **P <0.01, ***P < 0.001

successfully. Therefore we selected this dose for the next
experiments.

Expression of MVP is up-regulated in DOX-induced heart
tissues

The morphology of the hearts was slightly enlarged in the
DOX5 group compared with the CON group (Fig. 2A).
To evaluate the participation of MVP in DiCM, we first
determined the expression of MVP. Immunohistochem-
istry staining showed that DOX caused a significant
increase of MVP expression level in the heart tissue com-
pared with the CON group (Fig. 2B), which was further
confirmed by the western blot results (Fig. 2C). In addi-
tion, DOX incubation upregulating MVP expression
was also verified in H9C2 cardiomyocytes (Fig. 2D). The
differential expression pattern of MVP was reproduced
in the mRNA level with the Trp53inpl upregulation, a
p53-inducible gene that regulates apoptosis (Fig. 2E).

Both Ppargcla and Ppargclf encodes the transcriptional
coactivators PGC-1a and PGC-1f, which has a crucial
role in mitochondrial biogenesis. Quantitative PCR anal-
ysis confirmed that Ppargclf transcripts were downregu-
lated strongly in the DOX5 group than in the CON group
(Fig. 2F). Thus, MVP is up-regulated in DiCM accompa-
nied by cardiomyocyte apoptosis.

Overexpression of MVP attenuated DOX-induced cardiac
dysfunction and oxidative stress in mice

To explore the role of MVP in cardiomyocyte for the
established DOX-induced heart failure model, we used
AAV9 system to specifically overexpressed mouse MVP
in the myocardial tissues under the c¢TnT promoter.
First, we assessed the efficiency in vivo, which identified
that the efficiency of AAV9 (titer 1 X 10713) continued
to increase within 5 weeks (Fig. 3A). Then we chose
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this dose and gave a single injection of AAV9-Vector or
AAV9-MVP immediately at the fourth DOX injection
(Fig. 3B). Kaplan—Meier survival curve showed that two
mice in the DOX + Vec group died at 7-8 weeks which
indicated that MVP may improve the survival rate
(Fig. 3C). As shown in Fig. 3D-E, MVP overexpres-
sion prevented DOX-induced cardiac dysfunction and
expansion, as indicated by the ejection fraction (EF),
the preserved fractional shortening (FS), left ventricu-
lar end-systolic volume (LV Vol;s), and LV end-diastolic
volume (LV Vol;d). Oxidative damage is the main cause
of DiCM, we identified that MVP overexpression inhib-
ited the abnormal MDA level but preserved SOD level
(Fig. 3F). In addition, myocardial injury was assessed

by the serum levels of LDH and CK-MB, we observed
MVP overexpression could protect DOX-induced myo-
cardial injury (Fig. 3G).

Overexpression of MVP alleviates DOX-induced cardiac
fibrosis in mice

To assess the heart morphological alterations influ-
enced with MVP overexpression, including ventricular
dilation, pathological fibrosis, HE, and Masson stain-
ing were performed. Representative images showed
that there was significantly less cardiac fibrosis in the
DOX+MVP group compared with the DOX+ Vector
group (Fig. 4A, B, E). The intensity of MVP expression
in the DOX+ MVP group was higher compared with the
DOX + Vec group (Fig. 4C, F). In addition, mitochondria
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Fig. 4 MVP protected DOX-induced cardiac fibrosis mitochondrial injury in mice. A Representative images of HE staining of heart are shown

5 weeks after AAV9 injection. B, E Representative images and the analysis of Masson’s trichrome staining of cardiomyocyte, and the images of
perivascular area, are shown 5 weeks after AAV9 injection. C, F Representative immunohistochemistry images and the analysis of cardiac sections
stained with MVP 5 weeks after AAV9 injection. D Representative TEM images in mice heart. Mitochondrial can be identified by higher electro
density (dark areas). Bottom images show enlarged detail of area in top images that contain mitochondria. G Increase mitochondrial fitness in
cardiomyocyte in the DOX + MVP group compared with DOX +Vec as defined from TEM images and quantified as percent of cristae area per
mitochondrial. Each dot represents one mitochondria. Data are shown as means from 30 mitochondria and 6 mice per group. N=6, values
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presented conspicuous alterations in morphology fea-
turing increased area and reduced cristae density in
response to DOX insult, and MVP overexpression miti-
gated this pathological alteration (Fig. 4D, G).

MVP suppressed cardiomyocyte apoptosis in DOX-induced
cardiomyopathy through activating AKT

Both DOX itself and excessive ROS production could
induce cardiomyocyte apoptosis and contribute to the
progression of cardiac dysfunction, we then assessed
the role of MVP overexpression in cardiomyocyte
apoptosis. As shown in Fig. 5, western blot and analy-
sis confirmed that MVP overexpression increased the
expression of Bcl-2 level, but decreased the expression
of BAX and cleaved-Caspase3 level (Fig. 5C, D). AKT is
an important signal transduction pathway responsible
for cell survival and apoptosis [21]. Here, we observed

that myocardial overexpression of MVP in vivo miti-
gated DOX-induced inactivation of AKT pathway
(Fig. 5A, B). Collectively, these data showed that AKT
signaling was responsible for MVP mediated protective
role on cardiomyocyte apoptosis.

Discussion

In this study, we identified the upregulation of MVP in
DOX-induced heart failure model. Interestingly, MVP
overexpression could improvement of cardiac function,
inhibition of oxidative stress, fibrosis and cardiomyocyte
apoptosis. MVP afford cardiac protection via the activa-
tion of AKT signaling pathway. These results highlighted
that MVP may as a potential therapeutic drug target for
the established DiCM and has the potential clinical trans-
lational value.
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MVP is the main component of a vault, highly con-
served, and the biggest ribonucleoprotein particle of the
cell with a half-life of 3 days. MVP is overexpressed in
multidrug-resistant cancer cells, however, whose func-
tions are poorly understood [22-24]. These organelles
are believed to be involved in several processes, includ-
ing cell death resistance in cancer cells [25]. For example,
Yu et al. found that MVP deficiency inhibited hepatocel-
lular carcinoma (HCC) development with HBV or HCV
infection, while forced MVP expression was sufficient
to induce HCC in mice. Mechanistic studies demon-
strate that MVP promotes the loss of p53 through the

sequestration of interferon regulatory factor 2 (IRF2) that
promotes HCC survival [14]. On the other hand, MVP
regulating the proliferation signaling pathway protects
cell growth from endoplasmic reticulum stress. MVP
was identified as a phosphatase and tensin homolog
(PTEN) -binding protein in a yeast two-hybrid screen,
which shown to critical for nuclear transport of PTEN
in human cells [26, 27]. PTEN is a dual-specificity phos-
phatase (DUSP) with a canonical tumor suppressor role
in converting the lipid second messenger phosphati-
dylinositol- trisphosphate (PIP;) to phosphatidylinositol-
bisphosphate (PIP,) that downregulates AKT signaling by
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reducing the output of PI3kinase at the cell membrane
[28]. Our previous study also found that MVP deficiency
impaired glucose tolerance and insulin tolerance in con-
junction with suppressed phosphorylation of AKT [15].
To address the contribution of the MVP to AKT in the
doxorubicin-induced cardiomyopathy model, we made
use of AAV9 to overexpress the MVP and monitored
activation of AKT in hearts. MVP overexpression alle-
viated cardiac dysfunction through activating AKT and
decreased apoptosis.

Dilated cardiomyopathy (DCM) is characterized by
left ventricular dilation which is associated with systolic
dysfunction [29]. DCM is best understood as the final
common response of the myocardium to diverse genetic
and environmental insults [30]. Many secondary causes
have been also associated with myocardial damage and
the development of DCM, such as anthracyclines. Doxo-
rubicin is a very effectively anticancer drug that is pre-
scribed worldwide. While many patients treated with it,
irrespective of age, develop insidious DCM and heart
failure. The mechanism of this disease is multifactorial
seeming to be associated with the generation of reactive
oxygen species (ROS) and disruption of mitochondria
[31, 32]. Despite progress over the past 20 years, out-
comes need to be improved. Thus, this research aims to
find an alternative molecular basis to treat DiCM and the
identification of novel therapeutic targets, MVP.

Measurement of left ventricular (LV) size and ejection
fraction (EF) remain central to diagnosis, risk stratifica-
tion, and treatment, but other aspects of cardiac remode-
ling, especially myocardial fibrosis, inform prognosis and
carry therapeutic implications [30]. Clinical research has
been reported that fibrosis predicts both risk of sudden
cardiac death (SCD) and the likelihood of LV functional
recovery, and has significant potential to guide selection
for prophylactic implantable cardioverter-defibrillator
(ICD) implantation [33]. In our study, the expression of
MVP was upregulated in DOX-induced cardiomyopa-
thy which confused us at first. Then we realized that the
expression of MVP may be similar to brain natriuretic
peptides in heart failure which play a compensatory role.
In other words, although the expression of MVP was
upregulated in DiCM, which is still insufficient at the
stage. So exogenous supplement of MVP may play a ben-
eficial effect that was proved in our research. We proved
that overexpression of MVP ameliorates the cardiac func-
tion in the DiCM mice model, indicating that MVP may
have potential therapeutic value.

DOX mitochondrial cardiotoxicity is related to the
induction of apoptosis, which has been reported in multi-
ple studies [4]. Supporting the proapoptotic role of DOX,
accumulation of proapoptotic proteins, such as BAX, in
the outer mitochondrial membrane as well as a reduction
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in antiapoptotic proteins such as Bcl-2, and caspase-3
activation also occurs in cardiac cells after DOX treat-
ment [19, 34]. In this study, we have shown that MVP
overexpression decreased the BAX and cleaved-Caspase3
expression level, and increase Bcl-2 expression level pre-
vented DOX-induced apoptosis of cardiomyocytes, and
accompanied with increasing phosphorylation of Akt
(Serd73). However, we have not blocked the Akt pathway
with the Akt-specific inhibitor to assess the effectiveness,
which will be an exam in the future.

Conclusions

In the present study, we first found that DOX insult
increased the MVP expression level in the heart. While
the pathology upregulation of MVP may insufficient
to compensate for DOX induced cardiac injury. Thus,
we aimed to overexpression of MVP specifically to the
myocardium to treatment established DiCM. Interest-
ingly, MVP overexpression ameliorated cardiac function
in DiCM mice model. Mechanistically, MVP-mediated
AKT signaling activation in protecting cardiomyocytes
from DOX-induced oxidative stress and apoptosis played
a crucial role. Therefore, we highlight the importance of
MVP in DiCM as a potential cardioprotective target.

Limitations

Although paying attention to the therapeutic implica-
tion of an established DOX-induced Heart Failure mice
model with MVP treatment, some limitations still existed
in this study. Existing evidence indicated that MVP over-
expression activated AKT signaling pathway and reduced
oxidative stress and apoptosis, it is not clear how MVP
activates AKT signaling. These needs to be studied in
future.

Abbreviations

AAV: Adeno-associated virus; CK-MB: Creatine kinase isoenzymes; DOX:
Doxorubicin; DICM: DOX-induced cardiomyopathy; EF: Ejection fraction; FS:
Fractional shortening; LDH: Lactate dehydrogenase; MDA: Malondialdehyde;
MVP: Major vault protein; ROS: Reactive oxygen species; SOD: Superoxide
dismutase; TEM: Transmission electron microscopy; TUNEL: Terminal deoxynu-
cleotidyl transferase-mediated dUTP nick end labeling.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512872-022-02517-9.

Additional file 1: The online version contains supplementary material
including full-length blots images of western blot results.

Acknowledgements
Not applicable.


https://doi.org/10.1186/s12872-022-02517-9
https://doi.org/10.1186/s12872-022-02517-9

Qi et al. BMC Cardiovascular Disorders (2022) 22:77

Authors’ contributions

RG and BX conceived and designed the work. All co-authors participated

in the material preparation, molecular experiment, and data collection. The
analyses were performed by YQ and JC, who contributed equally. JD estab-
lished the DICM mice model. The first draft of the manuscript was written by
YQ and RG, and BX revised it critically for important intellectual content. All
authors have read and approved the manuscript.

Funding

This work was supported by grants from the National Natural Science Founda-
tion of China (No. 81870291 to R. Gu, and No. 81700389 to J. Chen), and the
Municipal Natural Science Foundation of Nantong (No. MS22019004 to Z.
Chen).

Availability of data and materials
All data supporting the findings of this study are available within the pub-
lished article.

Declarations

Ethics and consent to participate

The experimental animals were approved by the Institutional Animal Care
and Use Ethics Committee of Nanjing Medical University (Nanjing, China,
Ethical No. IACUC-1601150) and performed in accordance with the guidelines
set forth in the Guide for the Care and Use of Laboratory Animals published
by the National Institutes of Health. This study did not involve human
participants.

ARRIVE statement
The study was carried out in compliance with the ARRIVE guidelines.

Consent for publication
Not required. This manuscript does not include any data relating to an indi-
vidual person.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Cardiology, Nanjing Drum Tower Hospital, Affiliated Hospital
of Nanjing University Medical School, Nanjing 210008, China. ?Department
of Cardiology, Affiliated Hospital of Nantong University, Nantong 226001,
China. *State Key Laboratory of Pharmaceutical Biotechnology, Nanjing Uni-
versity, Nanjing 210023, China.

Received: 30 August 2021 Accepted: 18 February 2022
Published online: 04 March 2022

References

1. Yeh ET, Bickford CL. Cardiovascular complications of cancer therapy:
incidence, pathogenesis, diagnosis, and management. J Am Coll Cardiol.
2009;53(24):2231-47.

2. Carvalho C, Santos RX, Cardoso S, Correia S, Oliveira PJ, Santos MS,
Moreira PI. Doxorubicin: the good, the bad and the ugly effect. Curr Med
Chem. 2009;16(25):3267-85.

3. Kalyanaraman B. Teaching the basics of the mechanism of doxorubicin-
induced cardiotoxicity: Have we been barking up the wrong tree? Redox
Biol. 2020,29:101394.

4. Wallace KB, Sardao VA, Oliveira PJ. Mitochondrial determinants of
doxorubicin-induced cardiomyopathy. Circ Res. 2020;126(7):926-41.

5. Carvalho FS, Burgeiro A, Garcia R, Moreno AJ, Carvalho RA, Oliveira PJ.
Doxorubicin-induced cardiotoxicity: from bioenergetic failure and cell
death to cardiomyopathy. Med Res Rev. 2014;34(1):106-35.

6. Revathidevi S, Munirajan AK. Akt in cancer: mediator and more. Semin
Cancer Biol. 2019;59:80-91.

7. Song G, Ouyang G, Bao S. The activation of Akt/PKB signaling pathway
and cell survival. J Cell Mol Med. 2005;9(1):59-71.

10.

12.

20.

21.

22.

23.

24.

25.

Page 10 of 11

Alzahrani AS. PI3K/Akt/mTOR inhibitors in cancer: at the bench and
bedside. Semin Cancer Biol. 2019;59:125-32.

Guo SL, Ye H, Teng Y, Wang YL, Yang G, Li XB, Zhang C, Yang X, Yang ZZ,
Yang X. Akt-p53-miR-365-cyclin D1/cdc25A axis contributes to gastric
tumorigenesis induced by PTEN deficiency. Nat Commun. 2013;4:2544.
Fan GC, Zhou X, Wang X, Song G, Qian J, Nicolaou P, Chen G, Ren X,
Kranias EG. Heat shock protein 20 interacting with phosphorylated Akt
reduces doxorubicin-triggered oxidative stress and cardiotoxicity. Circ
Res. 2008;103(11):1270-9.

. Chaanine AH, Hajjar RJ. AKT signalling in the failing heart. Eur J Heart Fail.

2011;13(8):825-9.

Frascotti G, Galbiati E, Mazzucchelli M, Pozzi M, Salvioni L, Vertemara J,
Tortora P. The vault nanoparticle: a gigantic ribonucleoprotein assem-
bly involved in diverse physiological and pathological phenomena
and an ideal nanovector for drug delivery and therapy. Cancers (Basel).
2021;13(4).

. Kowalski MP, Dubouix-Bourandy A, Bajmoczi M, Golan DE, ZaidiT,

Coutinho-Sledge YS, Gygi MP, Gygi SP, Wiemer EA, Pier GB. Host resist-
ance to lung infection mediated by major vault protein in epithelial
cells. Science. 2007;317(5834):130-2.

. YuH, Li M, He R, Fang P, Wang Q, YiY, Wang F, Zhou L, Zhang Y, Chen A

et al. Major vault protein promotes hepatocellular carcinoma through
targeting interferon regulatory factor 2 and decreasing p53 activity.
Hepatology. 2019.

. Ben J, Jiang B, Wang D, Liu Q, Zhang Y, Qi Y, Tong X, Chen L, Liu X,

Zhang Y, et al. Major vault protein suppresses obesity and atherosclero-
sis through inhibiting IKK-NF-kappaB signaling mediated inflammation.
Nat Commun. 2019;10(1):1801.

. NiJ, LiuY,Kang L, Wang L, Han Z, Wang K, Xu B, Gu R. Human tropho-

blast-derived exosomes attenuate doxorubicin-induced cardiac injury
by regulating miR-200b and downstream Zeb1. J Nanobiotechnology.
2020;18(1):171.

. Gong C, QiY, Xu Y, Tang X, Liang F, Chen L. Parecoxib improves athero-

sclerotic plaque stability by suppressing inflammation and inhibit-
ing matrix metalloproteinases production. Biomed Pharmacother.
2021;138:111423.

Bai H, Wang C, QiY, Xu J, Li N, Chen L, Jiang B, Zhu X, Zhang H, Li X,

et al. Major vault protein suppresses lung cancer cell proliferation by
inhibiting STAT3 signaling pathway. BMC Cancer. 2019;19(1):454.
Zhang S, Liu X, Bawa-Khalfe T, Lu LS, Lyu YL, Liu LF, Yeh ET. Identification
of the molecular basis of doxorubicin-induced cardiotoxicity. Nat Med.
2012;18(11):1639-42.

Kratz F, Roth T, Fichiner |, Schumacher P, Fiebig HH, Unger C. In vitro
and in vivo efficacy of acid-sensitive transferrin and albumin doxoru-
bicin conjugates in a human xenograft panel and in the MDA-MB-435
mamma carcinoma model. J Drug Target. 2000;8(5):305-18.

Kitamura Y, Koide M, Akakabe Y, Matsuo K, Shimoda Y, Soma Y, Ogata
T, Ueyama T, Matoba S, Yamada H, et al. Manipulation of cardiac phos-
phatidylinositol 3-kinase (PI3K)/Akt signaling by apoptosis regulator
through modulating IAP expression (ARIA) regulates cardiomyocyte
death during doxorubicin-induced cardiomyopathy. J Biol Chem.
2014;289(5):2788-800.

Zheng CL, Sumizawa T, Che XF, Tsuyama S, Furukawa T, Haraguchi M,
Gao H, Gotanda T, Jueng HC, Murata F, et al. Characterization of MVP
and VPARP assembly into vault ribonucleoprotein complexes. Biochem
Biophys Res Commun. 2005;326(1):100-7.

Zhao YN, He DN, Wang YD, Li JJ, Ha MW. Association of single
nucleotide polymorphisms in the MVP gene with platinum resistance
and survival in patients with epithelial ovarian cancer. Oncol Lett.
2016;11(4):2925-33.

Balan S, Radhab SK, Sathyan S, Vijai J, Banerjee M, Radhakrishnan K.
Major vault protein (MVP) gene polymorphisms and drug resistance

in mesial temporal lobe epilepsy with hippocampal sclerosis. Gene.
2013;526(2):449-53.

Sisodiya SM, Martinian L, Scheffer GL, van der Valk P, Scheper RJ, Harding
BN, Thom M. Vascular colocalization of P-glycoprotein, multidrug-resist-
ance associated protein 1, breast cancer resistance protein and major
vault protein in human epileptogenic pathologies. Neuropathol Appl
Neurobiol. 2006;32(1):51-63.



Qi et al. BMC Cardiovascular Disorders (2022) 22:77 Page 11 of 11

26. Yu Z, Fotouhi-Ardakani N, Wu L, Maoui M, Wang S, Banville D, Shen
SH. PTEN associates with the vault particles in Hela cells. J Biol Chem.
2002;277(43):40247-52.

27. Chung JH, Ginn-Pease ME, Eng C. Phosphatase and tensin homologue
deleted on chromosome 10 (PTEN) has nuclear localization signal-like
sequences for nuclear import mediated by major vault protein. Cancer
Res. 2005;65(10):4108-16.

28. D'Andrea L, Lucato CM, Marquez EA, Chang YG, Civciristov S, Mastos C,
Lupton CJ, Huang C, EiImlund H, Schittenhelm RB et al. Structural analysis
of the PTEN:P-Rex2 signaling complex reveals how cancer-associated
mutations coordinate to hyperactivate Rac1. Sci Signal. 2021;14(681).

29. Jefferies JL, Towbin JA. Dilated cardiomyopathy. Lancet.
2010;375(9716):752-62.

30. Japp AG, Gulati A, Cook SA, Cowie MR, Prasad SK. The diagno-
sis and evaluation of dilated cardiomyopathy. J Am Coll Cardiol.
2016;67(25):2996-3010.

31. Lebrecht D, Walker UA. Role of mtDNA lesions in anthracycline cardiotox-
icity. Cardiovasc Toxicol. 2007;7(2):108-13.

32. Wallace KB. Adriamycin-induced interference with cardiac mitochondrial
calcium homeostasis. Cardiovasc Toxicol. 2007;7(2):101-7.

33, Priori SG, Blomstrém-Lundqvist C, Mazzanti A, Blom N, Borggrefe
M, Camm J, Elliott PM, Fitzsimons D, Hatala R, Hindricks G, et al. ESC
Guidelines for the management of patients with ventricular arrhythmias
and the prevention of sudden cardiac death: the Task Force for the
Management of Patients with Ventricular Arrhythmias and the Prevention
of Sudden Cardiac Death of the European Society of Cardiology (ESC).
Endorsed by: Association for European Paediatric and Congenital Cardiol-
ogy (AEPC). Eur Heart J. 2015;36(41):2793-867.

34, Zhang C, Feng Y, Qu S, Wei X, Zhu H, Luo Q, Liu M, Chen G, Xiao X.
Resveratrol attenuates doxorubicin-induced cardiomyocyte apoptosis
in mice through SIRT1-mediated deacetylation of p53. Cardiovasc Res.
2011;90(3):538-45.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Major vault protein attenuates cardiomyocyte injury in doxorubicin-induced cardiomyopathy through activating AKT
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Mice model
	Echocardiography
	Histology assay
	Immunohistochemistry (IHC) and terminal deoxynucleotidyl transferase- mediated dUTP nick end labeling (TUNEL) staining
	Transmission electron microscopy (TEM)
	Oxidative stress measurements and biochemical determination
	Cell culture
	Quantitative RT-PCR
	Western blot
	Statistical analysis

	Results
	Effects of doxorubicin-induced cardiotoxicity in mice
	Expression of MVP is up-regulated in DOX-induced heart tissues
	Overexpression of MVP attenuated DOX-induced cardiac dysfunction and oxidative stress in mice
	Overexpression of MVP alleviates DOX-induced cardiac fibrosis in mice
	MVP suppressed cardiomyocyte apoptosis in DOX-induced cardiomyopathy through activating AKT

	Discussion
	Conclusions
	Limitations
	Acknowledgements
	References


