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Research Highlights 

We are the f irst to report that the Chinese medicinal extract baicalin can inhibit colist in sulfate-  

induced PC12 cell apoptos is by inhibit ing free radical da mage, and reducing caspase-3 activity and 

lactate dehydrogenase level. 

 

Abstract  
Baicalin, a type of f lavonoid extracted from the dried root of Scutellaria baicalensis georgi, has been 

show n to effectively inhibit cell apoptosis. Therefore, w e assumed that baicalin w ould suppress 

colistin sulfate-induced neuronal apoptosis. PC12 cells exposed to colistin sulfate (62.5–500 μg/mL)  

for 24 hours resulted in PC12 cell apoptosis. In addition, caspase-3 activity, lactate dehydrogenase 

level and free radical content increased in a dose-dependent manner. Subsequently, PC12 cells 

were pretreated w ith baicalin (25, 50 and 100 μg/mL), and exposed to 125 μg/mL colistin sulfate. 

Cell morphology markedly changed, and cell viability increased. Moreover, caspase-3 activity, lac-

tate dehydrogenase level and free radical content decreased. Results indicated that baicalin inhib-

ited colistin sulfate-induced PC12 cell apoptosis  by suppressing free radical injury, and reduc ing 

caspase-3 activity and lactate dehydrogenase activity.  
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INTRODUCTION 

    

Colistin sulfate, a polymyxin E sulfate, is a 

cyclic cationic polypeptide antibiotic that was 

first introduced in 1952. Since the 1980s, 

colistin sulfate has been used to treat infec-

tions caused by gram-negative bacteria, 

particularly those that are resistant to almost 

all classes of commercially available antibi-

otics[1-4]. However, colistin sulfate has been 

shown to have renal and neurological side 

effects. Through alteration of the outer 

membrane, colistin sulfate facilitates its own 

uptake and subsequently disrupts the bac-

terial cytoplasmic membrane. Resistance to 

colistin sulfate rarely occurs [5-6]. Although 

previous studies have shown that ne-

phrotoxicity is the most common adverse 

effect of colistin sulfate (9–50%)[7-11] and that 

neurological toxicity is also an adverse ef-

fect, the role of colistin sulfate in inducing 

neuronal cell apoptosis remains unclear.   

 

The PC12 cell line is derived from a tumor 

found in the rat adrenal gland, and has been 

widely used as in vitro model to investigate 

the neurotoxicity of various compounds and
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study mechanisms associated with neuro-

degenerative disorders[12-13].The cells contain 

the enzymes required for synthesis and de-

composition of dopamine such as tyrosine 

hydroxylase[8] and monoamine oxidase[14]. 

The membrane receptors and synthesized 

transmitters in PC12 cells are similar to do-

paminergic neurons located in the midbrain. 

Therefore, PC12 cell lines have been used 

as a cellular model in Parkinsonism stud-

ies[15]. Polyphenols were chosen based on 

previous findings suggesting beneficial ef-

fects and decreased reactive oxygen species 

levels associated with delivery of polyphe-

nols under oxidative stress conditions[16]. 

 

Baicalin, a type of flavonoid extracted from 

the dried root of Scutellaria baicalensis 

georgi[17], has a chemical formula of 

C21H18O11 and a relative molecular weight of 

446.35. Previous studies have shown phar-

macological effects of baicalin, such as 

antioxidation and scavenging of oxygen-free 

radicals[18-19]. Baicalin effectively protects 

against concanavalin A-induced liver cell 

apoptosis[20]. Baicalin pretreatment protects 

neonatal rats against hypoxic-ischemic brain 

damage, and reverses neonatal injuries[21]. 

Similar protective effects of baicalin have 

also been observed on oxidized low-density 

lipoprotein-induced apoptosis in vascular 

endothelial cells[22], and baicalin can inhibit 

amyloid-induced neuronal apoptosis[23]. 

However, little information exists on the role 

of baicalin in colistin sulfate-induced neu-

ronal apoptosis. This study investigated the 

mechanisms of colistin sulfate-induced 

apoptosis in PC12 cells and the protective 

effect of baicalin in colistin sulfate-induced 

apoptosis of PC12 cells. 

 

 

RESULTS 

 

Baicalin increased cell viability in colistin 

sulfate-treated PC12 cells 

The 3-[4, 5-dimethylthiazol-2-yl]-2,5 diphen- 

yltetrazolium bromide (MTT) assay showed 

that compared with the control group, cell 

viability after treatment with colistin sulfate 

(62.5–500 μg/mL) was reduced from 94% to 

27.2% in a concentration-dependent manner 

(P < 0.05 or P < 0.01) (Figure 1A). At the 

lower concentrations of colistin sulfate (125 

μg/mL), cell viability reached 66.4%. This 

concentration was used for all subsequent 

experiments. As shown in Figure 1B, it was 

observed that pretreatment with baicalin (25, 

50 and 100 μg/mL) significantly decreased 

colistin sulfate (125 μg/mL)-induced cell 

death (P < 0.01 or P < 0.05).  

 

Baicalin improved morphologic changes 

in colistin sulfate-treated PC12 cells  

As shown in Figure 2A, with an increased 

dose of colistin sulfate, cell morphology was 

significantly altered, the number of cells 

decreased, cells shrank and aggregated into 

clusters, axons decreased or were absent, 

and vacuoles and small spots were present 

when compared with the control group. A 

large number of cells died when treated with 

500 μg/mL colostin (data not shown). As 

shown in Figure 2B, pretreatment with 

baicalin (25, 50 and 100 μg/mL) markedly 

improved the colistin sulfate-induced mor-

phologic change of PC12 cells. 

 

Evaluation of the apoptotic morphology of 

PC12 cells using Hoechst 33258 staining 

was monitored using an inverted fluores-

cence microscope (Figure 3). Characteris-

tics of colistin sulfate-induced apoptosis 

were associated with chromatin condensa-

tion. As shown in Figure 3A, an increased 

dose of colistin sulfate resulted in conden-

sation and fragmentation of nuclei when 

compared with the control group. As shown 

in Figure 3B, pretreatment with baicalin (25, 

50 and 100 μg/mL) markedly decreased 

condensation and fragmentation of nuclei in 

colistin sulfate-treated PC12 cells. 

 

Baicalin reduced lactate dehydrogenase 

release in colistin sulfate-treated PC12 

cells  

As shown in Figure 4, the levels of lactate 

dehydrogenase release significantly in-

creased after incubation of PC12 cells with 

various concentrations of colistin sulfate 

(62.5–500 μg/mL) for 24 hours (P < 0.01 or 

P < 0.05; Figure 4A). When the cells were 

pretreated with baicalin (50 and 100 μg/mL) 

for 24 hours, lactate dehydrogenase release 
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levels were significantly reduced in comparison to cells 

treated with colistin sulfate (125 μg/mL) (P < 0.01 or P < 

0.05; Figure 4B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Effects of baicalin on caspase-3 activity in colistin 

sulfate-treated PC12 cells  

Caspase-3 is an important regulatory protein expressed 

during apoptosis [23]. Caspase-3 was activated in PC12 

cells by colistin sulfate treatment. Exposure to colistin 

sulfate for 24 hours caused an increase in caspase-3 

activity in a dose-dependent manner (P < 0.05 or P < 

0.01; Figure 5A). As shown in Figure 5B, when PC12 

cells were treated with baicalin (25, 50 and 100 µg/mL) 

for 24 hours prior to exposing cells to colistin sulfate, 

caspase-3 activity was significantly reduced in compari-

son to cells treated with colistin sulfate (125 μg/mL) (P < 

0.01 or P < 0.05). The above-described results showed 

that baicalin suppressed caspase-3 activity in a dose- 

dependent manner.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Intracellular accumulation of oxygen-free radicals in 

PC12 cells 

We next determined if baicalin attenuated caspase-3 

activity by its antioxidant property or whether suppres-

sion of free radical production was sufficient to prevent 

apoptosis. To evaluate dose-dependent reactive oxygen 

Figure 2  Morphological evaluation of PC12 cells 

(inverted phase-contrast microscopy).  

(A) Effect of different doses of colistin sulfate on PC12 

cells (× 200). (a) Control group, (b–d) 62.5, 125 and    

250 μg/mL. Black arrow s: Cell shrinkage and aggregation 

into c lusters; w hite arrows: vacuoles in cytoplasm. (a) 

Control group, normal cells, normal morphology, and 

obvious axons. (b) A few  shrunken cells and clusters of 

aggregated cells. (c) A lot of shrunken cells and 

aggregated clusters, vacuoles in cytoplasm, and a 

reduction in axons. (d)  Almost all cells w ere shrunken and 

aggregated into clusters, vacuoles w ere in cytoplasm, 

axons decreased or w ere absent.  

(B) Neuroprotective effect of baicalin against colistin 

sulfate-induced neurotoxicity in PC12 cells (× 400). (a) 

Control group: normal cells, normal morphology, and 

obvious axons. (b) 125 μg/mL colist in su lfate group: 

abundant cells w ere shrunken and aggregated into 

clusters, vacuoles and small spots in cytoplasm, the axons  

almost absent. PC12 cells w ere pretreated w ith 25 (c), 50 

(d), 100 μg/mL (e) baicalin, and induced w ith 125 μg/mL 

colistin sulfate. (c) Numerous cells exhibited vacuoles and 

small spots in the cytoplasm, and the axons began to 

appear. (d) Vacuoles and small spots in the cytoplasm 

decreased, and the axons of PC12 cells increased. (e) 

Cells show ed normal morphology. Black arrow s: Vacuoles 

in cytoplasm; w hite arrow s: spots in cytoplasm. 

Figure 1  Colist in sulfate-induced cell death and a 

neuroprotective effect of baicalin on PC12 cells (MTT 

assay).  

Cell viability = average absorbance value of experimental 

group/average absorbance value of control group × 100%. 

Data are expressed as an absorbance ratio to the control 

(untreated neurons). Data are expressed as mean ± SD. 

Signif icance of differences betw een means w as 

determined by paired t-test. All experiments w ere repeated 

at least three t imes. aP < 0.05, bP < 0.01, vs. control group. 
cP < 0.05, dP < 0.01, vs. colistin sulfate group.  

(A) Neurotoxic effect of colistin sulfate (62.5 to 500 μg/mL)  

at 24 hours.  

(B) Neuroprotective effects of baicalin against colistin 
sulfate-induced neurotoxicity in PC12 cells (24 hours). 
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species generation, dichloro-fluorescein oxidation was 

measured fluorometrically after 24 hours of cell incuba-

tion in the presence of colistin sulfate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fluorescence significantly increased from 36% to 137% of 

the control without colistin sulfate (P < 0.01 or P < 0.05; 

Figure 6A). Pretreatment with baicalin (50 and 100 µg/mL) 

for 24 hours significantly suppressed the generation of 

reactive oxygen species in comparison to cells treated 

with colistin sulfate (125 μg/mL) (P < 0.01; Figure 6B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DISCUSSION 

 

Neuronal apoptosis is an important pathological mecha-

nism and a key event for memory loss. Therefore, dis-

rupting the apoptotic pathway and inhibiting apoptosis 

have become novel targets [24]. The present study 

demonstrated that cell survival was significantly reduced 

following colistin sulfate injury. Further tests showed that 

colistin sulfate significantly induced cell apoptosis in a 

dose-dependent manner. 

Figure 3  Apoptotic morphology of PC12 cells after 

Hoechst 33258 staining ( inverted f luorescence 

microscopy, × 200).  

Arrows show  condensed and fragmented nuclei.  

(A) Different doses of colistin sulfate-treated PC12 cells. 

(a) Control group, normal cells, w ithout condensed and 

fragmented nuclei. (b) 62.5 μg/mL colistin sulfate group: 

condensed and fragmented nuclei are visible in several 

cells. (c) 125 μg/mL colistin sulfate group: condensed and 

fragmented nuclei are observed in many cells. (d)     

250 μg/mL colistin sulfate group: condensed and 

fragmented nuclei are detectable in almost all cells.  

(B) Neuroprotective effect of baicalin against colistin 

sulfate-induced neurotoxicity in PC12 cells. (a) Control 

group: normal cells, w ithout condensed and fragmented 

nuclei. (b) 125 μg/mL colist in sulfate group: condensed 

and fragmented nuclei w ere detected in many cells. PC12 

cells w ere pretreated w ith 25 (c), 50 (d), and 100 μg/mL (e)  

baicalin, and induced w ith 125 μg/mL colistin sulfate. (c, d)  

Compared w ith the colist in sulfate- induced group, 

condensation and fragmentation w ere signif icantly 

decreased. (e) Cells exhibited normal morphology.  

a 

d c 

b 

a b 

c d e 

A 

B 

Figure 4  Effect of baicalin on colistin sulfate-induced 

neurotox icity in PC12 cells.  

Data are expressed as mean ± SD. Signif icant differences 

betw een means w ere determined using the paired t-test. 

All exper iments w ere repeated at least three t imes. aP < 

0.05, bP < 0.01, vs. control group. c P < 0.05, dP < 0.01, vs. 

colistin sulfate group.  

(A) Neurotoxic effect of colistin sulfate at concentrations 

ranging from 62.5 to 500 μg/mL for 24 hours using the 

lactate dehydrogenase (LDH) assay kit.  

(B) Neuroprotective effect of baicalin against colistin 

sulfate-induced neurotoxicity in PC12 cells detected using 

the LDH assay kit. The cells w ere preincubated w ith 

baicalin (f inal concentrations: 0, 25, 50, 100 µg/mL) for 24 

hours, then the cells w ere exposed to 125 µg/mL colistin 
sulfate for 24 hours. 
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Data from this study showed that treatment with colistin 

sulfate resulted in a significant increase in reactive oxy-

gen species levels in a dose-dependent manner. Gener-

ation of reactive oxygen species in the cytoplasm of cells 

may increase mitochondrial hydrogen peroxide produc-

tion and lipid peroxidation of the mitochondrial mem-

brane, resulting in the loss of membrane integrity and cell 

necrosis or apoptosis. This was consistent with our hy-

pothesis addressing the neurological toxicity mechanism 

of colistin sulfate. In addition, colistin sulfate- injured cells 

shrank and aggregated into clusters; axons reduced, 

vacuoles appeared, and the number of cells with con-

densed and fragmented nuclei increased. Moreover, 

lactate dehydrogenase activity in the supernatant signif-

icantly increased in colistin sulfate-injured PC12 cells, 

caspase-3 activity increased and PC12 cell survival de-

creased. The above-mentioned data showed that colistin 

sulfate could induce apoptosis in PC12 cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Baicalin, a flavonoid with a glucuronide structure, pro-

duces baicalin and glucuronic acid following hydrolysis. 

Many phenolic hydroxyl groups exist in the chemical 

structural formula of baicalin, and the A ring comprises a 

catechol structure. The number of phenolic hydroxyl 

groups is strongly associated with free radical scaveng-

ing activity[25]. A greater number of phenolic hydroxyl 

groups and a greater amount of hydrogen atoms that 

integrate with free radicals result in more effective free 

radical scavengers [25]. Pharmacological studies have 

revealed a strong effect of baicalin to remove hydroxyl, 

superoxide, and alkyl radicals, as well as to prevent and 

reverse cellular apoptosis and aging mechanisms [18]. The 

present study used baicalin to inhibit colistin sul-

fate-induced apoptosis in PC12 cells and increase cell 

Figure 6  Baicalin prevented oxidative stress induced by 

colistin sulfate in PC12 cells (f luorometric assay).  

Reactive oxygen species (ROS) level = (average absorbance 

value of experimental group/average absorbance value of 

control group) × 100%. Results are expressed as the % 

absorbance of the control (untreated neurons). Data are 

expressed as mean ± SD. Signif icant differences betw een 

means w ere determined by paired t-test. All experiments 

were repeated at least three times. aP < 0.05, bP < 0.01, vs. 

control group. cP < 0.01, vs. colistin group.  

(A) Neurotoxic effect of colistin sulfate at concentrations 

ranging from 0 to 500 μg/mL for 24 hours.  

(B) Neuroprotective effect of baicalin against colistin 

sulfate-induced neurotoxicity in PC12 cells. Cells w ere 

preincubated w ith baicalin (f inal concentrations: 0, 25, 50, 

100 µg/mL) for 24 hours, and then they w ere cultured in 

125 µg/mL colistin sulfate for 24 hours.  

Figure 5  Effect of baicalin on caspase-3 expression after 

colistin sulfate induction (f luorometric analysis).  

Caspase-3 levels w ere expressed as relative f luorescence 

units. One unit is the amount of enzyme that w ill cleave  

1.0 nmol of the colorimetric substrate Ac-DEV D-pNA per 

hour at 37°C under saturated substrate concentrations. 

Data are expressed as mean ± SD. Signif icance of 

differences betw een means w as determined by paired t- 

test. All exper iments w ere repeated at least three times.  
aP < 0.05, bP < 0.01, vs. control group. cP < 0.05,       
dP < 0.01, vs. colistin group.  

(A) Neurotoxic effect of colistin sulfate at concentrations 

ranging from 0 to 500 μg/mL for 24 hours.  

(B) Neuroprotective effect of baicalin against colistin 

sulfate-induced neurotoxicity in PC12 cells. Cells w ere 

preincubated w ith baicalin (f inal concentrations: 0, 25, 50, 

100 µg/mL) for 24 hours, and then they w ere cultured in 
125 µg/mL colistin sulfate for 24 hours.  
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viability in a dose-dependent manner. This study con-

firmed that baicalin was effective at protecting PC12 cells 

against colistin sulfate injury. This study further showed 

that baicalin, not only suppressed the generation of re-

active oxygen species and decreased lactate dehydro-

genase level, but also attenuated caspase-3 activity, and 

eventually protected against colistin sulfate-induced 

apoptosis. Our findings indicate that baicalin may act on 

reactive oxygen species to inhibit apoptosis following 

colistin sulfate-induced neurotoxicity. This study espe-

cially demonstrated a significant decrease in lactate de-

hydrogenase level, caspase-3 activity and reactive oxy-

gen species production in PC12 cells preincubated with 

baicalin following colistin sulfate exposure. Previous 

studies have used other oxidants such as 

tert-butylhydroperoxide and H2O2 as oxidative stressors 

because they have been shown to efficiently increase the 

activity of endogenous enzymes in cultured cells [26-27]. 

Plant polyphenolic compounds such as panduratin A and 

sylibin, as well as plant extracts, which have high anti-

oxidant activity, have been shown to reverse the gluta-

thione- depleting effect of tert-butylhydroperoxide in 

hepatocyte systems [28]. Our research data also suggests 

that baicalin may have antioxidant properties. 

 

In conclusion, our findings, in conjunction with data re-

ported by other investigators, clearly indicate that colistin 

sulfate can induce PC12 cell apoptosis and that baicalin 

effectively inhibits colistin sulfate-induced apoptosis in 

PC12 cells. In addition, mechanistic studies showed that 

baicalin protected neurons and regulated key steps of 

cellular apoptosis, such as excessive inhibition of free 

radical injury, caspase-3 expression, and lactate dehy-

drogenase activity. When colistin is used to control mul-

tidrug resistant bacterial infections in hospitals, we sug-

gest that a concentration of 50 μg/mL baicalin be added 

in colistin sulfate injections to protect against colistin- 

induced neurotoxicity. Simultaneously, baicalin in con-

junction with colistin can be used to control bacterial 

infections and increase the clinical curative effect. Over-

all, our study provides the basis and reference for 

long-term reasonable use of colistin in a clinical setting. 

 

 

MATERIALS AND METHODS 

 

Design 

An in vitro, comparative, cell biology study. 

 

Time and setting 

The experiment was performed from July 2011 to March 

2012 at the Veterinary Pharmacology Laboratory, Col-

lege of Veterinary Medicine, Northeast Agricultural Uni-

versity, China. 

 

Materials 

Cells 

PC12 cells were obtained from the Chinese Academy of 

Sciences (Shanghai, China).  

 

Drugs 

Baicalin (lot No. 110715-200514) was bought from the 

Chinese Veterinary Medicine Supervision Institute and 

stored in a dark and dry place at room temperature. 

 

Colistin sulfate (CAS No.1 264-72-8, purity ≥ 99.9%) was 

purchased from Sigma-Aldrich (St. Louis, MO, USA) and 

stored in a dark and dry place at 2–8°C. 

 

Colistin sulfate and baicalin were dissolved in Dulbecco’s 

modified Eagle’s medium (DMEM). 

 

Methods 

PC12 cell culture 

PC12 cells were cultured in DMEM (Gibco, New York, 

USA) supplemented with 10% (v/v) fetal calf serum 

(Gibco) in 25 cm2 flasks. Cells were maintained in a hu-

midified atmosphere containing 5% (v/v) CO2 at 37°C 

and were seeded at a density of 2 × 105 cells/mL. After 

24 hours, cells were grown in flasks, or on 6- or 96-well 

plates.  

 

Exposure to baicalin and colistin sulfate  

For colistin sulfate exposure, PC12 cells were incubated 

with colistin sulfate at doses of 62.5–250 µg/mL for 24 

hours. For baicalin protective experiments, cells were 

preincubated with baicalin (final concentrations: 0, 25, 50, 

100 µg/mL) for 24 hours, and then exposed to 125 µg/mL 

colistin sulfate for 24 hours. In all experiments, control 

groups received DMEM.   

 

Analysis of cell viability  

The MTT assay was used to assess cell viability. Cells 

were seeded onto 96-well plates at a density of 1 × 105 

cells/well. After cells were incubated for 24 hours, the 

supernatant was discarded, and each well was treated 

with 5 mg/mL MTT (Sigma-Aldrich) for 4 hours. The re-

action was terminated in 150 μL anhydrous dimethyl 

sulfoxide (DMSO; Sigma-Aldrich) with shaking for 10 

minutes. The absorbance at 570 nm was measured on a 

Sunrise enzyme immunoassay instrument (Tecan, 

Sweden)[29-30]. Cell viability was calculated using the fol-

lowing equation: average absorbance value of experi-

mental group/average absorbance value of control group 
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× 100%. 

 

Examination of nuclear morphology detected by 

Hoechst 33258 

Hoechst 33258 was employed to label both intact and 

apoptotic nuclei. Cells were seeded onto 96-well plates 

at a density of 1 × 105 cells/well. Following treatment, 

PC12 cells were washed in ice-cold phosphate buffered 

saline (PBS; pH 7.4), fixed with 4% (w/v) paraformalde-

hyde and incubated with 1 µg/mL Hoechst 33258 (Sig-

ma-Aldrich) for 3 minutes at room temperature. Con-

densed and fragmented nuclei were evaluated by inter-

calation of the fluorescent probe into nuclear DNA. Visu-

alization was conducted at an excitation wavelength of 

480 nm and an emission wavelength of 520 nm using the 

Olympus IMT-2 fluorescence microscope (Tokyo, Japan).  

 

Lactate dehydrogenase release assay 

Cytotoxicity was quantitatively assessed by measuring 

the activity of lactate dehydrogenase released from 

damaged cells into the cell culture medium [30]. At the end 

of the treatments, PC12 cells and the media which con-

tained detached cells were collected and centrifuged at   

1 000 r/min at 4°C for 5 minutes. The supernatant was 

used to measure lactate dehydrogenase activity. Enzyme 

activity was determined using an assay kit according to 

the manufacturer’s protocol (Nanjing Jiancheng Biotech, 

Nanjing, Jiangsu Province, China). The absorbance of 

the samples was read at 450 nm. Lactate dehydrogen-

ase release was proportional to the number of damaged 

PC12 cells. Reagent blanks were subtracted. 

 

Fluorometric analysis for caspase-3 activity 

Caspase-3 activity was measured with an ApoAlert 

Caspase Assay Kit (Clontech Laboratories, USA). Briefly, 

following treatment, cells were washed with PBS and 

collected into tubes. The tubes were centrifuged and the 

supernatant was removed. Cell pellets were suspended 

in lysis buffer (10 mmol/L Tris, 1% (v/v) Triton X-100 in 

PBS, pH 7.5), placed on ice for 20 minutes and centri-

fuged (30 minutes, 12 000 × g) at 4°C. Aliquots of cell 

lysates (25 μg protein) were dissolved in 175 μL protease 

assay buffer (20 mmol/L 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES; pH 7.5), 2 mmol/L dithiothreitol and 10% (v/v) 

glycerol), followed by addition of 25 μL 

7-amino-4-methylcoumarin-N-acetyl-L-aspartyl-L-gltamyl

-L-valyl-L-aspartic acid amide (AC-DEVD- AMC; Sig-

ma-Aldrich) (15 μmol/L). After 1 hour incubation at 37°C 

in the dark, substrate cleavage was measured 

fluorometrically in a black 96-well plate at an excitation 

wavelength of 355 nm and an emission wavelength of 

460 nm. Fluorescence values of cell-free wells contain-

ing 15 μmol/L AC-DEVD-AMC in the assay buffer were 

subtracted from the fluorescence values of cell samples. 

Cell lysates containing cytosolic fractions were collected 

and total protein concentration was determined using the 

BCA™ protein assay kit (Boster Biotech, Wuhan, Hubei 

Province, China). The microplate spectrofluorometer 

reader (Perkin Elmer, Vernon Hills, USA) output corre-

sponding to caspase-3 activity was corrected for total 

protein. Caspase-3 activity was expressed as relative 

fluorescence units. 

 

Evaluation of intracellular reactive oxygen species 

generation 

To measure reactive oxygen species generation, a 

fluorometric assay using intracellular oxidation of DCFH2- 

DA was performed as reported previously with slight modi-

fications[31]. DCFH2-DA is a nonfluorescent compound, and 

can be enzymatically converted to the highly fluorescent 

compound DCF in the presence of reactive oxygen spe-

cies. After treatment, PC12 cells were incubated with   

200 µL medium containing 2 µL of a 20 mmol/L stock solu-

tion of DCFH2-DA (Sigma-Aldrich) dissolved in ethanol. 

Cells were left in the dark for 30 minutes at 37°C in a 5% 

(v/v) CO2 atmosphere. After loading, cells were washed 

twice with normal medium and DCF fluorescence was 

measured using the Wallac Victor Multilabel Counter (Per-

kin Elmer, Vernon Hills, USA) with excitation and emission 

wavelengths of 485 and 530 nm, respectively[32-33]. Results 

were expressed as a percentage of controls.  

 

Statistical analysis 

Data are presented as mean ± SD and were analyzed by 

SPSS 16.0 software (SPSS, Chicago, IL, USA). A paired 

t-test was used to compare between two groups and 

analysis of variance was used for multiple comparisons. 

A value of P < 0.05 or P < 0.01 was considered statisti-

cally significant.   
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