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� LRRK2 deficiency protected cardiac
remodelling induced by pressure
overload

� LRRK2 deficiency preserved cardiac
function by regulating both
autophagosome formation and
degradation.

� LRRK2 regulates autophagosome
formation by regulating Bcl2 and
Beclin1 interaction.

� LRRK2 regulates autophagosome
fusion by interacting with Rab7.

� LRRK2 may become a target of new
therapeutic methods for treating
heart failure.
g r a p h i c a l a b s t r a c t

LRRK2 deficiency protected against cardiac remodelling under pressure overload by increasing Bcl-2/
beclin1 and Rab7-regulated autophagy levels in the heart.
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Introduction: Leucine-rich repetitive kinase-2 (LRRK2) is a Parkinson’s disease-related gene that also par-
ticipates in many inflammatory diseases. However, the functional role of LRRK2 in cardiovascular disease
is not clear.
Objective: In this study, we aimed to elucidate the role of LRRK2 in cardiac remodelling under pressure
overload.
Methods: Aortic banding surgery was performed to induce cardiac remodelling in a LRRK2 knockout
mouse model. A cardiomyocyte remodelling model was established by phenylephrine (PE) stimulation
in neonatal rat cardiomyocytes.
Results: LRRK2 was upregulated in remodelled mouse hearts and cardiomyocytes. Cardiac hypertrophy,
fibrosis and dysfunction were ameliorated in LRRK2 knockout mice. LRRK2 silencing protected against
the PE-induced cardiomyocyte hypertrophic response, while LRRK2 over-expression worsened the PE-
induced hypertrophic response in cardiomyocytes. Decreased autophagy was observed in remodelled
cardiomyocytes, whereas LRRK2 silencing increased autophagy levels and LRRK2 overexpression reduced
autophagy levels. The autophagy inhibitors 3-MA, bafilomycin and chloroquine reversed the protective
effects of LRRK2 deficiency. The autophagy activator rapamycin reversed the deleterious effects of
LRRK2 overexpression. We found that LRRK2 inhibited Bcl-2 phosphorylation, thus decreasing the phos-
phorylation of Beclin1. The protective effects of LRRK2 knockout were partly counteracted by Beclin1
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(+/�) in vivo and Beclin1 silencing in vitro. We also observed an interaction between LRRK2 and Rab7, an
autolysosome degradation-associated protein, which caused Rab7 downregulation. Rab7 knockdown
almost completely reversed LRRK2 silencing-induced protection of cardiomyocytes
Conclusion: LRRK2 deficiency protected against cardiac remodelling under pressure overload by increas-
ing Bcl-2/Beclin1 and Rab7-regulated autophagy levels in the heart.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University.. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Heart failure (HF) has developed into one of the leading causes
of death in both developed and developing countries [1]. When the
heart receives external stimuli, such as hypertension, myocardial
infarction, or ischaemic injury, it triggers the process of myocardial
remodelling to adapt to changes in myocardial wall tension [2].
Cardiac remodelling depicts the flexibility of the heart to respond
to and adapt to these stimuli but ultimately leads to heart failure
[2]. The mechanisms involved in cardiac remodelling are complex,
with changes in metabolism, redox systems, signalling pathways,
endoplasmic reticulum stress, and autophagy in cardiomyocytes
[3], as well as changes in other noncardiomyocytes such as fibrob-
lasts, endothelial cells [4] and inflammatory cells [5]. Progress has
been made to inhibit and block the process of cardiac remodelling,
and clinical drugs such as beta-adrenergic receptor blockers, angio-
tensin converting enzyme inhibitors (ACEIs), and angiotensin
receptor antagonists (ARBs) have been proven to exert anti-
remodelling effects [6]. However, despite decades of use of these
drugs in patients with heart failure, morbidity and mortality have
increased gradually [7]. Thus, a deeper understanding of cardiac
remodelling and the identification of new therapeutic methods
are urgently needed.

A healthy proteostasis network is essential, safeguarding the
proper function of the heart [8]. Autophagy is associated with
the ubiquitin-proteasomal system (UPS) and the cytoskeleton,
maintaining a protein degradation system of cellular protein qual-
ity control [9]. Autophagy is a lysosome-mediated degradation
pathway that is responsible for removing potentially toxic cytoso-
lic protein aggregates and damaged organelles inside cells [10].
Under physiological conditions, the basal level of autophagy is
greatly important in maintaining the normal function of cardiomy-
ocytes. During heart insult, the autophagy level changes in diverse
ways [8]. In the ageing heart, the autophagy level is decreased [11].
In ischaemia and infarction hearts, autophagy was found to be acti-
vated during oxygen and nutrient deprivation [12,13]. In diabetic
cardiomyopathy, autophagy was found to be adapted in different
ways (increased in type 1 diabetes but reduced in type 2 diabetes
[14]). In failing hearts, autophagy was found to change in dynamic
ways (suppressed in the initial stage, and activated in the end-
stage) [15,16]. These findings suggest the importance of autop-
hagy. Thus, maintaining a healthy autophagy level may be a target
for treating HF.

Leucine-rich repeat kinase 2 (LRRK2, a multidomain protein) is
a member of the Roco protein family and was first recognized as a
Parkinson’s disease (PD)-associated protein [17]. Many studies
have also found a functional role of LRRK2 in apoptosis, autophagy,
inflammation, proliferation, and synaptogenesis [17–20]. Six cod-
ing changes have been identified with strong evidence for an asso-
ciation with PD pathology [21]. Mutations in the LRRK2 locus are
associated with systemic lupus erythematosus [18], Crohn’s dis-
ease [22] and inflammatory bowel disease. Recently, LRRK2 was
found to be connected with autophagy. LRRK2 suppresses autop-
hagy, which leads to an increased inflammatory response in
inflammatory bowel diseases [22]. Wallings R reported that LRRK2
is associated with the a1 subunit of vATPase, leading to a decrease
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in autophagosome/lysosome fusion in the pathology of PD [19].
LRRK2 mutations impaired depolarization-induced mitophagy
through inhibition of mitochondrial accumulation of RAB10 [20].
These data suggest the functional role of LRRK2 in various disease
models via regulation of autophagy initiation and degradation.
Thus, we hypothesized that LRRK2 participates in the pathology
of cardiac remodelling via autophagy regulation. In this study,
we used LRRK2 knockout mice and Beclin1 (+/�) mice to elucidate
the functional role of LRRK2 in remodelling the heart.
Methods

Animals and animal models

The Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH Publication No. 85–23,
revised 1996) and the ARRIVE guidelines and the Animal Care and
Use Committee of Zhengzhou University guided our study. LRRK2
KO mice (Jackson Laboratory, 016121) were used in our studies.
Beclin1 (+/�) mice (Shanghai Model Organisms, Ensembl ID
ENSMUSG00000035086) were crossed with LRRK2 knockout mice
to produce LRRK2(�/�)Beclin1(+/�) mice. Aortic banding surgery
was performed to establish cardiac remodelling as previously
described [23]. In the reversion experiment, mice were divided into
the following eight groups: (1) WT-sham (n = 10); (2) LRRK2-sham
(n = 10); (3) Beclin1(+/�)-sham (n = 10); (4) LRRK2(�/�)Beclin1(
+/�)-sham (n = 10); (5) WT-AB (n = 10); (6) LRRK2-AB (n = 10);
(7) Beclin1(+/�)-AB (n = 10); and (8) LRRK2(�/�)Beclin1(+/�)-AB
(n = 10). Other methods including adeno associated virus construc-
tion and delivery, human heart samples, echocardiographic and
haemodynamic analyses, quantitative real-time RT-PCR and west-
ern blotting, histological analysis, neonatal rat cardiomyocyte
(NRCM) isolation and culture, immunofluorescence and autophagic
flux analysis, co-immunoprecipitation assays, and statistical analy-
sis were in the supplementray materials.
Results

Expression of LRRK2 in heart and cardiomyocytes

We first explored the changes in LRRK2 expression in the
remodelling of hearts and cardiomyocytes. An increased LRRK2
protein level was observed at 1 week after AB surgery and
increased gradually after AB until 8 weeks (Fig. 1a). The phospho-
rylation status of LRRK2 was also detected, p-LRRK2 (S935) was
up-regulated along with LRRK2 post AB ((Fig. 1a). LRRK2 was up-
regulated in cardiomyocytes isolated in heart tissue 4 weeks post
AB surgery (Fig. 1b). We then detected the expression of LRRK2
in cardiomyocytes in response to various stimuli. As shown in
Fig. 1c, the expression level of LRRK2 and p-LRRK2 (S935) were
increased sharply in PE-, angiotensin (Ang) II-, and endothelin-1
(ET-1)-stimulated cardiomyocytes. Immunohistochemical staining
results showed that LRRK2 was mainly located in cardiomyocytes
in mouse hearts (Fig. 1d). In cardiomyocytes, LRRK2 located in
cytoplasma as detected by immunofluorescence staining (Fig. 1e).
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Fig. 1. Expression model of LRRK2 in heart and cardiomyocytes, a. Protein level of P-LRRK2 (S935), total LRRK2, P-Rab10, total Rab10 in mouse hearts subjected to AB surgery
(n = 6) (*P < 0.05 vs. sham). b Protein level of LRRK2 in cardiomyocytes isolated from heart tissue 4 weeks post AB (n = 6). c. P-LRRK2 (S935), total LRRK2 levels in NRCMs
stimulated with AngII, PE, and ET-1 for 24 h (n = 6) (*P < 0.05 vs. CON). d. LRRK2 and a-actin staining in mouse hearts (n = 5). e. LRRK2 staining in PE-stimulated NRCMs (n = 5).
f. Protein level of LRRK2 in left ventriculus of heart failure patients and normal heart donors (n = 6).
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To further confirm the role of LRRK2 in cardiac remodelling and
heart failure, human heart sample with heart failure patients
undergoing heart transplants as well as control human hearts from
normal heart donors was obtained and subjected to protein extrac-
tion. As shown in Fig. 1f, the level of LRRK2 was sharply increased
in heart sample with heart failure patients as compared with the
normal hearts. These results indicate that LRRK2 participates in
the pathology of cardiac remodelling. P-Rab10 and Rab10 were
detected as it was reported to be the main target of LRRK2. How-
ever, the level of both P-Rab10 and Rab10 was not changed in
in vivo AB surgery heart (Fig. 1a). We also detected Rab8, but the
protein level of Rab8 was hard to be detected by western blot.

Cardiac remodelling in LRRK2-deficient mice

Then, we used LRRK2 KO mice to further explore the functional
role of LRRK2 in cardiac remodelling under pressure overload. As
shown in Fig. 2a, the expression level of LRRK2 almost vanished
in KO mouse hearts. LRRK2 KO mice and their WT littermates were
subjected to AB surgery. Four weeks after surgery, the hearts were
removed. As shown in Fig. 2b, the heart weight/body weight ratio
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(HW/BW), heart weight, lung weight/body weight ratio (LW/BW),
and lung weight/tibia length ratio (LW/TL) were lower in the
LRRK2 KO-AB group than in the WT-AB group. HE staining showed
a gross decrease in the heart as well as cell surface area in the KO-
AB group compared to those of the WT-AB group, while no signif-
icant difference was observed in the two sham groups (Fig. 2c). The
RT-PCR results revealed reduced transcription levels of hyper-
trophic markers in the KO-AB group compared to those of the
WT-AB group. No significant difference was observed in these
two sham groups (Fig. 2b-d). Cardiac fibrosis was also evaluated
by PSR staining: perivascular and interstitial fibrosis levels were
decreased in the KO-AB group compared to those of the WT-AB
group (Fig. 2e). The transcription level of fibrosis markers
(Fig. 2f) and the protein level of the matrix metalloproteinases
(MMPs) MMP2 and MMP9were all reduced in KO-ABmouse hearts
compared with WT-AB mouse hearts (Fig. 2g). Under physiological
conditions, we did not observe a difference in hypertrophy or fibro-
sis changes in WT and KO mouse hearts.

The systolic and diastolic wall thickness and volume were eval-
uated by echocardiography. Four weeks after AB surgery, LV end
diastolic dimension (LVEDd) and systolic dimension (LVESd) were



Fig. 2. Cardiac remodelling in LRRK2-deficient mice. a. Protein level of LRRK2 in LRRK2 WT and KO mice (n = 6). b. Heart weight/body weight (HW/BW), Heart weight, lung
weight/BW (LW/BW), and LW/TL in mice 4 weeks after AB (n = 12 in each group). c. HE staining and cell section area in mouse hearts 4 weeks after AB (n = 6). d. mRNA levels
of atrial natriuretic peptide (ANP), B-type Natriuretic Peptide (BNP), myosin heavy chain beta (b-MHC), and a-MHC (n = 6). e. PSR staining and left ventricular collagen volume
in mouse hearts 4 weeks after AB (n = 6). f. mRNA levels of collagen I, collagen III, fibronectin and connective tissue growth factor (CTGF) (n = 6).g. Protein levels of MMP2 and
MMP9 in mouse hearts (n = 6). *P < 0.05 vs. corresponding sham; # P < 0.05 vs. WT-AB.
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increased in WT mice, LV posterior wall thickness at end-diastole
(LVPWd) was increased sharply, and LV ejection fraction (LVEF)
and fractional shortening (LVFS) were reduced in WT mouse
hearts. In KO-AB mice, all these indexes were relatively amelio-
rated compared with those of WT-AB mice (Fig. S1a, b). A pres-
sure–volume loop was performed to evaluate changes in the
haemodynamic index. In WT-AB mice, we observed increased
end-diastolic and systolic pressure and decreased maximal rates
of pressure development and decay (dp/dt max; dp/dt min) com-
pared with those of WT-sham mice. In contrast, in KO-AB mice,
these haemodynamic indexes were also remarkably ameliorated
(Fig. S1d, e). Heart rate was not different among the four groups
(Fig. S1c). Under physiological conditions, we also did not observe
a difference in functional changes in WT or KO mouse hearts.
Cardiac remodelling in mice knockdown of LRRK2

An Adeno associated virus 9 (AAV9)-shLRRK2 delivery system
was used to knockdown LRRK2 in mice heart. As shown in
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Fig. 3a, the LRRK2 protein level was remarkablely dropped after
2, 4, and 6 weeks of AAV9- shLRRK2 injection. Consistent with
the results in LRRK2-KO experiments, mice knockdown of LRRK2
revealed reduced HW/BW, HW, lung LW/BW, and LW/TL; dropped
cell surface area in heart tissue as well as LV collagen volume
(Fig. 3b-d). Mice with knockdown of LRRK2 also showed improved
cardiac function as comparing with mice injected with the control
AAV9 (shRNA) (Fig. 3e, f).
Role of LRRK2 in PE-stimulated cardiomyocyte remodelling

To explore the role of LRRK2 in cardiomyocytes, NRCMs were
isolated and stimulated with PE for 24 h to establish a cardiomy-
ocyte remodelling model in vitro. Cells were transfected with Ad-
LRRK2 to overexpress LRRK2 (Fig. 4a). Increased LRRK2 expression
led to an augmented hypertrophic response to PE, as shown by
increased cell surface area by a-actin staining and enhanced tran-
scription of hypertrophic markers in the Ad-LRRK2 group com-
pared with that of the control (Ad-NC)-PE group (Fig. 4b, c). Cells



Fig. 3. Cardiac remodelling in mice knockdown of LRRK2. a. Protein level of LRRK2 in mice with AAV9-shLRRK2 injection (n = 6). b. Heart weight/body weight (HW/BW),
Heart weight, lung weight/BW (LW/BW), and LW/TL in mice 4 weeks after AB (n = 12 in each group). c. HE staining and cell section area in mouse hearts 4 weeks after AB
(n = 6). d. PSR staining and left ventricular collagen volume in mouse hearts 4 weeks after AB (n = 6). e. Echocardiography result mice (n = 8). f: Hemodynamic parameters
(n = 8). LVEDd: left ventricular end diastolic dimension; LVESd: left ventricular end systolic dimension; LVPWd: LV Postier wall thickness at end-diastole. LVEF: LV ejection
fraction; LVFS: LV fractional shorterning. HR: heart rate. EDP/ESP: end-diastolic and systolic pressure. dp/dt max/min: decreased maximal rate of pressure development and
decay. *P < 0.05 vs. corresponding sham; # P < 0.05 vs. shRNA-AB.
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were also transfected with LRRK2 siRNA to knock down LRRK2
levels (Fig. 4d). Consistent with the in vivo results, the cell hyper-
trophic response to PE was lower than that in the control
(siRNA)-PE group (Fig. 4e, f). Cardiomyocytes with either enhanced
or silenced LRRK2 protein levels did not differ from the normal
control under basal conditions (Fig. 4b, d, e, f).
Effects of LRRK2 on autophagy in cardiomyocytes

Cell autophagy was analysed because LRRK2 was reported to
function in autophagy regulation. The autophagy-associated pro-
teins Atg5 and Atg7 were downregulated, while P62 accumulated
in PE-stimulated cells (Fig. 5a, b). We observed a robust reduction
in Atg5 and Atg7 and a robust increase in P62 accumulation in
LRRK2-overexpressing cells under PE stimulation (Fig. 5a, b). Then,
cells were transfected with Ad-mRFP-GFP-LC3 (an acidic lysosomal
environment quenches acid-sensitive GFP fluorescence, while
mRFP is not affected) to evaluate autophagic flux. As shown in
Fig. 5c, d, mRFP-stained LC3 (representing the formation of
autophagosomes) was decreased in LRRK2-overexpressing cells
under both physiological and PE conditions. GFP-LC3 (representing
the remaining autophagosomes after degradation) was increased
in LRRK2-overexpressing cells under physiological conditions com-
pared to that of the control group but was decreased under PE con-
ditions compared to that of control-PE cells. The degradation rate
(indicated by red-green puncta/red puncta) was reduced in
LRRK2-overexpressing cells under both physiological and PE condi-
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tions. The remaining autophagosome rate (indicated by green
puncta/red puncta) was increased in LRRK2-overexpressing cells
under both physiological and PE conditions. These data suggest
that LRRK2 overexpression affects both the formation and degrada-
tion of autophagosomes.

The autophagy level was also detected in LRRK2-silenced cells.
Adverse results were observed in LRRK2-silenced cells. As shown in
Fig. 5e and f, LRRK2 silencing induced an increase in the autophagy
level, with increased Atg5 and Atg7 protein levels and decreased
P62 accumulation. In the autophagic flux experiment (Fig. 5g, h),
LRRK2-silenced cells had increased red puncta and decreased green
puncta under PE stimulation. The degradation rate was enhanced,
and the remaining autophagosome rate was reduced in LRRK2-
silenced cells under both physiological and PE conditions. These
data suggest that LRRK2 silencing helps the formation and degra-
dation of autophagy and maintains an unobstructed autophagic
flow.
Effect of autophagy inhibition/activation on the effect of LRRK2 on
cardiomyocytes

We then used three autophagy inhibitors: 3-MA (PI3K inhibitor,
to inhibit autophagosome formation), bafilomycin A1 (inhibits the
fusion of autophagosomes and lysosomes), and chloroquine (in-
hibits lysosomal degradation). 3-MA, bafilomycin A1 and chloro-
quine increased P62 level in NRCMs with LRRK2 knockdown
(Fig. 6a). As a result, both bafilomycin A1 and chloroquine com-



Fig. 4. Role of LRRK2 in PE-stimulated cardiomyocyte remodelling. a-c: NRCMs were transfected with Ad-LRRK2. a. Protein level of LRRK2 in NRCMs (n = 6). b. a-actin
staining and cell surface area in PE-stimulated cells (n = 5). c. mRNA levels of ANP and b-MHC in cells (n = 6). *P < 0.05 vs. corresponding CON; # P < 0.05 vs. Ad-NC-PE.d-f:
NRCMs were transfected with LRRK2 siRNA. d. Protein level of LRRK2 in NRCMs (n = 6). e. a-actin staining and cell surface area in PE-stimulated cells (n = 5). f. mRNA levels of
ANP and b-MHC in cells (n = 6). *P < 0.05 vs. corresponding CON; # P < 0.05 vs. siRNA-PE.
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pletely reversed the protective effect of LRRK2 silencing on car-
diomyocyte remodelling, while 3-MA partly counteracted the
anti-remodelling effects of LRRK2 silencing, as determined by
increased cell surface area and hypertrophic gene transcription
levels (Fig. 6b-d). Then, we used the autophagy activator rapamy-
cin (inhibitor of mTOR) and found that rapamycin ameliorated the
PE-induced remodelling response in cardiomyocytes. However,
rapamycin only partly counteracted the LRRK2 overexpression-
induced deleterious effects (Fig. 6e-g). Taken together, autophago-
some degradation and formation are equally important in the role
of LRRK2 in cardiomyocyte remodelling.

The autophagy signalling pathway was screened to clarify the
mechanism underlying the effect of LRRK2 on autophagy. As
shown in Fig. S2a-d, we screened the upstream molecules that reg-
ulate autophagy. LC3II level was elevated in both LRRK2-KO mice
and in cells with LRRK2 silence (Fig. S2a-d). The upstream proteins
AKT, AMPKa, mTOR and ULK1 were not significantly different from
those in the control PE group in LRRK2-deficient heart tissue and
cells undergoing remodelling. However, Bcl2 was decreased in
heart tissue and cells and was not significantly different between
the control and LRRK2-deficient groups, but phosphorylated Bcl2
was more abundant in the LRRK2-deficient group than in the con-
trol group in both remodelled heart tissue and cells (Fig. S2e, f).
Consistently, the extent of decreased Beclin1 was the same
between the LRRK2-deficient group and the control group, whereas
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phosphorylated Beclin1 (T119) was more abundant in the LRRK2-
deficient group than in the control group in both remodelled heart
tissue and cells (Fig. S2e, f). Thus, Bcl2 and Beclin1 may be targets
of LRRK2.
Effect of changes in Beclin1 expression on the functional role of LRRK2
in vitro

Then, we knocked down Beclin1 in cells by using siRNA trans-
fection (Fig. 7a). Beclin1 knockdown accelerated PE-induced
remodelling with increased cell surface area and mRNA levels of
remodelling markers (Fig. 7b, c). However, Beclin1 knockdown
partly counteracted the protective effects of LRRK2 silencing. The
remodelling response was reduced in LRRK2-silenced and Beclin
1-knockdown cells compared to that of Beclin1-knockdown cells
under PE stimulation (Fig. 7b, c). Beclin1-overexpressing cells were
induced by using the adenovirus transfection system (Fig. 7d). Con-
versely, Beclin1 overexpression protected against the PE-induced
remodelling response (Fig. 7e, f). However, Beclin1 overexpression
partly counteracted the deleterious effects of LRRK2 overexpres-
sion. The remodelling response was still greater in LRRK2- and
Beclin 1-overexpressing cells than in Beclin1-overexpressing cells
under PE stimulation (Fig. 7e, f). These data suggest that Beclin1
is one of the targets of LRRK2 in the regulation of autophagy.



Fig. 5. Effects of LRRK2 on autophagy in cardiomyocytes. a-d: NRCMs were transfected with Ad-LRRK2. a and b. The protein levels of Atg5, Atg7, and P62 in NRCMs (n = 6). c
and d. NRCMs were transfected with Ad-LC3-mCherry-GFP. c: Representative images (n = 5). d: Red puncta number, green puncta number, red-green puncta/red puncta ratio,
and green puncta/red puncta ratio. *P < 0.05 vs. corresponding CON; # P < 0.05 vs. Ad-NC-PE.e-h: NRCMs were transfected with LRRK2 siRNA. e and f. Protein levels of Atg5,
Atg7, and P62 in NRCMs (n = 6). g and h. NRCMs were transfected with Ad-LC3-mCherry-GFP. g: Representative images (n = 5). h: Red puncta number, green puncta number,
red-green puncta/red puncta ratio, and green puncta/red puncta ratio. *P < 0.05 vs. corresponding CON; # P < 0.05 vs. siRNA-PE.
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Effect of changes in Beclin1 expression on the functional role of LRRK2
in vivo

To confirm the mechanism in vitro, we used Beclin1 (+/�) mice
and crossed these mice with LRRK2 KO mice to produce LRRK2
(�/�) Beclin1 (+/�) mice. Then, these mice were subjected to AB
surgery. Four weeks after surgery, in sham groups, the gross heart,
cell section area, heart weight, and lung weight (indicated by HW/
BW, HW, LW/BW, LW/TL) in the Beclin1 (+/�) sham group were
larger than those in the WT mice but decreased in LRRK2(�/�)
Beclin1 (+/�) mice compared with those of the Beclin1 (+/�) sham
group. In the AB groups, the gross heart, cell section area, heart
weight, lung weight and fibrosis level in the Beclin1 (+/�) AB group
were larger than those in the WT mice. These indexes were lower
in LRRK2(�/�) Beclin1(+/�) AB mice than in Beclin1(+/�) AB mice
but were higher in LRRK2(�/�) AB mice than in LRRK2(+/�) AB
mice except fibrosis level (Fig. 8a-d). Cardiac function was also
evaluated in these mice. Cardiac function and haemodynamic
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indexes were not different among the four sham groups but were
deteriorated in the Beclin1 (+/�) AB group compared with that of
WT mice. Cardiac function in LRRK2(�/�) Beclin1(+/�) AB mice
was improved when compared with that of Beclin1(+/�) AB mice
but was still worse than that of LRRK2(�/�) AB mice (Fig. 8e-g).
These data confirm that LRRK2 regulates autophagy by partly act-
ing on Beclin1.

The influence of Rab7 on LRRK2 in cardiomyocytes

Figs. 5 and 6 show that LRRK2 functions in both autophagy for-
mation and degradation. Since Beclin1 regulates autophagosome
formation, and we further explored the molecular degradation that
is regulated by LRRK2. A previous study reported the functional
role of LRRK2 on Rab proteins [20] (participating in the fusion of
autophagosomes and lysosomes). We found that LRRK2 interacted
with Rab7 in cardiomyocytes (Fig. S3a). Then, we tested Rab7 pro-
tein levels in LRRK2-deficient hearts and cells. As expected, Rab7



Fig. 6. Autophagy inhibition/activation and the effect of LRRK2 on cardiomyocytes. a-d: NRCMs were transfected with LRRK2 siRNA and treated with the autophagy inhibitors
3-MA, bafilomycin A1 and chloroquine. a. P62 level in the indicated group (n = 6). b. a-Actin staining (n = 5). c. Cell surface area in PE-stimulated cells (n = 50). d. mRNA levels
of ANP and b-MHC in cells (n = 6). *P < 0.05 vs. siRNA; # P < 0.05 vs. PE; eP < 0.05 vs. PE + siLRRK2.e-g: NRCMs were transfected with Ad-LRRK2 and treated with the autophagy
activator rapamycin. d. a-Actin staining (n = 5). e. Cell surface area in PE-stimulated cells (n = 50). f. mRNA levels of ANP and b-MHC in cells (n = 6). *P < 0.05 vs. Ad-NC; #
P < 0.05 vs. PE; eP < 0.05 vs. PE + Ad-LRRK2.
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was increased in LRRK2-deficient hearts and cells compared with
those of the control hearts and cells (Fig. S3b, c). However, both
P-Rab10 and total Rab10 were not change in LRRK2-deficient cells
(Fig. S3c). Then, we used Rab7 siRNA to knockdown Rab7 (Fig. S3d),
and as shown in Fig. S3 e and f, the remodelling response in car-
diomyocytes was accelerated in Rab7-silenced cells under PE stim-
ulation. Rab7 silencing also completely abolished the LRRK2
silencing-induced protective effects (Fig. S3e, f). These results sug-
gest that the interaction of LRRK2 with Rab7 also participates in
the regulation of cardiac remodelling.

To determine whether the effect of LRRK2 is a LRRK2 kinase
depend process, we used a selective LRRK2 kinase inhibitor
GSK2578215A to treat cardiomyocytes, as shown in Fig. S4a, the
P-LRRK2 was down-regulated by GSK2578215A, but the level of
LRRK2 was not change by GSK2578215A. PE induced hypertrophic
response was inhibited by GSK2578215A (Fig. S4b, c). These data
indicated LRRK2 kinase depend process affects cardiac
hypertrophy.
Discussion

Short-term cellular stress can maintain the transient balance of
cells under stimulation, but long-term stress can lead to disease.
Thus, a short break is needed to counteract the activation signal
and maintain cell homeostasis [24]. Failure of these braking sys-
tems is involved in the pathogenesis of most human diseases. Here,
we describe a molecular model of cardiac remodelling in which
LRRK2 silencing protects the heart by accelerating autophagy-
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mediated cellular protein quality control. Furthermore, overex-
pression of LRRK2 drives the downregulation of autophagy levels
and the progression of cardiac remodelling. Although the strong
effect of LRRK2 on the heart can be observed under stimulation,
knockout of the LRRK2 gene does not change the basic function
of the heart. These results suggest that the heart is insensitive to
LRRK2 under normal conditions, and LRRK2 does not affect the
development of the heart or its normal function.

Cardiomyocytes are terminally differentiated cells and have no
proliferative potential, and an appropriate protein quality manage-
ment system is of great significance in protecting cardiomyocyte
function [9]. Autophagy can degrade damaged proteins and orga-
nelles and maintain the normal function of cells. In addition,
autophagy can recover fatty acids and amino acids and provide
energy and nutrition for myocardial cells in starvation conditions
[14]. Studies have found that autophagy plays a role in the patho-
physiology of HF. In pressure overload-induced cardiac remod-
elling, autophagy was suppressed in the compensation process
and then activated in the decompensated process [15,16]. Studies
have reported that many autophagy activators, such as rapamycin,
metformin and 5-aminoimidazole 1 carboxamide ribonucleoside
(AICAR), improve cardiac function, reduce cardiac hypertrophy,
and delay the progress of HF during pressure overload [25–27].
In contrast, autophagy suppression was found to be beneficial in
the presence of severe pressure overload and in end-stage failing
hearts [28]. In our study, we used moderate aortic banding surgery
and found that at 4 weeks after surgery, cardiac autophagy was
suppressed, and the heart displayed dysfunction, while LRRK2
silencing increased autophagic levels, thus preserving cardiac func-



Fig. 7. Change in Beclin1 expression and the functional role of LRRK2 in vitro a-c. NRCMs were transfected with Beclin1 siRNA. a. Protein level of Beclin1 (n = 6, *P < 0.05 vs.
siRNA). b. a-Actin staining and cell surface area in PE-stimulated LRRK2-silenced cells (n = 5). c. mRNA levels of ANP and b-MHC in cells (n = 6). *P < 0.05 vs. CON; # P < 0.05 vs.
PE; eP < 0.05 vs. PE + siLRRK2.d-f: NRCMs were transfected with Ad-Beclin1. d. Protein level of Beclin1 (n = 6, *P < 0.05 vs. Ad-NC). e. a-Actin staining and cell surface area in
PE-stimulated LRRK2-overexpressing cells (n = 5). f. mRNA levels of ANP and b-MHC in cells (n = 6). *P < 0.05 vs. CON; # P < 0.05 vs. PE; eP < 0.05 vs. PE + Ad-LRRK2.
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tion. These effects were confirmed by our in vitro experiment
showing that autophagy inhibitors reversed the protection of
LRRK2 knockdown.

There are four steps in a full autophagic process: first, the for-
mation of a double membrane structure; second, engulfment of
damaged organelles and aberrant proteins; third, fusion with a
lysosome to form the autolysosome; and fourth, degradation of
the cargo by lysosomal hydrolases [8]. In our autophagic flux study,
we observed that LRRK2 regulates not only the formation but also
the degradation of autophagosomes. These results were confirmed
by autophagy inhibition and activation experiments. Autophagy
inhibitors completely reversed the protective effects of LRRK2
silencing, but autophagy activation only partly reversed the delete-
rious effects of LRRK2 overexpression. There are several signalling
pathways that regulate autophagy [8]. In nutrient-rich conditions,
mTOR is activated and thereby inhibits autophagosome formation
through inactivation of ULK1 [29]. Under nutrient-poor conditions,
AMPKa is activated. Through inhibition of mTOR and direct activa-
tion of ULK1, AMPKa positively regulates autophagy [30]. In our
study, we found that the activation of AMPKa was decreased and
AKT (another upstream activator of mTOR) was increased in both
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remodelled heart tissue and cardiomyocytes. Activation of mTOR
was increased in heart tissue and cardiomyocytes. We also found
decreased ULK1 expression in heart tissue and cardiomyocytes.
LRRK2 did not affect the levels of these proteins.

Beclin1 is a central protein in autophagosome formation and
forms a complex with vacuolar protein sorting 34 (VPS34) and
VPS15 to initiate the formation of the phagophore [31]. Under nor-
mal conditions, the BH3 domain of Beclin1 interacts with Bcl2/Bcl-
XL to stabilize Beclin1 dimers, which effectively suppress
autophagosome biogenesis [32]. Once stimulated, the upstream
molecule mediates phosphorylation of Bcl2, which induces the dis-
sociation of the Beclin1-Bcl2 complex, facilitating heterodimeriza-
tion of Beclin1 with Atg14 and activation of autophagy [33]. In our
study, we observed decreased phosphorylation of Bcl2 in remod-
elled heart tissue and cardiomyocytes, as well as decreased phos-
phorylation (T119, activation) of Beclin1. However, LRRK2
increased the phosphorylation of Bcl2 and Beclin1 without influ-
encing the total Bcl2 and Beclin1 levels. These results suggest that
LRRK2 regulates autophagy initiation by suppressing the interac-
tion of Bcl2 and Beclin. These effects were confirmed by using
hemizygous deletion of Beclin1. As hemizygous deletion in Beclin1



Fig. 8. Change in Beclin1 expression and the functional role of LRRK2 in vivo. WT mice, LRRK2�/�mice, Beclin1+/�mice, and LRRK2�/�Beclin1+/�mice were subjected to AB
surgery. a and b. HE staining and cell section area in mouse hearts 4 weeks after AB (n = 6). c. HW/BW, Heart weight, LW/BW, and LW/TL in mice 4 weeks after AB (n = 10 in
each group). d. PSR staining and left ventricular collagen volume. e and f. Echocardiography results in mice (n = 8). g. Haemodynamic parameters in mice (n = 8). *P < 0.05 vs.
corresponding sham; # P < 0.05 vs. WT-AB.
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in mice revealed a deteriorating remodelling process and severe
cardiac dysfunction, LRRK2 deficiency could partly alleviate these
unfavourable phenotypes induced by hemizygous deletion of
Beclin1 under pressure overload.

Figs. 5 and 6 show that we confirmed that LRRK2 affects
autophagosome formation and degradation, but the mechanism
by which LRRK2 regulates autophagosome degradation was
unclear. Studies have reported that LRRK2 is associated with
Rab10, which regulates fusion in mitophagy [20]. Rabs play impor-
tant roles in the fusion of autophagosomes and lysosomes to form
autolysosomes [34]. Thus, we screened those Rabs. As a result, we
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observed an interaction between LRRK2 and Rab7. Knockdown of
Rab7 completely reversed the anti-remodelling effect of LRRK2
silencing. This suggests that LRRK2 affects autophagosome degra-
dation by targeting Rab7. In addition, inhibiting autophagy could
partly reverse the anti-remodelling effect of LRRK2 deficiency,
but inhibiting autophagosome degradation almost completely
abolished the protection exerted by LRRK2 deficiency.

In summary, LRRK2 deficiency protected cardiac remodelling
induced by pressure overload and preserved cardiac function by
regulating both autophagosome formation and degradation. By
functioning in the Bcl2 and Beclin1 interaction, LRRK2 regulates
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autophagosome formation, and by interacting with Rab7, LRRK2
regulates autophagosome fusion. Thus, LRRK2 may become a tar-
get of new therapeutic methods for treating HF.
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