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A B S T R A C T

Aging of the heart is accompanied by impairment of cardiac structure and function. At molecular level, auto
phagy plays a crucial role in preserving cardiac health. Autophagy maintains cellular homeostasis by facilitating 
balanced degradation of cytoplasmic components including organelles and misfolded or aggregated proteins. The 
age-related decline in autophagy favors an accumulation of protein aggregates such as lipofuscin particularly in 
the heart, which is composed primarily of non-proliferating cells. Therefore, this study investigates whether 
lipofuscin accumulation contributes to age-related functional decline of primary adult cardiomyocytes isolated 
from C57BL/6J mice and examines the role of autophagic flux in mediating these effects.

Results showed an age-associated reduction in cardiomyocyte contraction amplitude and an increase in 
autofluorescence, indicating the accumulation of lipofuscin with age. In vitro treatment of adult primary car
diomyocytes with artificial lipofuscin increased autofluorescence and decreased both contraction amplitude and 
cellular autophagic flux. Induction of autophagy with rapamycin mitigated contractile dysfunction in lipofuscin- 
treated cardiomyocytes, whereas inhibition of autophagic flux revealed stage-dependent effects. Late-stage 
autophagy inhibition using chloroquine or concanamycin A reduced cardiomyocyte contraction amplitude, 
whereas early-stage autophagy inhibition via 3-methyladenine did not affect contraction within 24 h.

In conclusion, our results indicate that lipofuscin directly impairs cardiomyocyte function by diminishing late- 
stage autophagic flux. These findings highlight the essential role of the autophagy-lysosomal system in preser
ving age-related loss of cardiomyocyte function caused by accumulating protein aggregates.

1. Introduction

Aging of the heart is associated with structural and functional 
changes observed as increase in left-ventricular mass, fibrosis and con
tractile dysfunction [1]. A growing body of evidence indicates that a key 
factor contributing to cardiac aging is the impairment of autophagy [2]. 
Macroautophagy (here: autophagy) describes the formation of a double 

membrane vesicle, the autophagosome, which sequesters cytosolic 
cargo for lysosomal degradation [3]. Loss of cardiac autophagy in 
autophagy-related gene (Atg) 5 knockout mice was associated with a 
shortened lifespan accompanied by systolic and diastolic dysfunction 
[4], whereas overexpression of Atg5 increased lifespan and attenuated 
age-related cardiac fibrosis [5].

The process of autophagy starts with the initiation by 
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phosphorylation of the Unc-51 Like Autophagy Activating Kinase 1 
(ULK-1) complex, which is predominantly induced by nutrient starva
tion. The following step, nucleation or elongation, is mediated by class 
III phosphoinositide 3-kinase (PI3K) complex leading to production of 
phosphatidylinositol 3-phosphate (PI3P), whose downstream proteins 
recruit Atg9 membrane-containing vesicles and the Atg5-Atg12- 
Atg16L1 complex. Thereafter, the elongated autophagic membrane en
closes and the resulting autophagosome fuses with the lysosome to form 
the autolysosome, in which encased substrates are degraded by lyso
somal hydrolases [3,6]. To measure autophagy, the use of autophagy 
inhibitors is mandatory. Inhibition of autophagic flux enables the 
detection of accumulating autophagy marker proteins [7]. These pro
teins include microtubule-associated protein light chain 3 (LC3) and 
sequestome-1 (p62). During nucleation, LC3-I, the unconjugated form, 
can be converted to LC3-II through conjugation to phosphatidyletha
nolamines at the autophagosome membrane. P62 binds to LC3 and 
ubiquitinated substrates, which enables the degradation of targeted 
substrates [3]. Inhibitors of autophagic flux are used at different stages. 
For example, 3-methyladenine (3-MA) is applied as an early-stage 
autophagy inhibitor, since it inhibits class I and III PI3K [8,9]. Chloro
quine (CQ) suppresses autophagosome-lysosome fusion and increases 
lysosomal pH [10], whereas concanamycin A (ConA) blocks lysosomal 
vacuolar-type ATPases (vATPase), which also deacidifies the lysosomes 
[11], making both, CQ and ConA, late-stage autophagy inhibitors.

Disruption of autophagy and increase in oxidative stress, both pre
sent during aging, are associated with accumulation of oxidized and 
aggregated proteins including lipofuscin [12]. Lipofuscin accumulates 
in aged tissue predominately consisting of postmitotic cells, such as eye, 
brain but also heart muscle [13]. It even correlates with chronological 
age in human hearts making it a valuable marker to estimate human age 
[14]. Artificial lipofuscin consists of oxidized proteins, lipids, sugars and 
small amounts of transition metals [12], recently, we have shown that 
this also applies to human heart lipofuscin [15]. Intracellularly, lip
ofuscin is primarily found in lysosomes due to its lysosomal origin or its 
sequestration via autophagy [16]. Because of its highly cross-linked 
structure, lipofuscin cannot be degraded. On the contrary, it is able to 
diminish proteasomal and lysosomal function [15,17,18]. Thus, 
lipofuscin-loaded cells are particularly prone to oxidative stress [17] and 
senescence [19], emphasizing the role of lipofuscin in mediating aging 
and associated diseases.

Therefore, our aim was to understand the contribution of lipofuscin 
to age-related decline in cardiomyocyte contractility and to analyze the 
role of autophagy in this context. Previous studies showed that aging is 
associated with elevated levels of cardiac lipofuscin [14,19,20], 
decreased autophagy [4,19,21] and impairment of cardiomyocyte 
function [22–24], however, the interplay of these factors in cardiac 
aging has not yet been proven.

2. Materials and methods

2.1. Animal models

Male C57BL/6JRj mice were obtained from Janvier Lab and bred in- 
house. Experiments were conducted in young mice with 5–8 months of 
age. Old mice were sacrificed with 24 months of age. Mice were housed 
at 40–50 % humidity and 22 ± 2 ◦C under 12 h light/dark cycle and 
received a standard rodent chow (V1534, Ssniff Spezialdiäten GmbH) 
and water ad libitum. Experiments and animal housing were carried out 
according to German law on protection of animals. Since mice were 
sacrificed for organ removal, no further ethical approval was required 
(§4 Abs. 3 TierschG).

2.2. Lipofuscin preparation

Artificial lipofuscin was produced from human erythrocyte mem
branes as described before [25]. Lysed erythrocytes were homogenized 

in hypotonic PBS. Using centrifugation and washing circles, the mem
brane fraction was purified. Protein content was measured by Bradford 
and adjusted to 3 g/l. It was assumed that protein content before irra
diation equals the amount of lipofuscin after irradiation. UV irradiation 
(100 J/cm2 UVA and 50 J/cm2 UVB) was applied in 100 mm petri dishes 
containing 30 ml of the membrane fraction. Autofluorescence of the 
membrane fraction was measured at different excitation/emission pairs 
(360 nm excitation/460 nm emission, 360 nm excitation/590 nm 
emission, 360 nm excitation/460 nm emission) until a plateau was 
reached.

2.3. Cardiomyocyte isolation

Cardiomyocyte isolation was performed based on the Langendorff- 
Free Method [26] as described earlier [27]. In brief, mice were anes
thetized by isoflurane followed by sacrifice via cervical dislocation. The 
heart was removed and rinsed with EDTA and perfusion buffer and 
subsequently enzymatically and mechanically digested. The cell sus
pension was filtered by a 100 μm pore-size strainer. Gravity settings and 
calcium reintroduction were performed in 3 rounds.

2.4. Cardiomyocyte cell culture

Isolated cardiomyocytes were dissolved in plating medium and 
added to laminin-coated plates (5 μg/ml). For all analyses the same 
culture medium was used composed of M199 medium (41150020, 
ThermoFisher), 0.1 % BSA, 1x insulin-transferrin-sodium selenite 
(I3146, Sigma), 10 mM 2,3-butanedione monoxime, 1x chemically 
defined lipid concentrate (11905, Gibco), and penicillin-streptomycin 
(P06-07100, PAN biotech). Lipofuscin was used in concentrations of 
0.025–0.1 mg/ml in PBS for up to 18 h. PBS was used as the solvent 
control. Samples for mRNA measurement were treated for 6 h. Rapa
mycin (R8781, Sigma) was solved in DMSO, the solution was applied 
with a final concentration of 100 nM in medium for 18 h, a DMSO 
control was applied in the same way. Concanamycin A (ConA) dissolved 
in DMSO (C9705, Merck) was prediluted in medium to a stock con
centration of 5 μM and further diluted in medium 1:1000 to a final 
concentration of 5 nM. Chloroquine (CQ; Sigma, C6628) was dissolved 
in H2O to a stock concentration of 10 mM, filtered and further diluted to 
a final concentration of 10 μM in medium. A H2O control was used in the 
same proportion. 3-MA (M9281, Sigma) was dissolved in prewarmed 
medium and the filtered solution was used at a final concentration of 5 
mM. Since 3-MA and ConA were directly compared to each other, DMSO 
was also applied in 3-MA sample and control. Cells were treated with 
inhibitors for 24 h unless otherwise indicated. After incubation, cells for 
protein and mRNA detection were washed twice with PBS containing 10 
mM of contraction inhibitor 2,3-butanedione monoxime and stored at 
− 80 ◦C.

2.5. Western Blot

To harvest cells, SDS lysis buffer [10 mM Tris (pH = 7.5), 0.9 % NP- 
40, 0.1 % SDS, 1 mM Pefabloc®] containing protease inhibitor 
(11873580001, Roche) was added to the cardiomyocytes. Protein con
centration was determined using Lowry assay. Samples were diluted in 
Laemmli buffer [0.25 mM Tris (pH = 6.8), 40 % glycerol, 20 % 2-mer
captoethanol, 8 % SDS, 0.03 % Bromophenol Blue] and boiled for 5 
min at 95 ◦C. Proteins were separated by SDS polyacrylamide gel elec
trophoresis and transferred to nitrocellulose membranes (10600001, 
Cytiva). Membranes were blocked for 1 h at RT and primary antibodies 
were applied overnight at 4 ◦C. Used primary antibodies included p62 
(ab56416, abcam), LC3A/B (12741, Cell signaling) and glyceraldehyde- 
3-phosphate dehydrogenase (GAPDH, ab8245, abcam). After washing, 
secondary antibodies (962–68022 and 925–32211, LI-COR) were 
applied for 1 h at RT. Washed membranes were scanned by the Odys
sey® CLx Imaging System (LI-COR). Images of the membranes were 
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analyzed using Image Studio Software (v 5.2, LI-COR). GAPDH was used 
as housekeeping protein.

To calculate the autophagic flux, the signal of p62 or LC3-II was 
divided by the respective GAPDH signal. The normalized p62 and LC3-II 
values of inhibitor-treated samples were then divided by their respective 
control without inhibitor treatment. The following equation shows an 
example of the calculation of the autophagic flux with p62 as an example 
protein and ConA as an inhibitor: 

Autophagic flux (x − fold induction)=

(
p62ConA

GAPDHConA

)

(
p62Ctrl

GAPDHCtrl

)

2.6. Real-time PCR

Isolation of mRNA was performed using the Dynabead™ mRNA 
DIRECT™ kit (61012, Invitrogen) according to the protocol of the 
manufacturer. For cDNA synthesis SeniFAST™ cDNA Synthesis Kit 
(65054, Bioline Reagents) was used. Samples were diluted 1:10 in 
nuclease-free water. qPCR analyses were performed with 1 μl Dream
Taq™ buffer, 0.05 μl DreamTaq™ Hot Start DNA-Polymerase (EP1702, 
ThermoFisher), 2 mM dNTPs (39028, Bioline Reagents), 1x SYBR™ 
Green (S7563), 1.25 μM forward and reverse primer. The heating cycle 
started with 3 min of 95 ◦C, followed by 40 cycles of denaturation for 15 
s at 95 ◦C, primer hybridization for 30 s at 60 ◦C and elongation for 30 s 
at 72 ◦C. The following primer pairs were used: LC3 (forward: 5′-GAC
CAGCACCCCAGTAAGAT-3′, reverse: 5′-T GGGACCAGAAACTTGGTCT- 
3′) and p62 (forward: 5′-AGATGCCAGAATCGGAAGGG-3′, reverse: 5′- 
GAGAGGGACTCAATCAGCCG-3′). The genes β-Actin (forward: 5′- 
CACTGCCGCATCCTCTTCCT-3′, reverse: 5′-GATTCCATACCCAA
GAAGGAAGGC-3′), GAPDH (forward: 5′-GGGTGTGAACCACGAGAAAT- 
3′, reverse: 5′-GTCTTCTGGGTGGCAGTGAT-3′), hypo-xanthine phos
phoribosyl transferase 1 (forward: 5′-GCAGTCCCAGCGTCGTG-3′, 
reverse: 5′-GGCCTCCCATCTCCTTCAT-3′), and ribosomal protein L13a 
(forward: 5′-GTTCGGCTGAAGCCTACCAG-3′, reverse:5′-TTCCGTAAC 
CTCAAGATCTGCT-3′) were taken as housekeeping genes. All primers 
were obtained from Sigma-Aldrich. Standard curves of amplified cDNA 
were used to calculate the amount of sample cDNA with help of MxPro 
qPCR Software (Agilent Technologies). All housekeeping genes were 
used to calculate a normalization factor and amount of target cDNA was 
divided by this normalization factor.

2.7. Autofluorescence

For autofluorescence measurement, live-cell imaging of isolated 
cardiomyocytes, seeded in laminin-precoated glass bottom dishes, was 
performed. Images were taken with the LSM 780 confocal microscope 
using a 40× LD Plan-Neofluar objective (Zeiss). Autofluorescence was 
determined with an excitation wavelength of 405 nm and an emission 
wavelength of 498 nm ± 20 nm. At least 20 cells were measured per 
sample and animal. Autofluorescence intensity per cell subtracted by the 
estimated background was analyzed using a macro in ImageJ.

2.8. Cardiomyocyte contraction analysis

For contraction measurement directly after cell isolation, warm 
Krebs-Ringer solution (137 mM NaCl, 5.4 mM KCl, 0.5 mM MgSO4, 10 
mM D-glucose, 1 mM CaCl2*2H2O, 0.4 mM K2HPO4*3H2O, 25 mM 
NaHCO3; pH = 7.4) was added to the cells after 1 h of plating and 
contraction was immediately measured with the Calcium and Contrac
tion System from IonOptix. Contraction measurement after lipofuscin 
incubation was performed in prewarmed Krebs-Ringer solution and 
contraction measurement after inhibitor treatment was performed in 
prewarmed Tyrode buffer (137 mM NaCl, 5.4 mM KCl, 0.5 mM MgSO4, 
10 mM Glucose, 1 mM CaCl2*2H2O, 11.8 mM Hepes; pH = 7.4). 

Prewarmed buffer was pumped through the system to ensure optimal 
and constant temperature during measurement. Cell contraction 
parameter were measured during stimulating with 10 V at 1 Hz. At least 
10 cells per sample and animal were analyzed, each of which showed at 
least 10 reliable contraction transients. Data was obtained and analyzed 
using the program Cytosolver received from IonOptix. Results showed 
changes in sarcomere length per time (Suppl. Fig. 1).

2.9. Statistics

Statistical analyses were performed using GraphPad Prism (v. 9.5.0). 
Outliers were removed as indicated by the Rout Outlier test (Q = 1 %). 
Normality was tested using Shapiro Wilk test. Induction to control was 
calculated by dividing all samples by the mean of the controls. Due to 
signal variations between the membranes (Fig. 4), the induction per 
animal was calculated by dividing each treatment by the respective 
control. Unpaired t-test (normality passed) or Mann-Whitney U test 
(normality not passed) were performed to test for significance with only 
2 groups. Data with 3 or more groups was analyzed with One-way 
ANOVA (normality passed). To test for significant induction per ani
mal One-sample t-test (normality passed) or One-sample Wilcoxon test 
(normality not passed) were used with a hypothetical mean of 1. Results 
are presented as mean ± SD and statistical significance was considered 
at p ≤ 0.05.

3. Results

3.1. Effect of aging on cardiomyocyte function and autofluorescence

To assess potential differences in cardiomyocyte function, contrac
tion was measured in freshly isolated cells from young (5–8 month) and 
old (24 month) mice. Cardiomyocytes from old mice showed a lower 
contraction amplitude as well as a reduced contraction and relaxation 
velocity compared to cells isolated from young mice (Fig. 1a–c). In 
addition to contractile dysfunction, previous studies have shown that 
cardiac aging is associated with accumulation of protein aggregates such 
as lipofuscin [14]. To verify the presence of protein aggregates in our 
model, we performed live-cell imaging of isolated cardiomyocytes from 
young and old mice and evaluated autofluorescence at 405 nm wave
length excitation and 498 nm emission, which is a common marker for 
determination of protein aggregates [15,25]. Results proofed higher 
autofluorescence in cardiomyocytes isolated from old compared to 
young mice, indicating a higher amount of lipofuscin in old car
diomyocytes (Fig. 1d–e).

3.2. Role of lipofuscin for cardiomyocyte contraction

Cardiomyocytes isolated from young mice were exposed for 18 h 
with artificial lipofuscin solved in PBS in a concentration range from 
0.025 to 0.1 mg/ml. With increasing lipofuscin concentration, car
diomyocytes exhibited increasing autofluorescence intensity 
(Fig. 2a–b). We decided to use 0.05 mg/ml lipofuscin in the following 
experiments, as treatment with 0.05 mg/ml lipofuscin for 18 h did not 
affect viability of adult cardiomyocytes (Suppl. Fig. 2), but still showed a 
significant increase in autofluorescence. Accordingly, young car
diomyocytes were treated with 0.05 mg/ml lipofuscin for 2, 4, 6 and 18 
h. Cardiomyocyte contraction amplitude was reduced after 4 h and 6 h, 
this effect persisted in the 18 h treatment (Fig. 2c). Contraction and 
relaxation velocities were reduced after 4 h and 6 h, whereas this effect 
was not present after the 18 h treatment (Fig. 2d–e). To take potential 
cultivation effects into account, we compared contraction of primary 
cardiomyocytes 4 h and 6 h after isolation with cardiomyocytes 18 h 
after isolation. Results revealed a significant lower contraction and 
relaxation velocity in older cells as cultivation increased time to peak 
and time to baseline 10 % without affecting contraction amplitude 
(Suppl. Fig. 3).
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3.3. Link between lipofuscin and cardiomyocyte autophagic flux

Lipofuscin is known to affect proteolytic function [15,17,18]. Espe
cially autophagy is used for cytosolic clearance from highly-crosslinked 
protein aggregates, which cannot be unfolded (aggrephagy) [28]. 
Accordingly, we measured the effect of lipofuscin treatment on car
diomyocyte autophagy-related proteins. Because a 6 h treatment with 
lipofuscin was not sufficient to change basal p62 protein levels (Suppl. 
Fig. 4), cardiomyocytes were treated for 24 h with 0.05 mg/ml lip
ofuscin. Lipofuscin treatment increased basal p62 protein levels without 
affecting Sqstm1/p62 mRNA levels in cardiomyocytes (Fig. 3a–b), 
indicating accumulation of autophagic receptor p62. Basal LC3-II pro
tein levels and Lc3 mRNA were not affected by lipofuscin treatment 

(Fig. 3c–d). Additionally, we used ConA as a lysosomal inhibitor in a 
co-treatment with lipofuscin to investigate the autophagic flux during a 
period when lipofuscin alters basal autophagy (see methods section for 
autophagic flux calculation). The ConA-related accumulation of p62 and 
LC3-II were reduced in lipofuscin-treated cardiomyocytes compared to 
control cardiomyocytes (Fig. 3e–g). Thereby our results indicate, that 
lipofuscin caused a reduced autophagic flux in cardiomyocytes. To 
investigate whether lipofuscin-mediated decrease of autophagic flux is 
associated with declining cardiomyocyte contractility and to demon
strate a link between both processes, we co-treated cardiomyocytes with 
lipofuscin and the autophagy inducer rapamycin. Again, lipofuscin 
decreased contraction amplitude as well as contraction and relaxation 
velocities. Interestingly, rapamycin significantly improved the 
lipofuscin-related reduction of contraction parameters, although it did 
not completely restore cardiomyocyte function after 18 h treatment 
(Fig. 3h–j).

3.4. Effect of autophagic flux inhibition on cardiomyocyte function

As we were able to show that lipofuscin-mediated impairment of 
cardiomyocyte contraction was associated with a decreased autophagic 
flux, we next analyzed whether a reduced autophagic flux is able to 
impair adult cardiomyocyte function directly. Accordingly, we treated 
cardiomyocytes isolated from young mice with three different auto
phagy inhibitors for 24 h because the effects of autophagy inhibitors 
should be compared to the effects of lipofuscin. 3-MA was used as an 
early-stage inhibitor, while CQ and ConA were used as late-stage in
hibitors. Additionally, previous experiments revealed that short-time 
treatment (2 h) with autophagic flux inhibitor CQ similar to lipofuscin 
was not long enough to affect cardiomyocyte contraction (Suppl. Fig. 5). 
The inhibitory effect on autophagic flux was proofed on protein level. 
ConA and CQ increased p62 and LC3-II protein levels, whereas 3-MA 
decreased p62 and LC3-II (Fig. 4a–c). LC3-I was elevated by 3-MA and 
ConA incubation but not by CQ treatment (Suppl. Fig. 6). On functional 
level, ConA and CQ decreased cardiomyocyte contraction amplitude, 
with ConA showing the strongest effect (Fig. 4d). Additionally, ConA 
reduced contraction and relaxation velocity and CQ showed a trend 
towards a decreased contraction velocity (p = 0.08, Fig. 4e–f).

4. Discussion

Our study revealed that aging is associated with functional impair
ment of cardiomyocytes and accumulation of autofluorescent protein 
aggregates, such as lipofuscin. In young cells, artificial lipofuscin 
treatment caused contractile dysfunction and impaired autophagic flux. 
A combined treatment of lipofuscin and rapamycin attenuated the 
lipofuscin-associated reduction in cardiomyocyte contraction. Experi
ments using autophagic flux inhibitors revealed that late-stage auto
phagic inhibition decreased cardiomyocyte contraction comparable to 
lipofuscin treatment, suggesting that aging-related protein aggregates 
impair late-stage autophagy, and thereby contributing to the functional 
decline of primary cardiomyocytes.

In agreement with our results, the majority of mouse studies have 
demonstrated that aging is associated with contractile dysfunction in 
cardiomyocytes, which can be measured as a diminished cardiomyocyte 
contraction amplitude [29]. In addition to declined cardiomyocyte 
function, we pointed out a rise in cellular autofluorescence, indicating 
accumulation of fluorescent protein aggregates such as lipofuscin with 
age [30]. Age-related accumulation of lipofuscin in cardiomyocytes and 
whole heart tissue was obtained in various physiological and in vitro 
aging models throughout the years [14,19,20,31].

To investigate the role of lipofuscin for cardiomyocyte performance, 
young cells were treated with lipofuscin in vitro. We used artificial lip
ofuscin produced from human erythrocyte membranes, which has been 
shown to be a good alternative to the authentic lipofuscin due to its 
similar emission peak and matching of other characteristics [25]. 

Fig. 1. Aging is associated with reduced contraction and increased auto
fluorescence in murine cardiomyocytes. (a–c) Contraction was measured in 
freshly isolated cardiomyocytes from young (5–8 month) and old (24 month) 
mice. The relative amplitude (percentage of shortening, %) as well as relative 
contraction and relaxation velocity (μm/sec) were determined. (d–e) Relative 
average autofluorescence intensity per cell (a.u.) was analyzed via live-cell 
imaging using excitation of 405 nm and emission of 498 nm. Data represent 
mean ± SD. Statistical significance was tested with students t-test and given as 
follows: **p ≤ 0.01, ***p ≤ 0.001.
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Interestingly, 2 h exposure with artificial lipofuscin did not affect car
diomyocyte function, whereas longer exposure times (4, 6 and 18 h) 
caused a detrimental reduction in contraction amplitude. Monitoring 
autofluorescence after lipofuscin treatment in fibroblasts revelated a 
progressive uptake of lipofuscin, leading to a 2.75-fold increase in 
autofluorescence after 72 h [18]. Accordingly, we suggest, that lip
ofuscin did not induce an acute toxic effect but its gradual uptake 
diminished contractile function in primary cardiomyocytes. However, 
18 h treatment with lipofuscin did not change contraction nor relaxation 
velocity, whereas 4 h and 6 h lipofuscin treatment decreased velocities. 
We figured out that these different effects were confounded by the 
impact of 18 h cultivation on primary adult cardiomyocytes, as culti
vation increased time to peak and time to baseline. Accordingly, when 
interpreting the results, it has to be kept in mind that adult car
diomyocytes can be affected by longer cultivation time, which in our 
study was visible from 18 h onwards.

In addition to cardiomyocyte contractility, lipofuscin was shown to 
affect the autophagic flux. Previous studies reported contradictory 

results in lipofuscin-rich cells and tissues, with autophagy markers being 
reduced [19], unchanged [14] or even increased [16,32,33] compared 
to cells and tissues with lower lipofuscin content. We revealed higher 
basal p62 protein levels upon lipofuscin treatment, while p62 mRNA, 
Lc3 mRNA and basal LC3-II protein were not affected. Because of the 
increase in p62 protein levels, we suggest that lipofuscin triggers accu
mulation of ubiquitinated proteins prone for degradation via the auto
phagy lysosomal system [34]. To investigate the autophagic flux in 
lipofuscin-treated cells, we used the lysosomal inhibitor ConA in par
allel with lipofuscin. Lipofuscin-treated cells exhibited a reduced turn
over of p62 and LC3-II upon 24 h ConA treatment compared to control 
cells, which proved that lipofuscin decreased autophagic flux in young 
cardiomyocytes. One reason for this reduced autophagic flux can be the 
ability of lipofuscin to disrupt lysosomal function [15,17]. The suspected 
lysosomal impairment can lead to a reduced autophagic flux by limiting 
the degradation of autophagosomes, autolysosomes and their substrates 
[35], which we pointed out in our cell model. Nevertheless, the auto
phagic flux itself is crucial for lysosomal accumulation and degradation 

Fig. 2. Treatment of cardiomyocytes with lipofuscin decreases cardiomyocyte contraction. (a–b) Cardiomyocytes from young mice were treated with artificial 
lipofuscin for 18 h and relative autofluorescence (a.u.) was analyzed in living cells using excitation of 405 nm and emission of 498 nm. PBS was used as a respective 
control. (c–e) Cardiomyocytes were treated for 2–18 h with 0.05 mg/ml artificial lipofuscin and contraction was measured. The relative amplitude (percentage of 
shortening, %) as well as relative contraction and relaxation velocity (μm/sec) were determined. Data represent mean ± SD. Statistical significance was tested with 
(a) One-way ANOVA or (c–e) students t-test comparing PBS and lipofuscin and given as follows: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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of lipofuscin [16,36]. Knockout of Atg5 reduced lysosomal lipofuscin 
and increased cytosolic lipofuscin, which is more detrimental for 
cellular survival than lysosomal lipofuscin [16]. Thus, autophagy is 
essential for lipofuscin detoxification. However, lipofuscin itself is able 
to impair the autophagy lysosomal system [15,16], indicating a vicious 
circle of accumulating protein aggregates.

To counteract this vicious circle in our cells, we used rapamycin to 
enhance autophagy in lipofuscin-treated cardiomyocytes. Addition of 
rapamycin mitigated the contractile dysfunction of lipofuscin-treated 
cardiomyocytes, resulting in a higher contraction amplitude as well as 
contraction and relaxation velocity compared to lipofuscin-treated cells. 
Our results underline the role of autophagy in lipofuscin-associated 
disruption of cardiomyocyte function. However, rapamycin treatment 

was not able to completely restore the effect of lipofuscin on contraction 
within 18 h. Potentially, lipofuscin caused an irreversible damage of 
cardiomyocyte function and/or autophagy. In addition, reduced auto
phagy may not be the only mechanism by which lipofuscin decreases 
cardiomyocyte function, because lipofuscin can also impair e.g. pro
teasomal function [18]. Moreover, increasing autophagy at the very 
early stage of the autophagic machinery, by suppression of mTORC1 
using rapamycin [37], may not completely restore lipofuscin-mediated 
decrease of late-stage autophagy. In accordance, we hypothesize, that 
lipofuscin reduced cardiomyocyte contractility by decreasing late-stage 
autophagic flux and lysosomal function.

The relevance of autophagy for cardiac health was shown in various 
animal models. For example, cardiac Atg5 knockout mice develop a 

Fig. 3. Lipofuscin diminishes autophagic flux and lipofuscin-associated cardiomyocyte dysfunction is attenuated by rapamycin-induced autophagy. (a–d) 
Cardiomyocytes from young mice were treated with 0.05 mg/ml artificial lipofuscin, PBS was used as a respective control. (a,c) Basal normalized protein levels of 
p62 and LC3-II after 24 h treatment with lipofuscin were analyzed by immunoblot. (b,d) Expression of mRNA of Sqstm1/p62 and Lc3 after 6 h treatment with 
lipofuscin were measured using qPCR. (e–f) For autophagic flux measurement, concanamycin A (ConA) was used as an inhibitor in presence or absence of lipofuscin 
for 24 h. Normalized protein levels of p62 and LC3-II with ConA were divided by the protein levels without ConA to calculate the autophagic flux. (h–j) Car
diomyocyte function was measured after 18 h treatment with lipofuscin in presence or absence of autophagic flux inducer rapamycin (Rapa). The relative amplitude 
(percentage of shortening, %) as well as relative contraction and relaxation velocity (μm/sec) were determined. Data represent mean ± SD. Statistical significance 
was tested with (a–f) students t-test or (h–j) One-way ANOVA and given as follows: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. Mw: molecular weight.
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cardiomyopathy characterized by hypertrophy, fibrosis and reduced 
fractional shortening, compared to wild-type mice, leading to a low 
median life span of 1 year [4]. Furthermore, elevated autophagy 
induced via a whole-body knock-in of beclin-1 prevented the origin of 
age-related fibrosis and cardiomyocyte hypertrophy in mice [38]. In this 
study we used 3 different autophagic flux inhibitors, 3-MA, ConA and 
CQ, and investigated their effects on cardiomyocyte function. 3-MA, an 
early autophagic flux inhibitor, is known to inhibit class I and III PI3K. 
Inhibition of class III PI3K enzymes blocks the production of PI3P and 
subsequently the recruitment of Atg proteins to the autophagic mem
brane [8]. Previously it was shown that 3-MA can have a dual role on the 
autophagic flux, as it can also increase autophagy in nutrient-rich me
dium when used in long-term treatment (>9 h) measured as a prolonged 
conversion of LC3-I to LC3-II [9]. However, we showed reduced LC3-II 
and increased LC3-I protein levels in cardiomyocytes treated for 24 h 
with 3-MA, indicating a reduction of the autophagic flux at an early 
stage. Nevertheless, inhibition of the autophagic flux using 3-MA did not 
affect cardiomyocyte contraction amplitude nor velocities, which cor
responds to the results of previous studies [39,40]. In contrast to cell 

culture experiments using 3-MA, a cardiac knockout of class III PI3K 
reduced contractility in whole hearts [41], suggesting that extended 
decrease of early autophagic flux is able to diminish cardiac function.

Inhibitors ConA and CQ were used to block late-stage autophagic 
flux. ConA deacidifies lysosomes by inhibiting vATPases, leading to 
accumulation of autophagosomes and dysfunctional lysosomes [11,42]. 
In our experiments, ConA reduced contraction amplitude as well as 
contraction and relaxation velocity in young cardiomyocytes. Interest
ingly, accumulation of autophagic vacuoles in hearts of mice with a 
lysosomal associated membrane protein (Lamp) 2 knockout increased 
mortality and decreased contractile function [43], underlining the role 
of functional lysosomes for cardiac health. Moreover, lysosomal inhi
bition can increase autophagosome formation via reducing mTORC1 
activation [7]. In ConA-treated cardiomyocytes, LC3-I protein levels 
were enhanced after 24 h, suggesting compensatory autophagosome 
formation, further leading to autophagosome accumulation as evi
denced by increased LC3-II level, potentially contributing to its detri
mental effect on contraction. In contrast to ConA, CQ treatment 
decreased cardiomyocyte contraction amplitude but did not 

Fig. 4. Late-stage not early-stage autophagic flux inhibition impairs cardiomyocyte contraction within 24 h. Cardiomyocytes isolated from young mice were 
treated for 24 h with autophagic flux inhibitors 3-methyladenine (3-MA), chloroquine (CQ) and concanamycin A (ConA). (a–c) The effects on autophagic flux protein 
and (d–f) cardiomyocyte contractility were measured. The relative amplitude (percentage of shortening, %) as well as relative contraction and relaxation velocity 
(μm/sec) were determined. Data represent mean ± SD. Statistical significance was tested with (a–b) one sample t-test (normality passed) or one sample Wilcoxon test 
(normality not passed) or (d–f) One-way ANOVA (DMSO, 3-MA, ConA) or students t-test (normality passed)/Mann-Whitney U test (normality not passed) (H2O and 
CQ) and given as follows: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. Mw: molecular weight.
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significantly affect contraction nor relaxation velocity. CQ is able to act 
directly on cardiomyocyte contraction by blocking voltage-dependent 
Na+, Ca2+ and K+ channels and decreasing Ca2+ influx [44]. In this 
study we used CQ to address the direct effect of late-stage autophagic 
flux, especially the fusion of autophagosomes and lysosomes [10]. In
hibition of autophagosome-lysosome fusion in human induced pluripo
tent stem cell-derived cardiomyocytes with Lamp2B knockout resulted 
in contractile impairment of these cells, highlighting the importance of 
the fusion process for cardiomyocyte function [45].

Results revealed, that only pharmacological inhibition of late-stage 
autophagy detrimentally reduced cardiomyocyte contraction. One 
possible factor contributing to the contractile impairment may be an 
abnormal Ca2+ signaling. Cardiomyocytes from mice with a disrupted 
Lamp2 gene, associated with accumulation of immature lysosomes and 
autophagosome, showed lower contraction and relaxation time due to 
disturbed Ca2+ signaling [46]. On molecular level, lysosomal deacidi
fication can trigger Ca2+ efflux from lysosomes into the cytosol [47]. 
Due to the presence of a lysosome-sarcoplasmic reticulum Ca2+ axis [48,
49], we hypothesized, that changed lysosomal Ca2+ levels as induced by 
lysosomal deacidification using ConA and CQ, may disturb Ca2+

signaling in our model. Moreover, failing of autophagy, as induced by 
CQ, causes an increase in oxidative stress [50], which in turn can cause 
redox modulation of Ca2+ handling proteins, which affects their activity 
and subsequently cardiomyocyte Ca2+ signaling [51,52].

In addition to the potential role of Ca2+, Redmann et al. (2017) 
revealed another possible molecular mechanism by which the use of 
these inhibitors can disrupt cellular function. The authors showed that 
bafilomycin A1 and CQ treatment impaired mitochondrial function and 
quality in primary neurons by reduced activity of mitochondrial en
zymes and increased mitochondrial damage, without affecting mito
chondrial DNA [53]. These findings indicate, that mitochondrial 
function may be diminished by autophagic inhibition. The combination 
of disrupted autophagic recycling and diminished mitochondrial func
tion may result in an energy deficit, leading to contractile dysfunction in 
cardiomyocytes treated with lipofuscin or autophagy inhibitors.

5. Conclusion

Lipofuscin accumulation with age is associated with impaired 
contraction in murine cardiomyocytes. In cells isolated from young 
mice, lipofuscin decreased contraction amplitude and disrupted auto
phagic flux. Notably, only the inhibition of late-stage autophagic flux 
decreased cardiomyocyte contraction amplitude, accordingly to lip
ofuscin treatment. Therefore, results indicate a link between age-related 
accumulation of lipofuscin and late-stage autophagy impairment which 
triggered contractile dysfunction. Previous data on lipofuscin and 
autophagy in the heart indicate that aging and protein aggregates such 
as lipofuscin reduce autophagy in cardiomyocytes and that an 
improvement in autophagy by rapamycin alleviates lipofuscin accu
mulation in the heart [19]. Furthermore, we were able to show that 
rapamycin-induced autophagy attenuates the contractile dysfunction of 
cardiomyocytes caused by lipofuscin. Consequently, a moderate in
crease of autophagy in lipofuscin-loaded tissue is able to counteract 
age-associated effects such as senescence and contractile dysfunction. 
Therefore, induction of physiological autophagic flux in aging tissue 
may represent a promising strategy to combat lipofuscin-driven cardiac 
decline to rejuvenate the aging heart and preserve cardiac health over 
time.
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Concanamycin A, the specific inhibitor of V-ATPases, binds to the V(o) subunit c, 
J. Biol. Chem. 277 (43) (2002) 40544–40548, https://doi.org/10.1074/jbc. 
M207345200.
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[18] A. Höhn, T. Jung, S. Grimm, B. Catalgol, D. Weber, T. Grune, Lipofuscin inhibits 
the proteasome by binding to surface motifs, Free Radic. Biol. Med. 50 (5) (2011) 
585–591, https://doi.org/10.1016/j.freeradbiomed.2010.12.011.

[19] W.-W. Li, H.-J. Wang, Y.-Z. Tan, Y.-L. Wang, S.-N. Yu, Z.-H. Li, Reducing lipofuscin 
accumulation and cardiomyocytic senescence of aging heart by enhancing 
autophagy, Exp. Cell Res. 403 (1) (2021) 112585, https://doi.org/10.1016/j. 
yexcr.2021.112585.

[20] E. Porta, S. Llesuy, A.J. Monserrat, S. Benavides, M. Travacio, Changes in cathepsin 
B and lipofuscin during development and aging in rat brain and heart, Gerontology 
41 (Suppl 2) (1995) 81–93, https://doi.org/10.1159/000213727.

[21] W. Liang, A.G. Moyzis, M.A. Lampert, R.Y. Diao, R.H. Najor, Å.B. Gustafsson, Aging 
is associated with a decline in Atg9b-mediated autophagosome formation and 
appearance of enlarged mitochondria in the heart, Aging Cell 19 (8) (2020) 
e13187, https://doi.org/10.1111/acel.13187.

[22] C.C. Lim, C.S. Apstein, W.S. Colucci, R. Liao, Impaired cell shortening and 
relengthening with increased pacing frequency are intrinsic to the senescent mouse 
cardiomyocyte, J. Mol. Cell. Cardiol. 32 (11) (2000) 2075–2082, https://doi.org/ 
10.1006/jmcc.2000.1239.

[23] S.A. Grandy, S.E. Howlett, Cardiac excitation-contraction coupling is altered in 
myocytes from aged male mice but not in cells from aged female mice, Am. J. 
Physiol. Heart Circ. Physiol. 291 (5) (2006) H2362–H2370, https://doi.org/ 
10.1152/ajpheart.00070.2006.

[24] T.L. Domeier, C.J. Roberts, A.K. Gibson, L.M. Hanft, K.S. McDonald, S.S. Segal, 
Dantrolene suppresses spontaneous Ca2+ release without altering excitation- 
contraction coupling in cardiomyocytes of aged mice, Am. J. Physiol. Heart Circ. 
Physiol. 307 (6) (2014) H818–H829, https://doi.org/10.1152/ 
ajpheart.00287.2014.
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