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HIGHLIGHTS

� Paired left ventricle samples from 16

patients pre- and post-LVAD display

improvements in pathological gene

expression signatures post-LVAD.

� Gene and protein expression of key

autophagy factors increases following

mechanical unloading by LVAD.

� K63 polyubiquitinated proteins are

reduced following LVAD, whereas

autolysosome numbers increase,

suggesting that a restoration of

misfolded protein clearance by

autophagy-lysosome pathway is restored

with this therapy.

� Enzymatic activity of calpains and the 20S

proteasome increase post-LVAD and K48

polyubiquitinated proteins decrease,

suggesting that proteolysis by these

other 2 major protein degradation path-

ways also increases following mechanical

unloading.

� These results build on earlier studies

indicating the involvement of autophagy

in left ventricular reverse remodeling

following mechanical unloading by LVAD

and lend support for exploring the

potential of autophagy-targeting thera-

pies in heart disease.
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AND ACRONYMS

LVAD = left ventricular assist

device

LVEF = left ventricular

ejection fraction

qPCR = quantitative

polymerase chain reaction
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Left ventricular reverse remodeling in heart failure is associated with improved clinical outcomes. However,

the molecular features that drive this process are poorly defined. Left ventricular assist devices (LVADs) are the

therapy associated with the greatest reverse remodeling and lead to partial myocardial recovery in most pa-

tients. In this study, we examined whether autophagy may be implicated in post-LVAD reverse remodeling. We

found expression of key autophagy factors increased post-LVAD, while autophagic substrates decreased.

Autolysosome numbers increased post-LVAD, further indicating increased autophagy. These findings support

the conclusion that mechanical unloading activates autophagy, which may underly the reverse remodeling

observed. (J Am Coll Cardiol Basic Trans Science 2023;8:1043–1056) © 2023 The Authors. Published by

Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
H eart disease is the leading cause of
morbidity and mortality in the industrial-
ized world. For many patients with end-

stage heart failure, left ventricular assist devices
(LVADs) are used either as a bridge to transplantation
or as destination therapy.1 Numerous studies show
that LVAD therapy is associated with reduced mortal-
ity and reverse left ventricular (LV) remodeling in the
majority of patients.2 Hundreds of clinical studies
over the past 3 decades indicate that regression of
cardiac hypertrophy is associated with improved LV
function in heart failure patients.3 The structural
and functional improvements associated with LVAD,
which stem from reduced LV wall stress, occur more
rapidly and to a greater magnitude than with any
other currently administered heart disease therapy.3

Thus, paired pre- and post-LVAD patient samples
represent an extremely valuable resource for exam-
ining the molecular features of regression from path-
ological hypertrophy in humans.

Macroautophagy (hereafter, autophagy) is an
evolutionarily conserved cellular recycling mecha-
nism whereby long-lived proteins, protein aggre-
gates, and whole organelles are encapsulated in a
double-membraned autophagosome and delivered
to a lysosome for degradation.4 Cardiomyocyte
autophagy increases transiently in the initial
response to pressure overload5; however, with
chronic stimulation, it declines to levels below the
normal steady state, contributing to heart failure.5,6

In multiple preclinical studies, mechanical unload-
ing after a pathological stimulus resulted in increased
autophagy, which was associated with regression of
cardiomyocyte hypertrophy.7-9 Moreover, a recent
ttest they are in compliance with human studies committe

d Food and Drug Administration guidelines, including patien

r Center.

eived April 26, 2023; revised manuscript received May 24, 20
clinical study of patients who exhibited reverse LV
remodeling with first-line pharmacological heart dis-
ease therapies found that increased autophagy was
predictive of this favorable outcome.10 In contrast, a
study of 9 pre- and post-LVAD samples found
expression of autophagy genes and the autophago-
some protein LC3 decreased post-LVAD, leading the
authors to conclude autophagy was reduced.11 The
apparent incongruency in the conclusions of these
studies is common in the heart failure literature on
autophagy.12,13 In part, this is caused by different
animal models, severity of cardiac stress, stage of
heart failure, and disease etiology studied, all of
which may affect autophagy.12,14 However, results
from studies using LC3-II levels (ie, mature auto-
phagosome number) as the sole readout for auto-
phagy, without measuring additional markers of
autophagy, have also contributed to the controversy
around autophagy’s role in heart failure.14 Therefore,
further study of autophagy following mechanical
unloading by LVAD is warranted.

Here, we sought to examine markers of autophagy
in 16 paired pre- and post-LVAD patient samples.
Improved left ventricular ejection fraction (LVEF)
post-LVAD displayed a significant positive correlation
with regression of LV chamber diameter in these pa-
tients. Reduction of pathological gene expression
signatures was also observed post-LVAD. Using
quantitative polymerase chain reaction (qPCR), we
found autophagy genes were differentially affected
post-LVAD, with BECN1 and GABARAPL1 increasing
and BNIP3 decreasing. We then assessed protein
markers of autophagy and identified increased
Beclin-1, LC3-II, P62, and cathepsin D expression,
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along with decreased K63-polyubiquitinated proteins
suggestive of increased autophagic substrate removal
post-LVAD. To further examine this process, we
analyzed colocalization of autophagosomes with ly-
sosomes (autolysosomes) by immunofluorescence
microscopy and found a significant increase post-
LVAD. Our findings support the conclusion that
autophagy activity increases following LVAD therapy.

METHODS

TISSUE PROCUREMENT AND ETHICS APPROVAL.

Paired LV tissue samples were collected from 16 pa-
tients with end-stage heart failure undergoing bridge
to transplant LVAD implantation (pre-LVAD) and then
subsequently at the time of cardiac transplantation
(post-LVAD). The samples were immediately flash
frozen in liquid nitrogen in the operating room and
then stored at �80 �C. Corresponding deidentified
clinical data were recorded for each patient in a
secure REDCap database. The Colorado Multiple
Institutional Review Board approved the protocol for
collection, storage, and analysis of human tissue.

RNA EXTRACTION, cDNA SYNTHESIS, AND qPCR

ANALYSIS. LV tissue was homogenized in 1 mL Tri-
zol, transferred to 1.5-mL Eppendorf tubes, and
incubated at room temperature for 5 minutes. Then,
200 mL chloroform was added, the tubes were shaken
vigorously, and they were incubated at room tem-
perature for 15 minutes. Following this incubation,
the samples were centrifuged at 12,000 RCF and 4 �C
for 15 minutes. The top aqueous layer was transferred
to a new tube, combined with an equal volume of
isopropanol, and incubated at room temperature for
10 minutes. The samples were centrifuged at 12,000
RCF for 8 minutes and the supernatant discarded.
The RNA pellet was washed with ice-cold 75% ethanol
and then solubilized in sterile milli-Q H2O. A total of
500 ng of RNA was used for cDNA synthesis with
random primers and Superscript III reverse tran-
scriptase. Quantitative PCR was performed with 5 ng
cDNA input using SYBR Green with the standard
curve method. Primer sequences are available in
Supplemental Table 1. Expression of genes of interest
was normalized to the housekeeping gene 18S. Out-
liers >2 SDs from the mean were removed
before analysis.

PROTEIN EXTRACTION AND WESTERN BLOT ANALYSIS.

Frozen LV tissue samples were pulverized and added
to RIPA buffer containing protease and phosphatase
inhibitors (Thermo Fisher, 78442). Samples
were incubated with constant rotation overnight at
4 �C. They were then centrifuged at 12,000 RCF for
10 minutes at 4 �C, and the supernatant was trans-
ferred to a clean tube. Protein concentration was
determined by BCA assay (Pierce). Lysates were then
diluted to 1 mg/mL in gel loading buffer (3:1 Tris-
Glycine SDS Sample Buffer [Novex], Bolt Reducing
Buffer [Novex]), boiled, and 10 mL loaded onto 4% to
12% gradient NuPAGE Bis-Tris gels (Invitrogen). Pro-
teins were separated by electrophoresis and trans-
ferred onto nitrocellulose membrane. Revert Total
Protein Stain (LI-COR) was used to confirm effective
transfer. The membranes were blocked for 1 hour at
room temperature in 5% milk. Primary antibodies
were then applied at 1:1,000 dilution in 5% (w/v)
bovine serum albumin fraction V (Millipore Sigma) in
0.2% tween tris-buffered saline and incubated over-
night at 4 �C. Primary antibodies: VPS34 (Proteintech,
12452-1-AP), Beclin-1 (Cell Signaling, 3495), ATG5
(Cell Signaling, 12994), Gabarapl1 (Proteintech, 11010-
1-AP), LC3B (Cell Signaling, 2775), P62/Sqstm1 (Cell
Signaling, 5114), BNIP3 (Cell Signaling, 44060), Parkin
(Proteintech, 14060-1-AP), PINK1 (Cell Signaling,
6946), Cathepsin D (Novus Biologicals, NBP1-04278),
Lamp1 (Cell Signaling, 9091), Pan-ubiquitin (Cyto-
skeleton Inc, AUB01), K48 ubiquitin (Cell Signaling,
4289), K63 ubiquitin (Cell Signaling, 5621), Atrogin-1
(Proteintech, 67172-1-Ig), MuRF-1 (Proteintech,
55456-1-AP), and GAPDH (Cell Signaling, 2118). Sec-
ondary antibodies for the ubiquitin blots were LICOR
IRdye 800cw antimouse or antirabbit immunoglob-
ulin G (IgG) and were used at 1:5,000 dilution in
blocking buffer for 1 hour at room temperature. Sec-
ondary antibodies for the remainder were goat anti-
rabbit IgG HRP-linked (Cell Signaling 7074) or goat
antimouse IgG HRP-linked (Cell Signaling 7076) and
were used at a 1:2,000 dilution. Membranes were
washed with tris-buffered saline, incubated briefly in
ECL substrate, and imaged on an Azure c600 or
ImageQuant LAS 4000 Biomolecular Imager. Densi-
tometry was measured using LICOR Image Studio or
ImageQuant TL.

IMMUNOFLUORESCENCE MICROSCOPY. The proto-
col was adapted from that described previously.15

Frozen LV tissue was homogenized in 1 mL of isola-
tion buffer (2 mmol/L EGTA, 8.9 mmol/L potassium
hydroxide, 7.1 mmol/L MgCl2, 5.8 mmol/L ATP,
10 mmol/L imidazole, 108 mmol/L potassium chlo-
ride) containing protease and phosphatase inhibitors,
added to Chambered Coverglass (Nunc, Lab-Tek)
precoated with poly-D-lysine, and incubated for
30 minutes at room temperature. The wells were
washed once with phosphate buffered saline (PBS),
and 0.5% triton X-100 was added and incubated for
20 minutes, followed by 2 10-minute incubations with

https://doi.org/10.1016/j.jacbts.2023.05.015


TABLE 1 Patient Population

Age at LVAD placement, y 47.3 � 13.3

Male 75.0

White 87.5

Duration of LVAD support, d 298.5 � 333.1

Values are mean � SD or %.

LVAD ¼ left ventricular assist device.

TABLE 2 Clinical Cha

NYHA functional class,

LVEF, %

Fractional shortening,

LVIDs, cm

LVIDd, cm

Heart rate, beats/min

Mean arterial pressure,

Body weight, kg

Body surface area, m2

Serum B-type natriuret

Serum total cholestero

Serum creatinine, mg/d

Medications

ACE inhibitor

Aldosterone antagon

Antiarrhythmic agen

Beta-blocker

Digoxin

Dobutamine

Hydralazine

Loop diuretic

Milrinone

PDE5 inhibitor

Statin

Warfarin

Values are mean � SD or n
nificant. aNot measured in
categorical data for NYHA
all other comparisons.

ACE ¼ angiotensin-conv
fraction; LVIDd ¼ left ven
during systole.
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0.1% triton X-100. Antigen retrieval was performed by
adding 100 mmol/L glycine (pH 7.4) for 30 minutes at
room temperature. Wells were then washed 3� with
PBS and blocking performed with 5% bovine serum
albumin fraction V (in PBS) for 1 hour at room tem-
perature. Primary antibodies for LC3B (Rabbit, Cell
Signaling, 2775—1:100 dilution) and cathepsin D
(Mouse, Novus Biologicals, NBP1-04278—1:100 dilu-
tion) were added in blocking solution and incubated
overnight at 4 �C. On day 2, the wells were washed
with PBS, and Alexa-Fluor secondary antibodies
(Thermo Fisher, Anti-Rb 488, Anti-MS 568) were
racteristics Pre- and Post-LVAD

Pre-LVAD Post-LVAD P Value

I/II/III/IV 0/0/0/16 2/10/2/1a <0.001

14.2 � 7.6 24.6 � 13.0a 0.019

% 6.3 � 4.0 13.0 � 7.3a 0.003

6.5 � 1.2 4.7 � 1.3a <0.001

7.0 � 1.2 5.3 � 1.2a <0.001

97.6 � 20.9 88.9 � 16.5 0.14

mm Hg 75.6 � 11.4 82.3 � 7.3 0.15

82.8 � 17.8 81.7 � 16.4 0.51

1.99 � 0.23 1.98 � 0.22 0.33

ic peptide, pg/mL 1,765.6 � 1,283.0 387.1 � 599.6b 0.002

l, mg/dL 121.1 � 34.2 158.6 � 28.2 0.003

L 1.27 � 0.24 0.98 � 0.21 0.001

1 (6.3) 9 (56.3) 0.013

ist 14 (87.5) 16 (100) 0.48

t 4 (25.0) 4 (25.0) 0.62

2 (12.5) 11 (68.8) 0.008

8 (50.0) 5 (31.3) 0.45

13 (81.3) 0 (0.0) <0.001

3 (18.8) 3 (18.8) 0.68

14 (87.5) 9 (56.3) 0.13

2 (12.5) 1 (6.3) >0.99

0 (0.0) 1 (6.3) >0.99

0 (0.0) 2 (12.5) 0.48

0 (0.0) 14 (87.5) <0.001

(%). For medications, data are listed as n (%). Italic values indicate statistical sig-
1 patient. bNot measured in 7 patients. Data analysis by McNemar’s test for paired
functional class and medications. Data analysis by 2-tailed paired Student’s t-test for

erting enzyme; LVAD ¼ left ventricular assist device; LVEF ¼ left ventricular ejection
tricular internal diameter during diastole; LVIDs ¼ left ventricular internal diameter
added in blocking solution at 1:1,000 dilution and
incubated for 1 hour at room temperature. The wells
were washed with PBS and slides were mounted in
Vectashield with DAPI (Vectorlabs). Slides were
imaged on a Nikon Widefield epi-fluorescence mi-
croscope using the 40� air objective. In total, 8 pre-
LVAD and 8 post-LVAD samples were analyzed. A
total of 10 to 12 images per sample were acquired at
random, and the number of total lysosomes
(cathepsin D positive puncta) and autolysosomes
(LC3B/cathepsin D-positive puncta) were counted by
an experimenter blinded to the experimental groups.

20S PROTEASOME ACTIVITY ASSAY. Frozen tissue
was pulverized and added to assay buffer (50 mmol/L
HEPES pH 7.8, 10 mmol/L NaCl, 1.5 mmol/L MgCl2,
1 mmol/L EDTA, 1 mmol/L EGTA, 250 mmol/L su-
crose). To allow for effective lysis, the samples were
incubated for 3 hours at 4 �C with constant rotation.
Lysates were centrifuged at 16,000 RCF for 15 mi-
nutes and the supernatants collected. The BCA assay
was used to determine protein concentration. DTT
was then added at a final concentration of 5 mmol/L,
and 50 mL of 0.4 mg/mL sample was added in duplicate
to a black-walled, clear-bottomed 96-well plate. The
50 mL assay buffer alone was used as a no protein
control. Suc-LLVY-AMC substrate and ATP in 200 mL
of assay buffer was then added to each well at final
concentrations of 100 mmol/L and 2 mmol/L, respec-
tively. For a negative control, the proteasome inhib-
itor Bortezomib was included at 20 mmol/L final
concentration. The plate was incubated for 3 hours at
37 �C. Free AMC, cleaved from the peptide by the 20S
proteasome, was measured on a plate reader at 390/
460 nm. Data analysis was performed by subtracting
the raw fluorescence values with Bortezomib and
normalizing to the pre-LVAD group.

CALPAIN ACTIVITY ASSAY. Lysates were prepared as
described in the previous text. DTT and CaCl2 were
then added at final concentrations of 5 and 3 mmol/L,
respectively. A total of 100 mL of 0.5 mg/ml sample was
added in duplicate to a black-walled, clear-bottomed
96-well plate. Buffer alone was loaded as the no
protein control. In total, 100 mL of assay buffer con-
taining the calpain 1 and 2 substrate Ac-LLY-AFC was
then added to the wells with a final substrate con-
centration of 200 mmol/L. Buffer and 200 mmol/L
substrate without protein added served as the nega-
tive control. The plate was incubated at 37 �C for
1 hour. Free AFC, cleaved from the peptide by cal-
pains 1 and 2, was measured on a plate reader at
400/505 nm. Data analysis was performed by sub-
tracting the raw fluorescence of the negative control
and normalizing to the pre-LVAD group.



FIGURE 1 LVAD Therapy Is Associated With Reverse Remodeling and Partial Myocardial Recovery

(A) Left ventricular ejection fraction (LVEF) pre- and post-left ventricular assist device (LVAD). (B) Left ventricular fractional shortening (FS)

pre- and post-LVAD. (C) Left ventricle internal diameter during diastole (LVIDd) pre- and post-LVAD; for A to C, n ¼ 16 pre-LVAD, 15 post-

LVAD (echocardiography data was not available for 1 patient post-LVAD). (D) Serum B-type natriuretic peptide levels pre- and post-LVAD;

n ¼ 16 pre-LVAD, 11 post-LVAD (not available for 7 patients); mean � SEM. (E) NYHA functional class distribution pre- and post-LVAD; not

available for 1 post-LVAD patient. (F) Absolute change in LVEF (recovery) and % decrease in LVIDd (regression) analyzed by linear

regression. For A to D, data were analyzed by 2-tailed paired Student’s t-test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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DATA PRESENTATION AND STATISTICAL ANALYSIS.

Data analysis and presentation were performed using
GraphPad Prism version 9. Comparisons between pre-
and post-LVAD were performed by paired 2-tailed
Student’s t-test and comparisons of 2 independent
groups using 2-tailed Student’s t-test, unless other-
wise noted. Comparisons involving more than 2
groups were done by 1-way analysis of variance.
When a significant interaction was identified,
Tukey’s post hoc test for multiple pairwise compari-
sons was employed. Data containing 2 continuous
variables were analyzed by linear regression analysis.
Categorical data from pre- and post-LVAD samples
were analyzed by McNemar’s test and are presented
as count or percentage. Throughout the paper, the
data are presented as the mean � SEM unless other-
wise noted. A P value <0.05 was consid-
ered significant.
RESULTS

Paired pre- and post-LVAD samples (Table 1) were
used to examine the impact of LVAD on LV hyper-
trophy regression and autophagy. All patients had
nonischemic dilated cardiomyopathy, and at the time
of LVAD implantation, all were characterized as hav-
ing NYHA functional class IV heart failure (Table 2).
As previously identified, LVAD therapy was associ-
ated with a significant improvement of LVEF (Table 1,
Figure 1A) and fractional shortening (Table 1,
Figure 1B) and a reduction in LV internal diameter
(Table 1, Figure 1C). Serum B-type natriuretic peptide
levels, a common indicator of cardiac pathology, also
decreased post-LVAD (Figure 1D). Although all pa-
tients started in end-stage heart failure, following
LVAD therapy, the majority (73.3%) improved to
NYHA functional class I or II (Figure 1E). As expected,



FIGURE 2 Pathological Gene Expression Signatures Decrease Following LVAD Therapy

(A) qPCR analysis of 18S ribosomal RNA expression expressed as starting quantity normalized to the pre–left ventricular assist device (LVAD)

group. (B) Atrial natriuretic factor (NPPA) gene expression normalized to 18S. (C) B-type natriuretic peptide (NPPB) gene expression

normalized to 18S. (D) b-myosin heavy chain (MYH7) gene expression normalized to 18S. (E) a-myosin heavy chain (MYH6) gene expression

normalized to 18S. (F) a-skeletal muscle actin (ACTA1) gene expression normalized to 18S. n ¼ 16 pre-LVAD, 16 post-LVAD. Data are pre-

sented as mean � SEM and were analyzed by 2-tailed paired Student’s t-test; **P < 0.01, ns ¼ not significant. Outliers >2 SDs from the

mean were removed.
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the reduction of LV chamber diameter positively
correlated with the extent of myocardial functional
recovery denoted by LVEF (Figure 1F). These clinical
data reflect the recordings taken at the time nearest to
tissue collection.

To examine the effect of LVAD placement on
pathological gene expression, we used qPCR for
common hypertrophy gene markers normalized to 18S
ribosomal RNA, the latter of which was unchanged
post-LVAD (Figure 2A). We found the expression of
NPPA (encoding atrial natriuretic factor) and NPPB
(encoding B-type natriuretic peptide) was elevated at
the time of initial presentation and was markedly
reduced following LVAD (Figures 2B and 2C). Assess-
ment of alpha (MYH6) and beta (MYH7) myosin heavy
chain isoform expression suggested a return toward
normal isoform ratios (increased MYH6), although the
effects were not statistically significant (Figures 2D
and 2E). Expression of the skeletal muscle actin iso-
form (ACTA1) decreased significantly post-LVAD
(Figure 2F), further suggesting a restoration of
normal gene expression patterns in these patients.

We next assessed the expression of 8 common
autophagy genes. No change was found for ATG5,
CTSD, MAP1LC3B, SQSTM1, or ULK1 post-LVAD
(Figure 3). However, we found that BECN1 and
GABARAPL1 gene expression increased, whereas
BNIP3 decreased, post-LVAD (Figure 3). To form a
more complete picture of autophagy at the protein
level, we performed western blots for key autophagy
proteins at each stage of the pathway: phagophore
formation, elongation/closure, substrate sequestra-
tion, and lysosomal degradation. We found increased
expression of Beclin-1, LC3-II, P62, and cathepsin D



FIGURE 3 Autophagy Gene Expression Is Altered Post–Left Ventricular Assist Device

(A) ATG5 gene expression normalized to 18S. (B) BECN1 gene expression normalized to 18S. (C) BNIP3 gene expression normalized to 18S.

(D) CTSD gene expression normalized to 18S. (E) GABARAPL1 gene expression normalized to 18S. (F) MAP1LC3B gene expression normalized

to 18S. (G) SQSTM1 gene expression normalized to 18S. (H) ULK1 gene expression normalized to 18S. n ¼ 16 pre–left ventricular assist device,

16 post–left ventricular assist device. Data are presented as mean � SEM and were analyzed by 2-tailed paired Student’s t-test; *P < 0.05,

**P < 0.01, ns ¼ not significant. Outliers >2 SDs from the mean were removed.
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post-LVAD, indicating increased autophagosome
number and lysosomal enzyme abundance (Figure 4).

Protein substrates destined for degradation are
tagged with a polyubiquitin chain.16 The 2 most
common chain linkages in cells are K48 and K63
polyubiquitin. Both linkages may target a protein for
autophagic turnover, however, K63 is generally
considered to be more specific to autophagy.16 We
first probed for total ubiquitin using a pan-ubiquitin
antibody and found that ubiquitinated proteins,
which increase in dilated cardiomyopathy caused by
impaired removal mechanisms,17,18 decreased
following LVAD implantation (Figures 5A and 5B).
Further exploration into K48 and K63 ubiquitin
chains revealed that both decreased post-LVAD
(Figures 5C and 5F), supporting that removal of pro-
tein substrates destined for degradation by auto-
phagy is enhanced following unloading.

We next examined whether the change in protein
expression of key autophagy markers (LC3-II and
Beclin-1) correlated with LV structural changes or
LVAD treatment duration. We found the LC3-II
expression increase post-LVAD was highest in pa-
tients who experienced the greatest reduction in LV
chamber diameter (Figures 6A and 6B), supporting the
possible direct involvement of autophagy in medi-
ating reverse remodeling. Interestingly, the increase
in Beclin-1 protein levels post-LVAD declined with
duration of LVAD therapy (Figures 6C and 6D), sug-
gesting that increased nascent phagophore synthesis
is an early response to unloading that slows with
time. Higher levels of autophagy in the acute period
following unloading are expected, as the heart must
rapidly adjust to new physiological demands before
attaining a new equilibrium. None of the other pro-
teins analyzed displayed LVAD duration-dependent
expression changes.

As discussed, increased levels of LC3-II do not
necessarily indicate increased autophagy activity.
LC3-II levels simply reflect the number of mature
autophagosomes, which may increase because of
either increased autophagosome synthesis or
impaired lysosomal degradation of autophagic sub-
strates. Therefore, to further determine whether



FIGURE 4 Autophagy Protein Expression Increases Post–Left Ventricular Assist Device

(A) Representative Western blots for Beclin-1 and VPS34. (B and C). Normalized expression quantification for Beclin-1 (B) and VPS34 (C). (D) Representative Western

blots for ATG5-12 conjugate, Gabarapl1, and LC3-II. (E to G) Normalized expression quantification for ATG5-12 (E), Gabarapl1 (F), and LC3-II (G). (H) Representative

Western blots for P62, BNIP3, Parkin, and PINK1. (I to L). Normalized expression quantification for P62 (I), BNIP3 (J), Parkin (K), and PINK1 (L). (M). Representative

western blots for cathepsin D and Lamp1. (N, O). Normalized expression quantification for cathepsin D (N) and Lamp1 (O). For all, expression was normalized to either

GAPDH or Total Protein, n ¼ 16 pre–left ventricular assist device, 16 post–left ventricular assist device; data were analyzed by two-tailed paired Student’s t-test;

*P < 0.05, **P < 0.01, ****P < 0.0001, ns ¼ not significant
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autophagy indeed increased post-LVAD, we used
immunofluorescence microscopy for LC3 and the
lysosome marker cathepsin D in cardiomyocytes from
8 pre- and post-LVAD samples. Colocalization of LC3
with cathepsin D indicates autolysosomes, which
represent the active degradation of autophagosome
contents (Figures 7A and 7B). Using this method, we
identified a significant increase in the proportion of
total lysosomes that could be classified as autolyso-
somes post-LVAD (Figure 7C). Taken together with the
increased levels of Beclin-1, LC3-II, and cathepsin D
and the decrease of ubiquitinated proteins identified
by Western blot, these data strongly support that
autophagy increases post-LVAD. These samples were
not paired because of limited tissue amounts, but
their clinical features were representative of the
study population (Figures 7D and 7E).

To form a more complete picture of proteolysis
post-LVAD, we next assessed the impact of LVAD use
on other cellular protein degradation pathways. Using
Western blot analysis, we examined the expression of
2 atrophy-associated E3-ubiquitin ligases involved in



FIGURE 5 Ubiquitinated Protein Levels Decrease Post–Left

Ventricular Assist Device

(A and B) Representative Western blot for pan-ubiquitin pre- and

post-LVAD (A) and quantification normalized to total protein

signal (B). (C and D) Representative Western blot for K48-linked

poly-ubiquitination pre- and post-LVAD (C) and quantification

normalized to total protein signal (D). (E and F) Representative

Western blot for K63-linked poly-ubiquitination pre- and post-

LVAD (E) and quantification normalized to total protein signal (F).

For all, n ¼ 16 pre–left ventricular assist device, 16 post–left

ventricular assist device; data analysis by 2-tailed paired Stu-

dent’s t-test; *P < 0.05, **P < 0.01.
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proteasomal degradation: Atrogin-1 and MuRF-1
(Supplemental Figure 1A). While Atrogin-1 levels
were unchanged post-LVAD (Supplemental
Figure 1B), MuRF-1 expression displayed a mild but
significant increase (Supplemental Figure 1C).
We also examined the activity of the 20S proteasome
and found that it significantly increased post-LVAD
(Supplemental Figure 1D). Enhanced removal of
proteasomal clients is further supported by the
decreased K48 ubiquitin (Figures 6C and 6D), which is
the canonical mechanism of targeting substrates to
this proteolytic pathway.19 Activity of the calcium-
activated proteases calpain 1 and calpain 2, which
partially digest protein components destined for the
proteasome,18 also increased post-LVAD
(Supplemental Figure 1E).

It is important to consider other factors in patient
treatment that might impact the parameters
measured. In addition to LVAD therapy, following
device implantation, this patient cohort was admin-
istered significantly more angiotensin-converting
enzyme (ACE) inhibitors (56.3% post-LVAD vs 6.3%
pre-LVAD) and beta-blockers (68.8% post vs 12.5%
pre). These therapies represent potential contributing
factors to the changes observed because each has
been independently linked to LV hypertrophy
regression in prior studies.3 We therefore analyzed
post-LVAD data in groups segregated by coadminis-
tered therapies. We found no differences in any pa-
rameters (clinical features or protein expression/
enzyme activity) for beta-blockers. However, patients
who received ACE inhibitors experienced signifi-
cantly greater improvements in LVEF and LV internal
diameter during diastole and greater reduction of
ubiquitinated proteins post-LVAD (Supplemental
Figure 2). No dose-dependent differences in these
parameters were observed; however, this study was
not powered to definitively rule out dosage effects
(Supplemental Figure 2).

DISCUSSION

We examined autophagy markers in 16 paired pre-
and post-LVAD samples. LVAD therapy in these pa-
tients was associated with a significant decrease in LV
chamber diameter, which positively correlated with
improved LVEF. Pathological gene expression signa-
tures also decreased following unloading by LVAD, in
agreement with previous findings.20 Examination of
autophagy gene/protein expression identified
increased Beclin-1 (gene and protein), LC3-II (pro-
tein), P62 (protein), and cathepsin D (protein), along
with decreased ubiquitinated proteins. Using immu-
nofluorescence microscopy, we further found that
autolysosome number increases post-LVAD. Our data
indicate widespread changes in autophagy machinery
post-LVAD and suggest that activation of this
proteolytic pathway increases following therapy
(Central Illustration).

Our findings suggesting that autophagy increases
post-LVAD are discordant with a previous study on 9
LVAD samples.11 Differences in clinical features
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FIGURE 6 Extent of Increase in Autophagy Proteins LC3-II and Beclin-1 Post-LVAD Is Greatest in Patients With Most Reverse Remodeling

and Shortest LVAD Duration, Respectively

(A) % change in LVIDd vs % change LC3-II protein expression post-LVAD analyzed by linear regression. (B) % change LC3-II protein

expression post-LVAD organized by quartile of LV regression; first quartile ¼ greatest regression; data are mean � SEM and were analyzed by

1-way analysis of variance with Tukey’s post hoc test. (C) % change in Beclin-1 protein expression and duration of LVAD therapy analyzed by

linear regression. (D) Post-LVAD % change in Beclin-1 expression comparing <200 and >200 days on LVAD; n ¼ 9 <200 days, 7 >200 days;

mean � SEM; 2-tailed Student’s t-test; *P < 0.05, **P < 0.01, ns ¼ not significant. Abbreviations as in Figure 1.
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between the patient populations may help to explain
the apparent incongruencies. Our study included
patients who exhibited greater reverse remodeling
(25% reduction in LV internal diameter during dias-
tole vs 14%). This cohort also had a higher proportion
of Caucasian patients (87.5% vs 56.0%) and longer
mean LVAD duration (299 days vs 214 days). Other
obvious reasons for the observed difference between
the studies are not apparent. In the present study,
LC3-II levels increased together with an increase of
autolysosomes, suggesting that both autophagosome
production and degradation were up-regulated post-
LVAD. One unexpected finding was that of increased
P62 expression, which is often used to indicate
impaired autophagy.21 However, P62 levels have been
known to increase in parallel with autophagy activity
in some cases.22 Because we see a parallel increase in
expression of the lysosomal protease cathepsin D,
decrease of ubiquitinated proteins, and increase in
autolysosomes, we interpret our collective data to
indicate that autophagic activity increases post-
LVAD. Of note, increased cathepsin D expression
was previously found to be an independent predictor
of reverse remodeling in heart disease patients
treated with pharmacological therapies.10

The findings presented here on the ubiquitin-
proteasome system and calpains agree with and
further advance the findings of previously published
work. Our data corroborate the findings of 2 previous
studies on pre- and post-LVAD tissue where an in-
crease in 20S proteasome activity was identified post-
LVAD.11,23 The ubiquitin-proteasome system and E3



FIGURE 7 Autolysosomes Increase in Post-LVAD Cardiomyocytes

(A and B) Representative immunofluorescence microscopy images of cardiomyocytes from pre-LVAD tissue (A) and post-LVAD tissue (B)

stained for LC3B (autophagosomes: green) and cathepsin D (lysosomes: red). 40� magnification, scale bars ¼ 25 mm. (C) Autolysosomes per

cell divided by total lysosomes from 8 pre-LVAD samples and 8 post-LVAD samples; n ¼ 93 pre-LVAD, 83 post-LVAD; dark dashed lines

denote median values. (D and E) LVEF (D) and LVIDd (E) in the pre- and post-LVAD samples; n ¼ 8 pre, 7 post (data unavailable for

1 patient); mean � SEM. For all, data were analyzed by 2-tailed Student’s t-test; *P < 0.05, ***P < 0.001, ****P < 0.0001. Abbreviations as

in Figure 1.
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ligase MuRF-1 were also implicated in LV mass
regression from mechanical unloading by studies in
rodent models.24,25 The present study is the first to
test activity of the calpain proteases in pre- and post-
LVAD samples. An earlier study found calpain gene
expression increased post-LVAD but did not assess
activity.26 Our findings indicate that calpain activity
does in fact increase post-LVAD and agrees with
earlier studies on mouse models of mechanical
unloading,26,27 suggesting this feature is consistent
across species.

One unexpected finding from our study was that
improved LVEF after LVAD only occurred in patients
who were cotreated with ACE inhibitors.
ACE inhibitor use was also associated with signifi-
cantly better regression of LV chamber diameter.
Previous clinical studies have shown that renin-
angiotensin-aldosterone system blockade, including
with ACE inhibitors, improves reported quality of life,
heart failure class, and LV function for patients with
LVADs.28 Our data showing that ACE inhibitor use in
this patient population is associated with restored
proteostasis (ie, reduction of ubiquitinated protein
levels) may provide mechanistic insight into the un-
derlying biology. It is therefore important to note that
the high prevalence of ACE inhibitors used on our
patient cohort post-LVAD may be a contributing fac-
tor to the molecular features observed. This might
also explain some differences observed between this
and the previous study, where the proportion of pa-
tients on ACE inhibitors was not reported.11

STUDY LIMITATIONS. Human tissue studies come
with many technical challenges. One applicable to the
present study is the inability to monitor autophagy
markers over time in a single patient, which would
inform how this process changes directly after
unloading compared with months/years later. How-
ever, our data with Beclin-1 suggests that autophagy
may be most up-regulated in the acute period
following unloading. Another shortcoming is that
true autophagic flux cannot be measured in tissue
biopsies, because this would require injection of an
autophagy inhibitor (eg, Bafilomycin) before tissue
collection, which would be unethical. Future studies
using preclinical heart failure models to decipher the
acute and long-term autophagic flux response to
mechanical unloading will be highly valuable. Ultra-
structural analyses of autophagy would also be
beneficial. Unfortunately, these were not possible in
the present study because of limited tissue quantities
from the pre-LVAD samples. Another limitation is
that, despite having 16 paired samples, this study was
underpowered to fully examine potential sex differ-
ences because only 4 of the patients were female.
Large clinical studies have identified sex differences
in reverse remodeling from first-line therapies,
including LVAD, where female patients typically
display more favorable responses.3 Future studies
focused on the molecular changes between men and
women are therefore warranted. The subgroup ana-
lyses based on ACE inhibitor administration are also
limited and would greatly benefit from larger sample
sizes to examine the dose-dependence of these ef-
fects. Furthermore, because of low sample size, we
are unable to perform any analysis based on when
medications were discontinued.

CONCLUSIONS

Clinical studies spanning nearly 40 years indicate that
many pharmacological, surgical, and device therapies
can induce LV reverse remodeling in a subset of pa-
tients.3 Importantly, this reverse remodeling is often
associated with partial myocardial recovery and
improved patient quality of life.3 However, because of
a lack of molecular-level studies in human samples,
the cellular features underlying this favorable process
are poorly understood. LVAD therapy is associated
with the most robust reverse remodeling of any
currently administered treatment.3 Our findings
indicate that reverse remodeling after LVAD is asso-
ciated with increased autophagy. This aligns with the
recent finding that autophagy is up-regulated in pa-
tients who display reverse remodeling when treated
with common pharmacological therapies.10 Together
with a wealth of literature in preclinical heart failure
models showing that autophagy-activating com-
pounds effectively prevent adverse remodeling and
induce its regression,29-33 these studies in human
samples suggest that targeting autophagy may be of
therapeutic value for patients with heart disease.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Reverse

remodeling of the LV in heart disease patients is closely linked

to improved clinical and quality of life outcomes. LVAD therapy

commonly induces reverse remodeling in patients with end-

stage heart failure, and this morphological change is associated

with partial to near-complete myocardial recovery in many

patients. The relationship between regression of LV hypertro-

phy and improved outcomes has led to the idea that directly

targeting adverse remodeling with compounds that induce its

reversal may be efficacious. However, before this becomes

reality, a comprehensive understanding of the molecular

pathways that drive this process is required. In this study, we

analyzed protein degradation pathways (primarily autophagy)

to examine how these are impacted in end-stage nonischemic

heart failure patients who received LVADs as a bridge-to-

transplant. Our findings support the conclusion that cellular

protein degradation pathways, including autophagy, have

increased activity post-LVAD. Previous studies in rodents

identified a direct role for autophagy in hypertrophy regres-

sion, and our findings suggest that the same may be true in

human hearts.

TRANSLATIONAL OUTLOOK: The molecular factors that

mediate cardiac tissue mass regression remain poorly defined.

Our findings support that mechanical unloading by LVAD

therapy in human hearts activates the autophagy pathway, in

agreement with recently published work from rodent models

of mechanical LV unloading. First, LVAD therapy was associ-

ated with increased expression of the autophagy proteins

Beclin-1 and LC3-II, canonical markers of autophagy activation.

Second, the increased abundance of autophagosomes coin-

cided with increased expression of the lysosomal protease

cathepsin D and increased number of autolysosomes—denoting

the active degradation of autophagosome contents by lyso-

somes. Finally, the levels of K63 polyubiquitinated proteins

(autophagy substrates) were reduced following LVAD, indi-

cating that proteins destined for autophagy that accumulate in

heart disease are readily removed with post-LVAD autophagy

activation. These findings add support for the importance of

autophagy in the heart and its dysregulation in disease.

Moreover, these findings highlight the need for future inves-

tigations on the therapeutic potential of targeting autophagy

in heart disease.
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