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ABSTRACT

ARTICLE HISTORY

Macroautophagy/autophagy has profound implications for aging. However, the true features of autophagy
in the progression of aging remain to be clariﬁed. In the present study, we explored the status of
autophagic ﬂux during the development of cell senescence induced by oxidative stress. In this system,
although autophagic structures increased, the degradation of SQSTM1/p62 protein, the yellow puncta of
mRFP-GFP-LC3 ﬂuorescence and the activity of lysosomal proteolytic enzymes all decreased in senescent
cells, indicating impaired autophagic ﬂux with lysosomal dysfunction. The inﬂuence of autophagy activity
on senescence development was conﬁrmed by both positive and negative autophagy modulators; and
MTOR-dependent autophagy activators, rapamycin and PP242, efﬁciently suppressed cellular senescence
through a mechanism relevant to restoring autophagic ﬂux. By time-phased treatment of cells with the
antioxidant N-acetylcysteine (NAC), the mitochondria uncoupler carbonyl cyanide m-chlorophenyl
hydrazone (CCCP) and ambroxol, a reagent with the effect of enhancing lysosomal enzyme maturation,
we found that mitochondrial dysfunction plays an initiating role, while lysosomal dysfunction is more
directly responsible for autophagy impairment and senescence. Interestingly, the effect of rapamycin on
autophagy ﬂux is linked to its role in functional revitalization of both mitochondrial and lysosomal
functions. Together, this study demonstrates that autophagy impairment is crucial for oxidative stressinduced cell senescence, thus restoring autophagy activity could be a promising way to retard senescence.
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Introduction
Aging is a complicated process and its mechanism needs to be
explored. Cellular senescence happens during aging development and is widely used as an in vitro model for aging research.
Stress-induced premature senescence (SIPS) develops faster
than replicative senescence and has been established for studying the inﬂuence of extracellular or intracellular stress on the
aging process.1 Known features of senescent cells include ﬂat
and enlarged cellular morphology, increased senescence associated GLB1/b-galactosidase (SA-GLB1/SA-b-gal) activity, the
appearance of senescence-associated heterochromatin foci
(SAHF), cell growth arrest and senescence-associated secretory
phenotype (SASP) such as IL6 and CXCL8/IL8 secretion.2-6
Autophagy plays cytoprotective roles through the turnover
of long-lived proteins and scavenging damaged cellular components. Macroautophagy is the most studied type of autophagy
and its process comprises 2 stages: the early stage that includes
the formation of the phagophore, the precursor to the autophagosome, which captures damaged cellular molecules and organelles, and the late stage that is responsible for the digestion of
entrapped components within the autolysosome formed by the
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fusion of an autophagosome and lysosome.7,8 The updated consensus suggests that the real status of autophagy should be
assessed not only by the number of autophagosomes and autolysosomes but also by evaluating the actual autophagic ﬂux,
such as monitoring the clearance of cell components in
autolysosomes.9,10
The relationship between autophagy and senescence is a
basic concern in the ﬁeld of aging research but is still inconclusive.11 Some studies demonstrate that autophagy is positively
correlated with senescence.12,13 Conversely, increasing evidence
reveals the negative correlation between autophagy and senescence. For example, Kang et al. reported that autophagy
impairment can induce premature senescence in primary
human ﬁbroblasts,14 and Harrison et al. veriﬁed that rapamycin, an MTOR inhibitor and an autophagy activator, can extend
the life span of mice and be a potential anti-aging drug.15
The free radical theory of aging highlights the role of reactive
oxygen species (ROS)-induced cellular damage in aging promotion.16 This theory suggests that ROS, when excessively produced in cells under stress conditions, whether naturally or
artiﬁcially, are detrimental to cell components and
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homeostasis.17 Mitochondria are a primary source of ROS and
the foremost target for ROS damage, and their status has been
closely associated with aging phenotypes.18,19 Generally, agerelated changes in cells are associated with decreased mitochondrial function, accompanied by increased ROS.20 The mutual
inﬂuence between mitochondria and autophagy has been suggested,17 providing a new research area to pursue the mechanism and prevention of aging.
To clarify the relationship between autophagy and senescence, 3 levels of work were included in the present study. First,
the features of oxidative stress-induced senescent ﬁbroblasts
were characterized, with a particular focus on the status of
autophagy ﬂux and its role in the development of senescence.
Second, the inﬂuence of lysosomal and mitochondrial dysfunction on autophagy impairment was analyzed to explore the
underlying mechanism. Third, the effect of autophagy modulators on autophagy ﬂux restoration and cellular senescence
attenuation was veriﬁed. Our results provided new evidence for
the negative correlation between autophagy activity and senescence and for the importance of autophagy homeostasis on
senescence retardation. This study also provided the ﬁrst examination of the sequential contribution of mitochondrial and
lysosomal dysfunction to the development of oxidative stressinduced senescence.

Results
H2O2 treatment induced cellular senescence with
intracellular ROS elevation
First, we established a H2O2-induced SIPS cell model and monitored the progress of cellular senescence for 7 d. As shown,
H2O2-treated NIH3T3 cells gradually became enlarged, ﬂattened and were largely positive for SA-GLB1 staining from
day 3 (Fig. 1A). The SAHFs in these cells were evident as large
and irregularly shaped nuclear puncta (Fig. 1B). The arrest of
cell growth was apparent (Fig. 1C), and the levels of TRP53
protein and Cdkn1a, and Il6 mRNA were elevated (Fig. 1D–F).
H2O2 treatment also elevated intracellular ROS (Fig. 1G). In
addition, this SIPS cell model was successfully established using
MRC-5 human lung ﬁbroblast cells (Fig. S1). These results
demonstrate that in ﬁbroblasts, the H2O2 treatment protocol
we used can reliably induce cellular senescence by 3 to 5 d.
Therefore, the following experiments were essentially performed within 5 day after H2O2 treatment.
Autophagic structure increase accompanied with impaired
ﬂux of autophagy in senescent cells
The relevance of autophagy and senescence remains elusive.21,22 To elucidate the status of autophagy during SIPS,
autophagic structures were ﬁrst examined using transmission
electron microscopy, revealing an apparent increase in the
number of vacuole or vesicular-like structures in the cytoplasm
of senescent cells (Fig. 2A). To characterize the increased vacuole or vesicular-like structures, LysoTracker Red was used to
stain lysosomes and autolysosomes, leading to the observation
that lysosomal structures signiﬁcantly increased in H2O2treated cells (Fig. 2B). Moreover, in an NIH3T3 cell line stably

expressing mRFP-LC3, the punctate LC3 distribution was
observed from d 1 after H2O2 exposure, with an apparent
increase on d 3 and 5. These results indicate an increase of
autophagic structures in H2O2-induced senescent cells.
To clear whether the accumulation of autophagic structures
in these cells was caused by autophagy induction or by blocked
autophagic degradation,9,10 we assessed autophagic ﬂux. First,
the level of endogenous SQSTM1/p62 protein, which turns
over through autophagic degradation, was examined.10 The
results showed that SQSTM1 protein in H2O2-treated cells
increased on d 3 and 5 (Fig. 2D). The nature of this increase of
SQSTM1 was further tested through a blocking experiment
using hydroxychloroquine (HCQ), which elevates lysosomal
pH and blocks the fusion of autophagosomes with lysosomes,
thus inhibiting lysosomal degradation. As shown in Fig. 2E, in
contrast with the control cells, HCQ treatment did not cause
an increase in the level of SQSTM1 in H2O2-treated cells, suggesting that the degradation capacity of lysosomes H2O2treated cells was already at a low level similar to that caused by
HCQ treatment.
Next, we compared the half-life of SQSTM1 in H2O2-treated
and control cells. The results showed that SQSTM1 in H2O2treated cells was degraded more slowly, as the half-life of
SQSTM1 in these cells was approximately 12 h, but that in control cells was 7 h (Fig. 2F). Furthermore, in NIH3T3 cells stably
expressing tandem mRFP-GFP-LC3,24 although the punctalike LC3 protein was predominantly red in EBSS-starved control cells, those in H2O2-treated cells tended to be yellow,
reﬂecting either a lower capacity of lysosomes in the quenching
of green ﬂuorescence in lysosomes due to the elevated pH, or a
block in the fusion of autophagosomes with lysosomes
(Fig. 2G). These results collectively indicate the impairment of
autophagic ﬂux in H2O2-induced senescent cells.
Chronic blockage of autophagic ﬂux was sufﬁcient to
induce cellular senescence
To get additional evidence, we assessed whether direct
impairment of autophagic ﬂux induces cellular senescence.
When normal NIH3T3 cells were treated with a sublethal dose
of HCQ or leupeptin, 2 lysosome inhibitors capable of blocking
autophagic degradation, the cells exhibited increased intracellular ROS (Fig. 3A). In parallel, SA-GLB1-positive cells and Il6
mRNA expression increased after 7 d (Fig. 3A and 3B). Moreover, in an Atg5 knockdown NIH3T3 population with impaired
autophagy ﬂux (Fig. 3C and 3D), SA-GLB1-positive cells were
apparent on d 15, even without H2O2 treatment (Fig. 3E). An
increase in the level of Il6 mRNA was detected in these cells
(Fig. 3F). These results indicate that chronic autophagy
impairment induces cellular senescence.
MTOR-dependent autophagy activators attenuated
senescence through the restoration of autophagy ﬂux
Next, we determined whether autophagy regulators affect
cell senescence. The inﬂuence of 7 autophagy regulators, 4
activators and 3 inhibitors, on SIPS was examined. The dosages of these chemical compounds were determined in preliminary experiments. As shown in Fig. 4A, rapamycin and
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Figure 1. Short-term H2O2 treatment is sufﬁcient to induce cellular senescence. NIH3T3 cells were treated with PBS (Ctrl) or with 400 mM H2O2 in PBS as described in the
Materials and Methods, and shifted to culture in a complete medium for the indicated days. (A) Images showing the cellular morphology and SA-GLB1 staining. Scale
bars: 20 mm. (B) H2O2-treated cells were stained with DAPI to show SAHFs. Circles indicate typical SAHFs. Apoptosis was induced by 1.5 mM H2O2 to show the difference
between apoptotic bodies and SAHFs. Scale bars: 20 mm. (C) Cell counting was conducted up to 7 d and growth curves of control, H2O2-treated and serum starved cells
are shown. (D) TRP53 was examined by western blot. (E) (F) Relative mRNA levels of Cdkn1a and Il6 were analyzed by qRT-PCR. (G) ROS in NIH3T3 cells was labeled by
DCFH-DA probe and quantiﬁed by ﬂow cytometry. Data are presented as the means § SD from 3 independent experiments. p < 0.05 and p < 0.01 compared to
control.

PP242, 2 MTOR-dependent autophagy activators, had a
potent anti-senescent effect, as these molecules dramatically
reduced the percentage of positive cells in SA-GLB1 staining;
however, valproic acid (VPA) and LiCl, 2 MTOR-independent
autophagy activators, presented only a subtle impact on the
senescent state of H2O2-treated cells (Fig. 4A).
As to the autophagy inhibitors, baﬁlomycin A1 and
HCQ, which block lysosomal function, promoted an
increase in SA-GLB1-positive cells following H2O2 treatment (Fig. 4B), whereas 3-methyladenine (3-MA), which
targets phosphoinositide 3-kinases and phosphatidylinositol
3-kinases and inﬂuences autophagy at an early stage,25 did
not cause an increase in SA-GLB1 (Fig. 4B). Based on their

clear impact on SIPS development, rapamycin and baﬁlomycin A1 were selected for further investigation. The effects
of these 2 reagents on the Il6 mRNA level were consistent
with those on SA-GLB1 staining (Fig. 4C). To conﬁrm
whether the role of these reagents in SIPS development is
relevant to autophagy regulation, we examined autophagy
ﬂux using NIH3T3 cells stably expressing tandem mRFPGFP-LC3 and observed that the ratio of red:yellow puncta
in H2O2-treated cells was elevated when rapamycin was
applied, but declined in the case when baﬁlomycin A1 was
present (Fig. 4D). In addition, the abundance of SQSTM1
protein decreased in rapamycin-treated cells but not in baﬁlomycin A1-treated cells (Fig. 4E). The impact of rapamycin
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Figure 2. Autophagic structures increase but autophagic ﬂux is impaired in senescent cells. (A) Transmission electronic microscopy of control or H2O2-treated NIH3T3 cells
at day 5. The ampliﬁed image on the right of each group is selected from the rectangle area of the left image. Arrows show the vesicle-like structures. (B) The lysosome
content of NIH3T3 cells was probed with LysoTracker Red DND-99 and images were taken under a ﬂuorescence microscope by the same exposure parameters. Scale bars:
10 mm. (C) Fluorescence images of mRFP-LC3 NIH3T3 cells treated with H2O2 at the indicated time points. Scale bars: 20 mm. Lower panel shows the ampliﬁed images of
those in rectangles. (D) NIH3T3 cell lysates were collected at the indicated time points and SQSTM1 was examined by western blots. (E) SQSTM1 in NIH3T3 cells was examined by western blots. Both control and H2O2-treated cells were in parallel treated with or without 5 mg/ml HCQ for 12 h before sample collecting. (F) Control or H2O2treated NIH3T3 cells were cultured for 3 day before adding CHX (100 mg/ml). Samples were collected at the indicated time points after CHX addition, and SQSTM1 was
examined by western blot. Representative images are shown at the left, and statistical data calculated from 4 independent experiments are shown at the right. (G) Fluorescence images of mRFP-GFP-LC3 in NIH3T3 cells starved with EBSS for 12 h or at day 3 after H2O2treatment. Scale bars: 10 mm.
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Figure 3. Blockage of autophagy ﬂux is sufﬁcient to induce cellular senescence. (A) NIH3T3 cells were treated with HCQ (3 mg/ml) or leupeptin (5 mg/ml) for 7 d. DCFHDA ﬂuorescence and SA-GLB1 staining was used to detect intracellular ROS (upper panel) and the senescent state (lower panel) of these cells. The percentages of SAGLB1-positive cells were quantiﬁed. Scale bars: 50 mm. (B) Relative Il6 mRNA expression of the cells treated as described in (A) were quantiﬁed by qRT-PCR. (C) and (D)
NIH3T3 cells transfected with control shRNA or Atg5 shRNA and positive cells were selected with 2 mg/ml puromycin for 7 d. Images of western blots for ATG5 (C) and
SQSTM1 (D) are shown. (E) The cells described in (C) were cultured for another 5 d, and then treated with H2O2 followed by a 3-d incubation. Images of SA-GLB1 staining
and the percentages of SA-GLB1-positive cells are shown. Scale bars: 20 mm. (F) Relative Il6 mRNA level in cells cultured for 15 d were quantiﬁed by qRT-PCR. The data
are presented as means § SD from 3 independent experiments and p < 0.01.

and baﬁlomycin A1 on SIPS was also observed in MRC-5
human fetal lung ﬁbroblast cells (Fig. S1 and Fig. 4A).
These results demonstrate that the regulation of autophagic
ﬂux affects SIPS development, and the MTOR inhibitor
rapamycin is an efﬁcient anti-senescence reagent in this
system.
Lysosomal and mitochondrial dysfunction occurs during
SIPS development
Considering that the capacity of lysosomal degradation is a
rate-limiting factor for autophagic ﬂux,26 we next assessed
the function of lysosomes. The results showed that the
activity of ACP2 (acid phosphatase 2, lysosomal) decreased
in senescent cells (Fig. 5A), concomitant with an increase
in the size of lysosomes (Fig. 5B).27 Moreover, the abundance of CTSB (cathepsin B), a representative protease in
lysosomes, was reduced in senescent cells (Fig. 5C), concomitant with the decline in activity of this enzyme
(Fig. 5D). Taken together, these results reveal that the oxidative stress-induced impairment of autophagic ﬂux in
senescent cells is closely associated with the reduced degradation capability of autolysosomes and lysosomes.
We also monitored several mitochondrial parameters, as
the association between mitochondria and senescence has
been suggested in many studies.18,20 Our data showed that
mitochondrial depolarization occurred in H2O2-treated cells,

indicated by decreased mitochondrial membrane potential
(MMP) (Fig. 5E). This result was consistent with the reduced
cellular ATP content (Fig. 5F) and decreased activity of
mitochondrial COX (cytochrome c oxidase) (Fig. 5G). An
uncoupling reagent of oxidative phosphorylation, carbonyl
cyanide m-chlorophenyl hydrazone (CCCP),19 was also used.
In CCCP preteated cells, the intracellular ROS generation
after H2O2 treatment was signiﬁcantly reduced (Fig. 5H),
consistent with attenuated cellular senescence indicated by
increased SA-GLB1 staining (Fig. 5I) and elevated Il6 mRNA
level (Fig. 5J). Furthermore, we examined the effect of the
antioxidant NAC23 on the development of SIPS. Although
not attenuated by cotreatment with NAC and H2O2, SIPS
was partially rescued when NAC was included in the culture
medium after H2O2 treatment (Fig. S2). These data suggest
the importance of mitochondria-derived ROS and the dysfunction of mitochondria in SIPS development.
Notably, this mitochondria-derived ROS overproduction did
not accompany the decreased mitochondria abundance in
senescent cells (data not shown). In contrast, increased mitochondrial DNA (mtDNA) and elevated mtDNA integrity, signs
of mitochondrial biogenesis, were detected after H2O2 treatment (Fig. S3).
The role of ROS overproduction in lysosomal dysfunction
and autophagy impairment was further determined using
another SIPS model established through treatment with pyocyanin, a reagent that induces intracellular ROS production.28
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Figure 4. Autophagy restoration attenuates SIPS development. (A) and (B) NIH3T3 cells treated with or without H2O2 were incubated with the indicated reagents for 3 or
5 d. Autophagy activators rapamycin (100 nM), PP242 (500 nM), VPA (1 mM) and LiCl (10 mM) were applied in (A) and autophagy inhibitors baﬁlomycin A1 (50 nM), HCQ
(3 mg/ml) and 3-MA (500 mM), were applied in (B). Images of SA-GLB1 staining are shown in the left, and the percentages of SA-GLB1-positive cells at day 5 are shown in
the right. Scale bars: 50 mm. (C) Relative Il6 mRNA level in H2O2-treated NIH3T3 cells was measured by qRT-PCR. (D) Confocal images of cells stably expressing mRFPGFP-LC3. Scale bars: 5 mm. (E) SQSTM1 in H2O2-treated NIH3T3 cells at d 3 were examined by western blots. The data are presented as means § SD from 3 independent
experiments. p < 0.05 and p < 0.01 when compared to DMSO.

Both ROS overproduction and cellular senescence were
induced by pyocyanin in a dose-dependent manner (Fig. S4),
and the decrease of ACP2 activity and increase of SQSTM1
protein were also prominent (Fig. S5). Consistently, the treatment of cells with the antioxidant NAC attenuated the senescence induced by pyocyanin (Fig. S6).

Temporally sequential dysfunction of mitochondria and
lysosomes during SIPS development
To explore the mechanistic association between lysosomal and
mitochondrial dysfunction during SIPS development, a

temporally displaced sequence of functional assays for these 2
organelles was conducted. First, we examined the time course
of mitochondrial dysfunction and lysosomal dysfunction in
H2O2-treated cells based on the increase in ROS generation
and the decrease in CTSB activity, respectively. As shown in
Fig. 6A, an increase in ROS levels was observed shortly after
H2O2 treatment, peaking at 4 to 8 h and showing a nearly
3.5-fold increase. In contrast, a decrease in the activity of CTSB
was only observed from day 3 after H2O2 treatment, coinciding
with the appearance of another peak of ROS overproduction
(Fig. 6B).
This temporal sequence of mitochondrial and lysosomal dysfunction was further shown through another set of experiments
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Figure 5. Autophagy impairment couples with lysosomal and mitochondrial dysfunction. NIH3T3 cells were treated with or without H2O2. (A) In vitro ACP2/acid phosphatase activity assay was performed at d 3 after H2O2 treatment. (B) Lysosomes in cells were probed with LysoTracker Red DND-99 at day 3 and images were taken by confocal microscopy. The images in rectangles are 1.5-fold enlarged. Relative lysosome size in control and H2O2-treated cells was quantiﬁed. (C) CTSB in control and H2O2treated cells at the indicated time points were examined by western blot. (D) Cellular CTSB activity was visualized by using the Magic Red Cathepsin B detection kit at the
indicated days. Cells treated with baﬁlomycin A1 (50 nM) for 12 h are shown as a negative control. Scale bars: 50 mm. (E) Mitochondrial membrane potential in cells was
measured by JC-1 staining at d 3. Scale bars: 20 mm. (F) Cellular ATP level of control (5 d) and H2O2-treated (1 d, 3 d, 5 d) cells was measured. (G) Mitochondrial COX activity of control (5 d) or H2O2-treated (1 d, 3 d, 5 d) cells was assayed. (H) Cells pretreated with DMSO or 10 mM CCCP for 6 h followed by H2O2 treatment as described in the
Materials and Methods. Images of DCFH-DA ﬂuorescence was taken at the indicated days. Scale bars: 50 mm. (I) SA-GLB1 staining was performed at day 5 on CCCP-pretreated cells. Scale bars: 50 mm. (J) Relative Il6 mRNA expression of CCCP-pretreated cells at d 5. The data are presented as means § SD from 3 independent experiments.

p < 0.05 and p < 0.01 when compared to control or DMSO.

using NAC, CCCP and ambroxol, where the latter acts as an
enhancer of lysosome enzyme maturation.29 The suppressive
effect of NAC and CCCP on ROS overproduction was obvious
(Fig. 6C)23 as was the promoting effect of ambroxol on lysosomal CTSB activity (Fig. 6D); we applied these reagents for a
24-h duration from different time points after H2O2 treatment.
As shown in Fig. 6E–6G, the effects of NAC and CCCP on senescence prevention were signiﬁcant when applied during the ﬁrst
24 h but blunted when applied later. In contrast, the effect of
ambroxol had a relatively wider time window of up to 72 h. In
other words, within the ﬁrst 24 h after H2O2 treatment, defending mitochondria function by NAC and CCCP was more effective on restraining senescence than improving lysosomal

function with ambroxol, whereas beyond 24 h, the effect of
ambroxol became more prominent. These results suggest that
mitochondrial dysfunction precedes lysosomal dysfunction during SIPS development, and both of them, earlier or later, play a
role in senescence development.

Autophagy modulators regulated the function of
mitochondria and lysosomes in senescent cells
Moreover, we addressed whether the effect of autophagy modulators on cellular senescence is associated with their inﬂuence
on the functions of mitochondria and lysosomes. With respect

106

H. TAI ET AL.

Figure 6. Mitochondria dysfunction precedes lysosomes dysfunction during SIPS development. NIH3T3 cells were treated with or without H2O2. (A) Quantiﬁcation of intracellular ROS and lysosomal CTSB activity within 24 h after H2O2 treatment. Intracellular ROS was measured by ﬂow cytometry using the DCFH-DA probe. Lysosomal CTSB
activity was measured using the ﬂuorescence intensity of the Magic Red Cathepsin B probe. 0 h indicates the end time point of H2O2 treatment. The data of untreated
cells (time point ¡1 h) was set to 1 and other values were normalized. (B) Quantiﬁcation of intracellular ROS and lysosomal CTSB activity at 0, 1, 3, 5 d after H2O2 treatment. (C) Images of intracellular ROS probe of control or H2O2-treated cells at d 3. DMSO or 10 mM CCCP was added to the culture medium after H2O2treatment. Scale
bars: 50 mm. (D) CTSB activity in control or H2O2-treated cells day 3 was visualized with the Magic Red Cathepsin B probe. DMSO or 50 mM ambroxol was added to the
culture medium after H2O2 treatment. Scale bars: 50 mm. (E) to (G) H2O2-treated cells were incubated with NAC (2 mM), CCCP (10 mM) or ambroxol (50 mM) at different
periods of time. Cells were stained with the SA-GLB1/SA-b-gal assay kit at d 5. Scale bars: 100 mm. The percentages of SA-GLB1-positive cells in each group are quantiﬁed.
The data are presented as means § SD from 3 independent experiments. p < 0.05 and p < 0.01 when compared to control or samples not treated with NAC, CCCP or
ambroxol.
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to mitochondrial function, MMP was elevated by rapamycin
and reduced by baﬁlomycin A1 (Fig. 7A). Accordingly, rapamycin substantially decreased intracellular ROS levels and
increased ATP levels, whereas baﬁlomycin A1 showed inverse
effects (Fig. 7B and 7C). With respect to lysosomal function,
rapamycin facilitated an increase in the expression (Fig. 7D)
and activity (Fig. 7E) of CTSB in senescent cells. These results
provided novel evidence for the effects of rapamycin and baﬁlomycin A1 on the function of mitochondria and lysosomes.
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Discussion
In the present study, we addressed the functional role of autophagic
ﬂux in the development of oxidative stress-induced cellular senescence and attained interesting ﬁndings: 1. autophagic ﬂux is
impaired in SIPS cells; 2. mitochondrial dysfunction and ROS overproduction temporally occur earlier than lysosomal dysfunction
during SIPS development; and 3. the effect of the MTOR-dependent autophagy activator rapamycin on preventing senescence is

Figure 7. Rapamycin restores mitochondrial and lysosomal function in H2O2-treated cells. NIH3T3 cells were treated with H2O2 and incubated with DMSO, rapamycin or
baﬁlomycin A1 for 3 or 5 d. (A) Images of JC-1 ﬂuorescence from H2O2-treated cells with DMSO, rapamycin or baﬁlomycin A1 at d 3. Scale bars: 20 mm. (B) DCFH-DA
probed intracellular ROS at d 3. Scale bars: 20 mm. (C) Intracellular ATP levels were measured at d 3. (D) CTSB in cells was examined by western blots. (E) Intracellular
CTSB activity at d 3 was measured using the Magic Red Cathepsin B kit. Scale bars: 20 mm. The data are presented as means § SD from 3 independent experiments.

p < 0.05 and p < 0.01 when compared to DMSO.
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associated with its role in the restoration of autophagic ﬂux and
mitochondrial and lysosomal functions. These ﬁndings provide
novel evidence for the opinion that autophagy activation is a promising strategy to counteract cellular senescence and suggest that the
interplay between mitochondria and lysosomes is crucial for the
maintenance of cell health, therefore being a reasonable target for
anti-aging intervention.
The relationship between autophagy and senescence seems
likely, but the precise correlation between these processes
remains unclear, as previous reports have generated contradicting results.11 Although many factors, such as cell type, inducer
type, the level of stress intensity, and measuring time point,
actually affect the output of autophagy status, increasing evidence shows now that the methods and indices selected for
evaluating autophagy activity is of importance. Thus, instead of
focusing on the changes of the quantity and size of autophagic
structures, which can be caused by the alterations in either
autophagic structure formation or autophagic degradation,10
we particularly evaluated the status of autophagic ﬂux during
SIPS development. Using a series of functional measurements,
particularly concerning the assessment of autolysosomal protein degradation, we ensured that autophagy impairment is
positively correlated with senescence development. This result
is consistent with the reports of other studies,14,30,31 although
the opposite correlation has also been proposed. For example,
Young et al. reported that the inhibition of autophagy through
the depletion of ATG5 or ATG7 in a tumor cell line suppresses
the induction of senescence.12 These inconsistencies might
reﬂect the distinct metabolic characteristics of cells and the variations in senescence induction approaches used in different
studies. At any rate, we think that autophagic impairment is a
prominent feature of SIPS cells, at least in our system.
The restoration of autophagic ﬂux is considered a potential
target for anti-aging therapeutics. Consistent with previous
studies,32,33 the results of the present study conﬁrmed the effectiveness of autophagy activation on senescence prevention.
Interestingly, we observed that not all autophagy modulators
inﬂuence SIPS. Only MTOR-dependent autophagy activators,
rapamycin and PP242, and lysosomal function-dependent
autophagy inhibitors, HCQ and baﬁlomycin A1, exhibited obvious effects. This parallel comparison of the effects of different
autophagy modulators revealed that, for SIPS blockage at least,
modulating autophagy at its late stage is more effective than
modulation at its early stage. However, this idea requires further study. Nevertheless, the results of the present study conﬁrmed the crucial role of autophagic ﬂux in SIPS development
and revealed the effectiveness of MTOR inhibition on SIPS
repression.
The association between MTOR and autophagy has been
established. Much of the research concerns the inhibitory role
of MTOR on ULK activity, which facilitates the early stage of
autophagy.34 Other studies have primarily focused on the suppression of MTOR on the activity of TFEB (transcription factor
EB), a master transcription factor for autophagic proteins,
including those controlling lysosome factors.27,35,38 However,
the precise association of MTOR with autophagic ﬂux has not
yet been explored in the context of senescent cells. Herein, the
results of the present study are novel and encouraging, particularly standing on the fact that rapamycin can activate lysosomal

activity in SIPS cells. The effect of MTOR inhibitors on lysosome activation in proliferating cells has been suggested in a
previous study.36 However, it shows that only PP242 and Torin,
but not rapamycin, worked effectively. As to the inconsistency
in the effectiveness of rapamycin, we concerned about the different concentrations of rapamycin used as a 10-fold higher
concentration (1 mM) was used in the previous study, than
what we used (100 nM). It is known that concentrations of
rapamycin higher than 1 mM may elevate the pH of lysosomes.37 Nevertheless, the key molecular mechanism for rapamycin-induced autolysosome activation and autophagic ﬂux
restoration in the present study has not been demonstrated.
Indeed, although we attempted, we did not obtain evidence
that rapamycin could facilitate the nuclear translocation of
TFEB.39 This ﬁnding implies 2 possibilities: MTOR may regulate the function of autolysosomes via a TFEB-independent
mechanism; and/or TFEB may be functionally regulated independent of MTOR. Thus, further assessments are currently
underway.
The evidence obtained in the present study also demonstrated the impact of mitochondrial dysfunction on SIPS induction, indicated by the ROS overproduction, the protective role
of NAC, the pyocyanin-promoted SIPS development, and the
attenuated development of SIPS in CCCP-pretreated or treated
cells. Notably, Clara Correia-Melo et al. recently provided evidence of the crucial role of mitochondria in cellular senescence.
These authors observed that mitochondria depletion can
reduce a spectrum of senescence effectors and phenotypes but
preserve ATP production and cell survival via enhanced glycolysis.40 This work supports the concept that mitochondria are a
major putative therapeutic target for interventions against
aging, owing to their innate role in ROS overproduction. The
results of the present study were consistent with this concept.
First, the enhanced ROS generation was temporally matched
with the increased mtDNA content and enhanced mtDNA
integrity during SIPS development (Fig. S3), 2 parameters
reﬂecting the evoked mitochondrial biogenesis. Second, CCCP
obviously weakened ROS generation together with SIPS development, in accord with the protective role of uncoupling proteins under stress19 and the “uncoupling to survive theory of
aging” proposed by Martin Brand in 2000.42 This theory suggests that the partial uncoupling of mitochondria might be beneﬁcial for longevity. Based on the above concepts and evidence,
we think it is better to consider the association of mitochondria
with aging not only based on the resultant damage and dysfunction of this organelle but also on their intrinsic and active
response upon imbalanced cellular homeostasis. Importantly,
this response is not simply or always beneﬁcial for cells, mostly
because of the inherent ability of mitochondria on ROS overproduction. Although more evidence and wisdom are needed
to reﬁne this consideration, the mitochondria theory of aging
itself is now at a new starting line. With respect to the mechanism of stress-induced mitochondrial biogenesis, a recent publication demonstrated the impact of the mitochondrial
unfolded protein response (UPRmt)41 It is a promising point to
consider.
The interplay between mitochondria and lysosomes in
cellular senescence is another attractive aspect. To clarify
this issue, time-dependent functional alterations of these 2
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organelles were addressed in the present study, with several
interesting ﬁndings: 1. the dysfunction of mitochondria
occurs within hours after H2O2 treatment, much earlier
than the dysfunction of lysosomes, likely being the initiating
event for senescence development and a trigger of autophagy impairment; 2. although occurring later, the solid
association of lysosomal dysfunction with autophagy
impairment highlights its responsibility for SIPS development and its position as a characteristic of SIPS; 3. the
inﬂuence of lysosomes on mitochondria probably exists, as
inhibitors of lysosomes induced intracellular ROS generation (Fig. 3A), and rapamycin alleviated the dysfunction of
mitochondria (Fig. 7A–C); 4. Our results support the mitochondrial-lysosomal axis theory of aging proposed by Brunk
and Terman,43 as the drugs ameliorating the function of
each of these organelles exhibit a potent anti-senescence
effect.
In conclusion, this study demonstrated the impairment
of autophagy in H2O2-induced senescent cells and emphasized the characteristics of autolysosome/lysosome dysfunction for SIPS development. Moreover, together with
exploring the initiating role of intracellular ROS and mitochondria dysfunction, the interplay between mitochondria
and autophagic ﬂux was deﬁned. Furthermore, this study
clariﬁed the efﬁciency of MTOR inactivation-mediated autophagy restoration on SIPS prevention. These ﬁndings
increased our understanding of the relationship between
autophagy and senescence. Additional studies are needed to
explore the underlying mechanism as to how impaired
autophagy is associated with senescence and whether a
combined treatment targeting both mitochondria and lysosomes is promising for the development of effective strategies against aging and aging-related disorders.
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For monitoring cell proliferation status, normal, H2O2treated and starved cells were inoculated in 6-well plates in 3
replicates for each time point and harvested by trypsinization
at 24-h intervals for 7 d. The numbers of cells were counted
under a microscope.
For senescence induction, growing cells at approximately
80% conﬂuence were collected into a microcentrifuge tube after
trypsinization, suspended in phosphate-buffered saline (PBS;
Sangon Biotech, #BN40100-0500) at 1£106 cells/ml density
and exposed to 400 mM H2O2 at 37 C. During H2O2 exposure,
the tube was turned upside down gently 5-10 times with a
5 min interval. After 45 min, cells were washed with PBS once
and resuspended with complete medium. The control cells
were treated with PBS at the same time. Then both control cells
and H2O2-treated cells were split into individual wells in culture plate with a density of approximately 2£104 cells/cm2 and
cultured with complete medium for various durations as indicated in individual experiments. After treatment, the media of
both control and H2O2-treated cells were changed every 3 d.
To evaluate the effect of activators and inhibitors of autophagy activity on SIPS processing, different chemical reagents
were added into the culture medium after H2O2 treatment,
with their concentrations indicated as in the ﬁgure legends.
These concentrations were determined by preliminary experiments. The stock solutions of rapamycin and baﬁlomycin A1
were dissolved in DMSO, those of PP242, VPA, LiCl, HCQ and
3-MA in PBS, respectively.
SA-GLB1/SA-b-gal staining
SA-GLB1 activity was determined using the SA-b-gal staining
kit (Beyotime, C0602) according to a standard protocol.3 Senescent cells were identiﬁed as bluish green-stained cells by
microscopy. More than 500 cells in 6 random ﬁelds were
counted to determine the percentage of SA-GLB1-positive cells
in the total cell population.

Reagents and antibodies
Rapamycin (R0395), VPA (P4543), LiCl (203637), baﬁlomycin
A1 (B1793), HCQ (H0915), 3-MA (M9281), NAC (A7250),
CHX (C7698) and pyocyanin (P0046) were from Sigma. PP242
was from Cayman Chemical Company (13643). Leupeptin was
from Amresco (J580). 20 ,70 -dichlor- ﬂuorescein-diacetate
(DCFH-DA) was from Applygen (C1300). JC-1 was from
Beyotime (C2006). CCCP was from Tocris Bioscience (0452).
Ambroxol hydrochloride was from Boehringer Ingelheim
(MucosolvanÒ , 2 ml; 15 mg). Anti-ACTB (sc-47778), antiSQSTM1 (sc-28359) and anti-CTSB antibodies (sc-6493) were
from Santa Cruz Biotechnologies. Anti-TRP53 antibody was
from Cell Signaling Technology (9282).
Cell culture and treatments
The murine ﬁbroblast NIH3T3 and human fetal lung ﬁbroblast
MRC-5 cell lines were obtained from Shanghai Institutes for
Biological Sciences of Chinese Academy of Sciences and cultured in a complete medium (Dulbecco’s modiﬁed Eagle’s
medium supplemented with 10% fetal bovine serum) in a
humidiﬁed incubator at 37 C and 5% CO2.

SAHF detection
Cells were ﬁxed in situ with 4% paraformaldehyde and washed
with PBS. DAPI (Beyotime, C1006) at 300 nM concentration in
PBS was added for 5 min incubation. The cells were then
washed 3 times by PBS, drained and mounted. DAPI-stained
nuclei with blue ﬂuorescence were viewed by ﬂuorescence
microscopy.
Western blot analysis
Whole cell lysates were prepared by directly denaturing cell pellets in 2£SDS loading buffer, and then boiling for 10 min.
Western blotting assays were done as described previously.44
Anti-TRP53, anti-SQSTM1, and anti-CTSB antibodies were
used as primary antibodies. Every experiment was repeated at
least 3 times, and representative data are shown.
Real-time quantitative reverse transcription PCR (qRT-PCR)
Total RNA extraction, reverse transcription and real-time PCR
ampliﬁcation were performed as described previously.45 PCR
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primers for the Cdkn1a gene are 50 -GTGGCCTTGTCGCTGTC
TT-30 (forward) and 50 -GCGCTTGGAGTGA-30 (reverse), for the
Il6 gene are 50 -ACTCACCTCT TCAGAACGAATTG-30 (forward) and 50 -CCATCTTTGGAAGGTTCAGGTTG-30 (reverse),
and for Rn18s rRNA are 50 -TTGACGGAAGGGCACCACCAG-30
(forward) and 50 -GCACCACCACCCAC GGAATCG-30 (reverse).
The experiments were performed in triplicate, and the data for the
Cdkn1a and Il6 genes were adjusted by the values for Rn18s gene
and shown as relative fold changes against control.
Electron microscopy
PBS washed cells were collected into microcentrifuge tubes
using cell scrapers. After centrifuging, 4% paraformaldehyde
was loaded carefully on cell pellets for an overnight ﬁxation at
4 C. Fixed cells were further treated and sliced, and then the
images of their ultrastructure were recorded under a transmission electron microscope.
Lysosome labeling with LysoTracker Red DND-99
Lysosomes were labeled with LysoTracker Red (Life Technologies, L7528) according to the manufacturer’s protocol. Brieﬂy,
LysoTracker Red was added into cultured cells at a concentration of 1:20,000 dilution from stock solution (1 mM in anhydrous DMSO) and incubated at 37 C for 30 min. Images were
taken using a ﬂuorescence microscope and the size of lysosomes was measured by using ImageJ software to analyze the
pixels occupied by a single lysosome. We counted at least 50
cells of random area in each group and the average size of control cells was set to one, and those of other groups of cells were
normalized.
Stable transfected cells expressing ﬂuorescent LC3 protein
The mRFP-LC3 expression construct (pmRFP-LC3) and
mRFP-GFP-LC3 expression construct (ptf-LC3) were provided
by Dr. Tamotsu Yoshimori of Osaka University, Japan.24 DNA
was transfected into NIH3T3 cells using Lipofectamine 2000
(Invitrogen, 11668-019) according to the manufacturer’s protocol. G418 (500 mg/ml; Invitrogen, 11811) was used for selecting
stable expression cell clones. More than 50 clones were pooled,
expanded and used for experiments. These 2 pooled stable cell
populations were named as mRFP-LC3 cells and mRFP-GFPLC3 cells.
Intracellular ROS detection
Reactive oxygen species production was detected by ROS detecting
probe DCFH-DA (Applygen, C1300) combined with ﬂow cytometry detection.46 DCFH-DA turns into a green ﬂuorescent molecule
called DCF when oxidized by ROS, so that intracellular ROS levels
can be reﬂected by the ﬂuorescence intensity produced by DCF.
Three independent experiments were conducted.
Knockdown of Atg5 by shRNA
An shRNA plasmid targeting mouse Atg5 (AGAACCATACTATTTGCTT) was synthesized by Genechem (25978).

NIH3T3 cells were transfected with control or Atg5 shRNA by
Lipofectamine 2000 and a polyclonal pool of NIH3T3 cells was
selected by adding 2 mg/ml puromycin (Sigma, P8833).
Lysosomal acid phosphatase assay
ACP2 (acid phosphatase 2, lysosomal) activity was assayed by a
commercially available kit (Beyotime, P0326) according to the
manufacturer’s instructions. The activity of ACP2 was normalized
by average lysosome content. In brief, LysoTracker Red was used
to stain the lysosomes of living cells. After staining, LysoTracker
Red-labeled cells were washed with PBS and lysed with 1% Triton
X-100 (Sigma-Aldrich, V900502-100ML). The ﬂuorescence intensity was read using a ﬂuorescence microplate reader.
CTSB activity assay
CTSB activity was measured using the Magic Red Cathepsin B
detection kit (ImmunoChemistry Technologies, 937). Control
or H2O2-treated NIH3T3 cells were cultured in 24-well plates
with different treatment times as indicated. Then cells were
loaded with Magic Red Cathepsin B reagent for 1 h and washed
with PBS twice. More than 10 ﬂuorescent images were taken
and representative images are shown. For quantiﬁcation of
CTSB activity, the ﬂuorescence of Magic Red Cathepsin B
probe was measured using a ﬂuorescence microplate reader
according to the manufacturer’s manual.
Mitochondrial membrane potential assay (JC-1)
Mitochondrial membrane potential was monitored by a mitochondrial-speciﬁc dual ﬂuorescence probe, JC-1.47 Brieﬂy, JC-1
was added to reach a ﬁnal concentration of 5 mg/ml and incubated for 20 min, and then the cells were washed twice with
medium and imaged under a ﬂuorescence microscope.
Measurement of mitochondrial DNA content and integrity
using qPCR
Mitochondrial DNA integrity was measured according to a qPCR
method described previously.48 The primers used for qPCR were
TGCCCCTCTTCTCGCTCCGG (forward) and GGCGATAAC
GCATTTGATGGCC (reverse) for amplifying a short fragment in
the D-loop; TGGGGGCCAACCAGTAGAACA (forward) and
TGCGTCTAGACTGTGTGCTGTCC (reverse) for amplifying a
semi-long fragment in the D-loop; GCGCAGTGTAGGCGGA
GCTT(forward) and AAAGGAAGCGCAGACCGGCC (reverse)
for amplifying a genomic Actb fragment. The mitochondrial DNA
content was calculated according to the ratio of short D-loop:genomic Actb fragment. The mitochondrial DNA integrity was calculated according to the ratio of semi-long:short fragment.
Intracellular ATP level
Intracellular ATP level was measured using a commercially
available intracellular ATP measurement kit (Nanjing
Jiancheng, A095) according to the manufacturer’s instructions.
The measurement is based on the following principle: ATP and
creatine are catalyzed to form creatine phosphate by creatine
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kinase and colorimetry of phosphomolybdic acid was used to
determine the ATP in the samples.

ULK
UPRmt
VPA
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unc-51 like kinase
mitochondrial unfold protein response;
valproic acid

COX (cytochrome c oxidase) activity
Determination of COX activity in protein extracts from the
cells was tested using a commercially available COX activity kit
(GenMed Scientiﬁcs, GMS10014.3.1) according to the manufacturer’s instructions. The reduced CYCS (cytochrome c,
somatic) can be catalyzed to oxidized CYCS by COX. The
change of absorbance at 550 nm is quantiﬁed by spectrophotometry to reveal the activity of COX.
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