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Colistin-induced apoptosis in PC12 cells: Involvement of the
mitochondrial apoptotic and death receptor pathways
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Abstract. Colistin, a cyclic cationic polypeptide antibiotic
that is used to treat infections, may cause neurotoxicity.
However, whether colistin can induce apoptosis and the precise
mechanism of apoptosis involved in PC12 cells remains to be
determined. The aim of the present study was to determine
reactive oxygen species (ROS) level and DNA damage, as well
as apoptotic factors such as p53, cytochrome c, Bax, Bcl-2, Fas,
Fas-L and caspase family via western blotting in PC12 cells
treated with colistin sulfate. The results showed that colistin
sulfate increased ROS levels significantly. An increase of ROS
levels induces the release of cytochrome ¢ and DNA damage.
DNA damage can activate p53, which leads to the upregula-
tion of Bax and downregulation of Bcl-2. The imbalance
of Bax/Bcl-2 promotes additional release of cytochrome c.
The release of cytochrome c contributes to the activation of
caspase-9 and the subsequent activation of caspase-3. An
increase of Fas and Fas-L induced the activation of caspase-8
leading to the activation of caspases-3, the latter induces apop-
tosis. Therefore, these results demonstrate that the apoptotic
pathway of colistin-induced apoptosis in PC12 cells is involved
in both the mitochondrial and death receptor pathway.

Introduction

Colistin, a polymyxin E, is a cyclic cationic polypeptide antibi-
otic that was initially introduced in 1952 to manage infections.
Although its use was discontinued in the 1970s, colistin was
used to treat infections caused by gram-negative bacteria in
the early 1980s, particularly since these type of bacteria could
resist almost all classes of commercially available antibiotics
(1-4). Through alteration of the outer membrane permeability
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barrier, antibiotics facilitate their own uptake and subse-
quently disrupt the bacterial cytoplasm membrane. However,
colistin resistance rarely occurred (5,6). Multidrug-resistant
(MDR) bacterial infections are on the increase in hospitals,
resulting in the use of colistin. However, colistin may cause
renal and neurological toxicity, as reported in the 1970s.
Nephrotoxicity is considered the most common adverse effect
of colistin (9-50%) (7-10). Neurological toxicity has also been
reported previously (11). Although the abovementioned data
are useful in gaining a better understanding of the effects of
colistin on neurons and the mechanisms of colistin-induced
neurotoxicity, the signaling pathways involved and the identity
of its molecular targets remain to be determined.

Apoptosis is a morphological and biochemical description
of a physiological cell death mechanism that is commonly
associated with programmed events necessary for the differ-
entiation and development of individuals and organs (12,13).
Apoptotic cell death is characterized by chromatin condensa-
tion, DNA fragmentation, cellular shrinkage, and membrane
blebbing resulting in the formation of apoptotic bodies (12).
Apoptosis is regulated and executed by the major protein
families, Bcl-2 and caspase, which are highly conserved from
worms to humans (14,15). Many important observations on
various signaling pathways mediating apoptotic cell death
have been demonstrated. However, the mechanism of apop-
tosis induced by colistin remains to be elucidated.

The PCI12 cell line is derived from a tumor in the rat
adrenal gland and is the most widely used neuronal cell line
for studying mechanisms associated with neurodegenerative
disorders (16,17). Over the past 30 years, PC12 cells have
become a suitable model to study neuronal function and
differentiation (18-20) as demonstrated in a study that used
PC12 cells to study manganese-induced apoptosis in order
to understand the mechanism of neurological disorders that
is similar to parkinsonism (18). Consequently, PC12 cells are
considered a useful model for studying the mechanism of
apoptosis induced by methyl mercury, paraquat and manga-
nese (21-23).

The present study was designed to determine whether
colistin could induce apoptosis in PC12 cells as well as to
examine the colistin-induced apoptotic pathway in the PC12
cells model system. First, cell viability of PC12 cells exposed to
colistin was measured by MTT assay. Subsequently, analysis of
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DNA fragmentation and reactive oxygen species (ROS) level in
PC12 cells treated with colistin was carried out. In addition, to
determine the apoptotic pathway initiated by colistin treatment,
changes of apoptotic factors such as Bax, Bcl-2, Fas, Fas-L and
the caspase family in PCI12 cells treated with different doses
of colistin were measured by western blot analysis. The results
are likely to provide information pertaining to the reduction
and inhibition of the neurotoxicity of colistin for the wide
application of MDR bacterial infections.

Materials and methods

Materials. Colistin sulfate (20195 U/mg), 2,7-dichlorofluo-
rescein diacetate (DCFH-DA), anhydrous dimethyl sulfoxide
(DMSO), and MTT were purchased from Sigma-Aldrich
(St. Louis, MO, USA). The polyclonal goat anti-rabbit antibody
against p53, cytochrome c, Bax, Bcl-2, Fas, Fas-L, caspase-3,
caspase-8, caspase-9, IgG biotinylated antibody, bicincho-
ninic acid assay kit and ECL chemiluminescence detection
kit were purchased from Boster Biotechnology (Wuhan,
China). Dulbecco's modified Eagle's medium (DMEM) was
purchased from Gibco (Scotland, UK). Fetal calf serum (FCS)
was purchased from Sijiqing Biological Engineering Material
(Hangzhou, China). Hoechst 33258 staining kit, lysis buffer
and homogenization buffer were purchased from KeyGen
Biotechnology (Nanjing, China). All other chemicals were
of the highest grade and available from commercial sources.
Flasks, 6-well and 96-well plates were from Costar, Corning
Inc. (Corning, New York, USA).

Cell culture. The PC12 cell line was obtained from the Chinese
type culture collection (CTCC, Shanghai, China). It was grown
in DMEM (Life Technologies) containing 15% FBS at 37°C in
5% CO, under 85-95% humidity. The cells were preincubated
in 25 cm? flasks overnight, and the medium was replaced with
DMEM containing 10% FBS every two days. Once confluent,
the PC12 cells were collected with 0.025% trypsin and 0.02%
EDTA (dissolved in PBS), passaged at a 1:3 dilution. Cells in
the logarithmic growth phase were included for subsequent
experimental procedures.

Cell viability assay. The MTT assay method was used to
assess the cell viability (24,25). Briefly, ~1x10* cells were
plated in each well of 96-well plates. After 24 h incubation,
the cells were treated with colistin sulfate at 0, 31.25,62.5, 125,
250 and 500 ug/ml for 24 h. Subsequently, the supernatant was
removed, and 180 yl DMEM and 20 ul of 5 mg/ml of MTT
(dissolved in PBS) were added to each well and incubated at
37°C for 4 h. The supernatant was discarded and the purple
formazan crystals were dissolved in 150 pl of DMSO. The
absorbance was measured at 570 nm with a microplate reader
(Bio-Rad, Hercules, CA, USA). The viability of colistin-treated
cells was expressed as a percentage compared with the non-
colistin treated group (control group): Cell viability = (average
absorbance value of colistin-treated group/average absorbance
value of control group) x100%. Each experiment was repeated
at least three times.

Reactive oxygen species assay. To measure ROS generation, a
fluorometric assay using intracellular oxidation of DCFH-DA
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was performed as reported previously, with slight modifica-
tion (26). Following exposure to colistin sulfate at 0, 62.5, 125
and 250 pg/ml for 24 h, PC12 cells were incubated with 40 M
DCFH-DA dissolved in DMEM in the dark for 30 min at
37°C in a 5% CO, atmosphere. DCFH-DA is a nonfluorescent
compound, and can be enzymatically converted to the highly
fluorescent compound, DCF, in the presence of ROS. After
loading, the cells were washed three times with DMEM and
DCF fluorescence was measured using the microplate spec-
trofluorometer (Molecular Devices Co., Sunnyvale, CA, USA)
with excitation and emission wavelengths of 485 and 530 nm,
respectively.

Nuclear morphology detected by Hoechst 33258.
Hoechst 33258 was employed to label both intact and apop-
totic nuclei (27,28). Cells were seeded in 96-well plates at a
density of 1x10° cells/well, followed by different concentra-
tions of colistin sulfate (0, 62.5, 125 and 250 mg/ml) treatment
for 24 h. Following treatment, the PC12 cells were washed in
ice-cold PBS buffer (pH 7.4), fixed with 4% p-formaldehyde
and incubated with 1 pg/ml Hoechst 33258 for 3 min at room
temperature. Condensed and fragmented nuclei were evaluated
by intercalation of the fluorescent probe Hoechst 33258 into
nuclear DNA. Visualization was conducted at an excitation
and emission wavelengths of 480 and 520 nm, respectively,
by Olympus IMT-2 fluorescence microscopy (Tokyo, Japan).

Western blotting determination. Following treatment with
0, 62.5, 125, 250 ug/ml colistin sulfate for 24 h, the cellular
proteins of PC12 cells were extracted from the 6-well tissue
culture plates via the addition of 100 ul of lysis buffer and incu-
bated on ice for 60 min. Lysates were centrifuged at 10,000 x g
for 10 min at 4°C, and the supernatant was stored at -80°C prior
to electrophoresis. The protein concentration was determined by
bicinchoninic acid assay. To analyze cytochrome c in the cytosol,
the PC12 cells were resuspended in homogenization buffer and
broken by 40 strokes with a pestle in a glass homogenizer on ice.
Nuclei were removed by centrifugation at 800 x g for 10 min.
The supernatant was centrifuged at 10,000 x g for 20 min and
collected as a cytosolic fraction. The samples (40 ug of protein)
were mixed with 2X sample buffer containing 100 mM Tris-HCl
(pH 6.8), 200 mM dithiothreitol (DTT), 4% sodium dodecyl
sulfate (SDS), 20% glycerol and 0.2% bromophenol blue. The
mixtures were boiled at 100°C for 10 min and were subjected
to 12% (p53, Bax, Bcl-2, Fas, Fas-L, caspase-8 and -9, -actin
as parameter) and 15% (caspase-3 and cytochrome c, [3-actin
as parameter) SDS-polyacrylamide minigel electrophoresis at a
constant pressure of 100 V.

Subsequently, proteins on the gel were electrotransferred
onto an immobile nitrocellulose membrane (NC; Millipore,
Bedford, MA, USA) with transfer buffer [25 mM Tris-HCI
(pH 8.3), 192 mM glycine and 25% methanol]. The membranes
were blocked with blocking solution containing TBST
[10 mmol/1 Tris-HCI (pH 7.6), 100 mmol/l NaCl, 0.1% Tween-
20], 5% skimmed milk powder at room temperature for 2 h,
and then incubated with primary antibodies including anti-p53,
anti-Bcl-2, anti-Bax, anti-cytochrome c, anti-caspase-9, anti-
caspase-3, anti-caspase-8, anti-Fas and anti-Fas-L antibodies
(1:200 dilution) at 4°C overnight. The membranes were
washed three times (3x10 min) in TBST and incubated with
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Figure 1. Cell viability and reactive oxygen species (ROS) level of colistin-treated PC12 cells. (A) Cell viability of PC12 cells treated with colistin for 24 h
measured by MTT. (B) The ROS level was estimated by fluorescence assay. Cell viability and ROS level are presented as a relative percentage against the
control without colistin. Concentration-dependent changes in cell viability and ROS levels in PC12 cells at 24 h after colistin exposure. The asterisk shows
statistical significance in comparison with the control group (‘P<0.05, “P<0.01). Data are means + SEM of five independent experiments.

goat-anti-rabbit HRP polyclonal antibody (1:1,000 dilution) for
1 h at room temperature. The membranes were washed three
times (3x10 min) with TBST and exposed to ECL chemilu-
minescence reagents for 1-5 min. Detection was achieved by
measuring the chemiluminescence of blotting agent (ECL)
following exposure of the filters to X-Omat Kodak films. The
autoradiogram was scanned and the protein bands were quan-
tified by densitometry using Image J 1.42 software.

Statistical analysis. Data were expressed as means + SEM.
Statistical significance was determined by one-way ANOVA,
followed by the Student-Newman-Keuls test for multigroup
comparisons. Differences were considered significant when
P<0.05 or P<0.01.

Results

Cell viability evaluation. The PC12 cell viability of control
cells was designated as 100%. Compared with the control
group, cell viability treated with colistin sulfate from 31.25
to 500 pg/ml was reduced from 97.7 to 22.5% in a concen-
tration-dependent manner (Fig. 1A). When PCI12 cells were
exposed to =125 ug/ml concentration of colistin sulfate, cell
viability decreased significantly (P<0.05 or P<0.01).

ROS level in PCI2 cells. The accumulation of oxygen-free
radicals was estimated by fluorescence assay. ROS production
was calculated as a percentage of the untreated control cells. As
shown in Fig. 1B, the ROS level significantly (P<0.01) increased
and had concentration-dependent changes in PC12 cells after
exposure to 62.5, 125 and 250 ug/ml colistin sulfate for 24 h.

Colistin-induced DNA fragmentation in PCI2 cells. Colistin
induced internucleosomal DNA fragmentation, which is asso-
ciated with chromatin condensation. Apoptotic morphological
evaluation of PC12 by Hoechst 33258 staining in inverted
fluorescence microscopy was observed. As shown in Fig. 2,
the increased dose of colistin sulfate, led to condensed and
fragmented nuclei, which were gradually increased compared
with the control group in a dose-dependent manner. These
results indicated that apoptosis was induced by colistin.

Analyses of apoptosis-related factors. The effects of colistin
sulfate treatment (0-250 pg/ml) for 24 h on the expression of
apoptosis-related factors in PC12 cells is shown in Figs. 3-5. As
shown in Fig. 3, after treatment with 62.5, 125 and 250 pg/ml
colistin sulfate for 24 h, the expression levels of p53 (Fig. 3A),
Bax (Fig. 3B) and cytochrome ¢ (Fig. 3C) were increased
and were statistically significant as compared to those of the
control. By contrast, the expression of Bcl-2 decreased signifi-
cantly (Fig. 3D). Therefore, the ratio of Bax/Bcl-2 increased in
a concentration-dependent manner.

As shown in Fig. 4, Fas-L (Fig. 4A) and Fas (Fig. 4B) in
the cell lysates released from PC12 cells treated with 62.5,
125 and 250 ug/ml colistin sulfate for 24 h showed significant
increases in comparison with that in the control cell lysates.

As shown in Fig. 5, the expression levels of caspase-3
(Fig. 5A), -9 (Fig. 5B) and -8 (Fig. 5C) in PC12 cells treated
with 62.5, 125 and 250 pg/ml colistin sulfate for 24 h showed a
significant increase compared with those of the control

Discussion

Nosocomial infections are an increasing public health concern
worldwide that are secondary only to pan-resistant bacterial
infections. However, this increase in infections is coupled with
a marked decline of potentially active molecules in the phar-
maceutical pipeline, particularly regarding Gram-negative
infections. Colistin is a type of antibiotic that has been
recently considered as the last therapeutic option for the treat-
ment of patients with infections caused by multidrug resistant
gram-negative bacteria.

Based on the results obtained from the MTT assay, concen-
trations of 62.5, 125, and 250 pg/ml colistin sulfate were used
in the subsequent apoptosis-related experiments. According
to the literature, it has been demonstrated that excessive
generation of ROS can cause DNA damage in neurons and
initiate various other effects (29). In the present study, a
marked ROS burst was observed in cells treated with colistin
sulfate (62.5, 125 and 500 pug/ml) (Fig. 1B). The marked ROS
burst may explain the internucleosomal DNA fragmentation.
The morphological changes of apoptotic PC12 cells induced
by hydrogen peroxide were observed by Hoechst 33258
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Figure 2. Apoptotic morphological evaluation of PC12 by Hoechst 33258 staining (inverted fluorescence microscopy, x200). PC12 cells treated with
0-250 pg/ml colistin for 24 h. Arrows show condensed and fragmented nuclei. (A) Control group, normal cells, not condensed and fragmented in nuclei.
(B-D) Treatment with 62.5, 125 and 250 pg/ml colistin. Condensed and fragmented in (B) few cell nuclei, (C) many cell nuclei and (D) in almost all cell
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Figure 3. Representative western blot analyses for (A) P53, (B) Bax, (C) cytochrome ¢ and (D) Bcl-2. 3-actin in (E) 15% and (F) 12% gel in the lysates from
PCI2 cells treated with 61.25, 125 and 250 pg/ml colistin sulfate for 24 h. Relative intensities are shown by blots over the graphs. To compare the signals,
those in PC12 cells without colistin were adjusted to 100%. Error bars indicate SEM (n=5). The asterisk shows the statistical significance in comparison with

0 pug/ml colistin sulfate (“P<0.01).
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Figure 4. Representative western blot analyses for (A) Fas, (B) Fas-L and (C) p-actin in 12% gel in the lysates from cells treated with 62.5-250 pg/ml colistin
for 24 h. Relative intensity is shown by blots over the graphs. To compare the signals, those in PC12 cells without colistin were adjusted to 100%. Error bars

indicate SEM (n=5), “P<0.01 compared with O gg/ml colistin.
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Figure 5. Representative western blot analyses for (A) caspase-3, (B) caspase-9, (C) caspase-8 and (D) f-actin in the lysates from cells treated with 0-250 pg/
ml colistin for 24 h. Relative intensity is shown by blots over the graphs. To compare the signals, those in PC12 cells without colistin were adjusted to 100%.

Error bars indicate SEM (n=5), “P<0.01 compared with 0 g/ml colistin.

staining (30). Our results indicated that colistin induced inter-
nucleosomal DNA fragmentation (Fig. 2). Notably, we found
that colistin caused PC12 cell death by inducing apoptosis, as
revealed by results of the western blot analysis.

Apoptosis involves two main pathways. The first pathway
of apoptosis involves the participation of mitochondria, regu-
lated by the anti- and pro-apoptotic members of the Bcl-2
family (31). The Bcl-2 family of proteins localize (or can be

targeted) to mitochondria and regulate the permeability of the
mitochondrial outer membrane to several apoptotic factors (32).
Previous studies have shown that anti-apoptotic proteins, such
as Bcl-2 and Bcl-xL, on the outer membranes of mitochondria
maintain the integrity of mitochondria (33,34). In response
to an apoptotic stimulus, pro-apoptotic Bcl-2 members, such
as Bax and Bad translocate from cytosol to mitochondria,
which leads to the formation of the membrane pores at the
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Figure 6. Possible pathway of colistin-induced apoptosis in PC12 cells.

mitochondrial membranes (35,36). The translocation from the
cytoplasm to mitochondria is one of the crucial steps in the
Bax-mediated apoptotic process (37,38). It has been suggested
that Bax may have induced a decrease in the membrane poten-
tial of the mitochondria, which leads to the release of AIF and
cytochrome ¢ from mitochondria (39,40). While cytochrome ¢
is linked to the caspase-dependent apoptotic signaling, AIF is
involved in the caspase-independent responses. Mitochondrial
AITF translocates to the cytosol and then into the nucleus,
binds to DNA, and induces chromatin condensation and DNA
fragmentation (41,42). To investigate whether the Bcl-2 family
and cytochrome ¢ were involved in colistin-induced apoptosis,
western blot analyses of the cell lysates from PCI12 cells
treated with colistin were performed using antibodies against
Bax, Bcl-2 and cytochrome c. Results of the present study
have shown that mitochondria may be pertinent in mediating
apoptosis, putatively via colistin inducing the increase of ROS.
ROS may trigger the subsequent release of cytochrome ¢ and
DNA damage in PCI12 cells, and the activation of p53 (Fig. 3A)
by DNA damage, which leads to the release of cytochrome ¢
from the mitochondria (Fig. 3C). We observed appreciable
changes in the expression of Bcl-2 and Bax by colistin induced
by PC12 cell apoptosis. Thus, the increase of Bax (Fig. 3B) and
the decrease of the Bcl-2 activity in our study (Fig. 3D) may
lead to an imbalance of Bax/Bcl-2 and the further release of
cytochrome ¢ from the mitochondria (Fig. 3C).

The second pathway is the interaction of the cell surface
receptors with their ligands, followed by the downstream
activation cascade (31). After the involvement of Fas and its
ligand, Fas-L, on the cell surface, Bid, a pro-apoptotic Bcl-2
family member, is cleaved by caspase-8. The cleavage of Bid
produces a 15 kDa truncated Bid protein (tBid), which trans-
locates to the mitochondria membrane and triggers the release
of cytochrome c (39, 43). We found that the expression of Fas
and Fas-L increased in the colistin-treated PC12 cells (Fig. 4).
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These observations suggest that the colistin-induced apoptosis
in PC12 cells also occurred via the death receptor-mediated
pathway.

To clarify which caspases were stimulated and increased
their expression following administration of colistin, the activity
of caspase-3, -8 and -9 in PCI12 cells treated with 0-250 pg/ml
colistin was measured by western blotting (Fig. 5). As shown
in Fig. 5, caspase-3, -8 and -9 were activated by colistin in a
dose-dependent manner. The release of cytochrome ¢ contrib-
utes to the activation of caspase-9 and the subsequent activation
of caspase-3 (Fig. 5) (44,45). The activation of caspase-8 led to
the subsequent activation of caspase-3. Subsequently, following
the activation of caspase-3, colistin sulfate-induced apoptosis
occurred. In this study, we found that the activity of caspase-3,
-9 and -8 in PC12 cells treated with 250 pg/ml colistin were
~5.2-,3.3- and 3.0-fold compared with the control, respectively
(Fig. 5A-C). Since the activity of caspase-9 was higher than
that of caspase-8, it indicated that mitochondria were most
pertinent in mediating apoptosis.

In conclusion, we demonstrated that colistin treatment can
induce PC12 cell apoptosis via the mitochondrial and death
receptor pathways (Fig. 6). A high content of colistin can
increase ROS levels in PC12 cells and enhance the activa-
tion of caspase-3. Additionally, an increase of Fas and Fas-L
induces activating caspase-8 leading to the activation of
caspases-3. Subsequently, after activation of caspase-3, colistin
sulfate-induced apoptosis occurred. These results have demon-
strated that the colistin-induced apoptosis in PC12 cells involves
the complicated regulation of the mitochondrial apoptotic and
death receptor pathways. Thus, our findings may provide a
novel mechanism underlying the neurotoxicity of colistin.
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