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Abstract
Background: Proteasome inhibitors (PI) bortezomib and carfilzomib are cornerstone therapies for multiple
myeloma. Higher incidence of cardiac adverse events (CAEs) has been reported in patients receiving carfilzomib.
However, risk factors for cardiac toxicity remain unclear. Our objective was to evaluate the incidence of CAEs
associated with PI and recognize risk factors for developing events.
Methods: This was a descriptive analysis of 96 patients with multiple myeloma who received bortezomib (n = 44)
or carfilzomib (n = 52). We compared the cumulative incidence of CAEs using a log rank test. Patient-related
characteristics were assessed and multivariate analysis was used to identify risk factors for developing CAEs.
Results: PI-related CAEs occurred in 21 (22%) patients. Bortezomib-associated CAEs occurred in 7 (16%) patients
while carfilzomib-associated cardiac events occurred in 14 (27%) patients. The cumulative incidence of CAEs was
not significantly different between agents. Events occurred after a median of 67.5 days on PI therapy. Heart failure
was the most prevalent event type. More patients receiving carfilzomib were monitored by a cardiologist.
By multivariate analysis, a history of prior cardiac events and longer duration of PI therapy were identified
as independent risk factors for developing CAEs.
Conclusions: AEs were common in patients receiving PIs. Choice of PI did not impact the cumulative
incidence of CAEs. Early involvement by a cardiologist in patients at high risk for CAEs may help to mitigate
the frequency and severity of CAEs.
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Background
Multiple myeloma (MM) is a clonal disorder of terminally differentiated plasma cells that accounts for approximately 13% of hematologic malignancies [1]. Clinical
features of MM include hypercalcemia, anemia, renal
insufficiency, lytic bone disease and increased risk of
infection. Proteasome inhibitors (PIs) have become
cornerstone therapies for management of MM [2–6].
These agents bind to the constitutive 26S proteasome,
causing accumulation of protein byproducts within
plasma cells and subsequent apoptosis [7, 8]. Bortezomib
is used predominately in the front line setting, while
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second-generation carfilzomib is used in the relapsed/
refractory setting.
Cardiac toxicities associated with carfilzomib identified in earlier studies include hypertension,
arrhythmia, heart failure, ischemic heart disease and
cardiomyopathy [9, 10]. These carfilzomib-associated
toxicities were confirmed to occur at a higher incidence compared to bortezomib in the ENDEAVOR
trial [11]. While a strong signal for cardiac toxicity
has not been associated with bortezomib use, several
case reports [12–16] have described CAEs in patients
receiving this agent.
Patients with MM have a 54–74% risk of cardiovascular disease at baseline [1, 9, 10, 17]. Reasons for this
increased burden include advanced age at diagnosis
(median 62 years), exposure to various chemotherapies
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including autologous stem cell transplantation, and disease specific complications such as cardiac amyloidosis
and renal insufficiency. The primary objective of this
research was to identify cardiac event risk factors for
patients receiving PI-based therapies for multiple
myeloma.

Methods
This was a descriptive analysis of 96 consecutive MM
patients receiving PI-based therapies at Vanderbilt
University Medical Center from 2011 to 2014. MM
disease risk was determined by conventional
metaphase cytogenetic data or fluorescence in situ
hybridization data according to the Mayo Stratification
for Myeloma and Risk-Adapted Therapy [18]. A line of
therapy was defined as planned initial therapy in patients. For example, planned induction chemotherapy
followed by autologous stem cell transplantation
followed by maintenance therapy was considered one
line of therapy. Estimated 10-year atherosclerotic cardiovascular disease (ASCVD) risk was calculated using
the Pooled Cohort Equations; this represented their
risk of myocardial infarction, coronary artery disease
death, fatal or nonfatal stroke. Patients with light chain
(AL) amyloidosis (biopsy proven or clinically
suspected) were excluded.
Cardiac adverse events (CAEs) were evaluated only
while patients were on active therapy with either carfilzomib- or bortezomib-based treatment. CAEs were
graded according to the Common Terminology Criteria
for Adverse Events version 4.0. Heart failure was characterized by at least 1 item in 2 out of the 3 following
categories: symptoms (paroxysmal nocturnal dyspnea,
shortness of breath, swelling, orthopnea, weight gain),
physical findings (jugular venous distention, crackles,
peripheral edema, S3 gallop), and diagnostic tests
(pulmonary edema on chest radiograph, elevated B-type
natriuretic peptide). Severity of heart failure events was
defined as symptoms with mild to moderate activity
(grade 2), symptoms at rest or with minimal exertion requiring intervention (grade 3), or life-threatening consequences requiring urgent intervention (grade 4). Acute
coronary syndrome was defined as at least 2 out of 3
clinical findings of chest pain, troponin I elevation, and
ischemic electrocardiographic changes. Sudden cardiac
death was defined as death within 24 h of PI therapy
without obvious cancer progression. Symptomatic arrhythmias included atrial fibrillation or flutter requiring
treatment. Arterial and/or venous thromboembolism
were determined by imaging. Pulmonary hypertension
was defined as tricuspid regurgitation >3 m/s. Grade III
hypertension was defined as systolic BP ≥160 mm Hg or
diastolic BP ≥100 mm Hg requiring more than one drug
or more intensive therapy than previously used. Grade
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IV hypertension was defined by life-threatening consequences (e.g. malignant hypertension, transient or permanent neurologic deficit, hypertensive crisis) requiring
urgent intervention.
Statistical analysis

The primary objective was to determine risk factors for
development of CAEs in patients receiving PI-based
therapy. Patient-related factors were compared between
patients with and without CAEs using the Wilcoxon
rank-sum test for continuous variables and chi-square
test for categorical variables. Cumulative incidence of
CAEs was compared between bortezomib and carfilzomib using the log-rank test. Logistic regression multivariate analysis was performed to identify risk factors for
developing PI-related CAEs. The variables considered in
this analysis were a prior history of cardiac events, use
of antithrombotic (antiplatelet or anticoagulant) medications, and cumulative number of days on therapy. For
days on therapy analysis, various time intervals were
tested. Six-month time intervals were selected based on
confidence interval and reproducibility. A statistical significance level of .05 was used throughout. Computations were performed using the statistical package R
(version 2.3.1).

Results
A total of 96 patients received PIs with 46% (n = 44) receiving bortezomib-based therapy and 54% (n = 52) receiving carfilzomib-based therapy. All patients in the
carfilzomib cohort had prior exposure to bortezomib
during previous lines of therapy; however, only
bortezomib-related events in the bortezomib cohort and
carfilzomib-related events in the carfilzomib cohort were
included in the analysis. The cut-off date for collection
of follow-up data was July 2015.
PI-related CAEs occurred in 22% (n = 21) of patients.
Table 1 and Fig. 1 depict baseline characteristics grouped
by patients who experienced CAEs (cases, n = 21) versus
those who did not (controls, n = 75). More patients in the
cases group had a prior history of atrial fibrillation/flutter
(14% vs 3%, P = .03) or heart failure (19% vs 0%, P < .001)
than in the control group. Additionally, patients in the
cases group were more likely to be taking antithrombotic
(52% vs 29%, P = .05), beta blocker (52% vs 15%, P < .001),
lipid-lowering (67% vs 23%, P < .001), or loop diuretic
(19% vs 5%, P = .04) medications. Lastly, number of days
on PI therapy was greater in patients who experienced
CAEs versus those who did not (407 vs 250, P = .02).
By multivariate analysis (Table 2), every 6-month interval of PI therapy was associated with higher incidence of
CAEs (HR 1.94, 95% CI 1.21–3.09, P = .006). Additionally, a history of cardiac events prior to initiation of PI
therapy predisposed to treatment-emergent CAEs (HR
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Table 1 Baseline characteristics in case control study of cardiac
events associated with PI therapy
Controls
N = 75

Years of age, median (range)

63 (46–86)

59 (36–91)

Male, n (%)

11 (52)

51 (68)

Caucasian, n (%)

13 (62)

60 (80)

Current or past smoker, n (%)

11 (52)

30 (40)

Dyslipidemia, n (%)

8 (38)

18 (24)

Type II diabetes, n (%)

5 (24)

9 (12)

Kidney disease, n (%)

3 (14)

7 (9)

10-Year ASCVD risk >20%, n (%)

7 (37)

8 (14)

Prior cardiac event, n (%)

16 (76)

41 (55)

Atrial fibrillation/flutter, n (%)

3 (14)

2 (3)

CAD, n (%)

3 (14)

3 (4)

Heart failure, n (%)

4 (19)

0 (0)

Hypertension, n (%)

15 (71)

38 (51)

Venous/arterial thromboembolism, n (%) 3 (14)

4 (5)

Valvular disease, n (%)

2 (10)

1 (1)

ACE inhibitor or ARB use, n (%)

8 (38)

24 (32)

Antithrombotic use, n (%)

11 (52)

22 (29)

Beta blocker use, n (%)

11 (52)

11 (15)

Lipid lowering agent use, n (%)

14 (67)

17 (23)

Loop diuretic use, n (%)

4 (19)

4 (5)

Followed by cardio-oncologist

7 (33)

16 (21)

Durie Salmon stage III, n (%)

11 (52)

47 (63)

International Staging System III, n (%)

5 (24)

23 (31)

Cytogenetic/FISH high risk, n (%)

2 (10)

8 (11)

Received bortezomib only, n (%)

7 (33)

37 (49)

Received carfilzomiba, n (%)

14 (67)

38 (51)

Total days of PI therapy, median (range)

407 (38–1032) 250 (2–885)

Abbreviations: PI proteasome inhibitor, ASCVD atherosclerotic cardiovascular
disease, CAD coronary artery disease, ACE angiotensin-converting enzyme,
ARB angiotensin receptor blocker, FISH fluorescent in situ hybridization
a
All patients previously received bortezomib

3.48, 95% CI 1.03–12.8, P = .045). Antithrombotic use
trended towards greater likelihood of CAEs but did not
reach statistical significance.
Cumulative incidence of CAEs was not significantly
different between the 2 PI agents (log-rank test P = .41,
Fig. 2). Bortezomib-related CAEs occurred in 7 (16%)
out of 44 patients while carfilzomib-related CAEs occurred in 14 (27%) out of 52 patients. Carfilzomib users
had significantly more prior lines of therapy (median, 2
vs. 0; P < .001) and were significantly more likely to be
followed by a cardio-oncologist (35% vs. 11%, P = .008).
Events occurred after a median of 67.5 (range, 4–456)
days on PI therapy. Grade 3 or 4 events accounted for
56% of CAEs. There were no cardiac arrests or deaths
associated with PI therapy. In the setting of a cardiac

Percent of patients

Cases
N = 21

100

Cases
Controls

80
60
40
20
0

Past medical history

Fig. 1 Baseline cardiovascular characteristics in patients receiving
proteasome inhibitor therapy. Prevalence of cardiovascular risk
factors in patients who developed cardiac adverse events (cases)
versus those who did not (controls)

event, planned PI therapy was permanently discontinued
29% of the time (43% of the time when a cardiooncologist was involved, 21% of the time in the absence
of cardiology care, P = .30). Heart failure was the most
common type of CAE for both bortezomib and carfilzomib (Table 3). Four out of 13 (31%) heart failure events
led to withdrawal of PI therapy. Nine out of 13 patients
who developed symptomatic heart failure had preserved
left ventricular ejection fraction (LVEF); 2 bortezomib
users and 2 carfilzomib users experienced decline in
LVEF to < 55% from previously normal LVEF.”

Discussion
While the mechanism of cardiotoxicity from these
agents is not entirely understood, off-target proteasome
inhibition is believed to cause accumulation of misfolded
proteins within cardiomyocytes [19]. A number of in
vitro and in vivo animal studies [20–29] have linked
dysfunction of the ubiquitin-proteasome system to myocardial injury, cardiomyopathies, and atherosclerosis.
Table 2 Multivariate analysis of clinical parameters influencing
risk of cardiac adverse events
OR

95% CI

P-value
.045

Prior history of cardiac events
No

1

−

Yes

3.48

1.03–12.8

No

1

−

Yes

3.66

0.97–8.79

1.94

1.21–3.09

Use of antithrombotic agents

Duration of PI therapy

.056

.006

Abbreviations: OR odds ratio, CI confidence interval, PI proteasome inhibitor
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Fig. 2 Cumulative incidence of cardiac adverse events. Cumulative
incidence of cardiac adverse events associated with bortezomib
(solid line) and carfilzomib (dashed line) in relation to duration of
therapy shown in days

A high prevalence of cardiovascular disease is welldocumented in the MM patient population, with 54–74%
having a history of cardiac events at baseline [9, 10, 17].
However, risk factors for developing PI-related cardiotoxicity are not well established. Clarifying the risk factors for
PI toxicity will allow providers to guide patient selection
and facilitate risk reduction strategies.
We demonstrate that history of prior cardiac event
was the most significant risk factor for developing PIrelated CAEs. Specifically, a history of heart failure or
Table 3 Proteasome inhibitor related cardiac adverse events
Cardiac adverse event, n

Bortezomib
(n = 44)

Carfilzomib
(n = 52)

Total
(n = 96)

Any typea

7

14

21

Heart failure
Grade 3 or 4
Systemic hypertension
Grade 3 or 4

6

7

13

3

4

7

1

3

4

1

3

4

Thromboembolism

1

2

3

Grade 3 or 4

0

0

0

Acute coronary syndrome
Grade 3 or 4
Atrial fibrillation/flutter
Grade 3 or 4
Pulmonary hypertension

1

1

2

1

0

1

0

2

2

0

1

1

0

1

1

0

1

1

Orthostatic hypotension

0

0

0

Sudden cardiac death

0

0

0

Grade 3 or 4

a

Some patients had multiple events

atrial fibrillation/flutter was significantly more prevalent
in patients who went on to develop CAEs versus those
who did not. Patients who developed CAEs also had
higher usage rates of antithrombotic (antiplatelet or anticoagulant), beta blocker, lipid lowering, and loop diuretic
medications, which suggests a higher burden of baseline
comorbidities in this group. Based on these findings, we
recommend careful consideration of patients’ past medical history and preexisting cardiovascular risk factors
with use of PI therapy.
Based on existing literature, we expected more CAEs in
the carfilzomib cohort compared to the bortezomib cohort, especially since patients receiving carfilzomib were
more heavily pretreated. Pooled safety data from 4 phase
II clinical trials for carfilzomib demonstrated a 22% incidence of CAEs [9]. In a retrospective study of 130 carfilzomib users with relapsed/refractory multiple myeloma
(RRMM), 26 (20%) were hospitalized due to CAEs [10].
Meanwhile, bortezomib-associated CAEs have been considered relatively uncommon. A meta-analysis of data
from key phase II and III studies demonstrated a 2% incidence of bortezomib-associated high grade heart failure in
both newly diagnosed and RRMM cohorts [30]. Additionally, the 2 PI agents were directly compared in the ENDEAVOR trial [11], which again demonstrated a higher
cardiac event rate with carfilzomib compared with bortezomib. It is interesting that a cardiac substudy within this
trial found higher rates of hypertension, heart failure, and
pulmonary hypertension in the carfilzomib group.
In our data from a “real world” clinical setting, there
was not a statistically significant difference in CAEs
between patients receiving carfilzomib or bortezomib.
Crucially, patients treated with carfilzomib were significantly more likely to receive co-managed care from a
cardio-oncologist. We propose that routine monitoring by
a cardiologist may have reduced the incidence and severity
of CAEs in carfilzomib users. Furthermore, much of the
observed cardiotoxicity is perhaps difficult to distinguish
from baseline cardiovascular dysfunction in this at-risk
population. We therefore recommend co-managed care as
a general strategy in all MM patients for risk reduction by
way of optimizing medical therapy and controlling
comorbidities.
Other important factors to consider include timing of
events and types of cardiac toxicity. In phase II clinical trials for carfilzomib [9], 12% of patients experienced CAEs
within 1 day of initial dosing, and the incidence of events
did not increase in later cycles. While there were CAEs in
this series occurring within days of initial dosing, multivariate analysis exposed a significant positive correlation
between duration of therapy and risk of events. However,
we cannot be certain that this correlation reflects a treatment effect rather than a longer observation period. In the
phase II carfilzomib [9] and phase III ENDEAVOR trials
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[11], hypertension occurred most frequently but heart
failure was most likely to cause treatment discontinuation.
Similarly, we found that heart failure and hypertension
comprised the majority of CAEs in both bortezomib and
carfilzomib users.
Limitations

The study may have been underpowered to detect a significant difference in incidence of CAEs between carfilzomib and bortezomib. Due to the retrospective design of
this study, assignment to treatment drug was nonrandomized. Since carfilzomib is often reserved for relapsed/
refractory MM, all patients in the carfilzomib cohort had
prior exposure to bortezomib and in general were more
heavily pretreated. Therefore, cumulative effects or
delayed toxicity from previous agents may account for a
higher rate of CAEs in the carfilzomib cohort. Finally, we
could not rule out alternative etiologies of cardiac dysfunction when attributing suspected CAEs to PI therapy,
particularly when concomitant agents were used.

Conclusion
Incidence of PI-related CAEs did not differ significantly
between bortezomib and carfilzomib users; both agents
were associated with substantial rates of cardiotoxicity.
Prior history of cardiac events was associated with
increased risk of developing PI-related CAEs. Longer
duration of PI therapy correlated with greater likelihood
of cardiotoxicity. Heart failure was both an important risk
factor and subsequently the most prevalent type of PIrelated cardiotoxicity. Close monitoring by a cardiooncologist may reduce risk of CAEs.
Abbreviations
ASCVD: Atherosclerotic cardiovascular disease; CAE: Cardiac adverse event;
CI: Confidence interval; HR: Hazard ratio; LVEF: Left ventricular ejection fraction;
MM: Multiple myeloma; PI: Proteasome inhibitor; RRMM: Relapsed/refractory
multiple myeloma
Acknowledgements
Not applicable.
Funding
Not applicable.
Availability of data and materials
The dataset is available from the corresponding author on reasonable request.
Authors’ contributions
RFC and DJL conceived and designed the study. JHC, RFC, and SLH collected
and interpreted the retrospective data. SEP performed statistical analysis. JHC
drafted the manuscript, which was revised by DJL and RFC. All authors read
and approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Consent for publication
Not applicable.

Page 5 of 6

Ethics approval and consent to participate
The study protocol was approved by the Vanderbilt University Institutional
Review Board.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1
Department of Medicine, Division of Hematology-Oncology, Vanderbilt
University Medical Center, 2220 Pierce Avenue, 777 PRB, Nashville, TN 37232,
USA. 2Department of Medicine, Division of Cardio-Oncology, Vanderbilt Heart
& Vascular Institute, 1215 21st Avenue South, 5209 MCE, Nashville, TN 37232,
USA. 3Department of Biostatistics, Division of Cancer Biostatistics, Vanderbilt
University Medical Center, 2220 Pierce Avenue, 571 PRB, Nashville, TN 37232,
USA.
Received: 28 March 2017 Accepted: 26 May 2017

References
1. Raab MS, Podar K, Breitkreutz I, Richardson PG, Anderson KC. Multiple
myeloma. Lancet (London, England). 2009;374(9686):324–39.
2. Kumar S, Flinn I, Richardson PG, Hari P, Callander N, Noga SJ, Stewart AK,
Turturro F, Rifkin R, Wolf J, et al. Randomized, multicenter, phase 2 study
(EVOLUTION) of combinations of bortezomib, dexamethasone,
cyclophosphamide, and lenalidomide in previously untreated multiple
myeloma. Blood. 2012;119(19):4375–82.
3. Rajkumar SV. Doublets, triplets, or quadruplets of novel agents in newly
diagnosed myeloma? Hematol Am Soc Hematol Educ Program. 2012;2012:
354–61.
4. Vij R, Wang M, Kaufman JL, Lonial S, Jakubowiak AJ, Stewart AK, Kukreti V,
Jagannath S, McDonagh KT, Alsina M, et al. An open-label, single-arm,
phase 2 (PX-171-004) study of single-agent carfilzomib in bortezomib-naive
patients with relapsed and/or refractory multiple myeloma. Blood.
2012;119(24):5661–70.
5. Jagannath S, Vij R, Stewart AK, Trudel S, Jakubowiak AJ, Reiman T, Somlo G,
Bahlis N, Lonial S, Kunkel LA, et al. An open-label single-arm pilot phase II
study (PX-171-003-A0) of low-dose, single-agent carfilzomib in patients with
relapsed and refractory multiple myeloma. Clin Lymphoma Myeloma Leuk.
2012;12(5):310–8.
6. Siegel DS, Martin T, Wang M, Vij R, Jakubowiak AJ, Lonial S, Trudel S, Kukreti
V, Bahlis N, Alsina M, et al. A phase 2 study of single-agent carfilzomib
(PX-171-003-A1) in patients with relapsed and refractory multiple myeloma.
Blood. 2012;120(14):2817–25.
7. Demo SD, Kirk CJ, Aujay MA, Buchholz TJ, Dajee M, Ho MN, Jiang J, Laidig GJ,
Lewis ER, Parlati F, et al. Antitumor activity of PR-171, a novel irreversible
inhibitor of the proteasome. Cancer Res. 2007;67(13):6383–91.
8. Kuhn DJ, Chen Q, Voorhees PM, Strader JS, Shenk KD, Sun CM, Demo SD,
Bennett MK, van Leeuwen FW, Chanan-Khan AA, et al. Potent activity of
carfilzomib, a novel, irreversible inhibitor of the ubiquitin-proteasome
pathway, against preclinical models of multiple myeloma. Blood. 2007;
110(9):3281–90.
9. Siegel D, Martin T, Nooka A, Harvey RD, Vij R, Niesvizky R, Badros AZ,
Jagannath S, McCulloch L, Rajangam K, et al. Integrated safety profile of
single-agent carfilzomib: experience from 526 patients enrolled in 4 phase II
clinical studies. Haematologica. 2013;98(11):1753–61.
10. Atrash S, Tullos A, Panozzo S, Bhutani M, Van Rhee F, Barlogie B, Usmani SZ.
Cardiac complications in relapsed and refractory multiple myeloma patients
treated with carfilzomib. Blood Cancer J. 2015;5:e272.
11. Dimopoulos MA, Moreau P, Palumbo A, Joshua D, Pour L, Hajek R, Facon T,
Ludwig H, Oriol A, Goldschmidt H, et al. Carfilzomib and dexamethasone
versus bortezomib and dexamethasone for patients with relapsed or refractory
multiple myeloma (ENDEAVOR): a randomised, phase 3, open-label,
multicentre study. Lancet Oncol. 2016;17(1):27–38.
12. Voortman J, Giaccone G. Severe reversible cardiac failure after bortezomib
treatment combined with chemotherapy in a non-small cell lung cancer
patient: a case report. BMC Cancer. 2006;6:129.
13. Hacihanefioglu A, Tarkun P, Gonullu E. Acute severe cardiac failure in a
myeloma patient due to proteasome inhibitor bortezomib. Int J Hematol.
2008;88(2):219–22.

Chen et al. Cardio-Oncology (2017) 3:4

Page 6 of 6

14. Bockorny M, Chakravarty S, Schulman P, Bockorny B, Bona R. Severe heart
failure after bortezomib treatment in a patient with multiple myeloma: a
case report and review of the literature. Acta Haematol. 2012;128(4):244–7.
15. Honton B, Despas F, Dumonteil N, Rouvellat C, Roussel M, Carrie D, Galinier
M, Montastruc JL, Pathak A. Bortezomib and heart failure: case-report and
review of the French Pharmacovigilance database. Fundam Clin Pharmacol.
2014;28(3):349–52.
16. Enrico O, Gabriele B, Nadia C, Sara G, Daniele V, Giulia C, Antonio S, Mario P.
Unexpected cardiotoxicity in haematological bortezomib treated patients.
Br J Haematol. 2007;138(3):396–7.
17. Li W, Garcia D, Cornell RF, Gailani D, Laubach J, Maglio ME, Richardson PG,
Moslehi J. Cardiovascular and Thrombotic Complications of Novel Multiple
Myeloma Therapies: A Review. JAMA Oncol 2016, Epub ahead of print.
18. Mikhael JR, Dingli D, Roy V, Reeder CB, Buadi FK, Hayman SR, Dispenzieri A,
Fonseca R, Sher T, Kyle RA, et al. Management of newly diagnosed
symptomatic multiple myeloma: updated Mayo stratification of Myeloma
and risk-adapted therapy (mSMART) consensus guidelines 2013. Mayo Clin Proc.
2013;88(4):360–76.
19. Tannous P, Zhu H, Nemchenko A, Berry JM, Johnstone JL, Shelton JM,
Miller Jr FJ, Rothermel BA, Hill JA. Intracellular protein aggregation is a proximal
trigger of cardiomyocyte autophagy. Circulation. 2008;117(24):3070–8.
20. Wang P, Calise J, Powell K, Divald A, Powell SR. Upregulation of proteasome
activity rescues cardiomyocytes following pulse treatment with a
proteasome inhibitor. Am J Cardiovasc Dis. 2014;4(1):6–13.
21. Versari D, Herrmann J, Gossl M, Mannheim D, Sattler K, Meyer FB, Lerman LO,
Lerman A. Dysregulation of the ubiquitin-proteasome system in human
carotid atherosclerosis. Arterioscler Thromb Vasc Biol. 2006;26(9):2132–9.
22. Schlossarek S, Carrier L. The ubiquitin-proteasome system in
cardiomyopathies. Curr Opin Cardiol. 2011;26(3):190–5.
23. Predmore JM, Wang P, Davis F, Bartolone S, Westfall MV, Dyke DB,
Pagani F, Powell SR, Day SM. Ubiquitin proteasome dysfunction in
human hypertrophic and dilated cardiomyopathies. Circulation. 2010;
121(8):997–1004.
24. Tsukamoto O, Minamino T, Okada K, Shintani Y, Takashima S, Kato H, Liao Y,
Okazaki H, Asai M, Hirata A, et al. Depression of proteasome activities during
the progression of cardiac dysfunction in pressure-overloaded heart of
mice. Biochem Biophys Res Commun. 2006;340(4):1125–33.
25. Weekes J, Morrison K, Mullen A, Wait R, Barton P, Dunn MJ.
Hyperubiquitination of proteins in dilated cardiomyopathy. Proteomics.
2003;3(2):208–16.
26. Birks EJ, Latif N, Enesa K, Folkvang T, le Luong A, Sarathchandra P, Khan M,
Ovaa H, Terracciano CM, Barton PJ, et al. Elevated p53 expression is
associated with dysregulation of the ubiquitin-proteasome system in dilated
cardiomyopathy. Cardiovasc Res. 2008;79(3):472–80.
27. Herrmann J, Wohlert C, Saguner AM, Flores A, Nesbitt LL, Chade A, Lerman LO,
Lerman A. Primary proteasome inhibition results in cardiac dysfunction.
Eur J Heart Fail. 2013;15(6):614–23.
28. Nowis D, Maczewski M, Mackiewicz U, Kujawa M, Ratajska A, Wieckowski
MR, Wilczynski GM, Malinowska M, Bil J, Salwa P, et al. Cardiotoxicity of the
anticancer therapeutic agent bortezomib. Am J Pathol. 2010;176(6):2658–68.
29. Tian Z, Zheng H, Li J, Li Y, Su H, Wang X. Genetically induced moderate
inhibition of the proteasome in cardiomyocytes exacerbates myocardial
ischemia-reperfusion injury in mice. Circ Res. 2012;111(5):532–42.
30. Xiao Y, Yin J, Wei J, Shang Z. Incidence and risk of cardiotoxicity associated
with bortezomib in the treatment of cancer: a systematic review and
meta-analysis. PLoS One. 2014;9(1):e87671.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

