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nDNA, nuclear DNA; PBS, phosphate buffer solution; PI, propidium iodide; ROS, reactive 

oxygen species; TCEP, tris(2-chloroethyl)phosphate. 

 

Highlight  

TCEP induced G2/M cell cycle arrest and mitochondrial dysfunction through enhancement of 

mitochondrial oxidative stress and SIRT3 down-regulation in Chang liver cells. 
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Abstract 

Tris(2-chloroethyl)phosphate (TCEP) is a flame retardant in plastics. It is bio-accumulative 

and persistent in the environment and has been detected in ambient and indoor air, surface 

and groundwater, food, house dust, and consumer products. Studies showed that TCEP can 

cause damage to the liver, kidneys of rats. However, the mechanisms underlying TCEP 

remain unclear. To investigate effects of TCEP on the mitochondrial function and cell fate, 

Chang liver cells were treated with TCEP (3.12, 12.50, 50.00, and 200.00 mg/L) for 24 and 

48 h. The results showed that TCEP increased mitochondrial reactive oxygen species 

production, disrupted mitochondrial integrity and caused mitochondrial dysfunction, 

representing that increased intercellular free Ca
2+

 levels, decreased mitochondrial membrane 

potential and mitochondrial DNA copies as well as reduced ATP synthesis, and the G2/M 

cell cycle arrest with down-regulations of SIRT3, forkhead box O3a and manganese 

superoxide dismutase proteins. The findings suggest that TCEP caused cell cycle arrest 

through down-regulation of SIRT3 involved in mitochondrial oxidative stress. 

 

Keywords: tris(2-chloroethyl)phosphate; mitochondrial dysfunction; cell cycle arrest; 

SIRT3. 
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1. Introduction 

Tris(2-chloroethyl)phosphate (TCEP) is used in plastics and textiles as a flame retardant 

plasticizer. It is ubiquitously detected in the air, water, household dust samples 
1-4

, as well as 

human hair and breast milk samples 
5, 6

. TCEP is classified as carcinogenic (category 2) and 

toxic for reproduction (category 1B) 
7
. Several in vivo studies have shown that TCEP was 

metabolized into several metabolites, including bis(2-chloroethyl) carboxymethyl phosphate, 

bis(2-chloroethyl) hydrogen phosphate and glucuronide of bis(2-chloroethyl) 2-hydroxyethyl 

phosphate in urine of rodents 
8, 9

, additionally, potential linkages between TCEP and liver or 

kidney tumors were found in rodents 
10, 11

. 

Reactive oxygen species (ROS) often associated with earlier cellular events under 

physiological and pathological conditions 
12

. Several lines of evidence showed that ROS 

production affected cell viability and essential cellular functions 
13, 14

. Mitochondria not only 

generate adenosine triphosphate (ATP) and maintain intracellular Ca
2+

 homeostasis 
15

, but 

also are the main source of cellular ROS 
16

. It possess a multi-leveled ROS defense network 

of glutathione peroxidase, manganese-containing superoxide dismutase (MnSOD) 
17

. An 

imbalance between generation and removal of ROS inhibited mitochondrial Ca
2+

 

accumulation can increased free cytosolic Ca
2+ 

levels 
18

, decreased ATP synthesis 
19

, even led 

to cell cycle arrest and apoptosis 
20

. 

SIRT3 is a mitochondrial protein deacetylase. It regulates basal ATP synthesis 
21, 22

, 

enhanced mitochondrial anti-oxidative defense 
23

 and thereby reduced oxidative stress 
24

. 

SIRT3 directly deacetylated MnSOD and altered the enzymatic activity of MnSOD, and then 

scavenged mtROS 
25

. Additionally, SIRT3 interacted with forkhead box O3a (FoxO3a) in the 
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mitochondria, and induced FoxO3a expression to protect cells from oxidative stress and 

glucose-induced mitochondrial dysfunction in relation to overexpression of MnSOD 
26, 27

.  

The present study was designed to test a hypothesis that TCEP may provoke cytotoxicity 

and cell cycle arrest via a ROS-mediated mitochondrial dysfunction pathway in human liver 

cells. 

 

2. Materials and methods 

2.1. Chemicals 

TCEP, dimethyl sulfoxide (DMSO), 3-(4, 5-dimethyithiazol-2-yl)-2, 

5-diphenyl-tetrazolium bromide (MTT), neutral red, 

5,6-Chloromethyl-2,7-dichlorodihydrofluorescein diacetate (CM-H2DCFDA), RNAase, and 

propidium iodide (PI) were obtained from Sigma (Sigma-Aldrich Inc., St. Louis, MO, USA). 

RPMI (Roswell Park Memorial Institute)-1640 medium and fetal bovine serum (FBS) were 

purchased from GIBCO
® 

(Gibco BRL, Gaithersburg, MD, USA). A stock solution of TCEP 

(4 × 10
5
 mg/L) was made in DMSO, and a neutral red solution (50.00 µg/ml) was made in 

PRMI 1640 medium (pH6.8). Additionally, a stock solution of MTT (5.00 mg/ml) was 

prepared in phosphate buffer solution (PBS, pH7.5). 

2.2. Cell culture and treatment 

Chang liver cells (a human non-malignant liver cell line) were obtained from the Cell 

Bank of Type Culture Collection of Chinese Academy of Science (Shanghai, China). Cells 

were grown in RPMI-1640 medium supplemented with 10% FBS at 37°C in a 5% CO2, 95% 

air humidified atmosphere. After adherence, cells were treated with the fresh medium 
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containing TCEP (3.12, 12.50, 50.00 and 200.00 mg/L) or DMSO (as a solvent control, final 

concentration: < 0.1%). At 24 or 48 h after treatment, cells were harvested for further 

experiments.  

2.3. Cytotoxicity 

2.3.1. MTT assay 

The MTT assay was used to determine cell viability. Briefly, cells were seeded onto 

96-well plates at a density of 5 × 10
3
 cells per well for 18 h, and treated with TCEP at the 

indicated concentrations. At 24 and 48 h after treatment, cells were washed with PBS (pH7.5) 

and then incubated with the MTT solution (final concentration, 0.50 mg/ml) for 4 h. The 

MTT-formazan product was dissolved in 200 µl of DMSO. The absorbance was measured at 

570 nm using a microplate reader (BioTek Instruments Inc., Winooski, Vermont, USA). The 

cell viability was calculated according to the formula: cell viability (%) = 

(A570treated-A570blank) / (A570negative-A570blank) × 100%. 

2.3.2. Neutral red uptake assay 

The neutral red uptake assay was also used to assess cell viability. Briefly, cells were 

seeded onto 96-well plates at a density of 5 × 10
3
 cells per well, and treated with TCEP at the 

indicated concentrations. At 24 and 48 h after treatment, cells were washed in PBS (pH7.5), 

incubated with the neutral red solution (50.00 µg/ml) for 3 h, fixed with the formaldehyde 

solution (1%, v/v), cultured with elution medium (EtOH/AcOH, 50%/1%, 200 µl per well), 

and then followed by gentle shaking for 10 min to achieve a complete dissolution. The 

absorbance was recorded at 540 nm using a microplate reader (BioTek Instruments Inc., 

Winooski, Vermont, USA). The absorbance of the control wells was assumed to be 100%, 
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and the cell viability of the treated wells was determined with respect to the control wells. 

The lysosomal integrity (%) = (A540treated - A540blank) / (A540negative - A540blank) × 100%. 

2.4. Cell cycle analysis 

Cell cycle analysis was performed by propidium iodide (PI) staining and flow cytometry 

28
. Briefly, cells were seeded onto 6-well plates at a density of 1 × 10

5
 cells/well for 18 h. 

After attachment, cells were treated with TCEP at the indicated concentrations. At 24 and 48 

h after treatment, cells were harvested and resuspended in 500 µl PBS, fixed in 70% cold 

alcohol overnight, thereby stained with 10 µl PI (0.5mg/mL) and 5 µl RNase A (1 mg/mL) 

stock solutions at 37ºC in the dark for 1 h. The untreated cells as the negative control were 

simultaneously measured. Finally, samples were analyzed by flow cytometry (BD 

Biosciences, Franklin Lakes, NJ, USA). The nuclear DNA (nDNA) distribution was analyzed 

by ModFit 5.2 software (Verity Software House, Topsham, ME).  

2.5. Mitochondrial oxidative stress 

2.5.1. Mitochondrial ROS level 

The mtROS levels were detected according to the method described earlier 
29

. Briefly, 

cells were seeded in 90 mm petri dishes at a density of 1 × 10
6 

cells/dish for 18 h, and then 

treated with TCEP at the indicated concentrations. At 24 and 48 h after treatment, 

mitochondria were isolated from TCEP-treated cells using a commercial kit from Beyotime 

institute of biotechnology (Haimen, Jiangsu, China). The mitochondria were suspended in 

200 µl of the storage buffer and then incubated with 

5-(6)-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate (CM-H2DCFDA, 10 µM) at 

37ºC for 20 min. The fluorescence compound 2’,7’-dichlorofluorescein (DCF) was measured 
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immediately using a fluorescence plate reader (BioTek Instruments Inc., Winooski, Vermont, 

USA) with excitation at 485 nm and emission at 528 nm. Data were normalized to 

mitochondrial protein concentrations. The concentrations of mitochondrial proteins were 

determined by the BCA protein assay (Thermo Fisher Scientific Inc., MD, USA). 

2.5.2. MnSOD activity  

MnSOD activities were measured by a spectrophotometric method. Briefly, cells were 

seeded onto 6-well plates at a density of 1 × 10
5
 cells/well for 18 h, and then treated with 

TCEP at the indicated concentrations. At 24 and 48 h after treatment, cells were harvested 

and employed to measure MnSOD activity using a commercial kit (Nanjing Jiancheng 

Bioengineering Institute, Nanjing, Jiangsu, China). The MnSOD activity was expressed in 

units per gram protein. 

2.6. Mitochondrial damage and dysfunctions 

2.6.1. Mitochondrial membrane potential 

Cells were seeded onto 6-well plates at a density of 1 × 10
5
 cells/well for 18 h, and 

treated then with TCEP at the indicated concentrations. At 24 and 48 h after treatment, cells 

were harvested and then resuspended in 600 µl of 

5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethyl-benzimidazolcarbocyanine iodide (10 µg/ml, JC-1, 

Beyotime institute of biotechnology, Haimen, Jiangsu, China), and then incubated at 37ºC for 

30 min in the dark. The fluorescence value was measured by a FACSort flow cytometer (BD 

Biosciences, Franklin Lakes, NJ, USA). Data were analyzed by using the cellquest software 

(BD Biosciences, Franklin Lakes, NJ, USA). The mitochondrial membrane potential (MMP) 

was expressed as a ratio of percentages of the Q2 (JC-1, PE-A) and Q4 (JC-1, FITC-A). 
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2.6.2. Mitochondrial DNA copy number 

The copy number of mitochondrial DNA (mtDNA) were determined by quantitative PCR 

30
. Briefly, cells were seeded onto 6-well plates at a density of 1 × 10

5
 cells/well for 18 h. 

After attachment, cells were treated with TCEP at the indicated concentrations. At 24 and 48 

h after treatment, cells were harvested and then lysed. nDNA and mtDNA from the cells were 

isolated using a genomic DNA purification kit (Tiangen Biotech Co.LTD, Beijing, China) 

and a QIAamp DNA mini kit (Qiagen Sample & Assay Technologies, Shanghai, China), 

respectively. Quantification of DNA (nDNA and mtDNA) was determined using a NanoDrop 

ND-100 UV-Vis spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). 

mtDNA and nDNA (30 ng each) as the templates were used in the PCR reactions, 

respectively. The primer sequences for mitochondrial ND1 gene and nuclear gene 18S were 

as follows: ND1 forward primer: CCCTAAAACCCGCCACATCT; ND1 reverse primer: 

GAGCGATGGTGAGAGCTAAGGT; 18S forward primer: 

ACGGACCAGAGCGAAAGCAT; 18S reverse primer: 

GGACATCTAAGGGCATCACAGAC. The thermal cycling conditions were as follows: at 

50ºC for 2 min to digest, at 95ºC for 5 min to activate the DNA polymerase, followed by 40 

cycles at 95ºC for 15s to denaturant and at 60ºC for 60s to annealing/extension 
31

. All 

PCR-reactions were performed on a 7900HT Fast Real-Time PCR System (Applied 

Biosystems, Foster City, CA, USA), using SYBR green/ROX qPCR master mix (Thermo 

Fisher Scientific Co., Ltd, Beijing, China). The raw data obtained from real-time qPCR was 

analyzed by the comparative CT (∆∆CT) method 
32

. The results were expressed as a relative 

copy number of mtDNA per diploid nDNA. 
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2.6.3. Cellular ATP Level 

Cellular ATP levels were measured by a luciferase-based ATP assay kit (Beyotime 

institute of biotechnology, Haimen, Jiangsu, China), according to manufacturer's instruction. 

Briefly, cells were seeded onto 6-well plates at a density of 1 × 10
5 

cells/well for 18 h. After 

attachment, cells were treated with TCEP at the indicated concentrations. At 24 and 48 h after 

treatment, cells were harvested and then lysed. Cellular ATP level was measured using a 

microplate reader (BioTek Instruments Inc., Winooski, Vermont, USA). The ATP level was 

normalized with the total protein in lysates of the cells and was expressed as micromole per 

gram total protein. 

2.6.4. Intracellular free Ca
2+ 

level 

Intracellular free Ca
2+

 levels were measured by the reported method 
33

 with a 

modification. Briefly, cells were seeded onto 6-well plates at a density of 1 × 10
5 

cells/well 

for 18 h. After attachment, cells were treated with TCEP at the indicated concentrations. At 

24 and 48 h after treatment, cells were harvested, washed and loaded with Fluo3-AM (3 µM, 

Beyotime institute of biotechnology, Haimen, Jiangsu, China) for 1 h at 37ºC in the dark. The 

mean fluorescence intensity was detected by a FACSort flow cytometer (BD Biosciences, 

Franklin Lakes, NJ, USA), with excitation at 488 nm and emission at 525 nm. Data were 

analyzed by using the CellQuest software (BD Biosciences, Franklin Lakes, NJ, USA). 

2.7. SIRT3 transcriptional expression 

SIRT3 transcriptional expression was detected by quantitative real-time PCR. Briefly, 

cells were seeded onto 6-well plates at a density of 1 × 10
5
 cells per well for 18 h. After 

attachment, cells were treated with TCEP at the indicated concentrations. The harvested cells 
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were washed three times with PBS (pH7.5), and then used to isolate total RNA by the 

RNAprep pure cell kit (Tiangen biotech Co., LTD., Beijing, China). The first strand cDNA 

was synthesized using the RevertAid First Strand cDNA Synthesis kit (Thermo Fisher 

Scientific Inc., MD, USA) according to the manufacturer’s instructions. The primers were 

synthesized by Shengon Biotech Co., Ltd. (Shanghai, China). The primer sequences for 

SIRT3 and GAPDH genes were as follows: forward primer for SIRT3: 

TGGAAACTACAAGCCCAACG, reverse primer for SIRT3: 

ACACTCTCTCAAGCCCATCG; forward primer for GAPDH: 

GAAATCCCATCACCATCTTCCAGG, reverse primer for GAPDH 

AGCTTCCCGTTCTCAGCCTT. Quantitative real-time PCR was performed using SYBR® 

Green qPCR SuperMix-UDG kit (Thermo Fisher Scientific Inc., Beijing, China) according to 

the manufacturer’s instruction. Each reaction was consisted of 0.2 µl (10 µM) each of primer, 

2 µl of the cDNA product, 5 µl of 2 × SYBR Green PCR Master Mix) and 2.6 µl RNA 

enzyme-free water. Real-time qPCR reactions were performed on ABI 7900 HT Fast Real 

Time PCR system (Applied Biosystem, Foster City, CA, USA). RT-PCR conditions were as 

follows: one cycle at 50ºC for 2 min, at 95ºC for 5 min, followed by 40 cycles at 95ºC for 15 

s, and finally at 60ºC for 60 s. The raw data from the quantitative real-time PCR was 

analyzed by the comparative CT (∆∆CT) method 
32

. 

2.8. Proteins expression 

2.8.1 Immunofluorescence staining 

SIRT3 protein expression was detected by Immunofluorescence staining. Briefly, cells 

firstly seeded onto 6-well plates at a density of 1 × 10
5
 cells per well for 18 h, and were 
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treated with TCEP at the indicated concentrations for 24 and 48 h. The treated-cells were 

fixed for 15 min with paraformaldehyde (v/v: 4%), permeabilized with Triton-X-100 (v/v: 

0.1%) in PBS (pH7.5) at room temperature for 20 min, and blocked with BSA (w/v: 1%) at 

37ºC for 1 h. Finally, cells were incubated with the primary antibody (rabbit monoclonal 

anti-SIRT3 antibody, 5 µg/mL) at 4ºC overnight, rinsed in PBS (pH7.5) for three times and 

incubated with goat anti-rabbit Dylight-conjugated secondary antibody (1:5000) at room 

temperature for 2 h, and the cellular nuclei were counterstained with 1 µg/mL DAPI. The 

cells were visualized with a confocal scanning laser microscopy system (400 ×, Olympus 

FV-500, Tokyo, Japan). The images were reconstructed for stereopair images with 

FLUO-VIEW software (Olympus, Tokyo, Japan) by an independent observer over five 

individual pictures. The mean fluorescence intensity of SIRT3 expression was analyzed using 

Image pro-Plus 6.0 software (Olympus, Tokyo, Japan). The expression of SIRT3 protein were 

expressed as the mean of fluorescence density. 

2.8.2 Western blotting 

The protein expression of SIRT3, FoxO3a and MnSOD was detected by western blotting. 

Briefly, cells were seeded in 60 mm petri dish at a density of 4 × 10
5
 cells/dish for 18 h. After 

attachment, cells were treated with TCEP at the indicated concentrations. At 24 and 48 h after 

treatment, cells were harvested and lysed in the lysis buffer containing 1 mM 

phenylmethylsulfonyl fluoride (Beyotime institute of biotechnology, Haimen, Jiangsu, China). 

Each sample (30-40 µg) was loaded and electrophoresed on 10% SDS–polyacrylamide gels. 

The resolved proteins were transferred to polyvinylidene fluoride membranes (Pall 

Corporation, NY, USA). The membrane was incubated with the appropriate primary antibody, 
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including anti-SIRT3 antibody (1:500, abcam
®

, Cambridge, MA, USA), anti-FoxO3a 

antibody, anti-MnSOD antibody (1:500, Bioworld Technology, Inc., Nanjing, China) and 

anti-GAPDH antibody (1:5000, Bioworld Technology, Inc., Nanjing, China) in blocking 

buffer (5% dried non-fat milk in Tris-buffered saline) at 4ºC overnight. Membranes were then 

incubated with the appropriate horseradish peroxidase-conjugated goat anti-rabbit IgG 

HRP-conjugated secondary antibody (1:5000, Bioworld technology, Inc., Nanjing, China) at 

room temperature for 2 h, and then the reaction was detected with a Gene Gnome imaging 

system (Syngene Inc., Frederick, MD, USA). The relative densities of the protein bands were 

analyzed using the Gene tool software (Syngene Inc., Frederick, MD, USA).  

2.9. Statistical Analysis 

All data were processed with SPSS 12.0 for Windows (SPSS Inc., Chicago, IL, USA). 

Data were presented as means ± SD. The statistical significance of differences was 

determined by one-way analysis of variance (ANOVA), followed by Dunnett’s multiple 

comparison post hoc test or Student's t tests. A value of p < 0.05 was considered statistically 

significant. 

 

3. Results 

3.1. TCEP-induced hepatotoxicity 

The results from MTT assay showed that at 24 and 48 h after treatment, TCEP reduced 

the cell viability in a dose-dependent manner (*p < 0.05 or #p < 0.01, Fig. 1A); similar results 

from the neutral red uptake assay were observed (*p < 0.05 or #p < 0.01, Fig. 1B). 

3.2. TCEP-induced cell cycle arrest 
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To identify effects of TCEP on cell cycle arrest, cellular DNA content was detected by PI. 

Cell cycles were arrested at G2/M phase in the 3.12 and 50.00 mg/L TCEP groups at 24 h (*p 

< 0.05 for both, Fig. 2A), and in all TCEP-treated groups at 48 h (*p < 0.05 or #p < 0.01, Fig. 

2B). 

3.3. TCEP-induced mitochondrial oxidative stress 

To evaluate mitochondrial oxidative stress status in cells, the mtROS levels and MnSOD 

activities were detected. At 24 and 48 h after treatment, increased mtROS levels were found 

in the 50.00 and 200.00 mg/L TCEP-treated groups (*p < 0.05 or #p < 0.01, Fig. 3A). The 

MnSOD activity was reduced only in the 200.00 mg/L TCEP group at 24 h, and in all 

TCEP-treated groups at 48 h (*p < 0.05 or #p < 0.01, Fig. 3B). The reduction of MnSOD 

activities might partially cause the increase of mtROS production. 

3.4. TCEP-induced mitochondrial dysfunctions 

To determine whether TCEP affected mitochondrial function and integrity, we measured 

changes in MMP, mtDNA copy number, ATP level and intracellular free Ca
2+

 concentration. 

TCEP decreased MMP in all TCEP-treated groups at 24 h, but only in the 200.00 mg/L TCEP 

group at 48 h (*p < 0.05 or #p < 0.01, Figs. 4). TCEP reduced relative mtDNA copy number 

in all TCEP-treated groups at 24 and 48 h (*p < 0.05 or #p < 0.01, Fig. 5), in a 

dose-independent manner. TCEP decreased intracellular ATP levels in all TCEP-treated 

groups at 24 h, but only in the 200.00 mg/LTCEP group at 48 h (*p < 0.05, Fig. 6). TCEP 

increased intracellular free Ca
2+

 concentrations in the 50.00 and 200.00 mg/L TCEP groups at 

24 and 48 h (#p < 0.01 for all, Figs. 7A-C).  

3.5. Regulators involved in TCEP-induced mitochondrial dysfunction  

Page 14 of 35Toxicology Research

To
xi

co
lo

gy
R

es
ea

rc
h

A
cc

ep
te

d
M

an
us

cr
ip

t



 

15 

 

Results from the RT-PCR and immunofluorescence staining showed that TCEP 

down-regulated the expression of SIRT3 at both mRNA and protein levels at 24 and 48 h 

after treatment (*p < 0.05 or #p < 0.01, Figs. 8A-C). Results from the western blotting 

indicated that TCEP down-regulated the expression of FoxO3a protein in all TCEP-treated 

groups, and of SIRT3 protein in the > 3.12 mg/L TCEP groups, as well as of MnSOD protein 

only in the 200.00 mg/L TCEP group at 24 and 48 h after treatment (*p < 0.05 or #p < 0.01, 

Figs. 9A-C). 

 

4. Discussion 

Previous studies have shown that TCEP is widely distributed in the environment 

including household dust (0-7605 ng/g), surface water (92-2620 ng/L), and drinking water 

(0-26.2 ng/L) samples 
34-36

. Average levels of occupational exposure to TCEP (such as uses 

of TCEP in producing polymers and formulations) varied from 420 mg/person/day to 2500 

mg/person/day 
7
. TCEP was also detected in human biological samples, such as human breast 

milk (ranging from 0.14 to 42 ng/g lipid weight) and human hair (maximum concentration: 

1950 ng/g dry weight) 
5, 6

. Moreover, TCEP at the concentrations ranging between 10 µg/L 

and 2500 mg/L was used for in vitro studies on cytotoxicity 
37, 38

. Thus, based on the results 

of previous studies and our own preliminary experiments, TCEP with a range from 3.12 to 

200.00 mg/L was used in this study.  

Chang liver cells were isolated from non-malignant human liver tissue. They are often 

used to create an in vitro model to investigate the liver toxicities of chemicals. In the present 

study, TCEP markedly reduced the cell viability at the concentrations of > 3.12 mg/L. 
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Several studies reported that TCEP reduced cell viabilities of PC12 cells at the concentrations 

≥ 40 µM (equal to 11.42 mg/L) 
39

 and of primary cultured rabbit renal proximal tubule cells 

at the concentrations ≥ 10.00 mg/L 
38

. Thus, the results implied that Chang liver cells may be 

more sensitive to TCEP-induced toxicity than either PC12 cells or primary cultured rabbit 

renal proximal tubule cells.  

Mitochondrial oxidative stress is an early event. In vitro studies showed that 

mitochondrial oxidative stress caused decreases in the MMP and mtDNA copy number; and 

increased the cytoplasmic free Ca
2+

 levels and reduced ATP synthesis, and ultimately lead to 

mitochondrial dysfunction 
40, 41

. Chen et al. recently reported that TCEP could induce 

oxidative stress in TM3 cells 
42

. We found that TCEP induced the mitochondrial oxidative 

stress (Fig. 3), disrupted mitochondrial integrity (Figs. 4 and 5), and led to mitochondrial 

dysfunctions (Figs. 6 and 7), indicating that there was a linkage between mtROS and 

intercellular calcium deregulation or reduced ATP synthesis in TCEP-treated Chang liver 

cells. 

Mitochondria contain large numbers of key molecules that regulate cell survival, death, 

metabolic pathways. Therefore, mitochondrial dysfunction can cause cell cycle arrest, 

senescence and apoptosis 
19, 43-45

. SIRT3 is a critical regulator for maintaining mitochondrial 

integrity and function by modulating oxidative stress pathways. SIRT3 deacetylates certain 

metabolic and respiratory enzymes (such as MnSOD) to prevent excessive accumulation of 

mtROS 
46, 47

. Whereas, SIRT3 overexpression antagonized oxidative stress in human diploid 

fibroblasts 
48

. We observed that TCEP downregulated SIRT3 and MnSOD proteins, 

decreased MnSOD enzymatic activity, and then attenuated scavenging of mtROS, led to 
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mitochondrial oxidative stress. Studies reported that knockout SIRT3 caused mitochondrial 

or cellular ROS in mouse embryonic fibroblasts 
46

, while SIRT3-FOXO3a-MnSOD signaling 

was involved in mitochondrial oxidative stress 
49

. SIRT3 directly deacetylated MnSOD and 

altered MnSOD enzymatic activity 
50

. The results showed that TCEP induced mitochondrial 

oxidative stress, mitochondrial dysfunction, and ultimately led to G2/M cell cycle arrest in 

Chang liver cell, accompanied by attenuating the scavenging of mtROS in Chang liver cells. 

The above results indicated that TCEP may induce cell cycle arrest in Chang liver cells 

through SIRT3 down-regulation and a ROS-mediated mitochondrial dysfunction pathway. 
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Figure legends 

Fig. 1.  Cytotoxicity of TCEP-treated Chang liver cells. Cells were treated with TCEP (3.12, 

12.50, 50.00 and 200.00 mg/L) for 24 and 48 h. DMSO diluted in RPMI-1640 medium was 

used as the solvent control (final concentration: < 0.1%). Cell viability was measured by 

either the MTT assay (A) or the neutral red staining method (B). Cell viability of 

TCEP-treated cells was expressed as a percentage of untreated cells. Results are 

representative of at least three independent experiments (mean ± SD). The relative 

absorbance values of the controls from three independent experiments were obtained from the 

MTT assay and neutral red cell viability assay, and assumed to be 100%. The symbols denote 

statistically significant differences compared with the control group: *p < 0.05, #p < 0.01. 

 

Fig. 2.  Effects of TCEP on cell cycle arrest in Chang liver cells. Cells were treated with 

TCEP (3.12, 12.50, 50.00 and 200.00 mg/L) for 24 (A) and 48 h (B). DMSO diluted in 

RPMI-1640 medium was used as the solvent control (final concentration: < 0.1%). Cell 

cycles in TCEP-treated cells were detected by flow cytometry. The cell cycle distribution is 

expressed as the percent of the total cells in each phase by dividing the number of cells in a 

given phase. Results are represented by the mean ± SD of three individual experiments. The 

symbols denote statistically significant differences compared with the control group: *p < 

0.05, #p < 0.01. 

 

Fig. 3.  Effects of TCEP on mitochondrial oxidative stress in Chang liver cells. Cells were 

treated with TCEP (3.12, 12.50, 50.00 and 200.00 mg/L) for 24 and 48 h. DMSO diluted in 

Page 22 of 35Toxicology Research

To
xi

co
lo

gy
R

es
ea

rc
h

A
cc

ep
te

d
M

an
us

cr
ip

t



 

23 

 

RPMI-1640 medium was used as the solvent control (final concentration: < 0.1%). (A) 

Levels of mtROS formation in TCEP-treated cells were measured by a fluorescence 

spectroscopy method. (B) Cellular manganese superoxide dismutase (MnSOD) activities 

were assessed using a MnSOD assay kit. The MnSOD activity is expressed as units per gram 

protein. Results are represented by the mean ± SD of three individual experiments. The 

symbols denote statistically significant differences compared with the control group: *p < 

0.05, #p < 0.01. 

 

Fig. 4.  Effects of TCEP on mitochondrial membrane potential in Chang liver cells. Cells 

were treated with TCEP (3.12, 12.50, 50.00 and 200.00 mg/L) for 24 and 48 h. DMSO 

diluted in RPMI-1640 medium was used as the solvent control (final concentration: < 0.1%). 

Mitochondrial membrane potentials (MMP) in TCEP-treated cells were assayed by flow 

cytometry. (A) Representative quadrant plots for each treatment. (B) The bar chart of MMP. 

The MMP is expressed as a ratio of the percentage of cells in Q2 and the percentage of cells 

in Q4. Results are represented by the mean ± SD of three individual experiments. The 

symbols denote statistically significant differences compared with the control group: *p < 

0.05, #p < 0.01.  

 

Fig. 5.  Effects of TCEP on mitochondrial DNA copy number in Chang liver cells. Cells 

were treated with TCEP (3.12, 12.50, 50.00 and 200.00 mg/L) for 24 and 48 h. DMSO (< 

0.1%) in RPMI-1640 medium was used as the solvent control. Mitochondrial DNA (mtDNA) 

copy numbers in TCEP-treated cells were determined by a quantitative real-time PCR. The 
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mitochondrial copy number is expressed as a relative copy number of mtDNA per diploid 

nDNA. Results are represented by the mean ± SD of three individual experiments. The CT 

values of the controls from three independent experiments were obtained from real time PCR, 

and assumed to be 1.00. The symbols denote statistically significant differences compared 

with the control group: *p < 0.05, #p < 0.01. 

 

Fig. 6.  Effects of TCEP on mitochondrial ATP synthesis in Chang liver cells. Cells were 

treated with TCEP (3.12, 12.50, 50.00 and 200.00 mg/L) for 24 and 48 h. DMSO diluted in 

RPMI-1640 medium was used as the solvent control (final concentraiton: < 0.1%). 

Intracellular ATP levels in TCEP-treated cells were measured using ATP assay kit (Beyotime 

institute of biotechnology, Haimen, Jiangsu, China). The ATP level is expressed as 

micromole per gram protein. Results are represented by the mean ± SD of three individual 

experiments. The symbols denote statistically significant differences compared with the 

control group: *p < 0.05, #p < 0.01. 

 

Fig. 7.  Effects of TCEP on the intracellular free Ca
2+

 levels in Chang liver cells. Cells were 

treated with TCEP (3.12, 12.50, 50.00 and 200.00 mg/L) for 24 and 48 h. DMSO diluted in 

RPMI-1640 medium was used as the solvent control (final concentraion: < 0.1%). The 

intracellular free Ca
2+

 levels in TCEP-treated cells were assayed by flow cytometry. (A) 

Representative single parameter histogram plots for each treatment. (B) Representative 

composite diagram by Photoshop software for each treatment. (C) The bar chart of 

intracellular free Ca
2+

 levels. The intracellular free Ca
2+

 level is expressed as mean 
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fluorescence intensity of Fluo-3. Results are represented by the mean ± SD of three 

individual experiments. The symbols denote statistically significant differences compared 

with the control group: #p < 0.01. 

 

Fig. 8. Effects of TCEP on the expression of SIRT3 mRNA and protein in Chang liver cells. 

Cells were treated with TCEP (3.12, 12.50, 50.00 and 200.00 mg/L) for 24 and 48 h, 

respectively. DMSO diluted in RPMI-1640 medium was used as the solvent control (final 

concentraiton: < 0.1%). (A) The expression of SIRT3 mRNA in TCEP-treated cells were 

detected by real time PCR. (B) The expression of SIRT3 protein in TCEP-treated cells were 

detected by immunofluorescence. (C) The bar chart of SIRT3 mean density. Results are 

represented by the mean ± SD of three individual experiments. The symbols denote 

statistically significant differences compared with the control group: *p < 0.05, #p < 0.01. 

 

Fig. 9.  Effects of TCEP on the expression of regulatory proteins (FoxO3a, SIRT3 and 

MnSOD) in Chang liver cells. Cells were treated with TCEP (3.12, 12.50, 50.00 and 200.00 

mg/L) for 24 (A) and 48 h (B), respectively. DMSO (< 0.1%) in RPMI-1640 medium was 

used as the solvent control. The expression of the studied proteins was analyzed by Western 

blotting. (C) The bar chart of the relative expression of proteins. Results are represented by 

the mean ± SD of three individual experiments. The symbols denote statistically significant 

differences compared with the control group: *p < 0.05, #p < 0.01. 
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