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The mechanism of colistin-induced neurotoxicity is still unknown. Our recent study (L. Zhang, Y. H. Zhao, W. J. Ding, G. Z. Ji-
ang, Z. Y. Lu, L. Li, J. L. Wang, J. Li, and J. C. Li, Antimicrob Agents Chemother 59:2189 –2197, 2015, http://dx.doi.org/10.1128
/AAC.04092-14; H. Jiang, J. C. Li, T. Zhou, C. H. Wang, H. Zhang, and H. Wang, Int J Mol Med 33:1298 –1304, 2014, http://dx.doi
.org/10.3892/ijmm.2014.1684) indicates that colistin induces autophagy and apoptosis in rat adrenal medulla PC-12 cells, and
there is interplay between both cellular events. As an important cellular stress sensor, phosphoprotein p53 can trigger cell cycle
arrest and apoptosis and regulate autophagy. The aim of the present study was to investigate the involvement of the p53 pathway
in colistin-induced neurotoxicity in PC-12 cells. Specifically, cells were treated with colistin (125 �g/ml) in the absence and pres-
ence of a p53 inhibitor, pifithrin-� (PFT-�; 20 nM), for 12 h and 24 h, and the typical hallmarks of autophagy and apoptosis were
examined by fluorescence/immunofluorescence microscopy and electron microscopy, real-time PCR, and Western blotting. The
results indicate that colistin had a stimulatory effect on the expression levels of the target genes and proteins involved in au-
tophagy and apoptosis, including LC3-II/I, p53, DRAM (damage-regulated autophagy modulator), PUMA (p53 upregulated
modulator of apoptosis), Bax, p-AMPK (activated form of AMP-activated protein kinase), and caspase-3. In contrast, colistin
appeared to have an inhibitory effect on the expression of p-mTOR (activated form of mammalian target of rapamycin), which is
another target protein in autophagy. Importantly, analysis of the levels of p53 in the cells treated with colistin revealed an in-
crease in nuclear p53 at 12 h and cytoplasmic p53 at 24 h. Pretreatment of colistin-treated cells with PFT-� inhibited autophagy
and promoted colistin-induced apoptosis. This is the first study to demonstrate that colistin-induced autophagy and apoptosis
are associated with the p53-mediated pathway.

Colistin is used as a last-line treatment option against multi-
drug-resistant (MDR) Gram-negative bacteria, which can

cause life-threatening infections (1–3). However, its clinical use is
limited by potential nephrotoxicity and neurotoxicity (4, 5), the
mechanisms of which are still unknown. It has been discovered in
a mouse model and neuroblastoma 2a cells that autophagy is in-
volved in colistin-induced nephrotoxicity (6, 7). Apoptosis and
autophagy are two common forms of cell death (8, 9). Apoptosis is
a prevalent form of programmed cell death (PCD) in multicellular
organisms, which is the culmination of coordinately regulated in-
trinsic and extrinsic pathways involving major protein families,
including the Bcl-2 family and caspases (10). Autophagy is a cat-
abolic process of degradation and recycling of dysfunctional
cellular components by lysosomal systems (11–13). Autophagy
participates in organelle turnover and in the bioenergetic manage-
ment of starvation stresses, pathogen infection, and hypoxia in
order to maintain cellular homeostasis (14, 15). A number of
stimuli can induce autophagy, apoptosis, or both, and recent stud-
ies suggest that autophagy delays or promotes apoptosis under
certain conditions (16, 17). For example, treatment of cells with
pemetrexed and simvastatin promoted autophagy and inhibited
apoptosis (16), while oridonin phosphate induced autophagy and
enhanced apoptotic cell death (17). However, the precise mecha-
nisms that determine autophagy, apoptosis, and their interaction
remain to be elucidated.

A number of studies in tumor cells (e.g., hepatocellular carci-
noma and OVCAR-3 cancer cells) have shown that the p53 tumor
suppressor protein, which is an important cellular stress sensor,

can trigger cell cycle arrest and apoptosis and also regulate au-
tophagy (18–20). Activation of p53 in response to a death stimulus
leads to the transcription of genes involved in apoptosis, including
PUMA (p53 upregulated modulator of apoptosis), AMPK (AMP-
activated protein kinase), and Bax in the nucleus. These in turn
activate the intrinsic mitochondrial apoptotic pathway in the cy-
toplasm via inhibition of the antiapoptotic proteins Bcl-2 and
Bcl-XL (19, 20). In addition, p53 appears to play a dual role in the
control of autophagy. At basal levels, p53 has an inhibitory effect,
and its activation initiates the autophagic process (21, 22). Thus,
p53-induced autophagy may either constitute a physiological cel-
lular defense response (23) or contribute to cell death (24). The
cellular localization of p53 appears to determine whether a cell
will undergo autophagy or apoptosis. Nuclear p53 induces and
regulates autophagy, while cytoplasmic p53 inhibits autophagy
(22, 25).
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Our recent studies have demonstrated that colistin induces au-
tophagy and apoptosis in a tumor cell line, PC-12 cells (26, 27).
Specifically, treatment with colistin (125 and 250 �g/ml) for 12
and 24 h stimulated the expression of LC3 (microtubule-associ-
ated protein 1 light chain 3), Beclin 1, caspase-3, and Bax (26,
27), and autophagy appeared to be protective against colistin-
induced apoptosis. In the present study, the role of p53 in colistin-
induced autophagy and apoptosis was examined in PC-12 cells.

MATERIALS AND METHODS
Reagents and compounds. Fetal bovine serum (FBS) was purchased from
Gibco BRL (Gaithersburg, MD). Colistin sulfate (20,195 U/mg; lot
095K1048; Sigma-Aldrich, St. Louis, MO, USA) was dissolved in distilled
water. Pifithrin-� (PFT-�) (Gene Operation, USA) was prepared in di-
methyl sulfoxide (DMSO). MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diph-
nyl-2H-tetrazolium bromide] and DAPI (4=,6-diamidino-2-phenylin-
dole) were obtained from Sigma-Aldrich. The Hoechst 33258 staining kit,
lysis buffer, and an immunofluorescence staining kit with Alexa Fluor
488-labeled goat anti-rabbit IgG were purchased from Beyotime (Shang-
hai, China). A BCATM protein assay kit was obtained from Wuhan Boster
Bio-engineering Limited Co. (Wuhan, Hubei, China). Primary antibodies
against LC3-II/I and caspase-3 were purchased from Cell Signaling Tech-
nology (Beverly, MA). Primary antibodies against Bax, phospho-mTOR,
and phospho-AMPK�1/2 were purchased from Immunoway Biotechnol-
ogy Company (Newark, NJ, USA). Rabbit anti-rat DRAM (damage-reg-
ulated autophagy modulator), PUMA, and p53 were obtained from Santa
Cruz Biotechnology (TX, USA). Anti-�-actin and horseradish peroxidase
(HRP)-labeled goat anti-rabbit IgG were purchased from Beijing Zhong-
shan Golden Bridge Biotechnology Co. Ltd. (Beijing, China).

Cell culture. PC-12 cells were purchased from the Cell Bank of the
Type Culture Collection, Shanghai Institute of Cell Biology, Chinese
Academy of Sciences. Cells were grown in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% FBS at 37°C in a humidified
atmosphere containing 5% CO2 (26).

MTT assay for cell viability determination. PC-12 cells were seeded
in 96-well plates at a density of 0.5 � 105 cells/well. Twenty-four hours
after cell seeding, cells were either treated with increasing concentrations
of PFT-� (0 to 80 nM) for 24 h or pretreated with PFT-� (20 nM) for 1 h,
followed by colistin (125 �g/ml) treatment for 24 h (28). Cell viability was
assessed by the MTT assay as described previously (26).

LC3 immunofluorescence microscopic examination. Cells were
seeded in 24-chamber culture slides and treated with 20 nM PFT-� for 1 h,
followed by colistin treatment (125 �g/ml) for 12 h. Cells were fixed with
4% paraformaldehyde for 15 min, permeabilized with 0.2% Triton X-100
for 10 min, and then blocked with 5% bovine serum albumin (BSA) for 1
h. Cells were subsequently incubated with the LC3 antibody (1:400 dilu-
tion) overnight, followed by the Alexa Fluor 488-labeled goat anti-rabbit
secondary antibody and 2.5 �g/ml of DAPI solution for 20 min. The
stained neurons were magnified 400� and examined using a Nikon
Eclipse TE 2000U fluorescence microscope (28). Ten images were col-
lected, and the percentage of cells positive for LC3 immunofluorescence
was calculated by counting 100 cells for each experimental group (n � 3).

Hoechst 33258 staining for nuclear morphology. Cells were seeded
in 24-chamber culture slides and then either incubated with colistin (125
�g/ml) or PFT-� (20 nM) alone or preincubated with 20 nM PFT-� for 1
h, followed by treatment with colistin (125 �g/ml) for 12 h or 24 h. Sub-
sequently, PC-12 cells were washed twice with PBS and then stained with
Hoechst 33258, and fluorescence was visualized using a Nikon Eclipse TE
2000U (26). Ten images at �400 magnification were collected, and the
percentage of apoptotic cells was calculated by counting 100 cells for each
experimental group (n � 3).

Electron microscopy for autophagy and apoptosis. Cells were seeded
in cell culture bottles (25 cm2) at a density of 1 � 107 cells/bottle and
treated for 12 h or 24 h as described above. Cells were collected and fixed
with 2.5% glutaraldehyde. Subsequently, the samples were postfixed in

1% osmium tetroxide at 4°C for 30 min, dehydrated by increasing con-
centrations of acetone, and embedded in epoxy resins. Ultrathin sections
were contrasted with uranyl acetate and lead citrate (29). Samples were
examined for autophagy and apoptosis with a GEM-1200ES transmission
electron microscope (JEOL Ltd., Tokyo, Japan). Identification of au-
tophagic vacuoles with characteristic double or multiple membranes in-
tracellularly using conventional electron microscopy remains the gold
standard for assessing autophagy in cultured cells (29). Chromatin con-
centration, edge accumulation, and cytoplasmic vacuolization are used to
identify apoptotic cells.

Quantitative real-time PCR assay. Total cellular RNA was isolated
from the control and treated cells, and 1 mg was reverse transcribed into
single-stranded cDNA using a Golden 1st-strand cDNA synthesis kit
(HaiGene, Harbin). The levels of p53, DRAM, PUMA, and Bax mRNA
were determined using real-time PCR with a SYBR premix Ex Taq kit
(Perfect Real Time; TaKaRa) on an Applied Biosystems 7500 real-time
PCR system thermocycler. The sequences of the oligonucleotide primers
are shown in Table 1. The data obtained from real-time PCR were ana-
lyzed by the 2���CT method (30).

Western blotting. Western blotting was carried out as described pre-
viously (26). Briefly, blots were blocked and then immunolabeled with
primary antibodies for LC3 (1:1,000 dilution), caspase-3 (1:1,000 dilu-
tion), DRAM, PUMA, Bax, phospho-AMPK�1/2, phospho-mTOR, p53,
and �-actin (1:1,000 dilution) at room temperature for 1.5 h. The mem-
brane was subsequently incubated with HRP-conjugated secondary anti-
body (1:2,000 dilution) at room temperature for 2 h. An enhanced chemi-
luminescence (ECL) detection system was used to detect immunoblots,
and the protein bands were analyzed by densitometry using Image J (ver-
sion 1.42; National Institutes of Health, USA).

Statistical analysis. Data were obtained from three or five indepen-
dent experiments and are presented as means 	 standard deviations (SD).
Statistical analysis was conducted by one-way analysis of variance
(ANOVA) using SPSS (version 13.0; SPSS, Chicago, IL, USA) to deter-
mine differences among experimental groups, with a P value of 
0.05
being statistically significant.

RESULTS
Determination of cell viability. To confirm the role of p53 in
colistin-induced autophagy and apoptosis, a highly selective and
potent synthetic p53 inhibitor, PFT-�, was used in this study. In
order to select an appropriate dose for this compound, PC-12 cells
were treated for 24 h with a range of PFT-� concentrations (0 to 80
nM), and cell viability was assessed via an MTT assay. As shown in
Fig. 1A, cell viability decreased in a concentration-dependent

TABLE 1 Sequences of the oligonucleotide primers used for gene
transcription analysis by real-time PCR

Gene Primer sequence
Product
length (bp)

p53 Forward, 5=-GCTGAGTATCTGGACGACAGG-3= 164
Reverse, 5=-AGCGTGATGATGGTAAGGATG-3=

DRAM Forward, 5=-CAGCCTTCATCATCTCCTACG-3= 191
Reverse, 5=-GGTCTCGTTCTGCTTCTCCA-3=

PUMA Forward, 5=-ACCTCAACGCGCAGTACGA-3= 143
Reverse, 5=-CTAGTTGGGCTCCATTTCTGG-3=

Bax Forward, 5=-TGCCCGAGTTCTACTACAGACC-3= 125
Reverse, 5=-AGAGTTTGCCTGAGACCCAAT-3=

�-Actin Forward, 5=-ACCGCAAATGCTTCTAAACC-3= 192
Reverse, 5=-CCAATCTCGTCTTGTTTTATGC -3=
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manner, with significant cell death observed at concentrations
greater than 20 nM PFT-�. Therefore, 20 nM was considered the
optimal concentration of PFT-� for treating cells in subsequent
experiments.

To determine whether PFT-� had an inhibitory effect on colis-
tin-induced cell death in PC-12 cells, the cells were treated with
either PFT-� alone, colistin alone (125 �g/ml), or colistin plus
PFT-� for up to 24 h. As shown in Fig. 1B, significant differences
in cell viability relative to the 0-h control group were observed
after 6 h for cells treated with colistin only and after 12 h for cells
treated with PFT-� only (P 
 0.01). Pretreatment of cells with
PFT-� did not have any significant effects on the loss of cell via-
bility in colistin-treated cells. Thus, 20 nM PFT-� was not able to
inhibit cell death induced by 125 �g/ml colistin in PC-12 cells.

Morphological analysis of colistin-induced autophagy and
apoptosis in the presence of PFT-�. We have previously observed
that treatment of PC-12 cells with colistin resulted in apoptotic
cell death, and this appears to be attenuated by autophagy (26). In
the present study, the effects of PFT-� on apoptosis and au-
tophagy in colistin-treated cells were investigated via fluorescence
microscopy using an LC3 antibody to detect LC3-II/I in autopha-
gosomes and Hoechst 33258 to assess nuclear morphology. Visu-
alization of LC3 immunofluorescence revealed no detectable fluo-
rescence in the untreated control cells and those treated with
PFT-� alone for 12 h (Fig. 2A, control and PFT-� groups), indi-
cating the absence of autophagic vacuoles from these cells. Quan-
titative analysis (Fig. 2B) revealed no significant difference in the
frequency of autophagy between the two groups. In contrast, dif-
ferent sizes and stages of autophagic vacuoles were visible by im-
munofluorescence staining with the LC3 antibody after treatment
with colistin for 12 h (Fig. 2A, colistin group), and the proportion
of cells positive for LC3 was significantly higher than that in the
control group (P 
 0.01). In cells treated with colistin plus PFT-�,
immunofluorescence was not readily observed (Fig. 2A, colistin
plus PFT-� group), and the number of LC3 immunopositive cells
was significantly less relative to the colistin-treated group (Fig.
2B). These results show that PFT-� was able to reduce colistin-
induced autophagy.

Analysis of nuclear morphology following drug treatment at 12 h
and 24 h by Hoechst 33258 staining showed hypercondensed nu-

clei and chromatin condensation in colistin-treated cells (Fig. 2C),
indicating that these cells underwent apoptotic cell death (31).
Determination of the proportion of cells undergoing apoptosis
(Fig. 2D) revealed at 12 h of treatment a significant difference
between the colistin-treated and control groups (P 
 0.01) but
not between the PFT-�-treated and control groups. Treatment
with colistin plus PFT-� at 12 h and 24 h appeared to increase the
proportion of apoptotic cells relative to the corresponding colis-
tin-treated group, suggesting that PFT-� augmented colistin-in-
duced apoptosis.

In addition to fluorescence microscopy, electron microscopy
was employed to further characterize the morphological changes
induced by colistin in the absence and presence of PFT-� in PC-12
cells (29, 32). As shown in Fig. 2E, different sizes and stages of
autophagic vacuoles were evident in cells treated with colistin for
12 h, and these vacuoles predominantly contained cytoplasmic
organelles and autophagosomes. A further 12-h treatment with
colistin resulted in nuclear chromatin condensation, edge accu-
mulation, and cytoplasmic vacuolization. Similar observations
were obtained for the group treated with colistin plus PFT-� for
24 h, indicating that PFT-� had no significant effects on the cel-
lular changes induced by colistin at this time point. In cells treated
with PFT-� alone for 12 h and 24 h, and also in cells treated with
colistin plus PFT-� for 12 h, autophagosomes and nuclear chro-
matin condensation were not apparent, but dilation of chondrio-
some swelling was evident.

Real-time PCR assay and Western blotting of key biomarkers in
the p53 pathway and autophagy. Previous studies have shown that
p53 mediates PC-12 cell apoptosis by promoting the expression of
caspase-3 (27) and autophagy-mediated apoptosis through acti-
vation of the mTOR/AMP kinase pathway and DRAM expression
(19, 33–35). In order to investigate the role of p53 in colistin-
induced apoptosis, the expression levels of p53 and its target genes
and proteins were examined by real-time PCR and Western blot-
ting, respectively. Analysis of mRNA levels of p53, DRAM,
PUMA, and Bax showed elevated expression of them after 12 h of
treatment of cells with colistin relative to the untreated control
group, with the highest expression levels detected at 24 h (Fig. 3A,
a to d). Pretreatment of colistin-treated cells with PFT-� signifi-
cantly decreased the mRNA expression levels of these genes at 12

FIG 1 Assessment of cell viability of PC-12 cells following drug treatment by MTT assay. (A) Effects of increasing concentrations of PFT-� (0 nM to 80 nM) after
12 h of exposure. (B) Effects of colistin (125 �g/ml), PFT-� (20 nM), and colistin (125 �g/ml) plus PFT-� (20 nM) at the indicated times. Error bars represent
standard deviations (SD) of the means (n � 5). **, P 
 0.01 for treated groups versus the untreated control group; ##, P 
 0.01 for the intergroup comparison
among the treated groups.
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FIG 2 Morphological analysis of PFT-� on colistin-induced autophagy and apoptosis in PC-12 cells. (A) Fluorescence images of cells treated with colistin alone (125
�g/ml), PFT-� alone (20 nM), or PFT-� (20 nM) plus colistin (125 �g/ml) showing LC3 immunofluorescence (green) and DAPI staining (blue). The appearance of
punctuated staining (marked by the white arrows) indicates autophagosome-associated LC3. (B) Proportion of cells (percentage of total) treated with colistin, PFT-�,
or PFT-� plus colistin showing LC3 immunofluorescence. The bar graph represents the mean percentages 	 SD of LC3 immunopositive cells (n � 3). **, P 
 0.01 for
treated groups versus the untreated control group; ##, P 
 0.01 for intergroup comparisons among the treated groups. (C) Effect of drugs on the nuclear morphology
of PC-12 cells for 24 h. Changes in nuclear morphology were observed by Hoechst 33258 staining. Arrows indicate apoptotic cells. (D) Proportion of cells (percentage
of total) treated with either colistin, PFT-�, or PFT-� plus colistin showing apoptotic nuclei. The bar graph represents the mean percentage 	 SD of apoptotic cells (n �
3). **, P 
 0.01 for treated groups versus the untreated control group (12 h); ##, P 
 0.01 for intergroup comparison among the treated groups (12 h); aa, P 
 0.01 for
treated groups versus the untreated control group (24 h); bb, P 
 0.01 for intergroup comparison among the treated groups (24 h). (E) Electron microscopy images of
the untreated control cells and those treated with colistin alone, PFT-� alone, or PFT-� plus colistin. Autophagosomes, chromatin condensation, and cytoplasmic
vacuolization in the treated groups are marked with black, white, and yellow arrows, respectively. Changes in the organelles following treatment with either colistin or
PFT-� plus colistin include dilation of chondriosome swelling and cytoplasmic vacuolization.
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h. PFT-� alone had no detectable effects on mRNA levels at both
12 h and 24 h relative to the control group.

Western blotting revealed that colistin alone induced a sig-
nificant increase in the expression levels of DRAM, PUMA,
Bax, and phospho-AMPK (p-AMPK), but not p-phospho-
mTOR (mTOR), which was suppressed, relative to the un-
treated control group after 12 h of treatment, while PFT-� pre-
treatment of colistin-treated cells had the opposite effect on
protein expression at the same time point (Fig. 3B). In the PFT-
�-treated group, the levels of all target proteins were comparable
to those in the control group, indicating that PFT-� alone had no
major effects on the expression of these proteins.

The levels of nuclear and cytoplasmic p53 were also analyzed
by Western blotting following different treatments. As shown in
Fig. 3C, colistin induced the highest expression of nuclear p53
after 12 h of treatment. On the contrary, colistin induced the high-
est expression of cytoplasmic p53 at 24 h (Fig. 3C, b). At both 12
and 24 h, levels of nuclear and cytoplasmic p53 in the PFT-�
group were similar to those in the control group. In the colistin
plus PFT-� group, PFT-� pretreatment significantly decreased
the expression of p53 proteins relative to the colistin group in both
nuclei and cytoplasm (Fig. 3C).

DISCUSSION

As a tumor suppressor gene, p53 is a major checkpoint that plays
a critical role in mammalian cells (36). Under normal circum-
stances, p53 is maintained at minimal levels in cells (37). Intracel-
lular genotoxic stresses (e.g., oncogene activation, DNA damage,
and hypoxia) activate p53, which in turn initiates cellular tumor
suppression programs, including cell cycle arrest or apoptosis
(37). In addition, p53 has been shown to play a critical role in
autophagy modulation (38). Upon activation, autophagy may
promote or inhibit apoptosis depending on the level of the insult,
and the interplay between these two cellular processes has been the
subject of intensive relationship (17, 39). Associated with colistin
therapy, nephrotoxicity and neurotoxicity remain poorly charac-
terized adverse effects. In terms of the relationship of colistin-
induced neurotoxicity and p53, Dai et al. reported that the gene
expression of p53, Bax, and caspase-8 significantly increased in the
model of colistin-induced neurotoxicity using the mouse neuro-
blastoma 2a (N2a) cell line (all P values of 
 0.01) (7). A recent
study has shown that p53 plays a pathological role in the progres-
sion of colistin-induced apoptosis in PC-12 cells (27). We have
further shown that colistin treatment also induces autophagy un-
der these conditions (26). However, whether p53 mediates colis-
tin-induced autophagy and apoptosis in these cells remains to be
determined. In order to address this and elucidate the possible
mechanism(s) involved in initiating these events, we used a highly
selective and potent synthetic p53 inhibitor, pifithrin-� (PFT-�)

(40), in the present study. In order to elucidate the possible role of
p53 in the colistin-induced autophagy and apoptosis in PC-12
cells, LC3 immunofluorescence and downstream apoptotic events
(caspase-3 activation and nuclear condensation) were examined.
As depicted in Fig. 2C and D and 3B, the data indicate that PFT-�
was able to inhibit the cellular events of p53-mediated autophagy
induced by colistin, which appears to increase the propensity of
cells to undergo apoptosis.

As a transcription factor, p53 primarily induces the expression
of its target genes, including DRAM, PUMA, and Bax. DRAM is an
inducer of autophagy-mediated apoptosis, and localization of
DRAM in the mitochondria leads to autophagy (41). As an effec-
tor of p53-mediated apoptosis, DRAM is a p53 target gene induc-
ing macroautophagy (34). As a Bcl-2 homology 3 (BH3)-only
family member, PUMA has been implicated as a p53-upregulated
modulator of apoptosis (42). It activates Bax, which in turn initi-
ates caspase-3 activation via the intrinsic mitochondrial apoptotic
pathway, and this has been shown to be involved in neuronal
apoptosis (43, 44). Hence, the p53-PUMA-Bax system has been
postulated to be a classic signal for the induction of cell death via
apoptosis (45). The relationship between the p53 signaling path-
way and autophagy was established by the discovery of DRAM and
PUMA (34, 46). In the present study, colistin appeared to induce
the p53 signaling pathway based on the upregulation of DRAM,
PUMA, and Bax expression. These changes were in line with the
LC3 immunofluorescence data (Fig. 2A and B) and activation of
caspase-3 at 12 h and 24 h (Fig. 3B), suggesting that DRAM,
PUMA, and Bax play their respective roles in colistin-induced
autophagy and apoptosis.

It is known that autophagy induced by p53 is associated with
activation of AMPK (AMP-activated protein kinase) and inhibi-
tion of mTOR (mammalian target of rapamycin), an autophagy
suppressor (21, 22, 47–49). To determine whether the p53-
AMPK-mTOR pathway is involved in colistin-induced au-
tophagy, the levels of the phosphorylated forms of AMPK and
mTOR (activated forms) were examined by Western blotting. As
depicted in Fig. 3B, the levels of phospho-AMPK (p-AMPK) and
phospho-mTOR (p-mTOR) indicate that the p53-AMPK-mTOR
pathway is involved in colistin-induced autophagy. It can be spec-
ulated that the increase in p-AMPK levels leads to the activation of
p53, which can then inactivate p-mTOR through binding of the
TSC1/TSC2 complex to the protein and initiate autophagy.

Recent studies have shown that p53 has a dual role in modu-
lating autophagy based on its localization in the cell. Nuclear p53
facilitates autophagy by transactivating its target genes, while cy-
toplasmic p53 inhibits autophagy via protein-protein interactions
in the mitochondria. In Fig. 2C and 3, the majority of p53 had
translocated to the nucleus at 12 h to transactivate its target genes
and cytoplasmic p53 also increased after 12 h in cells treated with

FIG 3 Real-time PCR assay and Western blotting of key biomarkers in the p53 pathway and autophagy. (A) Detection of p53, DRAM, PUMA, and Bax mRNA
levels by real-time PCR. The bar graph represents the mean percentages 	 SD of apoptotic cells (n � 3). **, P 
 0.01 for treated groups versus the untreated
control group; ##, P 
 0.01 for intergroup comparison among the treated groups. (B) Western blotting of LC3, caspase-3, cleaved caspase-3, DRAM, PUMA, Bax,
p-AMPK, and p-mTOR. Samples containing 30 �g protein were loaded onto 15% (for LC3), 12% (for caspase-3 and cleaved caspase-3), or 10% (for DRAM,
PUMA, Bax, p-mTOR, and p-AMPK) SDS-PAGE gels. �-Actin was used as a loading control. (a) Blots showing protein levels. (b to h) Quantitative data of
protein levels. The bar graph represents the mean percentages 	 SD of protein expression levels (n � 3). **, P 
 0.01 for treated groups versus the untreated
control group; ##, P 
 0.01 for colistin only versus PFT-� plus colistin. (C) Blots showing levels of nuclear p53 and cytoplasmic p53. Detection was carried out
using 10% SDS-PAGE gels, and �-actin was used as a loading control. (b and c) Quantitative data of p53 levels in each cellular fraction. The bar graph represents
the mean percentages 	 SD of protein expression levels (n � 3). **, P 
 0.01 for treated groups versus the untreated control group; ##, P 
 0.01 for colistin only
versus PFT-� plus colistin.
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colistin, although a further increase was observed after 24 h, when
the majority of cells underwent apoptosis. Since this is the time
when PUMA, Bax, and caspase-3 were maximally expressed (Fig.
3A and B), it is highly probable that cytoplasmic p53, which is
normally held inactive through its binding to BCL-XL, is released
by the inhibition of BCL-XL by PUMA, and its accumulation in-
duces Bax oligomerization and mitochondrial translocation to ac-
tivate the mitochondrial apoptotic pathway. In this case, p53 may
interact with Bax at the mitochondria, which in turn leads to the
activation of caspase-3. A summary scheme of the present study is
displayed in Fig. 4.

In general, our data indicate that p53 plays a key role in colis-
tin-induced autophagy and apoptosis in PC-12 cells. Specifically,
inhibition of p53 by PFT-� was able to attenuate autophagy after
12 h of treatment with colistin, and this seems to promote apop-
tosis. Autophagy is usually apparent well before cells undergo
complete demise as a stress response to cellular insult, and de-
pending on the level of the insult, it can have an inhibitory effect
on apoptosis, especially when the cellular stress has not reached a
critical level that signals the point of no return (50). It is highly
likely that inhibition of autophagy via the upstream p53 pathway
increases the tendency of cells to activate the apoptotic pathway.
The intracellular localization of p53 seems to play an important
role in mediating this event, since an increase in the level of cyto-
plasmic p53 can facilitate the downstream apoptotic events via the
mitochondria, which is a major checkpoint that determines
whether or not cells undergo apoptosis. Further studies are war-
ranted to elucidate the specific mechanisms of cellular localization
of p53 in colistin-induced cytotoxicity in neuronal cells.

Conclusions. This is the first study to demonstrate that colis-
tin-induced autophagy and apoptosis are associated with the p53
regulatory network. The tendencies of colistin-induced au-
tophagy and apoptosis may be mediated by the intracellular local-
ization of p53. Our study provides important mechanistic insights
into understanding the effect of colistin on mammalian cells.
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