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Abstract

Triclosan (TCS) has been widely used as a disinfectant and antiseptic in multiple consumer and 

healthcare products due to its clinical effectiveness against various bacteria, fungi and protozoa. 

Recently, several studies have reported the adverse effects of TCS on various nerve cells, arousing 

concerns about its potential neurotoxicity. The present study aimed to investigate the neurotoxicity 

of TCS in rat pheochromocytoma PC12 cells. After differentiation, the stabilized PC12 cells were 

treated with 1, 10, 50 μM TCS for 12 hr. At the end of the treatment, the generation of reactive 

oxygen species (ROS), protein expression of apoptotic-related genes, AMPK-AKT/mTOR, as well 

as p38 in PC12 cells were determined. The concentrations were chosen based on the results of cell 

viability and lactic dehydrogenase (LDH) assays in response to TCS treatment (ranging from 

0.001 to 100 μM) for varied time periods. The results showed that TCS is cytotoxic to PC12 cells, 

causing decreased cell viability accompanied by increased LDH release. TCS treatment at 10 and 

50 μM for 12 hr increased the mRNA and protein expression of the pro-apoptotic gene Bax, while 

Bcl-2 levels remained unchanged. Moreover, an increase in the generation of reactive oxygen 

species (ROS) was found in TCS-treated PC12 cells at the concentrations of 1 and 10 μM. 

Pretreatment with 100 μM N-acetyl cysteine (NAC-ROS scavenger) for 1 hr normalized the ROS 

generations in TCS-treated PC12 cells. Additionally, the suppression of the phosphorylation of 

Akt and mTOR was observed in TCS-treated PC12 cells at 10 and 50 μM for 12 hr, concomitant 
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with the activation of p38 MAPK pathway at 50 μM TCS. However, there were no effects of TCS 

on the phosphorylation of AMPK in these cells. Taken together, these results suggest that TCS 

may cause adverse effects and oxidative stress in PC12 cells accompanied by inhibition of Akt/

mTOR and activation of p38.

Keywords

Triclosan; Apoptosis; PC12; AKT/mTOR pathway; p38

Introductions

Triclosan (TCS), a broad-spectrum antibacterial agent, has been widely used in numerous 

consumer products since the 1960s, including personal care, skin-care products, sanitizing 

products, house hold items etc(Rodricks et al. 2010;Koeppe et al. 2013;Liu et al. 2016). 

Singer et al (Singer et al. 2002) estimated the quantity of TCS used reached approximately 

1500 tons/year in consumer products in the United States alone. Recently, several studies 

reported detectable levels of TCS or its metabolites in drinking water, biosolids and aquatic 

sediments (Yu et al. 2011;Bedoux et al. 2012;Zhou et al. 2017;Zhang et al. 2019). It is 

estimated that over 110 tons/year of TCS are annually discharged into the water in the 

United States alone (Heidler and Halden 2007). Although the added dosage of TCS is 

limited only up to 0.3% in the daily necessities, the Scientific Committee on Consumer 

Safety stressed that repeated exposure to TCS from various TCS-containing products over 

time might pose a risk to humans (SCCS 2010). Recently, several studies reported on the 

presence of TCS in the brain (13–88 ng/g wet weight) and liver (110–910 ng/g wet weight) 

of fish (Tanoue et al. 2014), as well as in other aquatic organisms. Some studies have 

suggested that TCS is metabolized and eliminated from the human body, without 

accumulation or its detection in organs (Bagley and Lin 2000). However, subsequently a 

large number of studies have shown the presence of TCS in various human organs and body 

fluid, such as adipose tissue liver (mean 0.44 ng/g) (Wang et al. 2015), brain (0.23 ng/g) 

(Geens et al. 2012), breast milk (0.019–2.1 ng/g lipid) (Allmyr et al. 2006;Dayan 2007), 

serum (0.52–354 ng/L) (Allmyr et al. 2008;Dirtu et al. 2008), plasma (0.01–38 ng/g) 

(Allmyr et al. 2006), urine(Kalloo et al. 2018;Dix-Cooper and Kosatsky 2019;Juric et al. 

2019), and cord blood (0.1–1.3 ng/g serum) (Pycke et al. 2014) etc., indicating accumulation 

of TCS, potentially even at higher levels than previously estimated (Mustafa et al. 2003). 

Collectively, these studies suggest that the widespread use of TCS.

It is noteworthy that an epidemiologic study noted a close relationship between elevated 

TCS levels in urine at birth and lower cognitive test scores of children (Jackson-Browne et 

al. 2018), suggesting a potential toxicity of TCS to the central nervous system (CNS). While 

the mechanisms of its neurotoxicity have yet to be delineated. A series of studies reported 

that TCS has several adverse effects on cardiac and skeletal muscle by interrupting Ca2+ 

signaling (Cherednichenko et al. 2012;Yueh et al. 2014;Yan et al. 2019). Earlier studies 

reported that TCS activated the Fasdependent apoptosis in the primary cultured cortical 

neurons (Szychowski et al. 2015). Subsequently, Park et al showed that TCS induced 

apoptosis by increasing the generations of reactive oxygen species (ROS) (Park et al. 2016). 
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Other studies have demonstrated that TCS at environmentally relevant levels induced 

apoptosis accompanied by inhibition of N-methyl-D-asparagic acid receptor (NMDAR) 

subunits and Ca2+ transient in primary cultured neocortical or hippocampal neurons(Arias-

Cavieres et al. 2018;Szychowski et al. 2019).

MAPKs plays critical roles in regulating normal cell functions, including apoptosis, 

oxidative stress and differetiation. Interestingly, both in vitro and in vivo studies showed that 

TCS treatment induced activation of the p38 pathway (Zhang et al. 2018). In addition, other 

signaling pathways, such as mammalian target of rapamycin (mTOR), Akt and AMP 

activated protein kinase (AMPK) have been shown to be involved in the adverse effects of 

TCS on non-nerve cells (Cao et al. 2017;Wang et al. 2018). Whether these latter pathways 

are involved in TCS-induced neurotoxicity has yet to be determined.

PC12 cells, a commonly used neuronal cell model, is derived from a transplanted 

pheochromocytoma of rat and was described by Greene and Tischler (Greene and Tischler 

1976). These cells have been widely used as a valuable model to evaluate the effects of 

environmental agents on the dopaminergic system, neuronal development and 

neurodegenerative diseases (Zhao et al. 2017;Benseny-Cases et al. 2018). To our knowledge, 

however, information is not available on the effects of TCS on PC12 cells. The present study 

aimed to 1) investigate the effects of TCS on injuries in PC12 cells by determining the cell 

viability, membrane integrity and apoptotic-related genes expression, and 2) explore the 

mechanisms of TCS-induced neurotoxicity by determining redox status changes and protein 

expressions of AMPK-AKT/mTOR as well as p38 in PC12 cells.

Materials and methods

PC12 cells culture and treatment

Rat pheochromocytoma PC12 cells were cultured in medium containing 5% heat-inactivated 

fetal bovine serum (FBS), 10% horse serum (Gibco, Grand Island, NY, USA), 100 IU/mL 

penicillin, and 100 μg/mL streptomycin antibiotic-free RPMI 1640 medium. Cells were 

cultured in an incubator containing 5% CO2 at 37°C with stable humidity. The culture 

medium was replaced twice a week. To obtain neuron-like PC12 cells, cells were maintained 

with differentiating medium (containing RPMI1640 medium with 10% FBS, 5% horse 

serum and 25 ng/mL of nerve growth factor). The cells were cultured with nerve growth 

factor every other day with differentiating medium until ready for experiment.

The differentiated PC12 cells were randomly divided into four groups: Solvent Control 

(Control), 1, 10 or 50 μmol/L (μM) TCS groups. In the Control, 1, 10 or 50 μM TCS groups, 

the cells were treated with 0, 1, 10 or 50 μM TCS (Sigma-Aldrich) for 12 hour (hr), 

respectively. The concentrations of TCS were selected according to the results of cell 

viability via treating with 0, 0.001, 0.01, 0.05, 0.1, 1, 10, 50 or 100 μM TCS for 3, 6, 12, 24 

and 48 hr.

Cell viability

Briefly, cells were seeded in 96-well plates, which were precoated with Poly-D-Lysine with 

a density of 2×104 cells/well. At the designated time points, cell viability was detected by 
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MTTassay. After removal of the medium, a total of 20 μL 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) solutions (5 mg/ml) and 100μL of medium were added 

to each well and incubated in the incubator for 4 hr. 150 μL dimethylsulfoxide was added to 

each well to dissolve the formazan after discarding the supernatant. The absorbance values 

were quantified by using a spectrophotometer (Molecular Devices, VMax Kinetic 

Microplate Reader, and Sunnyvale, CA) at a wavelength of 490 nm. The data was expressed 

as a percentage of the Control.

Assay of lactate dehydrogenase (LDH)

Cell membrane integrity was evaluated by using a LDH cytotoxicity detection kit, following 

manufacturing instructions. Briefly, after treatment, 100 μL of culture supernatant from each 

well was collected and transferred to a new 96-well plate. Then 50 μL of reaction mixture 

from the LDH cytotoxicity detection kits, were added to each well. Subsequently, the plate 

was incubated at room temperature in dark. The reaction was stopped after 30 min reaction 

by adding 50 μL of stopping solution, provided from the detection kit to each well. The 

absorbance was detected with a spectrophotometer at a wavelength of 490/690 nm.

Determination of intracellular ROS

The ROS scavenger N-acetyl cysteine (NAC) was used to confirm the effects of TCS on 

ROS generations in PC12 cells. PC12 cells were pretreated with100 μM NAC for 1 hr 

followed by treatment with 1 and 10 μM TCS for 30 min, 1, 3 and 6 hr. At the designated 

time points, changes in intracellular ROS were measured by using 2’,7’-

Dichlorodihydrofluorescein diacetate(DCFH-DA, Beyotime Institute of Biotechnology). 

Here, we selected 30 min, 1, 3 and 6 hr to study the ROS generation induced by TCS 

treatment. At the end of the treatment, the medium was removed and washed three times 

with PBS; then, 100 μL serum-free culture medium containing 10 μM DCFH-DA was added 

to each well. After incubation for 30 min in dark at 37°C, cells were washed with PBS in 

triplicate. Subsequently, 100 μL fresh RPMI 1640 medium (without FBS and horse serum) 

was added to each well. The fluorescence intensities were recorded with a 

spectrophotometer with an excitation of 485 nm and an emission of 535 nm.

RNA extraction and real-time quantitative PCR (RT-qPCR)

According to the manufacturer’s instructions, the total RNA was isolated from cultured cells 

by using Trizol Reagent. The levels and purity of RNA samples were detected through 

NanoDrop 2000 Spectrophotometer (Thermo Scientific, San Jose, CA, USA). Subsequently, 

the purified RNA samples were reversely transcribed into cDNA by using cDNA Reverse 

Transcription kits (Thermo Scientific, San Jose, CA, USA).

Lastly, the cDNA was used to perform RT-qPCR by using a thermocycler CFX96 Real-time 

system with BioRad CFX manager software (BioRad, Hercules, CA, USA) according to the 

manufacturer’s protocol. All reactions were performed in triplicate. The relative 

quantifications of each target gene was carried out by using the 2 −ΔΔCt method and then 

normalized to the control samples. For RT-qPCR, the following specific TaqMan probes 

which were bought from Applied Biosystems Gene of interest/Assay ID were used for each 

gene: Bax rat/Rn01480160_g1; Bcl-2 rat/Rn99999125_m1; GAPDH rat/Rn01775763_g1.
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Western Blotting Analysis

After treatments, the cells samples were collected and washed twice with PBS. Then 

proteins from cells were extracted with ice-cold RIPA lysis buffer that contains 1% protease 

inhibitor, and phosphatase inhibitor cocktail 2 (Sigma) and 3 (Sigma) was added. Protein 

concentrations of all samples were measured by using the BCA kits (Thermo Fisher). 

Twenty micrograms of total protein were separated by gel electrophoresis (SDS-PAGE), and 

then transferred to nitrocellulose membranes. After blocking with 5% bovine serum albumin 

(BSA) in tris buffered saline (TBS) at room temperature for 1 hr, the membranes were 

incubated with primary antibody overnight at 4°C. All concentrations of each antibody were 

listed as follow (v: v): phospho AMPK (Cell signaling, 1:1000), total/phospho p38 (Cell 

signaling, 1:1000), Bax (Santa Cruz, 1:1000), Bcl-2 (Santa Cruz, 1:1000), total/phospho 

mTOR (Cell signaling, 1:1000) or β-actin (Sigma, 1:10,000). Subsequently, the membranes 

were incubated with HRP conjugate secondary antibodies against mouse (Invitrogen, 

1:10,000), goat (Thermo Scientific, 1:10,000), or rabbit (Thermo Scientific, 1:10,000) in 

TBS-T (TBS containing 0.1% Tween-20, pH = 7.5) containing 5% BSA at room 

temperature for 1 hr. All steps were followed by 5 min washes with TBS-T in triplicate. 

Finally, membranes were developed with chemiluminescent reaction. Lastly, the bands were 

quantified using ImageJ (National Institutes of Health, Bethesda, MD, USA, http://

imagej.nih.gov/ij/). Protein expression levels were standardized by β-actin in different cell 

substrates.

Statistical analysis

All statistical analyses were performed by using SPSS 16.0 for Windows (SPSS, Inc, 

Chicago, USA). To compare the means among the groups, One-way analysis of variance 

(ANOVA) was adopted. Subsequently, the post hoc Tukey’s test was performed to account 

multiple comparisons. Significance was set at p< 0.05. Data were expressed as the standard 

error of the mean (mean ± S.E.M).

Results

Effects of TCS on cell viability in PC12 cells

Cell viability in PC12 cells was determined with the MTT assay upon 0.001–100 μM TCS 

treatment for 3, 6, 12, 24 and 48 hr. TCS exposure to 0.001–100 μM for 3 and 6 hr had no 

significant effects on cell viability (p>0.05, Fig. 1 A and B). Upon exposure to 50–100 μM 

TCS for 12 hr, cell viability was decreased (p<0.05, Fig. 1 C). After 24 hr exposure to 10, 50 

or 100 μM TCS, cell viability was decreased to 65%, 51% and 48%, respectively (p<0.05 or 

0.01, Fig. 1 D). At the 48 hr time point, TCS treatment up to 0.05 μM significantly reduced 

PC12 cells viability (p<0.05 or 0.01, Fig. 1 E).

Effects of TCS on LDH release from PC12 cells

To determine the effects of TCS on the integrity of PC12 cells membrane, LDH release was 

measured. At almost all tested time periods (3 – 24 hr), LDH release in PC12 cells was not 

affected by treatment with a dose lower than 1 μM TCS (p>0.05, Fig. 2). While treated with 

1–100 μM TCS for a longer period (48 hr) increased LDH release in PC12 cells. In addition, 
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it induced a concentration-dependent increase in LDH release at 10, 50 and 100 μM, at all 

time periods (p<0.05 or 0.01, Fig. 2). Interestingly, treatment with 100 μM TCS for 3 to 12 

hr induced increased LDH release in a time-dependent manner (p<0.05 or 0.01, Fig. 2A, B 

and C).

TCS treatment increased ROS generation in PC12 cells

Both TCS treatment at 1 and 10 μM increased ROS generation in PC12 (p<0.05 or 0.01, Fig. 

3), with the exception of the 1 hr time point (p>0.05, Fig. 3 B). Pretreatment with a ROS 

scavenger, NAC, reduced the ROS generation in response to TCS treatment (p<0.05 or 0.01, 

Fig. 3). Treatment with NAC alone had no effects on ROS generation (p>0.05, Fig. 3).

TCS treatment increased mRNA and protein expression of Bax, but had no effect on Bcl-2 
in PC12 cells

Based on the MTT and LDH studies, we selected 1, 10 and 50 μM for further evaluation of 

the effects of TCS on PC12 cells. Pro- or anti-apoptotic proteins play critical roles in the 

regulation of cellular apoptosis, particularly Bax and Bcl-2. The present study assessed the 

mRNA and protein expression of these two genes. TCS treatment at 10 and 50 μM for 12 hr 

increased mRNA expression of Bax in a concentration-dependent manner (p<0.05 or 0.01, 

Fig. 4B). After TCS treatment with10 and 50 μM for 12 hr, Bax protein levels were 

increased (p<0.01, Fig. 4D). There were no significant effects of TCS treatment on Bcl-2 

(p>0.05, Fig. 4A and C).

TCS treatment inhibited AKT/mTOR and activated the p38 pathway in PC12 cells

After treatment with 10 and 50 μM TCS for 12 hr, phosphorylation of Akt and mTOR was 

significantly down-regulated (p<0.05 or 0.01, Fig. 5A and C). However, there was no effect 

of TCS on the phosphorylation of AMPK (p>0.05, Fig. 5B). Compared with controls, 

phosphorylation of p38 upon 50 μM TCS treatment was significantly increased in PC12 

cells (p<0.01, Fig. 5D).

Discussion

We report, for the first time, the adverse effects of TCS in PC12 cells. The results of the 

present study showed that treatment with low levels of TCS (0.05–1 μM) for 48 hr caused 

cell injury, decreasing both the cell viability and increasing LDH release. Moreover, TCS-

treated PC12 cells showed activation of Bax protein expression. Additionally, TCS exposure 

induced an increase in ROS generation accompanied by the inhibition of Akt/mTOR and 

activation of p38 pathway.

Apoptosis is a physiology or pathology-dependent death process of cells which is caused 

through a regulated sequence of events and regulated by various pathways. It is also an 

important indicator to assess the potential cytotoxicity of exogenous chemicals. A large 

number of studies have shown that TCS activates apoptotic pathway in numerous cell types 

in different species, including embryonic murine stem cells (Chen et al. 2015), lung 

epithelial cells(Kwon et al. 2013), clam hemocytes(Matozzo et al. 2012), mice 

hepatocytes(Yueh et al. 2014), human gingival cells(Zuckerbraun et al. 1998) and human 
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JEG-3 choriocarcinoma cells(Honkisz et al. 2012). TCS also has been found to have 

apoptotic effects on neuronal cells. For example, an earlier study has shown that long-term 

exposure to TCS at non-cytotoxic levels induced activation of the extrinsic apoptotic 

pathways, FasR and caspase-8, as well as secondary necrosis resulting in LDH release in 

primary cultured cortical neurons. Subsequently, Szychowski et al (Szychowski et al. 

2015;Szychowski et al. 2016) reported that TCS (10 μM) had a cytotoxic effect on the CNS 

by stimulating caspase-3 activity and resulting in LDH release in neocortical neurons. 

However, a lower level of TCS treatment (50 nM) for a longer time period (24h) was 

sufficient to activate this caspase. Subsequently, it was shown that TCS induced a significant 

decrease in cell viability in rat neural stem cells (NSC) in a concentration-dependent 

manner, concomitant with suppressed expression of the anti-apoptotic gene Bcl-2, as well as 

increased expression of cleaved caspase-3 and the pro-apoptotic gene Bax (Park et al. 2016). 

The present study demonstrated that 0.001–100 μM TCS treatment for a short period (3 or 6 

hr) had not significant effects on cell viability in PC12. At lower dose (10 μM) of TCS 

treatment for a longer exposure period (24 hr) decreased cell viability accompanied by 

increased levels of LDH release. Additionally, 10 and 50 μM TCS treatment for 12 h 

increased mRNA and protein expression of Bax, absent an effect on Bcl-2 expression. These 

results indicated that TCS leads to PC12 cells injury by inducing pro-apoptosis and necrosis, 

establishing putative mechanisms for its neurotoxicity.

ROS are single-electron reduction products of oxygen gas in the body. They contain 

superoxide anion radicals, peroxide, hydroxyl radicals and nitric oxide etc. Due to the 

critical role of ROS and its derivatives in apoptosis and necrosis induced by internal 

metabolism or exogenous chemicals, the occurrences of many diseases have been confirmed 

to relate with it (Singh et al. 2019;Villamor et al. 2019). Numerous studies have reported that 

ROS is involved in TCS-induced cellular injury in various living organisms (Zhang et al. 

2018;Dubey et al. 2019;Parenti et al. 2019). To date, ROS also has been considered as the 

primary mechanism of TCS-induced neurotoxicity. For instance, Szychowski et al 

(Szychowski et al. 2015) found that there is a closely relationship between the pro-apoptotic 

effects on primary cultured mice neocortical neurons and the increase of ROS induced by 

TCS. Furthermore, the NSC study suggested that TCS affected ROS homeostasis by 

decreasing cellular glutathione concentrations and causing oxidative stress and apoptosis 

(Park et al. 2016). In addition, previous studies reported that mRNA expressions of the main 

antioxidant enzymes (including catalase, glutathione peroxidase −3 and superoxide 

dismutase-2) were decreased upon TCS-treatment in rat hypothalamus leading to 

uncontrolled ROS generation (Wang et al. 2018). The present study demonstrated that 

treatment with 1 and 10μM TCS for various time points increased the generation of ROS in 

PC12 cells. Pretreatment with NAC (a ROS scavenger) for 1h normalized the ROS 

generation in TCS-treated PC12 cells which consistent with earlier studies (Szychowski et 

al. 2016). The above-mentioned evidence corroborates the involvement of oxidative stress in 

neurons upon TCS treatment.

Akt, also known as protein kinase B, plays a key role in the regulations of various cellular 

processes including cell apoptosis (Chen et al. 2019;Yang et al. 2019). The activation of Akt/

mTOR, however, may result in maintenance of cell survival by inhibiting cell apoptosis. An 

earlier study has demonstrated that exposure to TCS at environmentally relevant 
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concentrations increased mRNA and protein expression of total-AMPK, as well as its 

activity in mussels (Goodchild et al. 2016). Furthermore, both in vitro and in vivo studies 

showed that TCS stimulated autophagy in non-phagocytic cells in a concentration-dependent 

manner by activating the AMPK/ULK1 and MAPK pathways, independent of the mTOR 

pathway (Wang et al. 2018). Gao et al (Cao et al. 2017) have shown that TCS inhibited the 

Akt-mTOR signaling pathway, decreasing fetal body weight. Additionally, various studies 

have reported that the Akt/AMPK-mTOR signaling pathways play an important role in 

mediating apoptosis, degeneration and necrosis induced by environmental contaminations, 

and aberrant activations of these pathways has been shown in various neurotoxic injuries and 

neurodegenerative diseases (Peres et al. 2018;Dinda et al. 2019;Muraleva et al. 2019;Rai et 

al. 2019). Multiple signal pathways have been shown to be related to the adverse effects of 

TCS in CNS, including Fas-dependent apoptosis, NMDAR-dependent ROS generation and 

necrosis, hippocampal Ca2+, AhR and Cyp1a1/Cyp1b1 pathways and caspase-3-dependent 

apoptosis etc (Szychowski et al. 2016;Arias-Cavieres et al. 2018;Szychowski et al. 2019). 

However, whether the Akt/AMPK-mTOR signal pathways are involved in TCS-induced 

neurotoxicity has yet to be established. The present study demonstrated that treatment with 

10 and 50 μM TCS suppressed the Akt/mTOR pathway by inhibiting the phosphorylation of 

Akt and mTOR in PC12 cells, but not the AMPK pathway, suggesting the potential roles of 

Akt/AMPK-mTOR signaling pathways in the mechanisms of TCS-induced neurotoxicity.

An in vivo study reported that the activations of JNK and p38 MAPK pathways in Sprague 

Dawley(SD) rat hypothalamus in a concentrations-dependent manner after exposed to 75 

~300 mg/kg/day TCS via gavage(Axelstad et al. 2013). Further, in vitro studies also have 

demonstrated that phosphorylation of p38 or JNK were involved in TCS-induced apoptosis 

in human thyroid follicular epithelial cell line Nthy-ori 3–1 cells, but not the MAPK/ERK 

pathway (Zhang et al. 2018). Co-treatment with NAC and TCS suppressed the 

phosphorylation of p38, suggesting that oxidative stress closely correlated with TCS-

induced activation of the p38 MAPK pathway. Additionally, other investigator showed that 

TCS treatment activated the phosphorylation of PI3K, ERK and Akt in JB6 Cl 41–5a cells in 

a concentration-dependent manner, but absent significant effects on the p38 MAPK pathway 

(Wu et al. 2015). In embryonic stem cells, low levels of TCS treatment specifically induced 

activation of the ERK MAPK pathway, rather than JNK or p38 MAPK pathway (Cheng et 

al. 2019). In contrast, Park et al(Park et al. 2016) reported that TCS treatment activated the 

phosphorylations of JNK and p38 in cultured rat NSCs, but decreased the phosphorylations 

of ERK, PI3K and Akt. Taken together, the above-mentioned studies indicate that p38 

pathway may play a critical role in TCS-induced ROS generation. Thus, the present study 

focused only on changes in p38 levels rather than other MAPKs. The results showed that 

TCS at the highest concentration (50 μM for 12 hr) activated the p38 phosphorylation. Our 

main findings are summarized in Fig. 6. The reasons for these somewhat contradictory 

results may be due to the different cell types, different doses and exposure periods of TCS 

that were used.

Conclusion

The current study demonstrated that at a certain concentration range TCS may cause PC12 

cells injury via decreasing their cell viability and inducing cell membrane damages. 
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Furthermore, the present study shows that TCS increase the mRNA and protein expressions 

of apoptosis-related gene Bax without alterations in Bcl-2. Additionally, the results indicate 

that the Akt/mTOR and p38 pathways, but not AMPK pathway, play a role in TCS-induced 

uncontrolled ROS generations. Given our finding, and the above mentioned inconsistencies 

in the effects of TCS in various cell types, future studies on TCS neurotoxicity could be 

profitably designed to further evaluate the mechanisms by which TCS affects the function of 

the nervous system, focusing on primary neurons, and/or in vivo studies.
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Highlights

• TCS is cytotoxic to PC12 cells causing a decrease in cell viability and 

inducing cell membrane damages.

• TCS increased mRNA and protein expressions of apoptosis-related gene Bax 

with no alterations in Bcl-2 in PC12 cells.

• TCS treatment increased the generation of reactive oxygen species (ROS) in 

PC12 cells, and pretreatment with N-acetyl cysteine (NAC-an inhibitor of 

ROS) normalized the ROS generations induced by TCS.

• TCS suppressed the Akt/mTOR pathway in PC12 cells, concomitant with 

activated the p38 MAPK pathway.
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Fig. 1. TCS effect on cell viability in PC12 cells
Cell viability was determined by MTT at different doses and time points of TCS treatment in 

PC12 cells. Treatment with 0.001–100 μM TCS for (A) 3 hr; (B) 6 hr; (C)12 hr; (D) 24 hr; 

(E) 48 hr. Data were expressed as the fold of cell viability relative to the Control. *p<0.05 or 

**p<0.01 vs. Control. N=6.
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Fig. 2. TCS effect on LDH release in PC12 cells
Integrity of cell membrane was determined at different doses and time points of TCS 

treatment in PC12 cells with the LDH assay. Treatment with 0.001–100 μM TCS for (A) 3 

hr; (B)6 hr; (C)12 hr; (D) 24 hr; (E) 48 hr. Data were expressed as the fold of LDH release 

relative to the Control. *p<0.05 or **p<0.01 vs. Control. N=6.
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Fig. 3. TCS effect on ROS in PC12 cells
ROS releases in PC12 cells were determined from different doses and time points of TCS 

treatment with DCFH-DA. Cells were treated with 1 and 10 μM TCS subsequent to 

pretreatment with 100 μM NAC for 1 hr. TCS treatment for (A) 30 min; (B) 1 hr; (C) 3 hr; 

(D) 6 hr. Data were expressed as the fold of ROS generation relative to Control.*p<0.05 or 

**p<0.01 vs. Control; #p<0.05 or ##p<0.01 vs. the TCS treatment group at the same time 

point. N=6.
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Fig. 4. TCS effect on mRNA and protein expressions of apoptosis-related proteins in PC12 cells
The mRNA and protein expressions of apoptosis-related genes (including Bax and Bcl-2) 

were assessed in PC12 cells after treated with 1, 10, 50 μM TCS for 12 hr by using RT-

qPCR and western blotting. Changes in mRNA expressions of Bcl-2 (A) and Bax (B) and 

Changes in protein expression of Bcl-2(C) and Bax (D) were measured. Band intensities 

were quantified with Image-Pro Plus 6.0. The protein expression of Bax and Bcl-2 were 

normalized to β-actin. Data were expressed as the fold of mRNA or protein expression of 

target genes relative to the Control. *p<0.05 or **p<0.01 vs. Control. N=5.
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Fig. 5. Effects of TCS on AMPK/Akt in PC12 cells
PC12 cells upon 1, 10 and 50 μM TCS treatment for 12 hr. Phosphorylation of (A) Akt; (B) 

AMPK; (C) mTOR; (D) p38 in PC12 cells. p-Akt, p-mTOR and p-p38 levels were 

normalized to total Akt, mTOR or p38, respectively. Phosphorylation of AMPK was 

normalized to β-actin. Western blotting was analyzed with Image-Pro Plus 6.0. Data was 

expressed as the fold of the protein expression of target proteins relative to the Control. 

*p<0.05 or **p<0.01 vs. Control. N=5.
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Fig. 6. Signaling pathways altered by TCS exposure.
Upon exposure to 50 μM TCS for 12 h, PC12 cells viability was decreased (A), and ROS 

production was increased (B). Both antiapoptotic proteins mTOR and Akt (C) display 

decreased phosphorylation. We also observed increased phosphorylation of p38 MAPK (D), 

which has been shown to participate in apoptosis. Due to increased expression of Bax (E), it 

is likely that apoptosis takes place. Treatment with N-acetyl cysteine (NAC) decreased ROS 

in this model (F). However it remains to be determined whether oxidative stress plays a role 

in the alterations observed in this study (G).
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