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Abstract

The biological consequences of exposure to piperidine nitroxides is a concern, given their 

widespread use in manufacturing processes and their potential use in clinical applications. Our 

previous study reported that TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl), a low molecular 

weight free radical, possesses pro-oxidative activity in L5178Y cells. In this study, we investigated 

and characterized the role of reactive oxygen species (ROS) in TEMPO-induced toxicity in 

L5178Y cells. We found that TEMPO induced time-and concentration-dependent intracellular 

ROS production and glutathione depletion. TEMPO also induced apoptosis as demonstrated by 

increased caspase-3/7 activity, an increased proportion of annexin V stained cells, and decreased 

expression of anti-apoptotic proteins including Bcl-2, Bcl-xL and Mcl-1. N-acetylcysteine, a ROS 

scavenger, attenuated the ROS production and apoptosis induced by TEMPO. Moreover, Western 

blot analyses revealed that TEMPO activated γ-H2A.X, a hallmark of DNA damage, and c-Jun N-

terminal kinases (JNK), a key member in the mitogen-activated protein kinase (MAPK) signaling 

pathway. Addition of SP600125, a JNK-specific inhibitor, blocked TEMPO-mediated JNK 

phosphorylation and also attenuated TEMPO-induced apoptosis. These findings indicate that both 

ROS production and JNK activation are involved in TEMPO-induced apoptosis, and may 

contribute to the toxicity of TEMPO in L5178Y cells.
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1. Introduction

Piperidine nitroxides are a group of low molecular weight, cell-permeable, and stable 

organic free radicals [1–3]. They have been proposed as a new class of antioxidants due to 

their ability to prevent oxidative damage in various biological systems, both in vivo and in 
vitro [4–6]. TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl, C9H18NO) is one of the most 

frequently used piperidine nitroxide catalysts in organic and pharmaceutical syntheses. 

TEMPO has shown its protective properties in a variety of pathological situations related to 

oxidative stress, including radiation injury [7], protein oxidation [8], and ischemia/

reperfusion injury [9]. Recently, a nitroxide radical-containing nanoparticle, which 

incorporates TEMPO in its core, has been synthesized for therapeutic purposes [10,11]. The 

widespread use of TEMPO in the manufacturing process and potential clinical applications 

raise safety concerns; however, mechanistic studies evaluating the toxicity of TEMPO are 

limited [12–14].

TEMPO, like all other antioxidants, demonstrates pro-oxidative activity under certain 

conditions, conditions that are likely associated with toxicity and genotoxicity [2]. In a 

previous study, we evaluated TEMPO-induced genotoxicity and also investigated the 

intracellular production of reactive oxygen species (ROS). We found that there was oxidative 

stress in TEMPO-treated cells [15]. Oxidative stress, due to overproduction of ROS and 

depletion of antioxidant capacity, is reported to have destructive effects on lipids, DNA, 

RNA, and proteins [16].

Generation of ROS in response to various stimuli may trigger apoptosis under both 

physiological and pathological conditions [17]. The B-cell lymphoma-2 (Bcl-2) protein 

family, composed of pro-apoptotic members such as Bax, Bak, Bid, Bik, Bim, and Puma, 

and anti-apoptotic members such as Bcl-2, Bcl-xL, and Mcl-1, are well-characterized factors 

in regulating apoptotic cell death [18,19]. The balance of expression between pro- and anti-

apoptotic signals determines cell fate, i.e., cell death from apoptosis, from necrosis, or 

survival [20]. ROS, generated in mitochondria and other sources, have been shown to be 

mediators of apoptosis, cell proliferation, and cell death [17]. Several studies have reported 

that perturbation in the expression of Bcl-2 family proteins mediates ROS-induced 

apoptosis, which occurs through various pathways [21–24].

Mitogen-activated protein kinase (MAPK) is one of the reported signaling pathways 

associated with ROS and apoptosis [25,26]. MAPKs are essential for transducing 

extracellular signals to the intracellular machinery that regulates cellular processes [27]. 

Mammalian cells have three well-defined subgroups of MAPKs: the extracellular signal 

regulated kinases (ERKs), the c-Jun N-terminal kinases (JNKs), and the p38 MAP kinases. 

The last two subgroups can be activated by apoptosis signal-regulating kinase 1 (ASK1), a 

member of the MAP3K family. MAPKs can be activated by phosphorylation of their specific 

substrates at serine and/or threonine residues in response to a wide range of environmental 

stimuli, including DNA damage, ischemia, UV irradiation, and oxidative stress [28]. A close 

correlation has been reported between MAPK signaling pathway activation and oxidative 

stress in chemical-induced toxicity; and recent studies have demonstrated that ROS-induced 
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DNA damage as an upstream event that may cause JNK activation through various pathways 

[29].

Previously, we have demonstrated that TEMPO can induce oxidative stress in mouse 

lymphoma L5178Y cells [15]. Extending this earlier work, the present study investigates the 

underlying mechanisms of TEMPO-associated toxicity, particularly the roles of ROS and 

MAPK signaling. Our results demonstrate that TEMPO induces oxidative stress and 

apoptosis in a concentration-dependent manner. These toxic effects could be reduced by the 

addition of an ROS scavenger or a JNK-specific inhibitor, thereby demonstrating that 

TEMPO-induced apoptosis and cytotoxicity are, at least in part, mediated by oxidative stress 

and activation of JNK in the MAPK pathway.

2. Materials and methods

2.1. Materials and reagents

2,2,6,6-Tetramethylpiperidine 1-oxyl (TEMPO, C9H18NO, CAS #2564-83-2), dimethyl 

sulfoxide (DMSO), and N-acetyl-L-cysteine (NAC) were purchased from Sigma (St. Louis, 

MO). MnTBAP chloride {4-[10,15,20-tris(4-Carboxyphenyl)porphyrin-22,24-diid-5-

yl]benzoic acid manganese(III) chloride} was purchased from Abcam (Cambridge, MA). 

Fischer’s medium was obtained from Quality Biological (Gaithersburg, MD). 2′,7′-
dichlorodihydrofluorescein diacetate (H2DCFDA), and all other cell culture supplies were 

acquired from Invitrogen Life Technologies (Carlsbad, CA). For Western blotting assay, the 

primary antibodies against Bcl-2 (#2870), Bcl-xL (#2764), Mcl-1 (#5453), Bax (#2772), 

JNK (#9258), phospho-JNK (p-JNK) (#4668), p38 (#8690), phospho-p38 (p-p38) (#4511), 

ERK1/2 (#4695), phospho-ERK1/2 (p-ERK1/2, #4370), phospho-histone H2A.X (γ-

H2A.X, #2577), caspase-3 (#9665), and cleaved caspase-3 (#9664) were purchased from 

Cell Signaling Technology (Danvers, MA). GAPDH (#sc-365062) and β-actin (#A2228) 

were obtained from Santa Cruz (Dallas, TX) and Sigma, respectively. The Pierce BCA 

Protein Assay kit and RIPA buffer were obtained from Thermo Scientific (Rockford, IL).

2.2. Cell culture and treatment with TEMPO

The L5178Y/Tk+/− 3.7.2C mouse lymphoma cell line was used for this study. The cells were 

cultured in Fischer’s medium for leukemic cells of mice containing L-glutamine and 

supplemented with penicillin (100 units/mL), streptomycin (100 μg/mL), pluronic F68 

(0.1%), sodium pyruvate (1 mM), and heat-inactivated horse serum (10%). TEMPO working 

solutions (100×) were prepared just prior to use by dissolving TEMPO in DMSO. Unless 

stated otherwise, 6 × 106 cells in a total volume of 10 mL medium with 5% horse serum 

were exposed to different concentrations of TEMPO or vehicle control (DMSO) for 4 h. The 

final concentration of DMSO in the medium was 1%. After exposure, the cells were 

harvested immediately for use in the following assays.

2.3. Cell viability assay

The alamarBlue assay (Invitrogen Life Technologies, Carlsbad, CA) uses the reducing 

power of living cells to quantify cell viability and proliferation. Following a 4-h exposure, 

100 μL of cells treated with TEMPO at various concentrations were seeded in the wells of 
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96-microwell plates in quadruplicates, and 10 μL alamarBlue reagent were added to each 

well. The plates were incubated at 37 °C in a humidified incubator with 5% CO2 in air for 1 

h. Fluorescence was measured using wavelengths of 530 nm for excitation and 590 nm for 

emission in a Synergy H4 Hybrid multimode microplate reader (BioTek, Winooski, VT).

2.4. Measurement of cellular ATP levels and caspase 3/7 activities

The CellTiter-Glo Luminescent Cell Viability Assay and the Caspase-Glo 3/7 Assay 

(Promega, Madison, WI) were used to determine ATP levels and caspase 3/7 activities, 

respectively, in TEMPO-treated L5178Y cells. According to the manufacturer’s manual, 

after the 4-h treatment, 3 × 104 or 1 × 104 cells (for the ATP assay or caspase 3/7assay, 

respectively) were dispensed into the wells of a 96-well white flat-bottomed plate in 

quadruplicate. Fifty microliters of reaction reagent were added into each well. Following a 

short incubation, luminescence was recorded with a Synergy H4 Hybrid microplate reader.

2.5. Detection of mitochondria membrane potential

JC-1dye was used to determine changes in mitochondrial membrane potential (MMP). JC-1 

is a membrane-permeable lipophilic cationic fluorochrome. Its accumulation in 

mitochondria is membrane-potential-dependent. Under high mitochondrial potential, JC-1 

forms a red-fluorescent aggregate (dimer) spontaneously [30]. When the mitochondrial 

membrane depolarizes, JC-1 cannot be taken up by the mitochondria and remains in the 

cytoplasm as monomers (green), resulting in a decrease in the red/green ratio. Following 

treatment, cells were harvested, resuspended in basic medium containing 2.5 μg/mL 

JC-1dye, and incubated in the dark for 30 min at 37 °C. Then the cells were washed twice 

and resuspended in PBS, and fluorescence was read using a Synergy H4 Hybrid microplate 

reader. The ratio of JC-1 dimers to monomers was calculated as a measure of MMP.

2.6. The apoptosis and necrosis assay

The fractions of apoptotic and necrotic cells were quantified using the FITC Annexin V 

Apoptosis Detection Kit I (BD Biosciences, San Jose, CA) following the 4-h treatment. 

Briefly, cells were collected and washed twice with cold PBS, and then resuspended in 

binding buffer at a concentration of 1 × 106 cells/mL. One hundred microliters of cell 

suspension were incubated with 5 μL FITC Annexin V and 5 μL propidium iodide (PI) for 

15 min at room temperature in the dark. The stained cells were diluted with 400 μL of 

binding buffer and analyzed on a FACSCantoII flow cytometer (BD Biosciences).

2.7. Measurement of ROS

Intracellular ROS production was assessed using H2DCF-DA staining [15]. Cells were 

treated with 5 μM H2DCF-DA for 30 min at 37 °C in the dark. The cells were washed with 

PBS to remove unincorporated dye, and then treated with 0.1–5 mM TEMPO in phenol-red-

free medium. Subsequently, the treated cells were transferred into a 96-well plate at a 

concentration of 1 × 104-cells/well, using four replicate wells per treatment condition. 

Initially, fluorescence was measured within 10 min of treatment using wavelengths of 485 

nm for excitation and 528 nm for emission. The plate was incubated at 37 °C with 5% CO2 

and the fluorescence intensity was measured at 1-h and 4-h time points on Synergy reader.
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2.8. Measurement of glutathione levels

The intracellular reduced glutathione (GSH) levels were measured immediately after the 4-h 

treatment of L5178Y cells with different concentrations of TEMPO using GSH-Glo Assay 

kit (Promega) as described previously [15]. Total glutathione, including GSH and oxidized 

glutathione (GSSG), and GSH/GSSG ratios in treated cells were measured using GSH/

GSSG-Glo Assay kit (Promega) as described by the manufacturer.

2.9. Western blot analysis

Western blot analysis was performed as described previously [25]. Briefly, following the 4-h 

treatment, cells were washed with cold PBS and lysed with RIPA buffer containing 1× Halt 

Protease Inhibitor Cocktail (Thermo Fisher Scientific, Rockford, IL). A Pierce BCA protein 

assay kit (Thermo Fisher Scientific) was used to determine the protein concentration in cell 

lysates. The primary antibodies were against Bcl-2, Bcl-xL, Mcl-1, Bax, JNK, p-JNK, p38, 

p-p38, ERK1/2, p-ERK1/2, γ-H2A.X, caspase-3, and cleaved caspase-3. GAPDH and β-

actin were used as internal controls. Following an incubation with the horseradish 

peroxidase-conjugated secondary antibody (goat anti-mouse or anti-rabbit monoclonal IgG), 

the protein signals were detected by chemiluminescence and imaged with FluorChem E 

System (ProteinSimple, San Jose, CA). The intensity of each band was also quantified with 

FluorChem E System.

2.10. Data analysis

All data are presented as mean ± standard deviation (SD) from at least three independent 

experiments. Statistical analyses were performed using SigmaPlot 11.0 (Systat Software, 

San Jose, CA). Differences between groups were evaluated by one-way analysis of variance 

(ANOVA) followed by Dunnett’s test for pairwise comparisons to vehicle control. A t-test 

was used for paired comparison of two treatment groups. The differences were considered 

statistically significant when the p value was <0.05.

3. Results

3.1. TEMPO induces cytotoxicity in L5178Y cells

The cytotoxicity of TEMPO was assessed by cell proliferation measurement using the 

reducing power of living cells (alamarBlue assay); and in parallel, ATP levels were 

determined in order to evaluate energy metabolism. Treatment of TEMPO for 4 h decreased 

cellular ATP content significantly, with the effect starting at 2 mM and decreasing in a 

concentration-dependent manner (Fig. 1A). A significant decrease in cell viability was 

observed only at 5 mM, the highest concentration tested in this study (Fig. 1B). These 

results indicate that ATP depletion occurs prior to a reduction in L5178Y cell proliferation, 

which implies that mitochondrial dysfunction is an early effect of TEMPO, because ATP is 

produced in the mitochondria. Accordingly, we tested whether or not TEMPO causes 

mitochondrial disruption. The decrease in the ratio of red/green fluorescence with increasing 

concentration of TEMPO indicates that TEMPO decreases mitochondrial membrane 

potential (Fig. 1C).
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3.2. TEMPO induces apoptosis in L5178Y cells with reduction of anti-apoptotic proteins

Disruption of mitochondrial function is one of the distinctive characteristics of apoptosis, so 

it was of interest to test if TEMPO induces apoptosis. A battery of apoptosis tests was 

employed, including flow cytometric analyses, caspase-3/7 activity measurements, and the 

determination of caspase-3, pro-apoptotic and anti-apoptotic proteins. Flow cytometric 

analysis demonstrated that the percentage of apoptotic cells increased in TEMPO-treated 

cultures in a concentration-related manner (Fig. 2A). Following a 4-h treatment, 48% and 

72% of L5178Y cells underwent apoptosis when exposed to 4 and 5 mM TEMPO, 

respectively (Fig. 2B). Concentrations of 3 mM TEMPO or less did not induce significant 

apoptosis in treated cells.

To examine whether or not caspase activation is involved in the apoptotic effect of TEMPO, 

we measured the enzymatic activity of caspase-3/7 and determined the protein expression of 

caspase-3 and cleaved caspase-3. Caspase-3/7 activity was significantly increased at 4 mM 

TEMPO; and at 5 mM, TEMPO induced an 8-fold increase of caspase-3/7 activity as 

compared to the vehicle control (Fig. 2C). In parallel, by Western blot analysis, the cleaved 

form of caspase-3 was markedly increased at ≫4 mM TEMPO, with a concentration-

dependent caspase-3 decrease in treated cells (Fig. 2D).

Next we examined the expression of Bcl-2 family proteins because the balance between the 

pro- and anti-apoptotic members of Bcl-2 family regulates caspase activation and determines 

cellular fate [31]. Western blot analysis showed that TEMPO induced concentration-

dependent decreases in the expression of three anti-apoptotic proteins (Bcl-2, Bcl-xL and 

Mcl-1), whereas no change was observed in pro-apoptotic Bax expression (Fig. 2E), 

indicating that TEMPO-induced apoptosis is likely due to reduced expression of anti-

apoptotic members.

3.3. TEMPO exhibits pro-oxidant activities

Our previous study demonstrated that significant increases in intracellular ROS production 

and decreases in GSH levels were observed in L5178Y cells exposed to 1–3 mM TEMPO 

[15]. To investigate whether or not TEMPO induces oxidative stress at lower concentrations, 

we expanded the treatment range of TEMPO concentrations from 0.1 mM to 5 mM (Fig. 3). 

The results showed that TEMPO induced time- and concentration-dependent ROS 

production (Fig. 3A) and GSH depletion over the concentration-range tested (Fig. 3B). ROS 

levels increased significantly within 10 min of treatment with 1 mM TEMPO. The 

intracellular ROS level in high concentration treatments (3 and 5 mM) increased 

dramatically, reaching a peak level (about 7-fold) after a 1-h treatment. Following a 4-h 

treatment, ROS levels were increased significantly in cells exposed to ≫0.5 mM TEMPO 

(Fig. 3A) and reached the maximal induction level (5-fold) with 1 mM TEMPO treatment. 

The induction declined slightly for the 3 mM and 5 mM treatments, presumably due to 

reduced cell growth (Fig. 1). In parallel, GSH content was measured and significant 

concentration-dependent GSH depletion was observed at concentrations ≫1 mM (Fig. 3B).

In order to clarify whether GSH depletion is due to oxidation or conjugation with TEMPO, 

we determined GSH/GSSG ratios in cells exposed to TEMPO both with and without 1-h 
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pretreatment with 50 μM MnTBAP, a cell-permeable superoxide dismutase mimetic agent. 

In agreement with the GSH content measurement, GSH/GSSG ratios in cells treated with 

TEMPO declined in a concentration-dependent manner, and antioxidant MnTBAP slightly 

increased the ratios at concentrations tested, but no significant difference was observed 

between cell cultures treated with the same concentrations of TEMPO (Fig. 3C).

The effects of the ROS scavenger NAC on intracellular ROS production also were assessed 

in cells exposed to TEMPO for 4 h. Pretreatment with 5 mM NAC for 1 h significantly 

reduced the ROS levels observed in cultures treated with TEMPO at concentrations of 0.5–5 

mM. The maximum ROS level was increased less than 4-fold with NAC pretreatment, while 

a greater than 5-fold increase was observed with TEMPO alone (Fig. 3D).

3.4. Effects of NAC on cell viability, apoptosis, and Bcl-2 protein expression in treated cells

To further examine the role of ROS in TEMPO-induced apoptosis, cells were pretreated with 

NAC for 1 h prior to treatment with TEMPO. The ROS scavenger significantly blocked the 

decline in ATP levels (Fig. 4A), suppressed the activation of caspase-3/7 (Fig. 4B); also, it 

reduced the fraction of apoptotic cells as measured by flow cytometric analysis (Fig. 4C) 

and cell death in cultures treated with high concentrations of TEMPO (Supplementary Fig. 

1). In addition, the decrease in Bcl-2 expression caused by TEMPO was partially reversed 

by 5 mM NAC (Fig. 4D).

3.5. ROS are responsible for JNK activation by TEMPO

Many studies have shown that ROS overproduction leads to activation of multiple signaling 

pathways, including the MAPK pathway [32,33]. We examined the activation 

(phosphorylation) of three key members of the MAPK signaling pathway (i.e., JNK, p38, 

and ERK1/2) in L5178Y cells treated with TEMPO. Phosphorylated-JNK (p-JNK) was 

significantly increased in TEMPO-treated cultures in a concentration-dependent manner; 

and phosphorylated p38 (p-p38) also showed a significant increase with increasing TEMPO 

concentration but not as much as p-JNK. There was no discernable activation of ERK1/2; in 

fact, phosphorylated ERK1/2 was not detected in treated cells (Fig. 5A). These results 

indicate that TEMPO may regulate the MAPK signaling pathway, with JNK being a major 

effector.

Recent studies revealed that physical DNA breakage may lead to JNK activation and 

downstream consequences [29]. We examined the expression of γ-H2A.X protein, a 

hallmark of DNA damage. Following a 4-h treatment, TEMPO significantly increased the 

expression of γ-H2A.X at concentrations starting at 3 mM (Fig. 5B).

A specific inhibitor of JNK (SP600125) was further used to investigate the role of JNK 

activation in TEMPO-associated toxicity and its relationship to different cellular events, 

such as MAPK pathway signaling and apoptosis. As expected, pretreatment with 10 μM 

SP600125 caused a remarkable suppression of JNK activation (Fig. 5C). SP600125 

significantly inhibited the caspase-3/7 activation in TEMPO-treated cells, suggesting JNK 

has a role in TEMPO-induced apoptosis (Fig. 5D). However, SP600125 did not significantly 

change the expression of γ-H2A.X (Fig. 5C), probably due to SP600125 did not inhibit 

DNA damage formation. On the other hand, pretreatments with a ROS scavenger NAC 
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reversed TEMPO-induced DNA damage and JNK phosphorylation (Fig. 5E), demonstrating 

an interaction between ROS, DNA damage, and JNK activation. Addition of the JNK 

inhibitor did not significantly block TEMPO-induced ATP depletion (Supplementary Fig. 2) 

or its effect on cell viability (Supplementary Fig. 3). This suggests that other cellular events, 

in addition to DNA damage and MAPK signaling pathway, contribute to TEMPO’s toxicity.

4. Discussion

The anti-oxidative properties of TEMPO and its derivatives are well-accepted and their 

ability to scavenge ROS has been evaluated in in vitro and in vivo models for potential 

medical applications, such as prevention and treatment of cancer, hypertension, and 

glaucoma [34–36]. However, its pro-oxidative activities may compromise TEMPO’s 

beneficial effects [15,37,38]. In the current study, we investigated the role of ROS in 

TEMPO-induced toxicity and the underlying molecular mechanisms of toxicity, with the 

aim of providing essential information for in-depth understanding the adverse effects of 

TEMPO and eventually developing strategies to minimize the adverse effects and enable the 

safe use of TEMPO.

The present study showed that a 4-h treatment with 0.1 mM TEMPO induced a 2-fold 

increase in ROS level over control (Fig. 3A), and 0.5 mM TEMPO produced a measurable 

significant increase in intracellular ROS, with no other observable effects (i.e., changes in 

GSH level, cell proliferation, apoptosis, or protein expression) (Figs. 1–3). One millimolar 

TEMPO induced significant concentration-dependent GSH depletion and increased ROS 

levels, while ATP depletion was observed at concentrations ≫2 mM. These results indicate 

that ROS generation is an early event in cells treated with TEMPO. This is in agreement 

with a previous report showing that, in human leukemia U937 cells treated with TEMPO for 

30 min, 10 mM TEMPO causes an early transient elevation of H2O2/O2
. − and a late 

induction of only O2
. −, coupled with a slight decrease in GSH and 30–50% reductions in 

ATP levels [39]. ROS formation and GSH depletion are involved in chemically induced 

apoptosis in a variety of cell types [40–43]. Our study demonstrated a close relationship 

between TEMPO-induced ROS formation and apoptosis, evidenced by the fact that NAC 

pretreatment significantly reduced ROS production, caspase 3/7 activation, and the fraction 

of apoptotic cells (Figs. 3D, 4B and C). Next we investigated whether cellular GSH was 

depleted via oxidation or conjugation with TEMPO, because TEMPO has been shown to 

form conjugations and adducts, especially with cysteine residue [44], one of the components 

in GSH. We found that the declined GSH/GSSG ratios in TEMPO-treated cells were slightly 

reversed by pretreatment with MnTBAP (Fig. 3C), a cell-permeable superoxide dismutase 

mimetic agent, indicating that both ROS oxidation and chemical conjugation may account 

for the depletion of GSH in treated cells.

The Bcl-2 protein family members are critical regulators of apoptosis, acting as upstream 

regulators of caspases and mitochondrial function [18,19]. Maintaining a high Bcl-2/Bax 

ratio is important for cell survival [20]. The increased expression of pro-apoptotic proteins 

such as Bax is reportedly involved in apoptosis [45]; however, our Western blot results 

showed that the expression of Bax was not affected by TEMPO (Fig. 2E). In contrast, the 
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expression of three anti-apoptotic proteins, Bcl-2, Bcl-xL, and Mcl-1, was inhibited by 

TEMPO in a concentration-dependent manner (Fig. 2E). These results suggest that the 

suppression of anti-apoptotic members rather than activation pro-apoptotic members of the 

Bcl-2 family proteins is responsible for the subsequent caspase-3 activation and induction of 

apoptosis [46]. Down-regulation of Bcl-2, the key protein in anti-apoptotic family, is 

particularly important in ROS-related apoptosis induced by TEMPO, because the expression 

of Bcl-2 was partially reversed by NAC (Fig. 4D). Bcl-2 cysteine oxidation caused by ROS 

overproduction, as well as TEMPO conjunction with Bcl-2 cysteine residue, may serve as 

potential mechanisms of Bcl-2 down-regulation in apoptosis [22,47].

It is known that ROS initiates apoptosis and activates various signaling pathways, with the 

cascaded reactions and crosstalk among multiple cellular events contributing to toxicity 

associated with certain chemicals [25,48–54]. In this present study, we found that two 

members of the MAPK signaling pathway, JNK and p38, were activated at high and 

moderate levels, respectively (Fig. 5A). This is consistent with a previous report showing 

that in human breast cancer cells, a treatment with 10 mM TEMPO resulted in a 

concentration-dependent significant increase in the level of phosphorylated stress-activated 

protein kinase SAPK/JNK and no change in ERK1 activity [14]. In many conditions 

involving the induction of apoptosis, high level of JNK activity and suppression of ERK 

activity have been reported [55,56]. The dynamic balance between stress-activated JNK and 

p38 and growth-activated ERK pathways determines a cell’s fate (survival, apoptosis, or 

necrosis) [57]. In our study, strong induction of JNK, mild induction of p38, and no 

activation of ERK1 were observed, suggesting that JNK may be the major effector in 

TEMPO-induced toxicity. The involvement of JNK in TEMPO-induced apoptosis was 

further supported by analysis of JNK inhibition, which demonstrated that TEMPO-induced 

apoptosis was partially attenuated by the JNK-specific inhibitor SP600125 (Fig. 5D). Since 

the activation of JNK is reported to be responsible for Bcl-2/Bcl-xL phosphorylation in 

various cell lines with Bcl-2 as a key target [58,59], our results (Figs. 2, 4 and 5) suggested 

that TEMPO induces apoptosis in L5178Y cells likely through JNK-mediated Bcl-2/Bcl-xL 

pathway.

Overproduction of ROS can result in DNA damage, and physical DNA breakage has been 

linked to JNK activation [29]. To further explore the relationship between ROS, DNA 

damage, the MAPK pathway, and apoptosis, we examined protein expression of γ-H2A.X 

and the effects of a ROS scavenger (NAC) and a JNK inhibitor (SP600125) on the 

expression of γ-H2A.X and JNK. TEMPO significantly increased expression of γ-H2A.X in 

a concentration-dependent manner (Fig. 5B). NAC significantly reduced the expression of 

both γ-H2A.X and JNK (Fig. 5E) because of its anti-oxidative property. However, 

SP600125 only caused a remarkable suppression of JNK activation and did not change the 

expression of γ-H2A.X (Fig. 5C), probably due to SP600125 cannot reduce TEMPO-

induced DNA damage. These results are consistent with the observation that NAC 

significantly increased ATP levels (Fig. 4A) and cell viability (Supplementary Fig. 1) in 

TEMPO-treated cell cultures, but SP600125 did not (Supplementary Figs. 2 and 3). Taken 

together, the MAPK pathway is involved in ROS-mediated TEMPO-induced apoptosis, 

although other signaling pathways also may participate in TEMPO-induced cell death.
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The present study addressed the relationship between the pro-oxidative properties of 

TEMPO and apoptosis, as well as changes in the levels of regulators involved in this 

process. Pretreatment with NAC provided protection against TEMPO-induced ROS 

generation, ATP depletion, phosphorylation of JNK, caspase-3/7 activation, down-regulation 

of Bcl-2 anti-apoptotic protein, and apoptosis in L5178Y cells. Fig. 6 depicts the 

relationships between the multiple interrelated cellular responses induced by TEMPO. 

Following treatment of TEMPO, early accumulation of ROS triggers GSH depletion, which 

subsequently may induce more ROS generation. ROS signaling, likely combined with GSH 

depletion, can induce apoptosis either directly or via activation of MAPK pathways, 

especially JNK. Down-regulation of anti-apoptotic Bcl-2 is the most likely contributor to 

TEMPO-induced apoptosis.

It is worth mentioning that our previous study showed that TEMPO was genotoxic in the 

micronucleus assay and in the mouse lymphoma assay at concentrations of 1.4 mM and 2.5 

mM, respectively [15]. The present study demonstrated increases in ROS generation at 

concentrations as low as 0.1 mM and apoptosis at concentrations of 4 mM and above. These 

observations indicate that TEMPO may cause genotoxicity at concentrations lower than 

those at which it can induce apoptosis. Previously, TEMPO was proposed as a novel 

antineoplastic agent because of its ability to induce apoptosis and cell cycle arrest in prostate 

carcinoma cells in vitro models and to inhibit tumor growth in LNCaP tumor-bearing mice 

[60]. Specifically, 24–48 h treatments with up to 5 mM TEMPO caused significant increases 

in the number of apoptotic cells and decreased cell viability in prostate carcinoma DU-145, 

PC-3, and LNCaP cells, and increased caspase-3 and caspase-9 activities in LNCaP cells. 

Our study raises the question of whether TEMPO is an appropriate candidate for cancer 

therapy. Although different cell lines possess different sensitivities and responses, our study 

suggests that TEMPO may be relatively safe as an antioxidant at low concentrations 

(probably < 0.1 mM), where no significant effects on cell viability, GSH level, or expression 

of apoptotic signaling pathway molecules are observed. However, at high concentrations, 

TEMPO induces significant genotoxicity [15], ROS generation, apoptosis, and cell death.

In summary, the present study demonstrates that TEMPO induces apoptosis in L5178Y cells 

at least partially via a ROS-mediated DNA damage-JNK pathway. Due to the potential 

widespread use of TEMPO as an anti-oxidant, awareness of TEMPO-induced genotoxicity, 

oxidative stress, and apoptosis is important for its safe application in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the online version, at http://

dx.doi.org/10.1016/j.cbi.2015.04.009.
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Fig. 1. 
Effect of TEMPO on ATP content, cell viability, and mitochondrial membrane potential in 

L5178Y cells. Cells were exposed to various concentrations of TEMPO for 4 h; the cellular 

ATP content (A) and cell viability (B) were measured by the CellTiter-Glo luminescent 

assay and the alamarBlue assay, respectively. (C) Mitochondrial membrane potential (MMP) 

was determined by JC-1 staining. The data points represent the mean ± 1 SD from three 

independent experiments with 4 parallel samples per concentration in each experiment. * 

indicates p < 0.05 compared to the vehicle control.
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Fig. 2. 
TEMPO induced apoptosis in L5178Y cells. Cells were exposed to different concentrations 

of TEMPO for 4 h. (A) Representative flow cytometry plots are shown from one experiment. 

Cells were stained with Annexin V/PI and apoptotic cells were quantified by flow 

cytometric analysis. (B) The bar graph depicts the mean percentages of apoptotic cells (±1 

SD) from three independent experiments, as a function of TEMPO concentration. (C) 

Histogram shows the caspase 3/7 activity as fold-increase relative to the vehicle control 

groups from three independent experiments (mean ± SD). (D and E) Western blot shows the 

protein expression of caspase-3 and cleaved caspase-3 (D), and Bcl-2 family members (E) in 

treated cells. β-Actin was used as a loading control. The bar graphs represent the 

densitometric analysis of caspase-3 (D) and Bcl-2 family members (E) from three 

independent experiments (mean ± SD). Intensities of bands were normalized to the amount 

of β-actin. * indicates p < 0.05 compared to the vehicle control.
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Fig. 3. 
TEMPO induced ROS generation and GSH depletion in L5178Y cells. (A) The reactive 

oxygen species (ROS) values were measured at 10 min, 1 h, and 4 h after adding different 

concentrations of TEMPO to L5178Y cells. (B) Intracellular glutathione (GSH) levels were 

determined after a 4-h treatment with TEMPO. (C) GSH/GSSG ratios were calculated after 

4-h TEMPO treatments with and without 1-h pretreatment of 50 μM MnTBAP. (D) 

Intracellular ROS levels were measured after a 4-h TEMPO treatment with and without 1-h 

pretreatment of 5 mM NAC. The data points represent the mean ± 1 SD from at least three 

independent experiments with four parallel samples per concentration in each experiment. * 

and # indicate p < 0.05 compared to the vehicle control without or with antioxidant 

pretreatment, respectively. & indicates p < 0.05 between the treatments at the same 

concentration of TEMPO with and without antioxidant pretreatment.
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Fig. 4. 
Effects of NAC on ATP content (A), caspase 3/7 activity (B), apoptosis (C), and anti-

apoptotic Bcl-2 family protein expressions (D) in TEMPO-treated cells. After 1-h 

pretreatment with or without 5 mM NAC, cells were treated with TEMPO at different 

concentrations for 4 h. The data points represent the mean ± 1 SD from at least three 

independent experiments with four parallel samples per concentration in each experiment. 

Representative flow cytometry plots are shown from one experiment (C). The bar graph (D) 

represents the densitometric analysis of Bcl-2 family members from three independent 

experiments. Intensities of bands were normalized to the amount of β-actin. * and # indicate 

p < 0.05 compared to the vehicle control without or with 5 mM NAC pretreatment, 

respectively. & indicates p < 0.05 between the treatments at the same concentration of 

TEMPO with and without NAC pretreatment.
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Fig. 5. 
Expression of MAPK signaling pathway proteins and effects of SP600125 on TEMPO-

induced caspase 3/7 activity in L5178Y cells. (A and B) Total cellular proteins were 

extracted after a 4-h exposure to TEMPO. The levels of activated JNK (phospho-JNK), p38 

(phospho-p38), ERK1/2 (phospho-ERK1/2) (A), and γ-H2AX (B) were determined by 

Western blot analyses. GAPDH or β-actin was analyzed as a loading control. (C) The cells 

were pretreated for 2 h with 10 μM SP600125, a JNK-specific inhibitor, and levels of 

phospho-JNK were measured in TEMPO treated cells. (D) Effects of SP600125 on 

apoptosis were evaluated by caspase 3/7 activities. The bar graphs show the mean ± 1 SD of 
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three experiments. * and # indicate p < 0.05, compared to the vehicle control without or with 

2-h pretreatment of 10 μM SP600125, respectively. & indicates p < 0.05 between the 

TEMPO treatments with and without SP600125 pretreatment. (E) Effects of NAC on the 

expression of phospho-JNK and γ-H2AX were determined by Western blot analyses. The 

bar graphs (A, C, and E) represent the densitometric analysis of protein expression from 

three independent experiments. Intensities of bands were normalized to the amount of 

loading control. ⁄p < 0.05.
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Fig. 6. 
Proposed mechanism for ROS-mediated TEMPO-induced apoptosis in L5178Y cells.
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