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Abstract Cardiovascular complications, including heart
failure, hypertension, ischemic syndromes and venous
thromboembolism, have been identified in patients treated
with anti-cancer drugs. Oxidative stress, mitochondrial
dysfunction and DNA synthesis inhibition are considered
to be responsible for the cardiotoxicity induced by these
agents. Protein quality control (PQC) has 3 major compo-
nents, including the endoplasmic reticulum (ER), the
ubiquitin-proteasome system (UPS) and the autophagy-
lysosome system, and participates in protein folding and
degradation to maintain protein homeostasis. We have
demonstrated that PQC dysfunction is a new causal mech-
anism for the development of cardiac hypertrophy and
failure. Increasing evidence shows that anti-cancer drugs,
such as tyrosine kinase inhibitors, proteasome inhibitors,
anthracyclines and autophagy inhibitors, cause PQC dys-
function. Here, we provide an overview of the potential
role of PQC dysfunction in the development of cardiovas-
cular complications induced by anti-cancer drugs.
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Introduction

Because of the progress made in the development of anti-
cancer drugs that prolong the lifespans of patients with cancer,
cardiovascular complications, such as heart failure, hyperten-
sion, ischemic syndromes and venous thromboembolism,
have become more prominent in patients undergoing cancer
therapy. Thus, the prevention of these complications is new-
ly emerging unmet medical need that must be solved [1].

Protein quality control (PQC) has 3 major components,
including the endoplasmic reticulum (ER), the ubiquitin-
proteasome system (UPS) and the autophagy-lysosome sys-
tem, and participates in protein folding and degradation to
maintain protein homeostasis. When the functions of these 3
components are disturbed, unfolded or misfolded proteins can
accumulate in the cells, which can lead to cell apoptosis [2].
We and others have recently demonstrated that PQC dysfunc-
tion is involved in the development of atherosclerosis and
cardiac hypertrophy/failure as well as diabetes and neurode-
generative disorders [3–10]. Anti-cancer drugs induce cardio-
vascular complications via several mechanisms, such as oxi-
dative stress, mitochondrial dysfunction and DNA synthesis
inhibition, any of which can potentially cause PQC dysfunc-
tion [11, 12]. Furthermore, anti-cancer drugs such as tyrosine
kinase inhibitors, proteasome inhibitors, anthracyclines and
autophagy inhibitors directly cause PQC dysfunction and,
consequently, cardiovascular complications [5, 8, 13, 14].
We provide an overview of 3 major components of PQC and
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discuss their potential roles in the cardiovascular complica-
tions induced by anti-cancer drugs.

The 3 Components of PQC

The ER

The ER is the largest membrane-bound organelle in the cell
and is the main site of protein folding, lipid synthesis and
cellular calcium storage [15]. Certain stimuli, including oxi-
dative stress, ischemia, increased protein synthesis and gene
mutations, result in the accumulation of unfolded or misfolded
proteins in the ER, a condition referred to as ER stress [16].
When the ER stress is mild, unfolded protein responses
(UPRs) are induced to maintain ER homeostasis. Three ER
transmembrane sensors, activating transcription factor 6
(ATF6), inositol-requiring enzyme 1 (IRE1), and PKR-like
ER kinase (PERK), detect the accumulation of unfolded and
misfolded proteins and activate UPR pathways (Fig. 1a). ER
stress causes ATF6 translocation from the ER to the Golgi
body where it is cleaved by site-1 protease (S1P) and S2P.
Subsequently, cleaved ATF6 enters into the nucleus and in-
duces the expression of UPR target genes, including X-box
binding protein 1 (XBP1) and 78-kDa glucose-regulated pro-
tein (GRP78).Moreover, ER stress leads to IRE1 dimerization
and trans-autophosphorylation which mediates the splicing of
the mRNA of XBP1. The spliced XBP1 induces the expres-
sion of ER stress-related genes, such as the ER chaperone
GRP78, thereby reducing ER stress. PERK is also activated
by ER stress and activated PERK phosphorylates eukaryotic
translation initiation factor (eIF) 2-alpha, which in turn in-
hibits global protein synthesis, reduces protein loading to the
ER and ameliorates ER stress [17] (Fig. 1a).

However, when ER stress is severe or prolonged, ER
stress-initiated apoptotic signaling pathways, including
caspase-12, c-JUN NH2-terminal kinase (JNK), and
CCAAT-enhancer-binding protein (C/EBP) homologous
protein (CHOP), are activated (Fig. 1b). Caspase-12,
which is an apoptotic molecule that locates to the outside
of ER membrane, can be activated and cleaved by IRE1-
TNF receptor-associated factor 2 (TRAF2), calpain and
caspase-7 under severe or prolonged ER stress. Cleaved
caspase-12 then activates a downstream apoptotic signal-
ing pathway, resulting in cell apoptosis. JNK phosphoryla-
tion is also activated by IRE-TRAF2 in response to ER
stress. CHOP expression is induced by ER stress via the
PERK-ATF4 pathway. CHOP decreases the anti-apoptotic
factor/pro-apoptotic factor ratio (Bcl2/Bax), which leads to
cell apoptosis [3, 18]. (Fig. 1b).

We have demonstrated that ER stress is induced in hu-
man failing hearts [10]. Furthermore, we also showed that
CHOP expression increased in the transition from cardiac

hypertrophy to failure due to pressure overload [10] and
the ablation of CHOP attenuated the development of heart
failure through the decrease in Bcl2/Bax ratio [3].
Interestingly, CHOP expression increased in human vul-
nerable plaques [4] and the ablation of CHOP attenuates
the extent of atherosclerosis in a mouse model [19]. These
findings demonstrate that ER stress is important in the
development of cardiovascular diseases.
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Fig. 1 UPR and ER stress-initiated apoptosis signaling pathways. a
Stimuli, such as oxidative stress and Ca2+ disturbance, induce ER stress
and cause the accumulation of unfolded or misfolded proteins in the ER.
When ER stress is mild, UPR is activated. ATF6, an ER transmembrane
sensor, is cleaved at the Golgi and the cleaved ATF6 then translocates to
the nucleus and increases the expression of XBP1 and the ER chaperone
GRP78. IRE1 activation results in the increases of XBP1 splicing, leading
to the induction of the ER chaperone GRP78. PERK activation inhibits
protein translation. These UPR pathways cooperatively reduce ER stress.
b Severe or prolonged ER stress activates three ER stress-initiated apo-
ptotic signaling pathways: caspase-12, JNK and CHOP. Caspase-12 is
cleaved by calpain, caspase-7 and IRE-TRAF2 to induce cell apoptosis.
IRE-TRAF2 also activates JNK, resulting in cell apoptosis. CHOP is
induced by the PERK-ATF4 signal pathway, which decreases the Bcl2/
Bax ratio to induce cell apoptosis
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The UPS

Newly synthesized proteins are folded and transported to
their sites of activity [17, 20]. However, if the proteins
cannot be folded correctly, then they are degraded by
UPS to maintain cell homeostasis. Proteins targeted for
degradation are ubiquit inated by three enzymes:
ubiquitin-activating enzyme (E1), ubiquitin-conjugating
enzyme (E2) and ubiquitin ligase (E3). In mammals, the pro-
teasome is the primary protein degradation machinery and
consists of one 20S core subunit and two 19S regulatory
cap subunits. 19S recognizes the ubiquitinated proteins and
transfers them into the catalytic 20S core subunit of the pro-
teasome where the target proteins are degraded [21]
(Fig. 2). Because the UPS is the primary selective degra-
dation system in cells, UPS dysfunction is involved in the
pathogenesis of numerous human diseases, including can-
cer, immune-related diseases, cardiovascular diseases and
neurodegenerative diseases [22]. Furthermore, increased
ubiquitinated proteins were confirmed in hearts of patients
with cardiomyopathy [23]. In hearts failing due to pres-
sure overload, cardiomyocyte apoptosis was observed
along with depression of proteasome activities and a de-
crease in the anti-apopototic/ pro-apoptotic protein ratio [5].
Moreover, genetically inhibited and enhanced proteasome
activity had detrimental and protective effects in ischemia-
reperfusion injury, respectively [24, 25]. These findings
indicate that the UPS plays an important role in the devel-
opment of cardiac diseases.

The Autophagy-Lysosome System

Autophagy is an intracellular degradation system [26].
Targeted cytoplasmic constituents, including proteins, organ-
elles and foreign pathogens, are separated and enclosed within
double-membrane vesicles known as the autophagosome.
Autophagy-related gene (Atg) 5 and Beclin-1 are required
for the initiation and elongation of the autophagosome,
respectively [27].The autophagosome then fuses with a
lysosome which maintains an acid environment and contains
a variety of acid hydrolases to degrade the contents [26]
(Fig. 3). The autophagy-lysosome system has a fundamental
role in maintaining cellular homeostasis under normal and
pathological conditions, such as cancer, neurodegeneration
and microbial infection [28]. Increased autophagosome for-
mation in response to stress signals and/or impaired
autophagosome clearance due to lysosome inhibition can
cause autophagosome accumulation, which has been ob-
served in many diseases, including Alzheimer’s disease, dia-
betes, atherosclerosis and heart failure [29].

The genetic deletion of Atg5, an essential protein for
autophagosome initiation, leads to cardiac dysfunction with
increased disorganized sarcomere structure and mitochondrial

aggregation in the heart after treatment with pressure over-
load. These results indicate that the normal function of autoph-
agy is important for maintaining cardiac function against hemo-
dynamic stress [30]. Autophagy activation has also been shown
to enhance myocardial injury in response to I/R [31]. Despite
the complex role of autophagy in cardiac diseases, increasing
evidence suggests that the suppression of autophagy below
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Fig. 2 The UPS. Unfolded or misfolded proteins are ubiquitinated and
transferred to proteasomes, where they are recognized by the 19S cap
subunit. Then, the targeted proteins are transferred to the 20S core
subunit and degraded
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Fig. 3 The autophagy-lysosome system. Unfolded or misfolded proteins,
damaged organelles and foreign pathogens are isolated and enclosed by
double-membrane vesicles known as autophagosomes. These vesicles
then fuse with lysosomes, forming autolysosomes. Finally, the contents
are degraded by acid hydrolases in the autolysosome
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physiological levels or the induction of autophagy beyond
physiological levels causes PQC dysfunct ion in
cardiomyocytes, leading to cardiac dysfunction [30, 32].

PQC Dysfunction and the Cardiovascular
Complications Induced by Anti-Cancer Drugs

Because of the substantial advancements in cancer therapy
in recent decades, the number of cancer survivors is in-
creasing [33]. Additionally, cardiovascular complications
have become a leading cause of morbidity and mortality
among these patients [34]. Anti-cancer drugs cause cardio-
vascular complications via distinct mechanisms, including
oxidative stress and mitochondrial dysfunction [35]. 5-
fluorouracil can induce oxidative stress by increasing in-
tracellular ROS [36]. Mitoxantrone can induce mitochon-
drial dysfunction by inhibiting ATP-synthase expression
and activity [37]. Although there is no evidence available
currently, it is likely that oxidative stress and mitochondrial
dysfunction by these anti-cancer drugs may also induce
PQC dysfunction. Further investigation will be required

to clarify the evidence of PQC dysfunction and the contri-
bution of PQC dysfunction to the development of cardio-
vascular diseases induced by these anti-cancer drugs.

In addition to these mechanisms, we and others have dem-
onstrated that anti-cancer drugs, such as imatinib and doxoru-
bicin, can directly affect the components of PQC and, conse-
quently, also contribute to the cardiovascular complications
induced by these drugs [8, 13]. Here, we provide an overview
of the potential role of PQC dysfunction in the development of
cardiovascular complications induced by anti-cancer drugs.

Tyrosine Kinase (TK) Inhibitors

TKs are key regulators of normal cellular processes and
play a critical role in the progression of many types of
cancer. Therefore, TK inhibitors have been developed for
cancer therapy [38, 39]. However, several TK inhibitors,
such as imatinib and dasatinib, induce cardiac dysfunction
in patients receiving them [12].

Imatinib is a specific inhibitor of Abelson oncogene 1 (c-
Abl) kinase, a member of the TK enzyme family [40].
Because c-Abl binds to ErbB2 and functions as a protective
factor in cardiomyocytes, the inhibition of c-Abl via imatinib
can cause significant cardiotoxicity [40–42]. Imatinib is
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Fig. 4 Imatinib-induced cardiomyopathy. Imatinib activates IRE1 by
inhibiting c-Abl and induces cardiomyocyte apoptosis through the JNK
signaling pathway. In addition, imatinib can accumulate in lysosomes and
inhibit the fusion of autophagosomes and lysosomes, which increases
ROS production. These two mechanisms could be responsible for cardio-
myocyte apoptosis induced by imatinib
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Fig. 5 Bortezomib-induced cardiomyopathy. Bortezomib-induced pro-
teasome inhibition decreases pro-apoptotic protein degradation, resulting
in cardiomyocyte apoptosis. Bortezomib-induced proteasome inhibition
causes unfolded or misfolded protein accumulation, which induces the
ER stress-initiated apoptotic signal CHOP and cardiomyocyte apoptosis.
Bortezomib-induced proteasome inhibition increases the amount of cal-
cineurin A by suppressing its degradation, and increased calcineurin A
participates in the pathogenesis of cardiac hypertrophy and dysfunction
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widely used to treat chronic myelogenous leukemia, gastroin-
testinal stromal tumors and numerous other malignancies [43].
Severe congestive heart failure has been reported in patients
treated with imatinib, although its incidence is modest (0.5–
1.7%) [13, 44]. The inhibition of c-Abl kinase by imatinib
leads to ER enlargement, the activation of an ER trans-
membrane sensor protein, IRE1, and causes cardiomyocyte
apoptosis via JNK activation. Although the potential mecha-
nisms by which c-Abl induces ER stress remains unclear, the
gene transfer of an imatinib-resistant mutant of c-Abl largely
rescues cardiomyocytes from imatinib-induced death associ-
ated with ER stress reduction [13]. In contrast, another study
has shown that imatinib induces cardiomyocyte dysfunction
by inducing ER stress and inhibiting the fusion of
autophagosome and lysosome, regardless of c-Abl inhibition
[45]. Although a discrepancy exists between these studies, the
cardiac toxicity induced by imatinib is clearly attributable to
ER stress or autophagy dysfunction (Fig. 4). Therefore,
reducing ER stress and/or autophagy dysfunction might be-
come a new means for cardiac protection in patients receiving
imatinib. Moreover, dasatinib, a derivative drug of imatinib,
has also been reported to cause cardiac dysfunction [46].
Although the underlying mechanism has not been clarified,
PQC dysfunction has the possibility to play a role in dasatinib-
induced cardiac dysfunction as imatinib, because its structure
is similar to that of imatinib.

Proteasome Inhibitors

Proteasome inhibitors hinder the degradation of unfolded or
misfolded proteins, thereby causing the accumulation of
these proteins. They induce cancer cell apoptosis by in-
creasing the pro-apoptotic/anti-apoptotic factor ratio [47].
Many types of tumor cells are more sensitive to proteasome
inhibitors than non-tumorigenic cells, because tumor cells
have higher proteasome activity and nuclear ubiquitin-
conjugated proteins than normal cells [47, 48]. However,
the UPS also plays a fundamental role in maintaining cel-
lular homeostasis in cardiomyocytes. We and others have
demonstrated that proteasome inhibition induces the death
of cultured cardiomyocytes through the induction of ER
stress and the accumulation of pro-apoptotic proteins, such
p53 and Bax [5, 7].

Bortezomib, an inhibitor of the 20S proteasome, has been
clinically used to treat multiple myeloma (MM) and mantle
cell lymphoma [49]. MM cells produce an abnormal amount
of antibodies and may, thus, potentially place a load on the
ER. MM cells are susceptible to bortezomib-induced apopto-
sis [50], because bortezomib inhibits the activity of protea-
some and causes unfolded or misfolded protein accumulation
to induce ER stress-initiated apoptosis [51]. In addition,
bortezomib can post-translationally regulate the protein levels
of key molecules, and many molecules, such as Kruppel-like
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Fig. 6 Doxorubicin-induced cardiomyopathy. Although doxorubicin
induces ER stress by generating ROS and inhibiting SERCA2,
doxorubicin cannot induce the expression of ER chaperone GRP78 that
protects the cardiomyocyte, which further augments ER stress and
cardiomyocyte apoptosis via caspase-12-dependent pathways. The cardi-
ac specific overexpression of GRP78 or supplementation with 4-PBA, a

chemical ER chaperone, can rescue doxorubicin-induced cardiomyocyte
death. Moreover, doxorubicin activates proteasome activity and increases
the degradation of anti-apoptotic factors, leading to cardiomyocyte apo-
ptosis. Doxorubicin also induces cardiomyocyte apoptosis by inhibiting
autophagy function and increasing ROS generation. Taken together,
doxorubicin potentially affects all 3 components of PQC
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factor 9, I-κB and the Bcl2 family members, have been in-
volved in the growth suppression and the apoptosis of cancer
cells [48, 52]. Bortezomib also impacts the cardiovascular
system [53]. Previous studies have demonstrated that
bortezomib activates the calcineurin-nuclear factor of activat-
ed T-cells (NFAT) pathway by decreasing the degradation of
calcineurin A, leading to left ventricular dilatation, hypertro-
phy and cardiac dysfunction [54]. We have reported that
MG132, which is another proteasome inhibitor, directly
inhibited unfolded or misfolded protein degradation and

caused ER stress in cardiomyocytes, inducing cardiomyocyte
apoptosis via the CHOP-dependent pathway. The overexpres-
sion of ER chaperone GRP78 attenuated cardiomyocyte death
induced by proteasome inhibition, indicating that ER stress-
initiated cardiomyocyte apoptosis plays an important role in
the bortezomib-induced cardiac dysfunction [7]. These find-
ings indicate that bortezomib causes the ER stress and in-
creases the accumulation of hypertrophic and pro-apoptotic
proteins, both of which are involved in the development of
cardiac dysfunction (Fig. 5). Moreover, proteasome inhibition
increased the accumulation of pro-apoptotic proteins, such
p53 and Bax, which caused cardiomyocyte apoptosis and con-
tributed to the cardiac dysfunction induced by pressure over-
load [5]. In addition, carfilzomib has also been reported to
induce cardiac dysfunction [55]. Therefore, the use of protea-
some inhibitors should take into account the cardiotoxicity in
patients receiving them.

Doxorubicin

Doxorubicin, a member of the anthracycline family, is widely
used in cancer therapy. However, its clinical application is
limited by its cardiotoxicity. Doxorubicin has been shown to
causes oxidative stress, sarcomere damage, topoisomerase in-
hibition and mitochondrial dysfunction, which lead to
cardiomyocytes damage and death [56]. Doxorubicin has
been observed to disturb Ca2+ homeostasis by inhibiting the
expression of SERCA2 and, consequently, leads to Ca2+ de-
pletion in the ER [57]. Because Ca2+ is essential for proper
protein folding and transport, the ER Ca2+ depletion induced
by doxorubicin can induce ER stress and PQC dysfunction.
Furthermore, doxorubicin increases the expression of E3 li-
gase and proteasome activity in cardiomyocytes, leading to
the enhanced degradation of anti-apoptotic factors and cell
apoptosis [58]. A recent study shows that doxorubicin inhibits
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Fig. 7 Chloroquine-induced cardiomyopathy. Chloroquine can enter the
lysosome to enhance the membrane permeabilization of the lysosome. In
the lysosome, accumulated chloroquine increases the pH, thereby
decreasing acid hydrolase activity and lysosomal function. Lysosomal
dysfunction suppresses the fusion of autophagosome and lysosome,
leading to cardiomyocyte apoptosis

Table 1 Anti-cancer drugs, their
mechanisms related to PQC and
main adverse effects

Anti-Cancer
Drug Class

Anti-Cancer
Drug

Mechanisms
Related to PQC

Adverse Effects

Anthracycline Doxorubicin [8]

Mitoxantrone [37]

ER stress ↑

UPS ↑

Autophagy↓

Cardiotoxicity; typhlitis; alopecia;
joint pain; myelosuppression

TK inhibitors Imatinib [13]

Dasatinib [12]

ER stress ↑

Autophagy ↓

Cardiotoxicity, nausea, vomiting,
muscle and joint pains, skin rash,
diarrhea, heartburn, headache, edema

Proteasome
inhibitors

Bortezomib [54]

Carfilzomib [55]

UPS ↓

ER stress ↑

Neutropenia and peripheral neuropathy;
Cardiotoxicity; pulmonary
hypertension/lung problems;
hepatic and renal toxicity; anemia

Autophagy
inhibitors

Chloroquine [14] Autophagy ↓ Gastrointestinal and visual problems;
renal and cardiotoxicity; pruritus

PQC protein quality control, TK tyrosine kinase
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autophagy in cardiomyocytes and that the accumulation of
autolysosomes leads to increased ROS production and cardiac
injury [59] (Fig. 6).

In addition, we have demonstrated that doxorubicin induces
ER stress by activating the transcription factor ATF6 in
cardiomyocytes [8]. However, doxorubicin suppresses the ex-
pression of the genes downstream of ATF6 and does not induce
the ER chaperone GRP78 (Fig. 6). Because GRP78 plays a
protective role in the response to ER stress, the failure of
GRP78 induction augments doxorubicin-induced cardiotoxicity.
As a result, doxorubicin induces cardiomyocyte apoptosis by
activating caspase-12, an ER stress-initiated apoptotic signaling
pathway. Because ER chaperones can promote protein folding
and reduce ER stress, the cardiac-specific overexpression of
GRP78 and administration of 4-phenylbutyrate (4-PBA), a
chemical ER chaperone to mimic the function of GRP78 [60],
suppresses caspase-12 activation and reduces cardiomyocyte
apoptosis, alleviating doxorubicin-induced cardiac dysfunction
[8] (Fig. 6). Moreover, 4-PBA has been clinically used to treat
urea cycle disorders [61]. Thus, 4-PBA could be applied in the
context of PQC dysfunction to treat the cardiac complications
induced by anti-cancer drugs. These findings demonstrate that
the dysfunction of 3 components of PQC is involved in
doxorubicin-induced cardiotoxicity and that the alleviation of
PQC dysfunction may attenuate cardiac dysfunction in patients
receiving doxorubicin.

Autophagy Inhibitors

Autophagy removes unfolded or misfolded proteins, protein
aggregates and damaged organelles through lysosomal degra-
dation [62]. Because autophagy is a mechanism associated
with the degradation of unfolded or misfolded proteins, its
dysfunction can cause the accumulation of unfolded or
misfolded proteins, resulting in ER stress. Previous studies
reported that the inhibition of autophagy by pharmacological
agents or the knockdown of autophagy-related gene Beclin-1
increased the ER stress levels and apoptotic cell death [63].

Chloroquine has long been used to treat or prevent malaria
[64]. However, recent studies have suggested that the use of
chloroquine in combination with other chemotherapeutic
agents may enhance therapeutic effects [65, 66]. One possible
mechanism for the anti-cancer effect of chloroquine is related
to its enhancement of the membrane permeabilization of
lysosommes [14]. Chloroquine can enter the lysosome and
becomes protonated because of the low pH within the lyso-
some. The accumulation of the protonated form of chloro-
quine within the lysosome leads to less acidic conditions
and, thereby, decreased acid hydrolase activity and lysosomal
function [14]. Lysosome dysfunction can suppress the fusion
of the autophagosome and lysosome with increased ROS pro-
duction, leading to cardiac injury and dysfunction [59]
(Fig. 7). Clinical trials of chloroquine have been conducted

for glioblastoma and metastatic melanoma treatment [67, 68].
However, the use of chloroquine can induce cardiac dysfunc-
tion and its discontinuation dramatically improved cardiac
function [69]. Furthermore, chloroquine caused cardiomyo-
cyte apoptosis and cardiac dysfunction via ROS generation
in a rat model of pressure overload hypertrophy [70].
Therefore, we need careful monitoring of cardiac dysfunction
when patients are receiving chloroquine.

Conclusions

Although many challenges have been addressed, cardiovascu-
lar complications remain a major problem for cancer survivors
[71, 72]. Anti-cancer drugs can induce PQC dysfunction di-
rectly by targeting the component of PQC and indirectly by
oxidative stress, mitochondrial dysfunction and the inhibition
of DNA synthesis (Table 1). Although further investigations
are required to clarify the potential role of PQC dysfunction in
the development of cardiovascular complications induced by
anti-cancer drugs, the targeted alleviation of PQC dysfunction
in cardiovascular system or cancer-specific delivery of PQC-
disturbing anti-cancer drugs may be a promising novel ap-
proach to prevent the cardiovascular complications in patients
receiving cancer therapy.
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