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Abstract

Environmental exposure to cadmium (Cd) links to neurodegenerative disorders. Autophagy plays 

an important role in controlling cell survival/death. However, how autophagy contributes to Cd’s 

neurotoxicity remains enigmatic. Here, we show that Cd induced significant increases in 

autophagosomes with a concomitant elevation of LC3-II and p62 in PC12 cells and primary 

neurons. Using autophagy inhibitor 3-MA, we demonstrated that Cd-increased autophagosomes 

contributed to neuronal apoptosis. Impairment of Cd on autophagic flux was evidenced by co-

localization of mCherry and GFP tandem-tagged LC3 puncta in the cells. This is further supported 

by the findings that administration of chloroquine (CQ) potentiated the basic and Cd-elevated 

LC3-II and p62 levels, autophagosome accumulation and cell apoptosis, whereas rapamycin 

relieved the effects in the cells in response to Cd. Subsequently, we noticed that Cd evoked the 

phosphorylation of Akt and BECN1. Silencing BECN1 and especially expression of mutant 

BECN1 (Ser295A) attenuated Cd-increased autophagosomes and cell death. Of note, inhibition of 

Akt with Akt inhibitor X, or ectopic expression of dominant negative Akt (dn-Akt), in the 
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presence or absence of 3-MA, significantly alleviated Cd-triggered phosphorylation of Akt and 

BECN1, autophagosomes, and apoptosis. Importantly, we found that Cd activation of Akt 

functioned in impairing autophagic flux. Collectively, these results indicate that Cd results in 

accumulation of autophagosomes-dependent apoptosis through activating Akt-impaired 

autophagic flux in neuronal cells. Our findings underscore that inhibition of Akt to improve 

autophagic flux is a promising strategy against Cd-induced neurotoxicity and neurodegeneration.
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1. Introduction

Autophagy, an evolutionarily conserved intracellular degradation system, involves a 

sequential set of events including double membrane formation, elongation, vesicle 

maturation and finally delivery of the targeted materials to the lysosome [1; 2]. Because of 

its degradation of long-lived proteins, organelles and other cellular contents, autophagy 

plays a pivotal role in maintaining cellular homeostasis and protects cells from varying 

insults, including misfolded and aggregated proteins and damaged organelles, which is 

particularly crucial in neuronal survival [2; 3; 4]. For example, genetic inactivation of 

essential autophagy genes, such as autophagy-related 5 (ATG5) or 7 (ATG7), in neurons 

causes accumulation of protein aggregates and spontaneous neurodegeneration [5; 6]. 

Defected autophagic process may be one of the factors contributing to neuronal cell death 

[7]. Mounting evidence has pointed to autophagic dysfunction as a potential pathogenesis of 

several major neurodegenerative diseases, such as Parkinson’s disease (PD), Alzheimer’s 

disease (AD) and Huntington’s disease (HD), where failure to eliminate abnormal and toxic 

protein aggregates promotes cellular stress and death [2; 4; 5; 6; 7]. Accordingly, much more 

attention has been paid to the relationship between autophagy and neurodegenerative 

disorders.

Autophagy induction is a double-edged sword in the pathogenesis of many human diseases 

[4]. Autophagy can play a protective role in many instances, or lead to cell death under 

certain circumstances [4; 8]. Cadmium (Cd), a toxic heavy metal pollutant in the 

environment, can easily traverse the blood-brain barrier and consequentially accumulate in 

the brain, thereby leading to neuronal cell dysfunction/apoptosis in the central nervous 

system (CNS) [9; 10; 11]. Cd neurotoxicity is closely associated with the development of 

PD, AD, HD and amyotrophic lateral sclerosis (ALS) [11; 12; 13; 14; 15]. Recently, a study 
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has reported that Cd induces autophagy in PC12 cells, which plays a cytoprotective role in 

the cells exposed to Cd [16]. However, other studies have shown that Cd-induced autophagy 

or Cd-mediated overactivation of mitophagy contributes to cytotoxicity or cell death in 

mesangial cells [17], epidermal cells [18], mouse kidney cells [19] and brain neurons [20]. 

The discrepant findings prompted us to further explore and clarify the relationship between 

autophagy and apoptosis in neuronal cells induced by Cd, as well as the underlying 

mechanisms.

There are many important ATG genes related to autophagosome initiation and formation. 

The microtubule-associated protein 1 light chain 3 (LC3), a mammalian homologue of the 

yeast protein ATG8, has been found to be a specific biochemical marker for autophagy [1; 

21]. LC3 is conjugated to phosphatidylethanolamine (PE) through an enzymatic cascade 

involving ATG7 (as an E1-like enzyme), ATG3 (as an E2-like enzyme) and ATG5-12-16 

complex, and and is located on autophagosomal membranes after posttranslational 

modifications [18; 21; 22]. LC3 exists in two molecular forms with LC3-I and LC3-II. LC3-

I is the unconjugated form in the cytosol, whereas LC3-II is the conjugated form that binds 

to autophagosomes and directly correlates with the number of autophagosomes [21; 23]. 

Thus, the level of LC3-II or GFP-LC3-II is widely used as a marker for monitoring the status 

of autophagy. However, of note, since autophagy is a dynamic process, the accumulation of 

LC3-II or autophagosomes could be related to either the induction of autophagy or the 

blockage of lysosomal function and/or fusion of autophagosomes with lysosomes [21; 24]. 

Multiple reports have described the term “autophagic flux”, which is used to represent the 

dynamic process of autophagy. In detail, autophagic flux refers to the whole process of cargo 

moving through the autophagic system, including autophagosome formation, maturation, 

fusion with lysosomes, the delivery of cargo to lysomsomes, the cargo degradation by 

lysosomal hydrolases, and the release of degraded products into the cytosol [25; 26]. 

Additionally, autophagy adaptor p62 protein, also called sequestosome 1 (SQSTM1), binds 

to ubiquitinated substrates and LC3, and is degraded along with its cargo [25]. The 

decreased p62 protein level indicates the enhancement of autophagy flux, so when 

autophagy flux is inhibited, the p62 protein level increases [27]. Therefore, analysis of the 

p62 protein level in the cells is essential to assess the status of autophagic flux, i.e. to 

determine whether autophagy is eventually executed or blocked [21].

Akt, a serine/threonine protein kinase, is a major regulator of neuronal cell survival [28]. 

Beclin 1 (BECN1), an essential core protein in autophagy, is a target of Akt [29]. Studies 

have shown that Akt suppression of autophagy can be mediated by activation of mTOR, 

which inhibits the autophagy-initiating Unc-51-like kinase 1 (ULK1) kinase complex [29; 

30]. Akt can also directly phosphorylate BECN1 leading to suppression of autophagy [29]. 

Our recent studies have documented that Cd induces activation of Akt/mTOR signaling 

pathway contributing to apoptosis in neuronal cells [31]. It has been described that Cd 

induces autophagy in neuronal cells [16], whether and how Cd activation of Akt links to this 

event is largely unknown. Here, for the first time, we demonstrate that Cd induced impaired 

autophagic flux leading to accumulation of LC3-II and autophagosomes and consequential 

apoptotic cell death in neuronal cells. Cd activation of Akt and BECN1 linked to the 

increase of autophagosomes and apoptosis. Furthermore, Cd activation of Akt functioned in 
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impairing autophagic flux. Our findings highlight that inhibition of Akt to improve 

autophagic flux is a promising approach against Cd-induced neurotoxicity.

2. Materials and methods

2.1. Materials

Cadmium chloride, poly-D-lysine (PDL), 3-methyladenine (3-MA), chloroquine 

diphosphate (CQ), monodansylcadaverine (MDC), 4′,6-diamidino-2-phenylindole (DAPI), 

and protease inhibitor cocktail were purchased from Sigma (St Louis, MO, USA), whereas 

Akt inhibitor X was provided by Santa Cruz Biotechnology (Santa Cruz, CA, USA). 

Rapamycin were from ALEXIS Biochemicals Corporation (San Diego, CA, USA). 

Dulbecco’s modified Eagle medium (DMEM), 0.05% Trypsin-EDTA, NEUROBASALTM 

Media, and B27 Supplement were purchased from Invitrogen (Grand Island, NY, USA). 

Horse serum and fetal bovine serum (FBS) were supplied by Hyclone (Logan, UT, USA). 

Other chemicals were purchased from local commercial sources and were of analytical 

grade.

2.2. Cell culture

Rat pheochromocytoma (PC12) cell line (RRID: CVCL_0481) was obtained from American 

Type Culture Collection (ATCC) (Manassas, VA, USA), which was used for no more than 

10 passages. For culture, PC12 cells, seeded in a 6-well or 96-well plate pre-coated with 

PDL (0.2 μg/ml), were maintained in antibiotic-free DMEM supplemented with 10% horse 

serum and 5% FBS and incubated at 37°C in a humidified incubator containing 5% CO2. 

Primary murine neurons were isolated from fetal mouse cerebral cortexes of 16–18 days of 

gestation in female ICR mice (being pregnant) as described [32], and seeded in a 6-well 

plate or 96-well plate coated with 10 μg/ml PDL for experiments after 6 days of culture. All 

procedures used in this study were approved by the Institutional Animal Care and Use 

Committee, and were in compliance with the guidelines set forth by the Guide for the Care 

and Use of Laboratory Animals.

2.3. Recombinant adenoviral constructs and infection of cells

Recombinant adenovirus encoding HA-tagged dominant negative Akt (Ad-dn-Akt, T308A/

S473A) was generously provided from Dr. Kenneth Walsh (Boston University, Boston, MA), 

and the control virus expressing the green fluorescent protein (GFP) (Ad-GFP) or β-

galactosidase (Ad-LacZ) were described previously [33]. Adenovirus expressing GFP-LC3 

fusion protein (Ad-GFP-LC3) and a tandem adenovirus expressing mCherry-GFP-LC3 

fusion protein (Ad-mCherry-GFP-LC3) were purchased from Sciben Biotech Company 

(Nanjing, China). For experiments, PC12 cells were grown in the growth medium and 

infected with the individual adenovirus for 24 h at 5 of multiplicity of infection (MOI = 5). 

Subsequently, cells were used for experiments. Ad-GFP or Ad-LacZ served as a control. 

Expression of HA-tagged dn-Akt was determined by Western blotting with an antibody to 

HA.
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2.4. Lentiviral cloning, production, and infection

To generate lentiviral shRNAs to BECN1, oligonucleotides containing the target sequences 

were synthesized, annealed and inserted into FSIPPW lentiviral vector via the EcoR1/

BamH1 restriction enzyme site [34]. The sequences of oligonucleiotides used were: BECN1 

sense: 5′-AATTCCCGGACAACAAGTTTGACCATGCTGCAAGAGAGCATGGTCAAA 

CTTGTTGTCCTTTTTG-3′, anti-sense: 5′-
GATCCAAAAAGGACAACAAGTTTGACCATGCTCTCTTGCAGCATGGTCAAACTTG

TTGTCCGGG-3′. Lentiviral shRNA to GFP (for control) was generated as described [35]. 

To make FLAG-tagged mutant BECN1 (S295A) construct, site-directed mutagenesis was 

performed, as described [36]. The primers used were: Fragment 1 sense: 5’-

CCGGAATTCATGGATTACAAGGATGACGACGATAAGATGGAAGGGTCT 

AAGACGTCCAA-3’, anti-sense: 5’-

TGCGGGCAGGCGACCCAGCCTGAAGTTATTGATTGTGC-3’; Fragment 2 sense: 5’-

GGCTGGGTCGCCTGCCCGCAGTTCCCGTGGAATGGAATGAGATTAATG C-3’, anti-

sense: 5’-CGCGGATCCTCATTTGTTATAAAATTGTGAGGACACCCA-3’. The PCR 

product of FLAG-BECN1 (S295A) was cloned into pSin4-EF2-IRES-Pur vector. To produce 

lentiviral particles, above constructs were co-transfected together with pMD2G and psPAX2 

(Addgene, Cambridge, MA, USA) to 293TD cells using MegaTran 1.0 reagent (OriGene 

Technologies, Rockville, MD, USA). Each virus-containing medium was collected 48 h and 

60 h post-transfection, respectively. For use, monolayer PC12 cells, when grown to about 

70% confluence, were infected with above lentivirus-containing medium in the presence of 8 

μg/ml polybrene for 12 h twice at an interval of 6 h. Uninfected cells were eliminated by 

exposure to 2 μg/ml puromycin for 48 h before use. After 5 days of culture, cells were used 

for experiments.

2.5. MDC-labeled autophagic vacuoles

Intracellular autophagic status was monitored based on the incorporation of the 

autofluorescent drug MDC, which has been described as a selective marker for autophagic 

vacuoles [37; 38]. In brief, PC12 cells infected with lentiviral shRNA to BECN1 or GFP, 

respectively, were seeded at a density of 5 × 105 cells/well in a 6-well plate containing a 

PDL-coated glass coverslip per well. The next day, cells were treated with/without Cd (10 

and 20 μM) for 8 h, 12 h and 24 h, or pretreated with/without 3-MA (4 mM) or CQ (25 μM) 

for 1 h, or pretreated with/without Akt inhibitor X (20 μM) for 2 h and then 3-MA (4 mM) 

for 1 h, followed by Cd (10 and/or 20 μM) for 12 h, with 5 replicates of each treatment. 

Subsequently, the cells were labeled with 0.05 mM MDC in PBS for 10 min at 37°C, and 

then washed 3 times with PBS, followed by cell imaging under a fluorescence microscopy 

(Leica DMi8, Wetzlar, Germany) equipped with a digital camera. For quantitative analysis 

of the fluorescence intensity using MDC-labeled vacuoles, the integral optical density (IOD) 

was measured by Image-Pro Plus 6.0 software (Media Cybernetics Inc., Newburyport, MA, 

USA).

2.6. GFP-LC3 or mCherry-GFP-LC3 assay

PC12 cells and primary neurons, PC12 cells infected with lentiviral shRNA to FLAG-

BECN1 (S295A) or GFP, or PC12 cells infected with Ad-dn-Akt or Ad-LacZ, respectively, 
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were infected with Ad-GFP-LC3 or Ad-mCherry-GFP-LC3 and seeded at a density of 5 × 

105 cells/well in a 6-well plate containing a PDL-coated glass coverslip per well. Next day, 

cells were treated with/without Cd (10 and/or 20 μM) for 8 h, 12 h and 24 h, or with/without 

Cd (10 μM) for 12 h following pretreatment with/without 3-MA (4 mM) for 1 h, with 5 

replicates of each treatment. Afterwards, the cells were fixed with 4% paraformaldehyde in 

PBS for 30 min at 4°C, and then washed 3 times with PBS. For the cells infected with Ad-

mCherry-GFP-LC3, after treatments, the cells were stained by adding DAPI (4 μg/ml in 

deionized water) as described [39]. Finally, slides were mounted in glycerol/PBS (1:1, v/v) 

containing 2.5% 1,4-diazabiclo-(2,2,2)octane. All the cell images were obtained using a 

fluorescence microscope (Leica DMi8, Germany) equipped with a digital camera. For the 

cells infected with Ad-GFP-LC3, autophagosome formation was estimated by counting the 

number of the cells with GFP-LC3 (green). At least 50 cells were scored in each experiment. 

For the cells infected with Ad-mCherry-GFP-LC3, autophagosome and autolysome status 

was evaluated by counting cells with GFP+/mCherry+ (yellow) and GFP–/Cherry-LC3+ (red) 

puncta, respectively. In tandem mCherry-GFP-LC3 assay, when an autophagosome fuses 

with the lysosome to form an autolysosome under acidic environments, GFP fluorescence is 

quenched in the autolysosome, whereas mCherry fluorescence is more stable. Therefore, 

when an autophagosome has not yet fused with a lysosome or when the degradation’s 

function of lysosome with acidification is impaired, co-localization of both GFP and 

mCherry fluorescence shows GFP+/mCherry+-LC3 (yellow) puncta in the merged image. In 

contrast, mCherry alone (without GFP) fluorescence presents GFP–/mCherry+-LC3 (red) 

puncta, which corresponds to an autolysosome.

2.7. Co-localization assay for autophagosomes/lysosomes

PC12 cells and primary neurons were infected with Ad-GFP-LC3 and seeded at a density of 

5 × 105 cells/well in a 6-well plate containing a PDL-coated glass coverslip per well. Next 

day, cells were treated with/without Cd (10 μM) for 12 h following pretreatment with/

without rapamycin (0.2 μg/ml) for 48 h, with 5 replicates of each treatment. Afterwards, the 

cells were washed 3 times with serum-free medium, followed by labeling with 

LysoTracker® Red DND-99 (Invitrogen, Grand Island, NY, USA) at 37°C for 1 h. Next, the 

cells were washed 3 times with serum-free medium and then visualized under a fluorescence 

microscope (Leica DMi8, Germany) equipped with a digital camera. Autophagosomes were 

labeled by GFP-LC3 green fluorescence, lysosomes were stained by LysoTracker red 

fluorescence, and co-localization of both autophagosome and lysosome fluorescence showed 

autolysosome puncta (yellow) in the merged images. At least 50 cells per group were 

included for the counting of LysoTracker/GFP-LC3 and GFP-LC3 puncta/cell, respectively.

2.8. Live cell assay by trypan blue exclusion

PC12 cells infected with lentiviral shRNA to BECN1 or GFP, or PC12 cells infected with 

Ad-dn-Akt or Ad-GFP, respectively, were seeded at a density of 5 × 105 cells/well in a PDL-

coated 6-well plate. The next day, cells were treated with/without Cd (10 and 20 μM) for 24 

h, or with/without Cd (10 μM) for 24 h following pre-incubation with/without 3-MA (4 mM) 

for 1 h with 5 replicates of each treatment. Subsequently, live cells were monitored by 

counting viable cells using trypan blue exclusion test.
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2.9. DAPI and TUNEL staining

PC12 cells and primary neurons, PC12 cells infected with lentiviral shRNA to BECN1, 

FLAG-BECN1 (S295A) or GFP, or PC12 cells infected with Ad-dn-Akt or Ad-GFP, 

respectively, were seeded at a density of 5 × 105 cells/well in a 6-well plate containing a 

PDL-coated glass coverslip per well. The next day, cells were treated with/without Cd (10 

and 20 μM) for 24 h, or pretreated with/without 3-MA (4 mM) or CQ (25 μM) for 1 h, or 

pretreated with/without rapamycin (0.2 μg/ml) for 48 h, or pretreated with/without Akt 

inhibitor X (20 μM) for 2 h and then 3-MA (4 mM) for 1 h, followed by Cd (10 and/or 20 

μM) for 24 h, with 5 replicates of each treatment. Subsequently, the cells with fragmented 

and condensed nuclei were stained by adding DAPI (4 μg/ml in deionized water) as 

described [39]. For the cells pretreated with/without 4 mM of 3-MA for 1 h and then 

exposed to 10 μM of Cd for 24 h, after DAPI staining, the following staining was performed 

by adding TUNEL reaction mixture (TdT enzyme solution and labeling solution) according 

to the manufacturer’s protocols of In Situ Cell Death Detection Kit® (Roche, Mannheim, 

Germany). Finally, photographs were taken under a fluorescence microscope (Leica DMi8, 

Wetzlar, Germany) equipped with a digital camera. IOD for fluorescence intensity was 

quantitatively analyzed by Image-Pro Plus 6.0 software as described above.

2.10. Western blot analysis

The indicated cells, after treatments, were washed with cold PBS, and then on ice, lysed in 

the radioimmunoprecipitation assay buffer [50 mM Tris, pH 7.2; 150 mM NaCl; 1% sodium 

deoxycholate; 0.1% sodium dodecyl sulfate (SDS); 1% Triton X-100; 10 mM NaF; 1 mM 

Na3VO4; protease inhibitor cocktail (1:1000)]. Lysates were sonicated for 10 s and 

centrifuged at 16000 × g for 2 min at 4°C. The supernatants were collected and then Western 

blotting was performed as described previously [39]. In brief, lysates containing equivalent 

amounts of protein were separated on 7–12% SDS-polyacrylamide gel and transferred to 

polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA). Membranes were 

incubated with PBS containing 0.05% Tween 20 and 5% nonfat dry milk to block 

nonspecific binding, and then with primary antibodies against phosphorylated Akt (p-Akt) 

(Thr308), p-Akt (Ser473), cleaved-caspase-3, poly (ADP-ribose) polymerase (PARP) (Cell 

Signaling Technology, Danvers, MA, USA), Akt (Santa Cruz Biotechnology, Santa Cruz, 

CA, USA), p-BECN1 (Ser295) (Abcam, Cambridge, UK); LC3, SQSTM1/p62, BECN1, β-

tubulin (Sciben Biotech Company) overnight at 4°C, respectively, followed by incubating 

with appropriate secondary antibodies including horseradish peroxidase-coupled goat anti-

rabbit IgG, goat anti-mouse IgG, or rabbit anti-goat IgG (Pierce, Rockford, IL, USA) 

overnight at 4°C. Immunoreactive bands were visualized by using enhanced 

chemiluminescence solution (Sciben Biotech Company).

2.11. Statistical analysis

All data were expressed as mean values ± standard error (mean ± SE). Student’s t-test for 

non-paired replicates was used to identify statistically significant differences between 

treatment means. Group variability and interaction were compared using either one-way or 

two-way ANOVA followed by Bonferroni’s post-tests to compare replicate means. The 

criterion for the statistical significance was P < 0.05
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3. Results

3.1. Cd induces increase in autophagosomes with a concomitant elevation of LC3-II and 
p62 in neuronal cells

To determine autophagic manifestation in Cd-exposed neuronal cells, the autofluorescent 

drug MDC, a specific autophagolysosome marker [37; 38], was employed. We observed that 

the accumulation of MDC was significantly induced by exposure to Cd dose-dependently in 

PC12 and primary neurons, as evaluated by the fluorescence intensity (in green) and 

quantification based on the incorporation of MDC (Fig. 1A and B). To corroborate the 

finding, we extended the studies by analyzing autophagic vacuoles with GFP-LC3 

localization. Imaged and quantified results revealed that when PC12 cells and primary 

neurons, infected with Ad-GFP-LC3, were exposed to Cd (10 and 20 μM) for 8–24 h, the 

ratio of the cells with large LC3 puncta structures significantly increased compared to that of 

the vehicle-treated cells (Fig. 1C and D).

Furthermore, our Western blot analysis showed that Cd elicited robust LC3-II expression in 

a concentration- and time-dependent manner in PC12 cells and primary neurons (Fig. 1E–

H). Interestingly, Cd substantially increased the level of p62 protein (a substrate that is 

degraded by autophagy) dose- and time-dependently in the cells as well (Fig. 1E–H). Hence, 

these results indicate that Cd induced increases in autophagosomes with a concomitant 

elevation of LC3-II and p62 in neuronal cells, suggesting that Cd might block autophagic 

flux, leading to expansion of abnormal autophagsomes with large LC3 puncta in neuronal 

cells.

3.2. Cd triggers accumulation of LC3-derived autophagosomes contributing to neuronal 
cell death

To unveil whether Cd-induced apoptosis is attributed to Cd-evoked increase in the number of 

autophagosomes, PC12 cells and primary neurons were pretreated with/without 3-MA (4 

mM), an autophagy inhibitor via suppressing class III PI3K,34 for 1 h, followed by exposure 

to Cd (10 μM) for 8 h, 12 h or 24 h. As shown in Fig. 2A and B, Cd-induced accumulation 

of intracellular MDC (Fig. 2A), and the ratio of the cells with large LC3 puncta (Fig. 2B) 

were significantly reversed by 3-MA in PC12 and primary neurons. Of note, 3-MA alone 

slightly increased the protein level of LC3-II, and decreased the cleavages of caspase-3 and 

PARP in the cells (Fig. 2C and D). Pretreatment with 3-MA exhibited a stronger inhibitory 

effect on Cd-elevated LC3-II, cleaved-caspase-3 and cleaved-PARP, whereas Cd-induced 

p62 was not attenuated by 3-MA in the cells (Fig. 2C and D). Consistently, using DAPI and 

concurrently TUNEL staining (Fig. 2E), we also observed that 3-MA potently attenuated the 

percentage of the cells with nuclear fragmentation and condensation (arrows) and the 

number of TUNEL-positive cells with fragmented DNA (in green) in PC12 cells and 

primary neurons induced by Cd exposure (Fig. 2E–G). The data suggest that Cd triggers 

accumulation of LC3-derived autophagosomes contributing to neuronal cell death.
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3.3. Cd impairs autophagic flux leading to accumulation of autophagosomes-dependent 
neuronal apoptosis

It is known that increase in the number of autophagosomes may result from either induction 

of autophagy or inhibition of autophagosome clearance [40]. To determine which stage of 

the autophagic process in the neuronal cells is affected by Cd, a tandem mCherry-GFP-LC3 

assay was employed. For this, PC12 cells or primary neurons, infected with Ad-mCherry-

GFP-LC3, were exposed to Cd (10 μM) for indicated time. As shown in Fig. 3A (merged), 

the cells treated with Cd for 0 h contained only red puncta (autolysosomes), whereas the 

cells treated with Cd for 8 h had both yellow (autophagosomes) and red puncta 

(autolysosomes). However, when exposed to Cd for 12 h and 24 h, cells had both green and 

yellow puncta (autophagosomes) (Fig. 3A). Time-dependent decrease of GFP–/mCherry+-

LC3 (red) puncta per cell in response to Cd was quantified (Fig. 3B). These results point out 

that Cd-inhibited autophagosome clearance causes increased autophagosomes.

To elucidate the role of impaired autophagic flux in Cd-induced apoptosis in neuronal cells, 

PC12 cells and primary neurons were subjected to pretreatment with/without 5–50 μM of 

CQ, an agent capable of effectively inhibiting the fusion of autophagosomes and lysosomes 

[41], for 1 h and then treated with/without 10 and/or 20 μM of Cd for 8 h, 12 h or 24 h. As 

shown in Fig. 3C and D, CQ concentration-dependently elevated Cd-induced expression of 

LC3-II and p62 in the cells. At 25 μM, CQ was able to potentiate the basic and Cd-increased 

LC3-II and p62 almost to a maximal level in PC12 cells and primary neurons (Fig. 3C–F). 

Consistently, CQ further enhanced the accumulation of autophagosomes in the cells exposed 

to Cd, as evidenced by MDC staining (Fig. 3G) and punctuation/aggregation of large LC3 

(data not shown). The presence of CQ also further increased the cleavages of caspase-3 and 

PARP, as well as neuronal apoptosis induced by Cd (Fig. 3E, F and H). The data indicate 

that Cd treatment results in accumulation of autophagosomes and consequential cell 

apoptosis by impairing autophagic flux in neuronal cells

Rapamycin, a known mTOR inhibitor and autophagy inducer, has recently been 

demonstrated to prevent from Cd neurotoxicity by targeting both mTORC1 and mTORC2 

pathways [31]. It has been reported to induce autophagy with enhanced autophagic flux and 

promote the fusion of autophagosomes and lysosomes in various cells [42; 43; 44; 45]. To 

provide more evidence that support association of impaired autophagic flux with 

accumulated autophagosomes-dependent cell apoptosis, we next tested the manifestation of 

Cd-induced LC3-II and p62 levels in the presence of rapamycin, and checked the co-

localization between autophagosome and lysosome in neuronal cells exposed to Cd. As 

expected, pretreatment with rapamycin alone for 48 h increased LC3 but reduced p62 

protein level, compared with the vehicle treatment (Fig. 4A and B), indicating intact 

autophagic flux. Of importance, pretreatment with rapamycin profoundly attenuated Cd-

induced expression of LC3-II and accumulation of p62 in PC12 cells and primary neurons, 

implying a recovery of the authophagic flux (Fig. 4A and B). We also observed that Cd-

induced cleaved-caspase-3 and apoptosis in the cells was obviously blocked by rapamycin 

(Fig. 4A–C), in line with our previous findings [31; 39]. In another experiment, PC12 cells 

and primary neurons infected with Ad-GFP-LC3, after exposed to Cd (10 μM) for 12 h 

following pretreatment with/without rapamycin (0.2 μg/ml) for 48 h, were stained with 
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LysoTracker. We found that the majority of the LC3-decored vesicles (green) due to Cd 

exposure were not labeled by LysoTracker in the merged images (Fig. 4D). Interestingly, 

rapamycin alone or co-treatment with rapamycin/Cd elicited the autolysosome vesicles 

(yellow) co-labeled by LysoTracker/GFP-LC3 (Fig. 4D). The number of the vesicles labeled 

by LysoTracker/GFP-LC3 and GFP-LC3 was quantified (Fig. 4E). Taken together, our 

findings that rapamycin-induced reduction of p62 level and acceleration of autophagosome-

lysosome fusion prevent Cd-induced neuronal apoptosis strongly support that Cd impairs 

autophagic flux by inhibiting autophagosome-lysosome fusion, leading to accumulated 

autophagosomes-dependent neuronal apoptosis.

3.4. Cd activates Akt-mediated BECN1 phosphorylation promoting autophagosome-
dependent neuronal apoptosis

BECN1, an essential protein for autophagy, is a target of Akt [29]. Akt can inhibit autophagy 

[46]. Our recent studies have shown that Cd induces activation of Akt/mTOR pathway 

contributing to apoptosis in neuronal cells [31]. Here, we also observed that Cd induced the 

phosphorylation of Akt (Ser473) in a concentration- and time-dependent manner in PC12 

cells and primary neurons (Fig. 5A–D). Interestingly, Cd also evoked the phosphorylation of 

BECN1 (Ser295) in a similar pattern (Fig. 5A–D). Accordingly, we asked whether BECN1 

acts as a key molecule responsible for Cd-induced autophagosome’s increase and neuronal 

apoptosis. For this, we knocked down BECN1 and also ectopically overexpressed FLAG-

tagged BECN1 (S295A) mutant in PC12 cells. As shown in Fig. 6A, the protein levels of 

BECN1 and p-BECN1 (Ser295) were downregulated by ~ 90% in the cells infected with 

lentiviral shRNA to BECN1. Silencing BECN1 obviously attenuated the basal and Cd-

induced phosphorylation of BECN1 (Ser295) (Fig. 6A and B). Similarly, overexpression of 

mutant FLAG-BECN1 (S295A) also suppressed Cd-induced p-BECN1 (Ser295) (Fig.6G 

and H). However, downregulation of BECN1 (Fig. 6A and B) or overexpression of mutant 

BECN1 (S295A) (Fig. 6G and H) did not obviously alter the expression of p62. Of 

importance, downregulation of BECN1 or overexpression of mutant BECN1 (S295A) 

markedly attenuated Cd-induced LC3-II expression (Fig. 6A, B, G and H), MDC 

fluorescence (Fig. 6C and D) and large LC3 puncta formation (Fig. 6I) in the cells. 

Consistent with this, downregulation of BECN1 or overexpression of mutant BECN1 

(S295A) potently blocked Cd-induced caspase-3 cleavage (Fig. 6A, B, G and H), cell 

viability reduction (Fig. 6E) and apoptosis (Fig. 6F and J). These findings imply that 

BECN1, especially the phosphorylation level of BECN1 on Ser295, is required for 

autophagosome-dependent apoptosis in Cd-exposed neuronal cells.

Next, we sought to determine whether Cd-activated Akt mediates BECN1 phosphorylation, 

leading to autophagosome-dependent neuronal apoptosis. To answer the question, PC12 

cells and primary neurons were pre-incubated with/without Akt inhibitor X alone, or in 

combination with 3-MA. We found that pretreatment with Akt inhibitor X (20 μM) or 3-MA 

(4 mM) alone substantially suppressed the basal and Cd-induced p-Akt, p-BECN1 and 

cleaved-caspase-3 in the cells (Fig. 7A and B). Especially, co-treatment with Akt inhibitor 

X/3-MA exhibited a stronger inhibitory effect on Cd-induced events (Fig. 7A and B). 

Consistently, the combination of Akt inhibition X with 3-MA also showed more potent 

inhibitory effects on Cd-elicited autophagosome expansion and apoptosis than Akt inhibitor 

Zhang et al. Page 10

Cell Signal. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



X or 3-MA alone, as evidenced by MDC and DAPI staining (Fig. 7C and D). In addition, we 

also noted that Akt inhibitor X alone or combination with 3-MA, but not 3-MA alone, 

obviously reduced Cd-increased p62 expression (Fig. 7A and B). Taken together, the data 

support the idea that Cd activates Akt-mediated BECN1 phosphorylation promoting 

autophagosome-dependent neuronal apoptosis.

3.5. Expression of dominant negative Akt attenuates Cd-induced autophagic flux 
imparment, preventing autophagosome-dependent neuronal apoptosis

To corroborate the above finding, PC12 cells, infected with recombinant adenovirus 

encoding HA-tagged dominant negative Akt (Ad-dn-Akt) or GFP/LacZ (Ad-GFP/Ad-LacZ) 

(as control), were pretreated with/without 3-MA (4 mM) for 1 h, and then exposed to Cd (10 

mM) for 8 h, 12 h or 24 h. As expected, the basal phosphorylation level of Akt was 

significantly inhibited by the infection with Ad-dn-Akt, compared to the control infection 

with Ad-GFP (Fig. 8A and B). Of note, ectopic expression of dn-Akt markedly attenuated 

Cd-induced phosphorylation of Akt and BECN1 as well as activation of caspase-3, and 

potentiated the inhibitory effect of 3-MA on cleaved-caspase-3 (Fig. 8A and B). The basal 

and Cd-increased p62 levels were attenuated by overexpressing dn-Akt, but were not 

potentiated by 3-MA (Fig. 8A and B). Overexpression of dn-Akt diminished the ratio of 

cells with large LC3 puncta in response to Cd, which was strengthened by 3-MA (Fig. 8C 

and D). Using live cell assay and DAPI staining, we also revealed that expression of dn-Akt 

alone partially prevented Cd-induced cell viability reduction (Fig. 8E) and apoptosis (Fig. 

8F). Furthermore, addition of 3-MA rendered more significant resistance to Cd-induced cell 

death in Ad-dn-Akt-infected group than in Ad-GFP-infected group (Fig. 8E and F). 

Interestingly, using tandem mCherry-GFP-LC3 assay, we found that there existed fewer 

yellow puncta in Ad-dn-Akt-infected group than in Ad-GFP-infected group (Fig. 8G). The 

quantification data showed that overexpression of dn-Akt prevented Cd-induced decrease of 

GFP–/mCherry+-LC3 (red) puncta per cell (Fig. 8H), indicating that Cd-blocked degradation 

of mCherry-GFP-LC3 was attenuated in Ad-dn-Akt-infected cells. The results suggest that 

Cd-activated Akt is involved in mediating BECN1 phosphorylation and impairing 

autophagic flux, contributing to autophagosome-dependent apoptosis in neuronal cells.

4. Discussion

The present study shows that Cd treatment increased autophagosome formation with a 

concomitant elevation of LC3-II and p62 protein levels, leading to caspase-dependent 

apoptosis in PC12 cells and primary cortical neurons. Further, we found that Cd-induced 

autophagosome formation involved both LC3 and BECN1. Moreover, Cd-activated Akt 

mediated BECN1 activation and impaired autophagic flux, resulting in autophagosome-

dependent apoptosis in neuronal cells. The data suggest that Cd elicited a special 

noncanonical pathway of autophagy with impairment of autophagic flux, thus contributing 

to neuronal apoptosis.

Many studies have documented that Cd neurotoxicity contributes to the development of 

neurodegenerative diseases, such as PD, AD, HD and ALS [11; 12; 13; 14; 15]. In the 

context of neurodegenerative disorders, autophagosome is abundant in neurons, which 
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renders neuroprotection or fosters neuronal cell death, and has been recognized as an arbiter 

that decides neuronal survival and death [2; 4; 7; 47]. It has been described that Cd induces 

autophagy, which can result in either cytoprotection or cytotoxicity/cell death in various 

cells [16; 17; 18; 19; 20]. In the current study, we demonstrated that Cd induced defective 

autophagy triggering neuronal apoptosis. This is supported by the findings that Cd induced 

increases in autophagosomes, large LC3 puncta and apoptosis with a concomitant elevation 

of LC3-II/p62 and cleavages of caspase-3/PARP, which was attenuated by 3-MA, an 

autophagy inhibitor via suppressing class III PI3K [48] in PC12 cells and primary neurons 

induced by Cd exposure (Fig. 2). Our results are in contrast to the report that Cd-induced 

autophagy is cytoprotective in PC12 cells [16]. Whether this is related to different 

experimental conditions used remains to be determined. However, our findings, to some 

extent, are in line with the previous observations that Cd elicits autophagy or overactivation 

of mitophagy, leading to cytotoxicity or cell death in a variety of non-neuronal cells, 

including mesangial cells [17], epidermal cells [18], mouse kidney cells [19], as well as 

brain neurons [20]. Of note, the abovementioned studies [17; 18; 19; 20] have described that 

Cd induces autophagosome formation (LC3 puncta and/or LC3-II expression) and cell 

death, which can be prevented by 3-MA, but have not shown whether Cd increases or 

decreases the protein level of p62, an indicator of executed autophagy. It would be 

interesting to clarify whether Cd indeed induces autophagy/mitophagy in those cells. Taken 

together, the findings in this study and others imply that the effect of Cd-induced 

autophagosomes/autophagy on cell fate may be dependent on cell type or experimental 

conditions.

Autophagy is a dynamic process [21; 24]. Autophagy adaptor p62 is known to bind to 

ubiquitinated substrates and LC3, and is degraded along with its cargo [25]. The 

accumulation of LC3-II or autophagosomes, event previously interpreted as induction of 

autophagy, is in fact a consequence of an impaired autophagic flux [49]. The combination of 

elevated p62 and punctuate LC3-II could be reflecting an inhibition of autophagosome 

degradation [49]. In this study, we found that Cd evoked a robust expression of p62 protein 

dose- and time-dependently in PC12 cells and primary neurons (Fig. 1E–H), suggesting that 

Cd might impair autophagic flux. To confirm the Cd-impaired autophagic flux and its 

relationship to neuronal apoptosis, we next monitored the manifestation of autophagic flux 

using tandem mCherry-GFP-LC3 assay, which can generate a LC3 construct tandem tagged 

with mCherry and GFP probes [45]. In line with the immunoblotting results, PC12 cells and 

primary neurons treated with Cd for 8–24 h exhibited a decline in autophagic flux, as shown 

by the decrease in the number of red LC3 puncta (autolysosomes) without the concomitant 

decrease in the number of yellow puncta (autophagosomes) per cell (Fig. 3A and B). 

Subsequently, we showed that administration of chloroquine (CQ), an agent that leads to 

impairment of the function of lysosome’s degradation or inhibition of fusion of 

autophagosome with lysosome [24; 48], potentiated the basic and Cd-elevated LC3-II and 

p62 levels, autophagosome accumulation and cell apoptosis (Fig. 3E–H). Taken together, 

these results support the idea that Cd may inhibit the fusion of autophagosomes with 

lysosomes and thus impair autophagic flux, causing accumulation of LC3-II/

autophagosomes and consequential cytotoxicity in neuronal cells.
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Rapamycin, a known autophagy inducer, has been shown to promote autophagy flux and 

accelerate autophagosome-lysosome fusion [42; 43; 44; 45]. In this study, we also 

demonstrated that rapamycin alone elicited a significant high LC3-II alteration and a marked 

low p62 in PC12 cells and primary neurons (Fig. 4A and B). Of note, however, rapamycin 

substantially attenuated Cd-elicited increases of LC3-II and p62 proteins, which were in line 

with Cd-induced cleaved-caspase-3 and apoptosis in the cells (Fig. 4A–C). Using 

LysoTracker/GFP-LC3 assay, we clearly observed that there existed the large majority of the 

LC3-decored vesicles (green) in PC12 cells and primary neurons exposed to Cd alone, 

whereas acceleration of autophagosome-lysosome fusion by rapamycin showed 

autolysosome vesicles (yellow), as evidenced by the images and quantification co-labeled by 

LysoTracker/GFP-LC3 (Fig. 4D and E). Collectively, these findings further highlight that Cd 

impairs autophagic flux by inhibiting autophagosome-lysosome fusion, which contributes to 

accumulation of autophagosomes leading to apoptosis in neuronal cells.

It is known that Akt is an important regulator of neuronal cell survival [28]. BECN1, an 

essential and core component in autophagy, can be phosphorylated by different protein 

kinases, and different phosphorylation sites of BECN1 are involved in induction or 

inhibition of autophagy [29; 50; 51]. It has been reported that Akt inhibits autophagy,[46] 

which is associated with its phosphorylation of BECN1 (Ser295) [29]. Our recent studies 

have shown that Cd induces neuronal apoptosis by activating Akt/mTOR signaling pathway 

[31]. In this study, having observed that Cd-induced autophagosome accumulation is related 

to neuronal apoptosis, we further asked whether Cd activation of Akt links to BECN1 

mediation of the events. As expected, we observed that Cd evoked phosphorylation of Akt 

(Ser473) and BECN1 (Ser295) dose- and time-dependently in PC12 cells and primary 

neurons (Fig. 5). Further, BECN1, especially phosphorylation of the BECN1 Ser295 residue, 

appeared to play a key role in Cd-induced autophagosome-dependent neuronal apoptosis, as 

BECN1 knockdown or mutant BECN1 (S295A) deletion attenuated or silenced the basal and 

Cd-induced of BECN1 (Ser295) phosphorylation, and downregulation of BECN1 or BECN1 

(S295A) substantially diminished LC3-II expression, MDC fluorescence intensity, the ratio 

of cells with large LC3 puncta, cleaved-caspase-3, cell viability reduction and/or apoptosis 

in PC12 cells in response to Cd (Fig. 6). Next, to pinpoint whether Cd-activated Akt 

mediates BECN1 phosphorylation, leading to autophagosome-dependent neuronal apoptosis, 

pharmacological or genetic inhibition experiments for Akt were conducted. We found that 

pharmacological inhibition of Akt with Akt inhibitor X or ectopic expression of dn-Akt in 

the presence or absence of 3-MA significantly alleviated Cd-triggered phosphorylation of 

Akt and BECN1, autophagosomes/large LC3 puncta, and cell apoptosis (Fig. 7 and 8). Basal 

and Cd-increased p62 were attenuated by pretreating with Akt inhibitor X or overexpressing 

dn-Akt, but not potentiated by 3-MA (Fig. 7 and 8). Moreover, our tandem mCherry-GFP-

LC3 assay revealed that Cd activation of Akt functioned in impairing autophagic flux (Fig. 

8G and H). Collectively, these observations support such concept that Cd-activated Akt 

mediates BECN1 activation and impairs autophagic flux, leading to accumulated 

autophagosome-dependent apoptosis in neuronal cells.

In conclusion, we have shown that Cd induces autophagosome formation and impairs 

autophagic flux, contributing to neuronal apoptosis. Our results suggest that Cd activates 

Akt, which not only mediates autophagosome formation by phosphorylating BECN1, but 
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also functions in impairing autophagic flux, thereby resulting in accumulation of 

autophagosomes, which eventually triggers neuronal apoptosis (Fig. 9). Our findings 

underline that inhibition of Akt is a promising intervention against Cd-induced neurotoxicity 

and neurodegeneration.
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Abbreviations

3-MA 3-methyladenine

AD Alzheimer disease

PKB Akt protein kinase B

ATG autophagy-related

ALS amyotrophic lateral sclerosis

BECN1 beclin 1

Cd cadmium

CQ chloroquine diphosphate

DAPI 4′6-diamidino-2-phenylindole

DMEM Dulbecco’s Modified Eagle’s Medium

FBS fetal bovine serum

HD Huntington’s disease

LC3 microtuble-associated protein 1 light chain 3 

MDCmonodansylcadaverine

mTOR mammalian target of rapamycin

PBS phosphate buffered saline

PD Parkinson disease

PDL poly-D-lysine

TUNEL terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine 

triphosphate (dUTP) nick-end labeling
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Highlights

• Cd induces accumulation of autophagosomes contributing to apoptosis in 

neuronal cells.

• Cd impairs autophagy flux promoting accumulation of autophagosomes 

leading to neuronal apoptosis.

• Cd-activated Akt evokes autophagosome-dependent neuronal apoptosis via 

phosphorylating BECN1.

• Cd-activated Akt impairs autophagic flux causing autophagosome-dependent 

neuronal apoptosis.
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Fig. 1. 
Cd induces increase in autophagosomes with a concomitant elevation of LC3-II and p62 in 

neuronal cells. PC12 cells and primary neurons, or PC12 cells and primary neurons infected 

with Ad-GFP-LC3 were treated with Cd (2.5, 5, 10 and/or 20 μM) for 2, 4, 6, 8, 10, 12 h 

and/or 24 h. (A and B) The cells were labeled using a specific autophagolysosome marker 

MDC staining and then the fluorescence intensity (in green) for MDC-labeled vacuoles was 

imaged (A) and quantified (B) as described in Materials and Methods. Scale bar: 20 μm. (C 

and D) Overlay of large LC3 puncta (in green) was shown (C) and the ratio of cells with 
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large LC3 punctate structures was counted and calculated (D). Scale bar: 2 μm. (E and G) 

Total cell lysates were subjected to Western blotting using indicated antibodies. The blots 

were probed for β-tubulin as a loading control. Similar results were observed in at least three 

independent experiments. (F and H) The blots for LC3-II and p62 were semi-quantified. For 

(B), (D) (F) and (H), all data were expressed as means ± SE (n = 3–5). *P < 0.05, difference 

with control group.
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Fig. 2. 
Cd triggers accumulation of autophagosomes contributing to neuronal cell death. PC12 cells 

and primary neurons, or PC12 cells and primary neurons infected with Ad-GFP-LC3, were 

pretreated with/without 3-MA (4 mM) for 1 h and then exposed to Cd (10 μM) for 8 h (for 

Western blotting), 12 h (for MDC staining and GFP-LC3 assay) and 24 h (for DAPI and 

TUNEL staining). (A) The fluorescence intensity for MDC-labeled vacuoles in the cells was 

quantified. (B) The ratio of cells with large LC3 punctate structures was counted and 

calculated. (C) Total cell lysates were subjected to Western blotting using indicated 

antibodies. The blots were probed for β-tubulin as a loading control. Similar results were 

observed in at least three independent experiments. (D) The blots for LC3-II, p62, cleaved-

caspase-3, and cleaved-PARP were semi-quantified. (E) Apoptotic cells were evaluated by 

nuclear fragmentation and condensation (arrows) using DAPI staining (upper panel) and 

concurrently by in situ detection of fragmented DNA (in green) using TUNEL staining 

(lower panel). Scale bar: 20 μm. (F and G) The percentages of cells with fragmented nuclei 

and the number of TUNEL-positive cells were quantified. For (A), (B), (D), (F) and (G), all 

data were expressed as means ± SE (n = 3–5). *P < 0.05, difference with control group; #P < 

0.05, difference with 10 μM Cd group.
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Fig. 3. 
Cd-impaired autophagic flux results in accumulation of autophagosomes leading to neuronal 

apoptosis. PC12 cells and primary neurons, or PC12 cells and primary neurons infected with 

Ad-mCherry-GFP-LC3, were treated with Cd (10 μM) for 0–24 h (for mCherry-GFP-LC3 

assay and DAPI staining), or pretreated with/without CQ (5–50 μM or 25 μM) for 1 h and 

then exposed to Cd (10 and/or 20 μM) for 8 h (for Western blotting), 12 h (MDC staining) 

and 24 h (for DAPI staining). (A) Co-localization of both GFP and mCherry fluorescence 

for GFP+/mCherry+-LC3 (yellow) and GFP–/mCherry+-LC3 (red) puncta was shown in the 

cells. Scale bar: 2 μm. (B) GFP–/mCherry+-LC3 (red) puncta per cell was quantified. (C and 

E) Total cell lysates were subjected to Western blotting using indicated antibodies. The blots 

were probed for β-tubulin as a loading control. Similar results were observed in at least three 

independent experiments. (D and F) The blots for LC3-II, p62, cleaved-caspase-3, cleaved-

PARP were semi-quantified. (G) The fluorescence intensity for MDC-labeled vacuoles in the 

cells was quantified. (H) Apoptotic cells were evaluated by nuclear fragmentation and 

condensation using DAPI staining. For (B), (D), (F), (G) and (H), all data were expressed as 
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means ± SE (n = 3–5). *P < 0.05, difference with control group; #P < 0.05, difference with 

10 μM Cd group, †P < 0.05, – CQ group versus + CQ group.
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Fig. 4. 
Rapamycin rescues Cd-impaired autophagic flux from accumulation of autophagosomes and 

neuronal apoptosis. PC12 cells and primary neurons, or PC12 cells and primary neurons 

infected with Ad-GFP-LC3 were pretreated with/without rapamycin (Rap, 0.2 μg/ml) for 48 

h and then exposed to Cd (10 μM) for 8 h (for Western blotting), 12 h (for Lysotracker/GFP-

LC3 assay) and 24 h (for DAPI staining). (A) Total cell lysates were subjected to Western 

blotting using indicated antibodies. The blots were probed for β-tubulin as a loading control. 

Similar results were observed in at least three independent experiments. (B) The blots for 
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LC3-II, p62, cleaved-caspase-3 were semi-quantified. (C) Apoptotic cells were evaluated by 

nuclear fragmentation and condensation using DAPI staining. (D) Autophagosomes were 

labeled by GFP-LC3 green fluorescence, lysosomes were stained by LysoTracker red 

fluorescence, and co-localization of both autophagosome and lysosome fluorescence showed 

autolysosome puncta (yellow) in the merged images. Scale bar: 2 μm. (E) The vesicles 

labeled by LysoTracker/GFP-LC3 and GFP-LC3 was quantified. At least 50 cells per group 

were included for the counting in each condition. For (B), (C) and (E), all data were 

expressed as means ± SE (n = 3–5). *P < 0.05, difference with control group; #P < 0.05, 

difference with 10 μM Cd group.
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Fig. 5. 
Cd-activated Akt is associated with BECN1 phosphorylation in neuronal cells. PC12 cells 

and primary neurons were treated with Cd (0–20 μM) for 8 h or with Cd (10 μM) for 0–24 h. 

(A and C) Total cell lysates were subjected to Western blotting using indicated antibodies, 

showing that Cd evoked the phosphorylation of Akt and BECN1 dose- and time-dependently 

in the cells. The blots were probed for β-tubulin as a loading control. Similar results were 

observed in at least three independent experiments. (B and D) The blots for p-BECN1 

(Ser295) and p-Akt (Ser473) were semi-quantified. All data were expressed as means ± SE 

(n = 3). *P < 0.05, difference with control group.
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Fig. 6. 
Downregulation of BECN1 or mutant BECN1 (S295A) relieves Cd-induced accumulation of 

autophagosomes and neuronal apoptosis. PC12 cells, infected with lentiviral shRNA to 

BECN1, FLAG-BECN1 (S295A) or GFP (as control) and/or infected with Ad-GFP-LC3, 

respectively, were treated with Cd (10 and 20 μM) for 8 h (for Western blotting), 12 h (MDC 

staining and GFP-LC3 assay) and 24 h (for live cell analysis and DAPI staining). (A and G) 

Total cell lysates were subjected to Western blotting using indicated antibodies. The blots 

were probed for β-tubulin as a loading control. Similar results were observed in at least three 
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independent experiments. (B and H) The blots for p-BECN1 (Ser295) LC3-II, p62, cleaved-

caspase-3 were semi-quantified. (C and D) The cells were labeled using MDC staining and 

then the fluorescence intensity (in green) for MDC-labeled vacuoles was imaged (C) and 

quantified (D) as described in Materials and Methods. Scale bar: 20 μm. (E) Live cells were 

detected by counting viable cells using trypan blue exclusion. (F and J) Apoptotic cells were 

evaluated by nuclear fragmentation and condensation using DAPI staining. (I) The ratio of 

cells with large LC3 punctate structures was counted and calculated. For (C), (D) and (E), all 

data were expressed as means ± SE (n = 3–5). *P < 0.05, difference with control group; #P < 

0.05, BECN1 shRNA group or BECN1 (S295A) shRNA group versus GFP shRNA group.
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Fig. 7. 
Pharmacological inhibition of Akt diminishes Cd-induced BECN1 phosphorylation and 

autophagosome-dependent neuronal apoptosis. PC12 cells and primary neurons were 

pretreated with/without Akt inhibitor X (20 μM) for 2 h and then 3-MA (4 mM) for 1 h, 

followed by exposure to Cd (10 μM) for 8 h (for Western blotting), 12 h (MDC staining) and 

24 h (for DAPI staining). (A) Total cell lysates were subjected to Western blotting using 

indicated antibodies. The blots were probed for β-tubulin as a loading control. Similar 

results were observed in at least three independent experiments. (B) The blots for p-Akt 

(Ser473), p-Akt (Thr308), p-BECN1 (Ser295), p62, cleaved-caspase-3 were semi-quantified. 

(C) The fluorescence intensity for MDC-labeled vacuoles in the cells was quantified. (D) 

Apoptotic cells were evaluated by nuclear fragmentation and condensation using DAPI 

staining. For (B), (C) and (D), all data were expressed as means ± SE (n = 3–5). *P < 0.05, 

difference with control group; #P < 0.05, difference with 10 μM Cd group; $P < 0.05, 

difference with Cd/Akt inhibitor X group or Cd/3-MA group.
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Fig. 8. 
Expression of dominant negative Akt attenuates Cd-blocked autophagic flux and 

autophagosome-dependent neuronal apoptosis. PC12 cells, infected with Ad-dn-Akt or Ad-

GFP (as control) and/or infected with Ad-mCherry-GFP-LC3, respectively, were exposed to 

Cd (10 μM) for 12 h (for mCherry-GFP-LC3 assay), or pretreated with/without 3-MA (4 

mM) for 1 h and then exposed to Cd (10 μM) for 8 h (for Western blotting), 12 h (MDC 

staining) and 24 h (for DAPI staining). (A) Total cell lysates were subjected to Western 

blotting using indicated antibodies. The blots were probed for β-tubulin as a loading control. 

Similar results were observed in at least three independent experiments. (B) The blots for p-

Akt (Ser473), p-Akt (Thr308), p-BECN1 (Ser295), p62, cleaved-caspase-3 were semi-

quantified. (C and D) Overlay of large LC3 puncta (in green) was shown (C) and the ratio of 
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cells with large LC3 punctate structures was counted and calculated (D). Scale bar: 2 μm. 

(E) Live cells were detected by counting viable cells using trypan blue exclusion. (F) 

Apoptotic cells were evaluated by nuclear fragmentation and condensation using DAPI 

staining. (G) Co-localization of both GFP and mCherry fluorescence for GFP+/mCherry+-

LC3 (yellow) and GFP–/mCherry+-LC3 (red) puncta was shown in the cells. Scale bar: 2 

μm. (H) GFP–/mCherry+-LC3 puncta per cell was quantified. For (B), (D), (E), (F) and (H), 

all data were expressed as means ± SE (n = 3–5). *P < 0.05, difference with control group; 
#P < 0.05, difference with 10 μM Cd group; †P < 0.05, Ad-dn-Akt group versus Ad-LacZ or 

Ad-GFP group.
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Fig. 9. 
Diagram illustrating how Cd induces accumulation of autophagosomes contributing to 

neuronal apoptosis. Cd activates Akt, which not only mediates autophagosome formation by 

phosphorylating BECN1, but also functions in imaparing autophagic flux, thereby resulting 

in accumulation of autophagosomes, which finally triggers neuronal apoptosis.
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