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Lipofuscins are oxidized lipid and protein complexes that 
accumulate during cellular senescence and tissue aging, 
regarded as markers for cellular oxidative damage, tissue 
aging, and certain aging-associated diseases. Therefore, 
understanding their cellular biological properties is crucial 
for effective treatment development. Through traditional 
microscopy, lipofuscins are readily observed as fluorescent 
granules thought to accumulate in lysosomes. However, 
lipofuscin granule formation and accumulation in senescent 
cells are poorly understood. Thus, this study examined 
lipofuscin accumulation in human fibroblasts exposed to 
various stressors. Our results substantiate that in glucose-
starved or replicative senescence cells, where elevated 
oxidative stress levels activate autophagy, lipofuscins 
predominately appear as granules that co-localize with 
autolysosomes due to lysosomal acidity or impairment. 
Meanwhile, autophagosome formation is attenuated in 
cells experiencing oxidative stress induced by a doxorubicin 
pulse and chase, and lipofuscin fluorescence granules 
seldom manifest in the cytoplasm. As Torin-1 treatment 
activates autophagy, granular lipofuscins intensify and 
dominate, indicating that autophagy activation triggers their 
accumulation. Our results suggest that high oxidative stress 
activates autophagy but fails in lipofuscin removal, leaving 
an abundance of lipofuscin-filled impaired autolysosomes, 
referred to as residual bodies. Therefore, future endeavors 
in treating lipofuscin pathology-associated diseases and 
dysfunctions through autophagy activation demand 
meticulous consideration.
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INTRODUCTION

Oxidative damage accumulation occurs in tissues of older 

adults and cells undergoing extended division in vitro. The 

gradual shift toward increased damaged adduct generation 

and decreased removal leads to their accumulation, which 

impairs body function and effectuates cellular senescence. Li-

pofuscins, the most prominent damage product, are oxidized 

lipid and protein complexes that accumulate in tissue cells 

with highly active energy metabolism, such as brain and cardi-

ac muscle, and in the skin of older adults (Kwag et al., 2015; 

Moreno-García et al., 2018). While lipofuscin accumulation 

characterizes cellular and tissue aging, it is onerous for cellular 

function and viability. Lipofuscins induce cellular senescence 

and subsequent tissue aging (Porta, 2002; Singh Kushwaha 

et al., 2019); accumulation in the eye is a prominent macu-

lar degeneration risk factor (Julien and Schraermeyer, 2012; 

Wolf, 2003). In addition, lipofuscin accumulation is implicat-

ed in acromegaly, denervation atrophy, myopathies, chronic 

obstructive pulmonary disease, Alzheimer’s disease, Parkin-

son’s disease, amyotrophic lateral sclerosis, and other neuro-

degenerative disorders (Allaire et al., 2002; Moreno-García et 

al., 2018). Furthermore, it can induce complement activation 

and trigger inflammatory processes (Radu et al., 2011).

	 Lowering lipofuscin levels is vital for body function and 
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delaying aging or certain aging-associated pathologies (Jolly 

et al., 2002; Terman and Brunk, 2004); therefore, developing 

lipofuscin suppression and removal strategies is imperative. 

However, our current understanding of these processes is 

somewhat limited. Leupeptin, a protease inhibitor, has re-

portedly induced lipofuscin accumulation in rats (Katz et al., 

1999), but its products’ authenticity has been challenged 

(Boulton et al., 1999). Concurrently, certain chemicals are 

ostensibly effective in lowering lipofuscin levels. For example, 

centrophenoxine is a cholinergic nootropic used for treating 

senile dementia that notably decreased or reversed lipofuscin 

accumulation in post-mitotic cells over two weeks (Terman 

and Welander, 1999). Recently, autophagy-mediated lipofus-

cin granule degradation has garnered attention. Lipofuscin 

potentially interferes with the autophagic process, thereby 

preventing cellular renewal and accumulating compromised 

cellular constituents. Thus, some theorize that autophagy 

flux impairment and lipofuscin accumulation are correlated 

(Brunk and Terman, 2002).

	 However, the association between lipofuscin accumulation 

and autophagy is not definitive. A recent study administer-

ing rapamycin treatment over six months reduced lipofuscin 

accumulation in older rat cardiomyocytes, proposing that 

autophagy effectively curtails lipofuscinogenesis and pro-

motes lipofuscin degradation (Li et al., 2021). Nonetheless, 

autophagy activation may be better for preventing lipofuscin 

accumulation rather than their removal. Similarly, remofus-

cin reversed lipofuscin accumulation in older human retinal 

pigment epithelium cells and restored retinal degeneration 

in a pathologic Stargardt disease mouse model. Remofuscin 

presumably degrades lipofuscin into small particles likely 

removed through exocytosis, although the underlying mech-

anism remains inconclusive (Fang et al., 2022). Therefore, 

clarifying the relationship between autophagy and lipofuscin 

accumulation and removal is imperative.

	 Lipofuscins exist as granules with an approximate 1 to 5 

μm diameter range within cells and are generated in a cellular 

organelle’s lipid membrane, including lysosomes. Also known 

as lipofuscin granules, lipofuscin formation may develop 

within lysosomes through lysosomal content oxidation (Brunk 

et al., 1992). In lysosomes, hydroxyl radicals are potent oxi-

dants generated through the Fenton reaction aided by Fe++ 

ions and the abundantly available oxidized lipid peroxides. 

Meanwhile, lipofuscin fluorescence spreading in cytosols 

suggests a cytosolic lipofuscin formation localization (Höhn 

et al., 2012; 2013). Furthermore, these free extra-lysosomal 

lipofuscin levels amplify upon autophagy inhibition (Höhn et 

al., 2012). Therefore, some lipofuscins, if not all, are created 

freely in cytosol from oxidized materials and captured in ly-

sosomes before emerging as granular lipofuscins. However, 

the free and granular lipofuscin relationship has not yet been 

determined, and whether cellular stress conditions sway their 

measure remains unknown. This study examined lipofuscin 

accumulation in human fibroblasts under several conditions, 

including glucose deprivation, replicative senescence, and 

DNA damage-induced senescence.

	 Our previous study established that poor lysosome acidifi-

cation in glucose-starved cells impairs autophagy flux (Song 

and Hwang, 2020), and a similar blockade reaction was also 

apparent in cells undergoing replicative senescence (Kang et 

al., 2017). The lysosomal acidity impairment in both condi-

tions may be due to high oxidative stress levels activating the 

Ataxia telangiectasia mutated (ATM) protein, subsequently 

inhibiting the vacuolar-type ATPase (V-ATPase), a proton 

pump within lysosome membranes. The current study inves-

tigated the autophagic effects on granular lipofuscin accu-

mulation by comparing lipofuscin granule levels in autopha-

gy-modulated cells. Our results demonstrate that autophagy 

activation drives lipofuscin accumulation in lysosomes, but 

poor lysosomal acidity and lipofuscin molecule digestibility 

effectuates lipofuscin accumulation in autolysosomes. This 

study substantiates that inducing autophagy activation pro-

motes lipofuscin granule formation.

MATERIALS AND METHODS

Cell culture and chemical treatments
Normal human fibroblasts isolated from healthy new-

born foreskins were provided by Dr. Jin-Ho Chung (IRB 

No. H-1101-116-353 from the School of Medicine, Seoul 

National University, Korea) and maintained in Dulbecco’s 

modified Eagle’s medium (DMEM) (LM001-11; Welgene, 

Korea) supplemented with 10% fetal bovine serum (S-FBS-

US-015; Serana, Australia) at 5% CO2 and 37°C. The DMEM 

contained no glucose (LM001-79; Welgene) to simulate glu-

cose deprivation. Cells were passaged at a 1:4 dilution until 

they stopped dividing at passage 32 to obtain a fibroblast 

population at replicative senescence. Fibroblasts mid-passage 

(between 20 and 24) were pulsed with 0.25 μM doxorubicin 

for 4 h and chased in fresh medium replaced every two days 

for chemically induced senescence. On Day 5, cells began 

expressing senescence phenotypes similar to previous studies 

(Song et al., 2005). Chemicals purchased from the following 

sources were used at 200 nM, 250 nM, 50 μM, 0.25 μM, 

0.2 μM, and 0.5 μM doses, respectively: bafilomycin A1 from 

Enzo Life Science (USA) (BML-CM110-0100); Torin-1 from 

Biorbyt (UK) (orb146133); chloroquine (CQ; C6628), doxoru-

bicin (D1515), and wortmannin (W1628) from Sigma-Aldrich 

(USA); and KU60019 from Selleckchem (USA) (S1570).

Western blotting analysis
Proteins extracted in RIPA buffer (50 mM Tris-HCl [pH 

7.5], 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium de-

oxycholate, 0.1% sodium dodecyl sulfate) supplemented 

with NaF, NaVO4, and a protease inhibitor cocktail (P2714; 

Sigma-Aldrich) were separated through polyacrylamide gel 

electrophoresis and transferred to a nitrocellulose membrane. 

Membranes were blotted with primary antibodies; western 

blotting analysis and immunofluorescence imaging imple-

mented antibodies against human LC3 (#2775; Cell Signal-

ing Technology, USA) and β-actin (A5441; Sigma-Aldrich). 

Membranes were then incubated with horseradish peroxi-

dase-conjugated secondary antibodies, and a SuperSignal 

West Femto substrate (Thermo Fisher Scientific, USA) visual-

ized protein bands.

Immunofluorescence and confocal microscopy
Cells grown on coverslips were fixed in 3.7% paraformal-
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dehyde with phosphate-buffered saline (PBS) for 20 min, 

permeabilized with 0.1% Triton X-100 in PBS for 15 min, 

blocked with 10% FBS in PBS for 2 h, and incubated with 

primary antibodies overnight. Antibodies against human LC3 

(#2775) or Lamp1 (SC-20011; Santa Cruz Biotechnology, 

USA) detected autophagosomes or lysosomes, respectively. 

In addition, cells were washed and incubated with Alexa Flu-

or 488-conjugated anti-rabbit, 633-conjugated anti-mouse, 

488-conjugated anti-mouse, 405-conjugated anti-mouse, 

546-conjugated anti-rabbit, or 546-conjugated anti-mouse 

secondary antibodies (all from Thermo Fisher Scientific) for 2 

h and visualized under a confocal microscope (LSM 510; Carl 

Zeiss, USA). Alternatively, lysosomes were directly labeled by 

using LysoTrakerRed (L7528; Thermo Fisher Scientific). Lipo-

fuscins were visualized from cells grown on coverslips through 

confocal microscopy and autofluorescence at a 505-555 nm 

wavelength and photographed using a FITC filter after a 493 

nm excitation. ImageJ analysis software (NIH, USA) counted 

puncta in the fluorescence images over 0.5 μm2.

Determining lipofuscin and reactive oxygen species (ROS) 
levels through flow cytometry
Flow cytometric quantitation following the published meth-

ods measured cellular auto-fluorescence to quantify cellular 

lipofuscin level fluctuations (Goodwin et al., 2000; Sitte et 

al., 2001). Cell quantities were collected, washed in PBS, and 

applied to flow cytometry using a FACS Canto II cell analyzer 

(BD Biosciences, USA) at a 488 nm excitation and 530 nm 

emission. Mean cellular fluorescence values (10,000 per mea-

surement) were normalized by untreated control (Ctl) values, 

and the ratio was expressed as bar graph fold changes. Cells 

were incubated with 50 nM dihydroethidium (DHE) (D1168; 

Thermo Fisher Scientific) and similarly processed to quantify 

cellular ROS levels.

Determining autophagic flux through flow cytometry
The CYTO-ID® autophagy detection kit (ENZ-51031-0050; 

Enzo Life Science) monitored autophagic flux in live cells fol-

lowing the manufacturer’s protocol. When treatment ended, 

such as incubation upon glucose exposure, cells were tryp-

sinized and stained with a CYTO-ID reagent, and the FACS 

Canto II (BD Biosciences) analyzed fluorescence through flow 

cytometry.

Lysosomal acidity measurement
Lysosensor yellow/blue DND-160 (L7545; Thermo Fisher Sci-

entific) exhibits dual-excitation and -emission spectral peaks 

pH-dependently. Cells were stained with 2 μM Lysosensor yel-

low/blue DND-160 for 5 min, trypsinized, washed in PBS, and 

then measured for fluorescence in a fluorometer (Spectramax 

M2e; Molecular Devices, USA). The yellow/blue dual-emitted 

signal ratio determined relative lysosomal acidity.

Statistical analysis
Quantification was performed in all panels using two or 

three independent sample measurements from different ex-

periments. Data are expressed as mean ± SD. In addition, a 

Bartlett test assessed variance homogeneity, and a one-way 

ANOVA analysis using InStat 3.06 (GraphPad Software, USA) 

compared intergroup mean values. A P value less than 0.05 

was considered statistically significant.

RESULTS

Lipofuscin accumulation in glucose-starved and replicative 
senescent cells in autolysosomes
Upon incubation in a glucose-free medium (glucose star-

vation), human fibroblasts heavily promote oxidative phos-

phorylation to maintain energy homeostasis, generating high 

mitochondrial ROS levels (Song and Hwang, 2020). In this 

condition, cells likely activate autophagy to facilitate resource 

recycling; however, impaired flux hinders this process. High 

ROS levels attenuate V-ATPase on lysosome membranes and 

impair acidification, resulting in poor lysosomal hydrolysis and 

autolysosome accumulation (accumulated yellow puncta in 

Fig. 1A, Glu- [glucose-]). Autolysosomes also accumulate in 

fibroblasts (Fig. 2A), and lipofuscin levels surge in cells during 

replicative senescence (Goodwin et al., 2000; Von Zglinicki 

et al., 1995), indicating a close autolysosome and lipofuscin 

accumulation association.

	 Lipofuscin fluorescence levels and status in human fibro-

blasts were first examined under glucose starvation and rep-

licative senescence conditions to confirm this link. Lipofuscin 

levels were substantially exacerbated in both cellular condi-

tions (Glu-: Figs. 1B, 1C, and 1F; Rep Sen (replicative senes-

cence): Figs. 2B and 2D). Interestingly, although the lipofus-

cin fluorescence increase was much greater under replicative 

senescence (Fig. 2D), lipofuscins were predominately granu-

lar in both conditions. In the lower panels of Figs. 1F and 2B, 

the dominant yellow puncta in the merged green lipofuscin 

and red lysosome fluorescence images indicates the lysosom-

al lipofuscin localization. Furthermore, the heavy lysosome 

and autophagosome co-localization in these cells convey that 

lipofuscins predominate in autolysosomes, and the impaired 

lysosome function in glucose-starved cells is partly responsible 

for this lipofuscin granule accumulation.

	 Figures 1D, 1E, and 1F (Glu-/KU labeled bars and panels) 

reveal that KU60019 administration during the three days of 

starvation inhibited ATM and partially, but significantly, im-

proved the poor lysosome acidity and autophagy flux (Kang 

et al., 2017). Our previous study corroborates this observation 

(Song and Hwang, 2020). Notably, the treatment significant-

ly reduced lipofuscin granule and lysosome concentrations in 

glucose-starved cells (Figs. 1F and 1G), proposing that, like 

autolysosome accumulation, lipofuscin granule escalation is 

largely caused by ATM-driven V-ATPase inactivation inducing 

poor lysosomal acidification. Similarly, KU60019 administra-

tion also substantially decreased lipofuscin granule volumes 

in cells undergoing replicative senescence (Figs. 2B and 2C). 

Meanwhile, glucose starvation did not elevate lipofuscin 

fluorescence levels in senescent cells (Fig. 2D, ‘Ctl’ vs ‘Glu-’ of 

early cell and the same senescent cell groups), indicating that 

impaired autolysosomal function is likely a common lipofus-

cin accumulation mechanism shared by glucose-starved and 

senescent cells.

	 However, impaired lysosomal acidity’s involvement in repli-

cative senescence could not be confirmed. Lysosomal acidity 

did not express lower levels in the tested senescent fibro-
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blasts, nor was it affected by KU60019 treatment (Fig. 2E). 

Therefore, it remains indefinite in our experiment whether 

lipofuscin granule accumulation in senescent fibroblasts is 

minimally driven by lysosomal acidity impairment. Neverthe-

less, KU60019 treatment did affect lipofuscin granule levels; 

thus, KU60019 may affect autolysosome status independent 

of V-ATPase activity. Alternatively, our lysosomal acidity deter-

mination method may require further improvement to sense 

this slight difference significant enough to affect lysosome 

function.

	 Meanwhile, glucose-starved and senescent cells had dis-

tinct lipofuscin fluorescence and granule patterns. First, the 

varying ‘Glu-’ (early) and ‘Ctl’ (senescent) fluorescence levels 

evidenced that lipofuscin fluorescence levels were notably 

higher in senescent cells (Fig. 2D). Second, KU60019-treated 

lipofuscin granule levels exhibited no proportional change 

relative to lipofuscin fluorescence in both conditions. Lipo-

fuscin granule concentrations substantially decreased in 

both conditions (Figs. 1G and 2C); however, the lipofuscin 

fluorescence attenuation was relatively small or minimal (Fig. 

2C). Furthermore, enlarged replicative senescent cell images 

revealed green lipofuscin fluorescence that did not co-localize 

with lysosomal puncta (Fig. 2B, lower enlarged panel), which 

was not apparent in glucose-starved cells (Fig. 1F, enlarged 

Glu- panel). These results substantiate a potential cytosolic or 

non-autolysosomal lipofuscin increase in replicative senescent 

cells.

Fig. 1. Lipofuscin granule accumulation co-localized with autolysosomes in glucose-starved cells. (A) After a three-day incubation in 

normal (Ctl) or glucose-free (Glu-) mediums, human fibroblast immunofluorescence was measured with LC3 and Lamp1 antibodies to 

visualize autophagosomes (green) and lysosomes (red). Yellow puncta, representing autolysosomes, increased substantially in glucose-

starved cells. (B) Confocal microscopy examined the autofluorescence of cells incubated in normal or glucose-free mediums for one (Glu-

1D) or three days (Glu-3D). Granular fluorescence quantities and intensities during glucose starvation increased on Day 1, escalating further 

by Day 3. (C) Flow cytometry comprised 10,000 cells collected from specified times at 530 nm to determine cellular autofluorescence. 

Normalized data obtained through three biological repeats with the control (0 h) were plotted in the bar graph, illustrating cellular lipofuscin 

fluorescence differences. (D) Lysosensor yellow/blue DND-160 dye stained glucose-starved cells with or without KU60019 (Glu-/KU) for 

three days. After washing in phosphate-buffered saline, cells were examined through fluorometry, and relative yellow/blue fluorescence 

ratios determined lysosome acidity. Cells treated with 200 nM bafilomycin A1 (baf) for 1 h served as the negative control. (E) Cells were 

treated with 10 μM chloroquine (CQ) 24 h before collection for relative autophagy flow comparisons between glucose-starved cells with or 

without 0.5 μM KU60019 over three days. Cyto-ID dye stained 10,000 cells, and flow cytometry quantitated cellular fluorescence. Relative 

fluorescence ratios were plotted from CQ-treated and untreated cells (two biological repeats). (F and G) Lipofuscin (green) and LysoTrackRed 

(LTR)-stained (red) lysosome autofluorescence were visualized through confocal microscopy. Green puncta primarily overlapped with red in 

three-day glucose-starved cells (Glu-). The bottom panel conveys a glucose-starved cell with prominently visible yellow puncta. Meanwhile, 

lipofuscin and LTR puncta concentrations decreased substantially in KU60019 (Glu-/KU)-treated cells. (G) Yellow puncta (over 0.5 μm2) were 

counted in ten cells from confocal photographs, and normalized control cell values were plotted. ANOVA determined *P < 0.05, **P < 0.01, 
#P < 0.05, and ##P < 0.01 as significantly different. Scale bars = 20 μm.
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Lipofuscin fluorescence increases, but lipofuscin granules 
are attenuated during doxorubicin-induced senescence 
progression
Lipofuscin levels increase in cells under oxidative stress (So-

hal and Brunk, 1989), and glucose starvation and replicative 

senescence are prevalent alongside heightened ROS levels 

(Kang et al., 2006; Song and Hwang, 2020). Similarly, lipo-

fuscin levels also increase in induced-senescent cells with 

high ROS levels (Cho et al., 2011; Goodwin et al., 2000). 

Treating cells with 0.25 μM doxorubicin for 4 h followed 

by chasing for five or more days has been employed as an 

induced senescence model. Senescence phenotypes, such 

as senescence-associated β-galactosidase (SA-β-gal) activity 

and mitochondrial ROS generation, increase slowly during 

the early stage, but senescence phenotype and ROS levels 

intensify substantially the longer cells are chased (usually over 

five days post-doxorubicin pulse) (Song et al., 2005). Thus, 

lipofuscin levels and localization in fibroblasts undergoing 

doxorubicin-induced senescence were closely investigated. 

Cellular lipofuscin fluorescence levels progressively increased, 

reaching a level three to four times higher by Day 6 (Fig. 3A). 

Although this increase is considerably smaller than that in 

replicative senescent cells, it is comparable or greater than the 

increase in glucose-starved cells over a similar duration, which 

was approximately two to four times more (Fig. 3B).

	 Importantly, there is a marked difference in lipofuscin lo-

calization patterns. Contrasting glucose-starved cells (Glu-),  

cells chased for five days post-doxorubicin pulse expressed 

poorly noticeable lipofuscin granules that rarely overlapped 

with lysosomes (Fig. 3C, Dox 5D). These findings suggest that 

lipofuscins predominantly multiply in the cytoplasm rather 

than in autolysosomes at an early doxorubicin-induced se-

nescence stage. Although the reasons behind this difference 

are unknown, it may be due to cellular or organellar degra-

dation rate and efficiency variations. Meanwhile, lipofuscin 

fluorescence appeared granular following an extended chase 

(Supplementary Fig. S1, lipofuscin granules in cells chased for 

10 or 15 days.). Like other senescence phenotypes, lipofuscin 

Fig. 2. Lipofuscin granule accumulation co-localized with autolysosomes in replicative senescence cells. (A) Replicative senescence 

human fibroblasts (passage 31 or 32) (Rep Sen) were immune-stained with LC3 autophagosomes or Lamp1 lysosomes antibodies. 

Compared to early-passage cells (passage 20 or earlier) (Early), Lamp1 and LC3 positive puncta were far more abundant and co-

localized (yellow puncta) with a pattern similar to glucose-starved cells (Early + Glu-). KU60019 treatment for three days lowered red 

and green puncta levels and co-localization. (B) As visualized through confocal microscopy, autofluorescent puncta levels substantially 

increased and were predominantly co-localized with lysosomes in senescent cells (Rep Sen). The bottom panel illustrates senescent cells 

presenting granular yellow puncta and cytosolic green fluorescence. KU60019 treatment attenuated lipofuscin granule and lysosome 

accumulation (Rep Sen + KU). LTR, LysoTrackRed. (C) Yellow puncta (over 0.5 μm2) were counted in ten sample cells visualized by 

confocal photographs, and normalized control cell values were plotted. (D) Early passage and replicative senescence cells were glucose-

starved (Glu-) or treated with KU60019 (+KU). Flow cytometry examined 10,000 cells at 530 nm to determine cellular autofluorescence. 

Means normalized by the control were plotted (three biological repeats). (E) Early passage (Ctl) and senescent cells were either mock- (Sen) 

or KU60019 (Sen/KU)-treated. Lysosensor yellow/blue DND-160 dye stained 10,000 cells for lysosome acidity determination. ANOVA 

determined **P < 0.01, #P < 0.05, and ##P < 0.01 as significantly different. Scale bars = 20 μm.
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granule formation potentially increases during senescence 

maturation. Lipofuscin fluorescence increased further when 

the cells were exposed to glucose starvation during the chase 

period (Fig. 3B, ‘Dox + Glu-’), indicating that the event that 

takes place upon glucose starvation also occurs in senes-

cence-induced cells and further drives lipofuscin generation. 

Increased ROS may be responsible for this change, but addi-

tional study is needed for confirmation.

Unlike glucose starvation and replicative senescence, 
autophagy activation is attenuated in cells during early 
doxorubicin-induced senescence stages
Many autolysosomes are prevalent when autophagy is acti-

vated in glucose starvation and replicative senescence (Figs. 

1 and 2). However, only the autophagy activation molecular 

pathway for glucose starvation has been proposed (Song and 

Hwang, 2020). The low glycolysis imposed from a limited 

glucose supply augments the high NAD+/NADH ratio level, 

consequently increasing SIRT1 activity, an NAD+-dependent 

deacetylase. SIRT1 is integral to autophagy activation as it 

deacetylates proteins implemented in autophagy initiation, 

including the LC3 (Atg8) molecule that facilitates autopha-

gosome formation (Huang and Liu, 2015). LC3 proteins are 

initially localized in the nucleus and released into the cytosol 

upon deacetylation, forming autophagosomes (Huang et al., 

2015). However, autophagosomes form poorly and rarely 

overlap with lysosomes during early doxorubicin-induced 

senescence stages (chased for five days post-doxorubicin 

pulse), strikingly distinct from cells in other conditions (Glu-; 

Fig. 4A; Dox 3D and Dox 5D).

	 Moreover, LC3 type II molecule (LC3-II) levels, which in-

dicate autophagosome formation, did not increase during 

the five-day chase in doxorubicin-induced senescence cells 

(Fig. 4B, left). This observation contrasts with replicative se-

nescence cells, where LC3-II levels increased until autolysis 

flux was blocked by chloroquine treatment (Fig. 4B, right), 

indicating that autophagy is not readily activated nor is its 

flux blocked in induced senescence cells. Unlike cells under 

different conditions, where increased LC3 molecules are pre-

dominantly in the cytosol, cells doxorubicin-chased for three 

or five days exhibit LC3 molecules in the nucleus and perinu-

clear regions (Fig. 4C). These results signify that considerable 

LC3 concentrations are inactive and unavailable for autopha-

gosome formation in these cells; therefore, autophagy is only 

marginally active or inactive in during early doxorubicin-in-

duced senescence stages.

Autophagy activation drives lipofuscin granule accumula-
tion during early doxorubicin-induced senescence stages
Cells chased five days following the doxorubicin pulse were 

Fig. 3. Lipofuscin fluorescence primarily increased in the cytoplasm of doxorubicin-induced senescence cells. Human fibroblast 

senescence was induced by a doxorubicin pulse and chased for five or six days, during which flow cytometry quantified 10,000 cells for 

lipofuscin fluorescence (A and B) or confocal imaging assessed autofluorescence and lysosomes (stained with LysoTrackRed [LTR]) (C). 

(B) Lipofuscin fluorescence levels gradually increased and surpassed glucose-starved levels (pale-grey bar, Glu-) in cells chased for three or 

six days (black bar). Glucose starvation during the chase substantially elevated lipofuscin fluorescence (dark grey, Dox + Glu-). The three 

biological repeats’ means were determined, and relative changes were plotted. (C) Yellow puncta were rarely visible in the cells chased 

for five days (Dox 5D), contrasting cells that underwent glucose starvation for three days (Glu-). ANOVA determined **P < 0.01 as 

significantly different. Scale bars = 20 μm.
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treated with Torin-1, which activates autophagy by inhibiting 

mTOR, to determine whether autophagy attenuation is at-

tributable to the low-level lipofuscin granule formation (Zhao 

et al., 2015). Autophagy activation was verified through the 

LC3-II molecule increase (Fig. 5A), and Torin-1 treatment 

4 h before cell collection did augment lipofuscin granules 

co-localized well with lysosomes (Fig. 5B, Supplementary 

Fig. S1). Elevated lipofuscin granule concentrations were 

comparable to those in glucose-starved cells (Fig. 5C). In 

addition, the treatment also marginally enhanced lipofuscin 

fluorescence levels in induced senescence cells (Fig. 5D, ‘Dox’ 

vs ‘Dox + Tor’). However, lipofuscin fluorescence levels in glu-

cose-starved cells were not notably altered by Torin-1 treat-

ment. These results suggest that supplemental autophagy 

activation does not affect lipofuscin levels in cells with already 

accumulated lipofuscin granules, but this was not the case 

for cells that accumulated lipofuscin as cytoplasmic smears.

	 In addition, wortmannin treatment, a potent autophagy 

activation inhibitor (Blommaart et al., 1997), severely atten-

uated lipofuscin granule accumulation during the ten-day 

doxorubicin chase (Supplementary Fig. S2), corroborating 

that lipofuscin granule accumulation requires autophagy 

activation. Thus, these results confirm that autophagy activa-

tion is integral for granular lipofuscin formation and cellular 

lipofuscin elevation. Meanwhile, elevated lipofuscin granule 

levels from Torin-1 treatment were maintained throughout 

several days of examination, proposing that lipofuscin gran-

ules are autolysosomes sustaining unresolved lysosome dys-

functions or flux blockades.

DISCUSSION

Thus far, etiological events responsible for lipofuscin granule 

accumulation remain unknown. Therefore, this study demon-

strated that lipofuscins exist as cytoplasmic smears or gran-

ules within cells, and autophagy activation accumulates au-

tolysosomes containing lipofuscin, otherwise called lipofuscin 

granules. Despite previous Terman and Brunk studies (Terman 

and Brunk, 1998; 2004; Brunk and Terman, 2002) proposing 

lipofuscin granules’ autolysosomal nature, how lipofuscins are 

trapped within autolysosomes remains largely unknown. Nev-

ertheless, several hypotheses regarding the fate of oxidatively 

denatured lipid-protein complexes have emerged. Initially, 

these complexes were believed to remain undigested and 

permanently localized in lysosomes, whereas another theory 

considered dysfunctional excretion as a possible explanation. 

Notably, pigment granules, possibly lipofuscin granules, were 

removed from cells and phagocytosed by macrophages upon 

H+/K+ ATPase inhibitor treatment, which acidifies the cytosol 

(Julien and Schraermeyer, 2012). Cytosolic acidification induc-

Fig. 4. Autophagy was suppressed in doxorubicin-induced senescence cells. (A) Fibroblasts chased for three or five days after 

doxorubicin pulse (Dox 3D and Dox 5D) were immunostained for LC3 or Lamp1. LC3-positive puncta (green) levels were low and 

rarely overlapped with Lamp1-positive puncta (red), indicating low autolysosome accumulation levels. This observation contrasts the 

high autolysosome levels in glucose-starved cells (Glu-). (B) LC3-II molecule levels did not increase during the five-day chase (upper), 

contrasting LC3-II levels in replicative senescence cells (Sen), where levels reached those of cells where chloroquine (CQ) treatment 

blocked autophagy flux (lower). (C) In cells undergoing glucose starvation for three days (Glu-) or replicative senescence (Rep Sen), LC3 

molecules were exclusively localized as puncta in the cytoplasm. Alternatively, LC3 signals were abundantly localized within the nucleus 

and perinuclear regions in doxorubicin-chased cells (Dox 3D and Dox 5D), demonstrating an unsuccessful nuclear exit regarding the 

substantial LC3 molecule population. These results also indicate low autophagosome and autolysosome levels in doxorubicin-induced 

senescence cells are attributed to low autophagy initiation levels. Scale bars = 20 μm.
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es a lysosomal anterograde movement to the cell periphery, 

facilitating lysosomal exocytosis. Although this finding does 

not explain how lipofuscin granules are formed, it suggests 

a prominent means of reducing residual bodies levels and 

releasing cells from the waste accumulation burden often 

caused by an autolysosome flux blockade.

	 Alternatively, lysosomal dysfunction may be driven by 

ROS-mediated membrane rupture or permeabilization during 

aging and cellular senescence (Guerrero-Navarro et al., 

2022). However, this theory is not widely accepted because 

this response causes lysosomal enzyme leakage into the cyto-

sol, eventually leading to necrosis. Lysosomal acidity impair-

ment effectuates a relatively moderate lysosomal dysfunction, 

a more likely explanation for autolysosomal lipofuscin accu-

mulation in oxidative stress conditions. In cells with high ROS 

levels, the DNA-damage response induces ATM activation, 

inhibiting the V-ATPase/lysosomal proton pump responsible 

for lysosome acidification. Comparatively, elevated mitochon-

drial respiration accelerates ROS production during glucose 

starvation, driving ATM-mediated lysosomal acidification im-

pairment.

	 Additionally, oxidative stress hinders lysosomal flux, in-

ducing a surge of lysosomes and their enzyme contents, a 

prominent cellular senescence phenotype (Kang et al., 2017). 

Although our study did not confirm whether poor lysosom-

al acidity influenced replicative senescence fibroblasts, it is 

plausible that amplified lysosomes in these conditions are 

autolysosomes intensified due to ROS-induced autophagy 

activation but impaired in cargo degradation from certain de-

fects such as V-ATPase dysfunction. Furthermore, our study 

verified that ROS-mediated autolysosomal acidity impairment 

in glucose starvation is an etiological event in lipofuscin gran-

ule accumulation.

	 Still, how cytoplasmic lipofuscins localize in autolysosomes 

remains uncertain. Cytosolic waste is transferred to and de-

graded in lysosomes through macro-, chaperone-mediated 

(CMA), or micro-autophagy (Parzych and Klionsky, 2014). 

CMA specifically targets proteins, while micro-autophagy tar-

gets soluble materials. Lastly, macro-autophagy non-selective-

ly transfers cargo in autophagosomes, inherently dependent 

on LC3 activation and autophagosome formation. Our results 

support that macro-autophagy is a likely route for autolyso-

somal lipofuscin localization.

	 Nonetheless, how autophagy activation leads to lipofuscin 

Fig. 5. Autophagy activation drives lipofuscin granule accumulation. (A and B) Fibroblasts mock-treated or chased for five days 

after doxorubicin pulse were treated with Torin-1 4 h before collection for LC3 molecular western blotting or confocal microscopic 

autofluorescence and lysosome (LysoTrackRed [LTR]) examination. (A) Torin-1 treatment increased LC3-I to LC3-II conversion, as predicted 

by its autophagy activation effect. (B) Treatment also increased lipofuscin granule and lysosome quantities in doxorubicin-induced 

senescence (Dox 5D + Torin) and control cells (Ctl + Torin). The increased lipofuscin granules primarily overlap with lysosomes, indicating 

autolysosomal lipofuscin accumulation. (C) Yellow puncta (over 0.5 μm2) in the confocal microphotographs were counted in ten cells, 

and the average number per cell was plotted. Amounts significantly increased in cells chased for five days (Dox) and were further 

elevated by Torin-1 treatment (Dox + Tor) to levels comparable to glucose-starved cells (Glu-). Torin-1 treatment for control cells (Tor) did 

not significantly affect granule levels. (D) Lipofuscin fluorescence levels in variously treated cells were determined through flow cytometry. 

Torin-1 treatment alone did not affect lipofuscin fluorescence in control (Tor) or glucose-starved cells (Glu- + Tor) but significantly 

increased in cells chased after doxorubicin pulse (Dox + Tor), suggesting Torin-1-induced autophagy activation upregulates lipofuscin 

generation and granule formation. The means of the three biological repeats were plotted. ANOVA determined *P < 0.05, **P < 0.01, 

and ##P < 0.01 as statistically different. Scale bars = 10 μm.
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granule accumulation has yet to be clarified. Another theory 

is that it may result from increased acidity-impaired autolyso-

somes, in which cargo waste becomes lipofuscins, or driven 

by escalated autophagic deliveries to lipofuscin lysosomes 

that have already formed in the cytoplasm. Our observations 

that lipofuscin granules dramatically increased after only a 

short Torin-1 treatment (4 h) suggest potential autophago-

some-mediated lysosome delivery of cytosolic lipofuscins. This 

also eliminates the possibility that lipofuscin granules increase 

simply due to cell division blockage imposed by Torin-1-in-

duced protein synthesis attenuation.

	 A recent study reported that increased autophagy activity 

helps reduce lipofuscin granule burdens in cells, proposing 

enhanced autophagy as a therapy for alleviating lipofuscin 

accumulation and associated diseases (Li et al., 2021). Li et 

al.’s study also concluded that rapamycin feed, another po-

tent autophagy activator, improved lipofuscin accumulation 

and senescence in older rat cardiomyocytes; rapamycin treat-

ment reduced lipofuscinogenesis while promoting lipofuscin 

degradation. However, our results indicate that autophagy 

activation contributes to lipofuscin granule accumulation. The 

changes observed in the study by Li et al. (2021) may not be 

directly caused by lipofuscin removal through rapamycin-in-

duced autophagy. Instead, prolonged rapamycin treatment 

could have caused a rapid tissue turnover, thereby reducing 

lipofuscin granules accumulated in cells. Future studies are 

needed to confirm whether rapamycin treatment induces au-

tolysosome clearance.

	 The possibility of SIRT1 activity impacting granular lipo-

fuscin accumulation also requires discussion. SIRT1 is vital 

for health maintenance and longevity (Herranz et al., 2010). 

While SIRT1’s involvement in lipofuscin granule accumula-

tion and lipofuscin pathology may appear to contradict its 

pro-health role, SIRT1 activity declines upon aging in vivo 

(Grabowska et al., 2017; Xu et al., 2020); thus, stabilizing 

SIRT1 is a potential strategy for promoting healthy aging. 

Although SIRT1 is unlikely to be actively involved in lipofuscin 

pathology for aging tissues in vivo, caution is required for po-

tential SIRT1 activation-induced autophagy activation effects 

on cells approaching senescence in aging tissues.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org).
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