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Abstract

Neurotoxicity remains a poorly characterized an adverse effect associated with colistin therapy. 

The aim of the present study was to investigate the mechanism of colistin-induced neurotoxicity 

using the mouse neuroblastoma-2a (N2a) cell line. Colistin induced apoptotic neuronal cell death 

in a dose dependent manner (colistin at 0-200 μM). Colistin treatment (at 50, 100 and 200 μM) for 

24 h, significant increased the reactive oxygen species (ROS) levels; while a concomitant decrease 

in the activities of SOD and catalase and GSH levels were detected. Mitochondrial dysfunction 

was evident from the dissipation of membrane potential and the increase of Bax/Bcl-2, followed 

by the release of cytochrome c. Caspase-3/7, 8 and 9 activation was also detected. The results of 

qRT-PCR showed that colistin treatment activated the gene expression of p53, bax and caspase-8, 

significantly increased to 1.6, 3.3 and 2.2 fold (colistin at 200 μM) (all p<0.01), respectively. The 

formation of autophagic vacuoles was evident with significant increases (all p<0.05 or 0.01) of 

both of Beclin-1 and LC3B following colistin treatment (50-200 μM), indicated that the cells were 

undergoing autophagy. In summary, our study reveals that colistin induced neuronal cell death 

involves ROS mediated oxidative stress and mitochondrial dysfunction, followed by caspase-

dependent apoptosis and autophagy. This knowledge-base of the neuronal signaling pathways of 

colistin-induced neurotoxicity will greatly facilitate the discovery of neuro-protective agents for 

use in combination with colistin to prevent this undesirable side-effect.
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1. Introduction

The dry antibiotic pipe-line coupled to the spread of multidrug resistant (MDR) pathogens 

has created a ‘perfect-storm’ where antibiotics are fast becoming useless. The world is now 

facing a growing threat from the emergence of bacteria that are resistant to almost all 

available antibiotics. Polymyxins (colistin and polymyxin B) are last-line lipopeptide 

antibiotics that are increasingly being used to treat those life-threatening infections caused 

by MDR gram-negative bacteria [1–3]. Unfortunately, polymyxin therapy is thwarted by 

dose-limiting nephrotoxicity, which has been reported in up to 60% of patients [4]. 

Neurotoxicity is another unwanted, albeit less common side-effect when patients receiving 

intravenous colistin methanesulfonate (CMS) (the inactive pro-drug of colistin [3]), have 

been reported to present with neurological symptoms such as confusion, dizziness, facial 

and peripheral paraesthesia, vertigo, seizures, respiratory muscle weakness, apnoea and 

ataxia [5–8]. To date, the underlying mechanisms of these neuropathic adverse effects 

remain poorly characterized. The development of a comprehensive cellular-level 

understanding the pathways involved in polymyxin-induced neurotoxicity is imperative if 

we are to improve the therapeutic index of these important last-line antibiotics. In the present 

study, we investigated the pathways of colistin-induced neurotoxicity using a mouse 

neuroblastoma N2a cell line. Our results demonstrate that colistin-induced neurotoxicity is 

strongly dose-dependant; and involves both apoptotic and autophagy pathways. The 

significant potential of these pathways as neuro-protective targets are discussed.

2. Materials and methods

2.1 Materials

Colistin (sulfate) was purchased from Zhejiang Shenghua Biology Co., Ltd (20 400 

units/mg, Zhengjiang, China). Dulbecco’s modified Eagle’s medium (DMEM) and fetal 

bovine serum (FBS) were obtained from Life Technologies Corporation (Grand Island, NY, 

USA). 3-(4,5-dimetylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT), sodium 

dodecylsulfonate (SDS) and dimethyl sulfoxide (DMSO) were purchased from AMRESCO 

Inc. (Solon, OH, USA). Sodium pyruvate and phenylmethyl sulfonylfluoride (PMSF) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Bovine serum albumin (BSA), 

Rhodamine (Rh) 123 and 2′,7′-Dichlorofluorescensin diacetate (DCFH-DA) were 

purchased from Beyotime (Haimen, China). All other reagents were of analytical grade.

2.2 Measurement of colistin induced cytotoxicity

The N2a mouse neuroblastoma cell line (ATCC CCL-131™) was employed throughout in 

this study. N2a cells were cultured in DMEM medium supplemented with 10% (v/v) FBS, 

110 mg/L sodium pyruvate, 100 units/mL penicillin and 100 μg/mL streptomycin 

(Beyotime, Haimen, China) at 37 °C in 5 % CO2. The media were changed once per day. 

Cytotoxicity was measured by the MTT assay [9], in brief, N2a cells (5 ×104) were seeded 

into 96-well tissue culture plates and incubated under the aforementioned conditions. After 

culture for 24 h, the cells were treated with 0-400 μM of colistin for 24 h. The medium was 

removed and cells were incubated in 100 μL fresh medium containing 10 μL MTT solution 

(5 mg/mL in PBS) for 4 h at 37 °C. The medium was removed and replaced by 100 μL 
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DMSO for 30 min. Absorbance at 570 nm was measured using a microplate reader 

(Molecular Devices, Sunnyvale, CA, USA).

Colistin-induced plasma membrane damage in N2a cell was quantified in terms of the 

amount of lactate dehydrogenase (LDH) release by means of a LDH assay kit (Beyotime, 

Haimen, China). The N2a cells were plated at a density of 5×105 cells/well in 12-well plates, 

cultured for for 24 h and then treated with colistin (0–400 μM) for 24 h. Then the culture 

medium was harvested and centrifuged at 4000 × g for 10 min at 4 °C. The LDH activity in 

the supernatant was measured by monitoring the absorbance at 490 nm.

2.3 Measurement of intracellular ROS generation

The production of intracellular ROS was measured using the ROS-specific fluorescent dye 

2,7-dichlorofluorescein diacetate (DCFH-DA) (Beyotime, Haimen, China). N2a cells were 

seeded at an initial density of 2 × 104 cells/mL in 96-well plates. After 24 h, the medium 

were discarded and replaced with 200 μL DMEM containing colistin at the different final 

concentrations (12.5, 25, 50, 100, 200 μM, respectively) for incubation at 37 °C for 24 h. 

The cells were then washed with PBS, followed by the addition of 200 μL DMEM 

containing 10 μM DCFH-DA and incubated for 30 min at 37 °C in the dark. After three 

washes with PBS, the DCFH-DA fluorescence wasmeasured (excitation wavelength: 488 

nm; emission wavelength: 530 nm).

2.4 Measurement of intracellular superoxide dismutase (SOD), catalase (CAT) and 
glutathione (GSH)

The SOD, CAT activity and GSH content were measured using specific assay kits according 

to the manufacturer’s instructions (Nanjing Jiancheng Co., Ltd., Nanjing, China). Briefly, 

cells were plated into 6-well plates and treated with colistin at final concentrations of 0, 

12.5, 25, 50, 100 and 200 μM for 24 h. The cells were washed with ice-cold PBS and lysed 

using cell lysis buffer provided in the kit. The cell lysates were centrifuged at 14,000 × g for 

10 min at 4 °C. The supernatant were collected and assayed for SOD, CAT activities and 

GSH content. The protein concentrations were measured using the BCA™ protein assay kit 

(Beyotime, Haimen, China).

2.5 Measurement of mitochondrial membrane potential (MMP)

The inner membrane electrical potential across the mitochondrial membrane was measured 

as per our previously published methods [10]. Briefly, after colistin treatment at final 

concentrations of 0, 25, 50, 100 and 200 μM for 24 h, the cells were washed with PBS and 

harvested and then incubated with 0.5 μg/mL Rh123 dye in PBS for 30 min in the dark at 

37 °C. The cells were washed twice with PBS and collected for determination of Rh123 

fluorescence using a BD FACSAria™ flow cytometer (Becton Dickinson, San Jose, CA, 

USA).

2.6 Measurement of caspase-3/7 and caspase-9 activities

N2a cells (1.5×104 cells per well) were cultured in 96-well plates and treated with colistin at 

final concentrations of 0, 25, 50, 100 and 200 μM for 24 h. The caspase-3/7 and -9 activities 

were determined using the Caspase-Glo® 3/7 and 9 assay kits (Promega Corp., Madison, 
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USA) according to the manufacturer’s instructions. The luminescence was measured using a 

microplate luminometer (Molecular Devices, Sunnyvale, CA, USA) and linearly related to 

the caspase-3/7, 8 and 9 activities.

2.7 Flow cytometric analysis and Hoechst 33342 staining of apoptosis

N2a cells were cultured on 6-well plates at a density of 5×105 cells per well. N2a cells were 

treated with colistin at final concentrations of 0, 25, 50, 100 and 200 μM for 24 h. The flow 

cytometric analysis of apoptosis in N2a cells were carried out using an Annexin V-FITC 

apoptosis detection kit (Nanjing KeyGEN Biotech Co., Ltd, Nanjing, China). In brief, 

colistin-treated cells were harvested with 0.25 % trypsin, washed twice with cold PBS and 

resuspended in 500 μL binding buffer. Then cells were then incubated with 5 μL annexin V-

FITC (40 μg/mL) and 5 μL propidium iodide (40 μg/mL) in the darkness for 10 min at room 

temperature and detected by BD FACSAria™ flow cytometry.

For Hoechst 33342 staining, N2a cells were cultured on 12-well culture plates at a density of 

2×105 cells per well and similarly treatment with colistin is as described above. After 

staining with 1 μg/mL Hoechst 33342 (Vigorous Biotechnology, Beijing, China) for 20 min 

in the dark, the cells were observed under a fluorescence microscope (excitation wavelength 

at 340 nm and emission wavelength at 510 nm) (Leica Microsystems, Wetzlar, Germany). 

Cells showing DNA fragmentation or chromatin condensation were counted as apoptotic 

cells.

2.8 Visualization of monodansylcandaverine (MDC)-labeled vacuoles

MDC is a fluorescent dye that is widely used as a specific marker for autophagic 

vacuoles[11]. N2a cells were seeded on to 12-well culture plates and treated with colistin at 

final concentrations of 0, 25, 50, 100 and 200 μM for 24 h. Cells were incubated with 

medium containing 5 μM MDC for 30 min in the dark at 37 °C. Finally, cells were washed 

twice with PBS and observed for MDC fluorescence using a fluorescence microscope 

(excitation wavelength: 380 nm; emission wavelength: 525 nm).

2.9 LC3 immunofluorescence microscopic examination

N2a cells were treated with colistin at final concentrations of 50 and 200 μM for 24 h, and 

then were fixed with 4 % paraformaldehyde at room temperature for 30 min. The cells were 

then washed twice with PBS, followed to permeabilize with 1% Triton X-100. The cells 

were next treated with blocking buffer (1% bovine serum albumin in PBS) for 2 h. Cells 

were incubated with rabbit LC3 antibodies (1:100; ProteinTech Group, Inc., Chicago, IL, 

USA) overnight at 4°C, washed twice with PBS, followed by incubation with Cy3-labeled 

goat anti-rabbit IgG secondary antibody (Beyotime Institution of Biotechnology, Haimen, 

China) for 2 h at 37°C. The cells were then washed twice with PBS and incubated with 4,6-

dianmidino-2-phenylindole (DAPI) nuclear stain for 30 min. The expression of LC3 was 

examined under a fluorescence microscope (488 nm filter).

2.10 Quantitative reverse-transcription (qRT) PCR examination

N2a cells were treated with colistin at final concentrations of 0, 25, 50, 100 and 200 μM for 

24 h, harvested and total RNA was isolated using the TRIzol extraction kit (Invitrogen Inc, 
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Carlsbad, CA) according to the manufacturer’s instructions. cDNA was synthesized from 2 

μg of total RNA using the Prime Script RT-PCR kit (Takara, Dalian, China). The PCR 

primers used were according to the previous study [12], as following: p53: forward, 5′- 
AGA GTC TAT AGG CCC ACC CC -3′, reverse, 5′- GCT CGA CGC TAG GAT CTG AC 

-3′; caspase-8: forward, 5′- CAC TAG AAA GGA GGA GAT GGA AAG -3′, reverse, 5′- 
CTA TCC TGT TCT CTT GGA GAG TCC -3′; Bax: forward, 5′-GCC AGC AAA CTG 

GTG CTC AA-3′; reverse, 5′-ATG TCC AGC CCA TGA TGG TTC-3′; β-actin: forward, 

5′- CGG GAA ATC GTG CGT GAC-3′, reverse, 5′- CAG GAA GGA AGG CTG GAA 

GAG-3′. qRT-PCR were performed using a Chromo 4™ instrument (Bio-Rad, Hercules, 

CA). The cycling conditions used were as follows: 95 °C for 10 min; 40 cycles of 95 °C for 

15 s, 60 °C for 1 min and 72 °C for 40 s. All reactions were conducted in three replicates. 

The fold change in gene expression was calculated using 2−ΔΔCt after normalizing to the 

expression level of β-actin.

2.11 Western blotting analysis

After colistin treatment at final concentrations of 0, 25, 50, 100 and 200 μM for 24 h, the 

N2a cells were harvested using a scraper and lysed using 100 μL ice-cold lysis buffer (100 

mM Tris-HCl, 2% (w/v) SDS, 10% (v/v) glycerol and pH 7.4; 1 mM PMSF, 1 μg/mL 

aprotinin, 1 μg/mL leupeptin and 1 μg/mL pepstatin A). The lysates were then ultrasonicated 

(3 s and 5 s apart in each cycle for 10 times, power 22 W) using an Ultrasonic Processor 

(Branson, Missouri, USA). Cell lysate samples were centrifuged at 14,000 × g for 15 min at 

4 °C and supernatants were collected. The protein concentrations were measured using the 

BCA™ protein assay kit (Beyotime, Haimen, China). Western blotting was conducted as our 

previously described with minor modifications to the original protocol [13]. The following 

primary antibodies were employed, rabbit polyclonal antibodies against Beclin-1 (1:2000), 

LC3B (1:1000), Bax (1:3000) Bcl-2 (1:1000) (ProteinTech Group, Inc., Chicago, IL, USA) 

and mouse monoclonal antibody against cytochrome C (CytC) (1:2000), GAPDH (1:1000) 

and β-actin (1:1000; Zhongshan Golden Bridge Co., Beijing, China). The secondary 

antibodies employed were goat anti-rabbit IgG (1:5000) or rabbit anti-mouse IgG (1:5000) 

(Zhongshan Golden Bridge Co.,Beijing, China). The results were normalized to β-actin or 

GAPDH and analyzed using ImageJ (National Institute of Mental Health, Bethesda, MD, 

USA).

2.12 Statiscal analysis

All data are expressed as the mean ± standard deviation (SD) unless specified. Statistical 

analyses were conducted using SPSS V13.0 (SPSS Inc., Chicago, USA) and figures were 

prepared using GraphPad Prism 5.0 (Graph Pad Software, Inc., La Jolla, CA). Data from the 

control and treatment groups were analyzed with one-way analysis of variance (ANOVA), 

followed by the LSD post hoc test. A p value < 0.05 was considered as significant.

Dai et al. Page 5

Mol Neurobiol. Author manuscript; available in PMC 2018 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3 RESULTS

3.1 Dose-dependent cytotoxic effect of colistin on neuronal cells

The treatment of N2a neuronal cells with colistin for 24 h produced a significant dose-

dependant decreases of cell viability (p<0.05 or 0.01, compared to the control) (Fig.1A and 

B).

N2a cells exposed to colistin concentration ≥ 50 μM exhibited the decrease of cell number 

and morphological changes such as cell body spindle-like, shrinkage, and dendrite 

fragmentation (Fig. 1C).

To gain further insights into the mode of cytotoxicity caused by colistin, cells were stained 

with Hoechst 33342 stain and quantitative analyzed by flow cytometry (Fig.2A and B). 

Colistin-treated cells displayed more condensed and fragmented chromatin and bright blue 

nuclei, which are indicative of apoptosis (Fig.2A). Furthermore, the early apoptosis and late 

apoptosis/necrosis stage’s ratios were investigated by flow cytometry. Compared to the 

control group, cells were treated with 50, 100 and 200 μM colistin for 24 h, viable cells were 

significantly decreased (all p<0.05 or 0.01), the early apoptosis cells increased to 14.2%, 

19.6% and 28.4% (all p<0.01), respectively; the late apoptosis/necrosis stages increased to 

9.7% (p<0.05), 12.3% (p<0.01) and 17.4% (p<0.01), respectively (Fig.2B).

3.2 Colistin treatment induces ROS producing and oxidative stress in neuronal cells

In N2a cells, treatments with 50, 100 and 200 μM of colistin significantly increased the ROS 

levels to 124.8 (p<0.05), 157.8% (p<0.01) and 204.5% (p<0.01) (Fig. 3A); correspondingly, 

activities of CAT, SOD and GSH levels also were significantly decreased (Fig. 3 B-D). 

Notably, there was no significant change on intracellular ROS, SOD, CAT and GSH levels 

when N2a cells were exposed to colistin at concentrations of ≤25 μM for 24 h (Fig. 3A-D).

3.3 Colistin treatment induces mitochondrial dysfunction and caspases activation in 
neuronal cells

The treatment of N2a cells with colistin for 24 h significantly decreased the mitochondrial 

membrane potential (MMP) to 86.7% (colistin at 50 μM ; p<0.01), 72.4% (colistin at 100 

μM; p<0.01) and 58.1% (colistin at 200 μM; p<0.01), compared to that in control group 

(Fig. 4A). Colistin treatment concomitantly increased the expression levels of CytC and the 

Bax/Bcl-2 ratio (Fig. 4A). Caspase 3/7, 8 and 9 activities were all significantly (p<0.05 or 

0.01) increased following colistin treatment at concentrations ≥50 μM (Fig.4B).

3.4 Colistin treatment upregulates the mRNA expressions of p53, caspase-8 and Bax in 
neuronal cells

After colistin treatment at the final concentrations of 25, 50, 100 and 200 μM for 24 h, 

concentration-dependent expressions of p53, caspase-8 and Bax were recorded as measured 

by mRNA levels using qRT-PCR (Fig.5). Colistin treatment at concentration ≥25 μM 

significant increased the Bax mRNA level (p<0.05 or 0.01) and maximum expression to 3.3 

fold (colistin at 200 μM), compared with that no colistin treated cells. Similarly, a colistin 

concentration ≥50 μM treatment sensitized N2a cell towards apoptosis with maximum 
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caspase-8 and p53 mRNA levels to 2.2 and 1.6 fold (colistin at 200 μM) (both p<0.01), 

respectively.

3.5 Colistin treatment activates autophagy in neuronal cells

Colistin treatment significantly increased the neuronal cell autophagy in a dose-dependent 

manner. The western blotting results showed that the relative expression levels of Beclin 1 

and the ratios of LC3II/I were significantlyincreased (~3.5 fold) when N2a cell were treated 

with colistin (25-200 μM) for 24 h (Fig. 6A). The formation of acidic vesicular organelles 

(AVOs) was also evident following colistin treatment (25-200 μM) for 24 h (Fig.6B). 

Immunofluorescence examination showed that LC3 expression significantly increased 

following colistin treatment (50 and 200 μM) for 24 h (Fig. 6C).

4. DISCUSSION

The polymyxins were discovered in the 1950s, but never subjected to contemporary drug 

safety and development procedures. Neurotoxicity is the second major, albeit poorly 

understood side-effect associated with polymyxin therapy [6,8]. Clinical symptoms of 

polymyxin-induced neurotixicity include dizziness, visual disturbances, vertigo, confusion, 

hallucinations, seizures, ataxia, facial and peripheral paresthesias. An early study of the 

safety of intramuscularly administered colistimethate sodium (CMS) indicated that 7.3% of 

the patients developed neurotoxicity during the first four days of therapy [14]; mild 

neurotoxicity (such as paresthesias) may be more frequently, especially for the elderly 

patients, but it was usually ignored because of lake of objective assessment [15,6,8,16]. 

Multiple animal studies, have shown that colistin can induce neurotoxicity in mice [17–18], 

rats [19], pigs [20] or ostriches [21]. Notably, our mouse model studies demonstrated that 

high doses (15 mg/kg/day for 3 or 7 days) of colistin administered intravenously can cause 

marked neurotoxicity and neuronal in damage the brain [17,15]. In the present study, we 

employed the N2a mouse neuroblastoma cell line to investigate the molecular mechanisms 

underlying colistin-induced neurotoxicity.

In the present study, we demonstrated that colistin treatment for 24 h caused a decrease of 

cell viability and apoptosis in N2a cells in a dose-dependent manner (Fig. 1 and 2). These 

findings are consistent with our previous studies that demonstrated that colistin can induce 

apoptosis in primary chicken cortex neurons [22–23]. These findings are not surprising 

given that it has been well established that apoptosis plays a critical role in maintaining brain 

homeostasis in response to drug-induced toxicity[24]. Our pathway mapping data indicate 

that colistin-induced apoptosis in neuronal cell is activated via both the death receptor 

(extrinsic) and the mitochondrial (intrinsic) pathways [25]. The activation of the 

mitochondrial pathway was clearly evident based on several key findings. Colistin treatment 

of neuronal cells induced a rapid dissipation of the mitochondrial membrane potential (Fig. 

3A), indicative of mitochondrial dysfunction. The mitochondrial pathway is regulated by the 

pro- and anti-apoptotic Bcl-2 family proteins including Bax and Bcl-2 [26]. An increase in 

the Bax/Bcl-2 ratios and CytC release were evident upon colistin treatment (Fig. 4A), these 

events are concordant with mitochondrial outer membrane permeabilization [27]. The 

release of CytC into the cytoplasm leads to the activation of caspases-3 and -9 (Fig. 4B), 
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which in turn trigger apoptosis. Our results showed that colistin treatment significant 

increased caspase-8 (executor) activity and mRNA levels (Fig.4B and Fig. 5). This would 

suggest that colistin-induced apoptotic neuronal cell death can also occur via the death 

receptor pathway. Notably, colistin treatment significantly increased the level of p53 mRNA 

(Fig.5). p53 is involved in mediating cross-talk between the mitochondrial and death 

receptor pathways by regulating caspase-8 gene expressions and finally responded to events 

concerned with mitochondrial dysfunction [28,13,29–30]. p53 also can directly activate Bax 

to permeabilize mitochondria, cause mitochondrial CytC release, caspase activation, which 

triggers apoptosis [31]. This is consistent with the ~3.3-fold increase in Bax mRNA levels 

we observed following treatment of the N2a cells with 200 μM colistin (Fig. 5);

The nervous system is particularly vulnerable to oxidative damage owing to its high 

utilization of oxygen, high content of polyunsaturated fatty acids, and relative low levels of 

antioxidants [32]. Mitochondria are a major source of reactive oxygen species (ROS) 

production [33]. Mitochondrial dysfunction is closely related to excessive ROS 

accumulation, which leads to damage to lipids, proteins, and DNA, ultimately resulting in 

cell death [34]. Coincidently, we previously observed mitochondrial dysfunction in the 

mouse cerebral cortex and sciatic nerve tissues in mice intravenously injected with 15 

mg/kg/day colistin sulfate for 7 days [17–18]. In the present study, we found that 

intracellular ROS levels in Na2 cells significantly increased following colistin treatment 

(Fig.3A). Concomitantly, we observed a decrease in GSH level and in the activity of the 

antioxidant enzymes SOD and CAT (Fig. 3 B-D). This indicates colistin treatment decreases 

the neurons capacity to breakdown superoxide anions and hydroxyl radicals; further 

exacerbating ROS mediated oxidative stress. Coincidently, we have previously demonstrated 

that the co-administration of antioxidants such as lycopene have been shown to be protective 

against polymyxin-induced nephrotoxicity in mice[35]. This supports the notion that 

oxidative stress pathways play an important role in polymyxin-induced neuro-cytotoxicity.

Autophagy is a salvaging pathway the cell uses to remove damaged organelles and proteins 

[33]. Autophagy also acts as a survival mechanism by providing energy and/or directly 

interfering with cell death pathways during nutrient deprivation, hypoxia, oxidative stress, 

and DNA damage [36]. Autophagy is known to be involved in the maintenance of neuronal 

homeostasis, particularly in response to oxidative stress and mitochondria dysfunction 

mediated neurotoxicity [31]. In the present study, we demonstrated that colistin can induce 

autophagy in N2a neuronal cells, confirmed by the formation of autophagic vacuoles and 

both upregulation of autophagy markers Beclin 1 and the ratios of LC3II/I(Fig. 6). This 

finding is in-line with our previous study that showed autophagy may play a protective role 

in colistin induced nephrotoxicity [13].

Conclusions

For the first time our study reveals that colistin-induced neurotoxicity involves apoptotic 

pathways associated with the generation of ROS and mitochondrial dysfunction, the putative 

schematic representation of potential mechanism showed in Fig.7. Moreover, in response to 

high colistin exposure neuronal cells appear to activate autophagy salvaging pathways to 

‘mop-up’ damaged organelles and proteins. Our findings also touch upon the highly intricate 
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crosstalk including ROS, p53 and death receptor pathways. Further studies are underway to 

elucidate the complex cross-talk between these pathways and dose-dependence for colistin-

induced neuronal cell death. This first-hand understanding of colistin-induced neurotoxicity 

provides key information that is important not only for the amelioration of this unwanted 

side-effect but also for the discovery of novel, safer polymyxin-lipopeptide antibiotics-new 

‘magic-bullets’ in the battle against MDR Gram-negative ‘superbugs’.
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Figure 1. Colistin induced cytotoxicity of neuroblastoma N2a cells
(A) The changes in cell viability of N2a cell treated with colistin, etoposide or staurosporine. 

(B) LDH release were determined following treatment with colistin (0 to 400 μM) for 24 h; 

Etoposide and staurosporine were used as the positive control treatments. Values are 

presented as mean ± SD (n = 5). *p<0.05, **p<0.01, compared to the control group. (C) 

Corresponding light microscope images of N2a cells treated with colistin (Scale Bar=50 

μm). Epo, etoposide; STS, staurosporine.
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Figure 2. Colistin induced apoptosis in neuroblastoma N2a cells
(A) Colistin induced fragmentation of the nucleus into oligonucleosomes and chromatin 

condensation were examined and photographed by fluorescence microscopy following 

Hoechst 33342 staining. The white arrows indicate apoptotic cells. Scale Bar=50 μm. (B) 

Etoposide and staurosporine were used as the positive control treatments. The white arrows 

indicate apoptotic cells. Scale Bar=25 μm; (C) Monitoring of colistin induced cellular 

apoptosis by flow cytometry following Annexin V-FITV/PI staining. (D) Monitoring of 

etoposide or staurosporine induced cellular apoptosis by flow cytometry following Annexin 

V-FITV/PI staining. All values were presented as mean ± SD, from three independent 

experiments (n=3). *p<0.05, **p<0.01, compared to control group; Q1: necrosis cells; Q2: 

later apoptotic cells; Q3: survival cells; Q4: early apoptotic cells; Epo, etoposide; STS, 

staurosporine.
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Figure 3. Colistin-induced oxidative stress in neuroblastoma N2a cells
(A) ROS production in response to colistin treatment. Intracellular ROS production was 

measured fluorimetrically using the dye 2,7-dichlorofluorescein diacetate. (B)-(D) Impact of 

colistin treatment on cellular catalase (CAT), superoxide dismutase (SOD) activities and 

glutathione (GSH) levels. Values are presented as the mean ± SD, from three independent 

experiments (n=3). *p<0.05, **p<0.01, compared to the control.
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Figure 4. Colistin-induced mitochondrial dysfunction and caspases activation apoptosis in 
neuroblastoma N2a cells
(A) Colistin-induced dissipation of mitochondrial membrane potential (Δψm); Etoposide 

and staurosporine were used as the positive control treatments. (B) Colistin treatment 

increases the Bcl2/Bax ratio and cytochrome C (Cyt C) release; β-actin or GAPDH was used 

as the internal standard. (C) Activation of caspase-3/7, 8 and 9 in response to colistin 

treatment. Values were presented as mean ± SD, from three independent experiments (n=3). 

*p<0.05, **p<0.01, compared to the control. Epo, etoposide; STS, staurosporine.
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Figure 5. Colistin treatment upregulates the mRNA expression levels of p53, caspase-8 and Bax 
in neuroblastoma N2a cells
All values are presented as the mean ± SD, from three independent experiments (n=3). 

*p<0.05, **p<0.01, compared to control group.
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Figure 6. Colistin treatment activates autophagy in neuroblastoma N2a cells
(A) The expression levels of Beclin 1 and the ratio of LC3II/I were determined by western 

blotting following colistin treatment for 24 h. Etoposide and staurosporine were used as the 

positive controls. Values were presented as mean ± SD, from three independent experiments 

(n = 3). *p<0.05, **p<0.01, compared to the control. (B) Fluorescence imaging of colistin 

treated cells following MDC staining (magnification ×20). White arrows indicate acidic 

vesicular organelles (AVOs). (C) Fluorescence imaging of etoposide at 25 μM (i.e., Epo 25) 

or staurosporine 10 nM (i.e., STS 10) treated cells following MDC staining (magnification 

×20). White arrows indicate acidic vesicular organelles (AVOs) Scale Bar=25 μm. (D) 

Immunofluorescence staining with LC3 antibody (Red) and the nuclear stain DAPI (blue). 

Scale bar=50 μm.
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Figure 7. A schematic representation of the apoptotic pathways involved in colistin -induced 
neuroblastoma N2a cell death
Colistin-induced apoptosis involves the activation of death receptor and mitochondrial 

pathways (aberration of the Bax/Bcl2 ratio,,loss of membrane potential and production of 

reactive oxygen species [ROS]), activation of caspase-3, -8, and -9, and, finally, DNA 

fragmentation resulting in neuronal cell death. Autophagy may play a neuroprotective role.
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