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Abstract: Tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl) is a stable, cell-permeable redox-
cycling nitroxide water-soluble superoxide dismutase (SOD) mimetic agent. However, little is
known about its cytotoxic effects on lung-related cells. Thus, the present study investigated the
effects of Tempol on cell growth and death as well as changes in reactive oxygen species (ROS) and
glutathione (GSH) levels in Calu-6 and A549 lung cancer cells, normal lung WI-38 VA-13 cells, and
primary pulmonary fibroblast cells. Results showed that Tempol (0.5~4 mM) dose-dependently
inhibited the growth of lung cancer and normal cells with an IC50 of approximately 1~2 mM at
48 h. Tempol induced apoptosis in lung cells with loss of mitochondrial membrane potential (MMP;
∆Ψm) and activation of caspase-3. There was no significant difference in susceptibility to Tempol
between lung cancer and normal cells. Z-VAD, a pan-caspase inhibitor, significantly decreased the
number of annexin V-positive cells in Tempol-treated Calu-6, A549, and WI-38 VA-13 cells. A 2 mM
concentration of Tempol increased ROS levels, including O2

•− in A549 and WI-38 VA-13 cells after
48 h, and specifically increased O2

•− levels in Calu-6 cells. In addition, Tempol increased the number
of GSH-depleted cells in Calu-6, A549, and WI-38 VA-13 cells at 48 h. Z-VAD partially downregulated
O2
•− levels and GSH depletion in Tempol-treated these cells. In conclusion, treatment with Tempol

inhibited the growth of both lung cancer and normal cells via apoptosis and/or necrosis, which was
correlated with increased O2

•− levels and GSH depletion.

Keywords: tempol; lung cancer cells; human pulmonary fibroblast; cell death; mitochondrial mem-
brane potential; reactive oxygen species; glutathione

1. Introduction

Human lung is a multifaceted organ in sheer architecture. The lung is susceptible
to damage by exposure to airborne and bloodborne agents, which increase the risk of
lung diseases including fibrosis and cancer [1]. Pulmonary fibroblasts (PF) play a cru-
cial role in repair and restoration following injury to the lung [2]. During pathologic
lung repair, scanty or superfluous accumulation of fibroblasts can lead to irregular tissue
function and ultimately result in lung disease [2]. Lung cancer is one of the most com-
mon lung diseases and one of the most common factors contributing to cancer-related
mortality worldwide [3,4]. The two main types of cancer include: small cell lung cancer
(SCLC) and non-SCLC (NSCLC) accounting for 10~14% and 85~90% of all lung cancer
cases, respectively [3,4]. The paucity of conventional drugs has increased the demand
for innovative treatment approaches. Among the chemotherapeutic approaches currently
attempted include targeting of apoptosis and necrosis, which are cellular responses to
cytotoxic drugs [5,6]. The induction of apoptosis via mitochondrial pathway is associated
with the loss of mitochondrial membrane potential (MMP; ∆Ψm) [5]. An indispensable
event of the mitochondrial pathway is the efflux of cytochrome c from the mitochondria to
the cytosol where it consecutively assembles into an apoptosome complex with apoptotic
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protease-activating factor 1 and caspase-9, subsequently leading to the activation of fore-
most executioner caspases, especially caspase-3 [6,7]. Another apoptotic pathway related
to cell death receptors triggers the activity of caspase-8, followed by caspase-3 [8]. Hence,
the targeted inhibition of anti-apoptotic pathways is an attractive option for successful
therapeutic strategies against lung cancer.

Reactive oxygen species (ROS) are highly unstable and irritable oxygen moieties in-
cluding hydrogen peroxide (H2O2), hydroxyl radicals (•OH), and superoxide anions (O2

•−).
ROS, especially O2

•−, are constantly generated during mitochondrial oxidative phospho-
rylation and specifically produced by certain oxidative enzymes [9]. Cells utilize several
mechanisms to generate a balance between ROS production and elimination and reduce
the harmful effects of ROS. The metabolism of O2

•− to H2O2 by superoxide dismutase
(SOD) is one such mechanism [10]. H2O2 is then processed to O2 and or H2O via catalase
or glutathione (GSH) peroxidase [11]. GSH is an important peptide antioxidant, which is
known to protect cells from toxic insults [12]. The imbalance of ROS levels due to excess
ROS production and/or reduced antioxidant response induces oxidative stress, leading
to cell death and tissue inflammation, and results in the progression of many diseases
including cancer [13,14].

Tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl) is a stable synthetic cyclic
nitroxide that easily permeates biological membranes, and is conventionally used as a
contrast agent in magnetic resonance spectroscopy [15,16]. The compound eliminates a
variety of ROS and reduces oxidative process, consequently protecting cells from oxidative
damage in vitro and in vivo [15,17]. Several antioxidant mechanisms of Tempol have been
proposed to explain these protective effects. It may act as a mimic of SOD and reduce the
formation of •OH either by scavenging O2

•− or by reducing intracellular concentration
of Fe(II) [15,17,18]. Usually, such beneficial effects are observed up to micromolar con-
centrations. For example, 50 to 200 µM Tempol prevents cell death in pyrogallol-treated
Calu-6 lung cancer cells and As4.1 juxtaglomerular cells [19,20]. However, its potential
clinical application has prompted the need for comprehensive studies investigating their
potential toxicity. Substantial evidence suggests that Tempol disrupts ferritin synthesis and
Fe metabolism, which induces cell death [21]. In addition, mutagenic effects have been re-
ported in different bacterial strains [22]. The toxicity of Tempol is concentration-dependent
and is targeted at cancer cells [23]. It is reported that Tempol at millimolar concentrations
induces cell growth inhibition and apoptosis depending on cell types and origins [23–25].
In addition, high concentration or prolonged exposure of Tempol increases ROS levels in
As4.1 cells [24] and SKOV3 ovarian cancer cells [25,26]. Therefore, in order to elucidate the
pro- and anti-oxidant effects of Tempol on cells and tissues, further studies are needed to
re-evaluate its biological functions and roles.

Nonetheless, the molecular mechanisms underlying the cytotoxic and anti-growth
effects of Tempol on lung-related cancer and normal cells remain unclear. Therefore, the
current study investigated the molecular mechanism underlying the anti-growth effects of
Tempol in relation to cell death as well as cellular redox status (ROS and GSH level changes)
using A549 and Calu-6 lung cancer cells. The present study also analyzed the cytological
effects of Tempol in primary normal human PF (HPF) cells and SV40-transformed normal
HPF (WI-38 VA-13 subclone 2RA) cells.

2. Materials and Methods
2.1. Cell Culture

Human SCLC Calu-6 cells, NSCLC A549 adenocarcinoma cells, and normal lung
WI-38 VA-13 subclone 2RA cells were obtained from the American Type Culture Collection
(Manassas, VA, USA). Primary normal HPF cells were purchased from PromoCell GmbH
(C-12360, Heidelberg, Germany) and used between passages five and ten. These lung cells
were stored in a standard humidified incubator at 37 ◦C with 5% CO2 and cultured in
RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich Co.,
St. Louis, MO, USA) and 1% penicillin-streptomycin (GIBCO BRL, Grand Island, NY, USA).
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Cells were grown in 100 mm plastic cell culture dishes (BD Falcon, Franklin Lakes, NJ,
USA) and harvested with trypsin-EDTA (GIBCO BRL Waltham, MA, USA).

2.2. Reagents

Tempol was obtained from Sigma-Aldrich Co. and dissolved in methanol (Sigma-
Aldrich Co.) at 1 M as a stock solution. Z-VAD-FMK (benzyloxycarbonyl-Val-Ala-Asp-
fluoromethylketone), a pan-caspase inhibitor, was purchased from R&D Systems, Inc.
(Minneapolis, MN, USA) and dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich Co.)
to generate 10 mM stock solution. DMSO (0.1%) was used as a vehicle control. All stock
solutions were wrapped in foil and stored at 4 ◦C or −20 ◦C.

2.3. Cell Growth Inhibition Assay

The effects of Tempol on the growth of lung cells were determined using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich Co.) assays.
Briefly, cells were seeded into 96-well microtiter plates (Nunc, Roskilde, Denmark) at a
density of 5 × 104 cells/well. After incubation with Tempol at indicated concentrations
(0.5~4 mM) for 48 h, 20 µL of MTT solution [2 mg/mL in phosphate-buffered saline (PBS;
GIBCO BRL)] was added to each well. Plates were then incubated at 37 ◦C for 4 h. The
medium in each well was removed by pipetting, followed by the addition of 100~200 µL
of DMSO to solubilize formazan crystals. Optical density was measured at 570 nm with a
microplate reader (Synergy™ 2, BioTekR Instruments Inc. Winooski, VT, USA).

2.4. Sub-G1 Cell Analysis

Cells in sub-G1 phase were analyzed using propidium iodide (PI, Sigma-Aldrich Co.;
Ex/Em = 488 nm/617 nm) staining as previously described [27]. Briefly, 1 × 106 cells in
60-mm culture dishes (BD Falcon) were incubated with Tempol at indicated concentrations
for 48 h. Cells were washed with PBS and then incubated with 10 µg/mL PI and RNase
(Sigma-Aldrich Co.) at 37 ◦C for 30 min. Proportions of cells with sub-G1 DNA content
were measured and analyzed with a FACStar flow cytometer (BD Sciences, Franklin Lakes,
NJ, USA).

2.5. Detection of Apoptosis

Apoptosis was identified via annexin V-fluorescein isothiocyanate staining (FITC, Life
Technologies, Carlsbad, CA, USA; Ex/Em = 488/519 nm) as previously described [28].
Briefly, 1 × 106 cells in 60-mm culture dishes (BD Falcon) were preincubated with or
without Z-VAD (15 µM) for 1 h and then treated with Tempol at indicated concentrations
for 48 h. Cells were washed twice with cold PBS and then suspended in 200 µL of binding
buffer (10 mM HEPES/NaOH pH 7.4, 140 mM NaCl, 2.5 mM CaCl2) at a density of
5 × 105 cells/mL at 37 ◦C for 30 min. After adding Annexin V-FITC (2 µL), cells were
analyzed with a FACStar flow cytometer (BD Sciences).

2.6. Measurement of MMP (∆Ψm)

MMP (∆Ψm) was monitored with rhodamine 123 (Sigma-Aldrich Co.;
Ex/Em = 485/535 nm), a cell-permeable fluorescent dye that efficiently moves in mito-
chondria. Briefly, 1 × 106 cells in 60-mm culture dishes (BD Falcon) were incubated with
Tempol at indicated concentrations for 48 h. Cells were washed twice with PBS and incu-
bated with rhodamine 123 (0.1 mg/mL) at a concentration of 5 × 105 cells/mL at 37 ◦C
for 30 min. Depolarization of MMP (∆Ψm) results in loss of rhodamine 123 from the mito-
chondria and decreases the intracellular fluorescence intensity of this dye [27]. Rhodamine
123 staining intensities were determined using a FACStar flow cytometer. Rhodamine
123-negative (−) cells indicated MMP (∆Ψm) loss in cells.
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2.7. Quantification of Caspase-3 Activity

The activity of caspase-3 in lung cells was evaluated using caspase-3 Colorimetric
Assay Kits (R&D systems, Inc.). In brief, 1 × 106 cells were incubated with 2 mM Tempol
for 48 h. Cells were washed with PBS and 4 volumes of lysis buffer (Intron Biotechnology)
were added. Samples containing 50 µg of total protein were added to 2X Reaction buffer
containing DEVD-pNA for caspase-3 activity in 96-well microtiter plates (Nunc) and incu-
bated at 37 ◦C for 1 h. Optical density was measured at 405 nm using a microplate reader
(Synergy™ 2). Each plate contained multiple wells under a given experimental condition
as well as multiple control wells. Caspase-3 activity was expressed in arbitrary units.

2.8. Determination of Intracellular ROS and O2
•− Levels

Intracellular ROS, such as H2O2, •OH, and ONOO•, were measured using a fluorescent
probe dye, 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA, Ex/Em = 495 nm/529 nm;
Invitrogen Molecular Probes, Eugene, OR, USA), as previously described [29,30]. H2DCFDA
is poorly sensitive to O2

•−. However, a fluorogenic probe of dihydroethidium (DHE,
Ex/Em = 518 nm/605 nm; Invitrogen Molecular Probes) selectively interacts with O2

•−

among the ROS [29]. In brief, 1 × 106 cells in 60 mm culture dishes (BD Falcon) were pre-
treated with or without Z-VAD (15 µM) for 1 h, followed by treatment with 2 mM Tempol
for 48 h. The cells were then washed in PBS and incubated with 20 µM H2DCFDA or DHE
at 37 ◦C for 30 min. The mean DCF and DHE fluorescence values were detected using a
FACStar flow cytometer (BD Sciences). The mean DCF and DHE levels are expressed as
percentages compared to the control cells.

2.9. Detection of Intracellular GSH Levels

Cellular GSH levels were evaluated using a fluorescent probe, 5-chloromethylfluorescein
diacetate (CMFDA, Ex/Em = 522 nm/595 nm; Invitrogen Molecular Probes), as previously
described [29]. In brief, 1 × 106 cells in 60 mm culture dishes (BD Falcon) were pretreated
with Z-VAD (15 µM) for 1 h and then treated with 2 mM Tempol for 48 h. The cells were
washed with PBS and incubated with 5 µM CMFDA at 37 ◦C for 30 min. The mean CMF
fluorescence intensity was determined using a FACStar flow cytometer (BD Sciences). CMF
negative (−) staining indicated GSH depletion in cells.

2.10. Statistical Analysis

The results represent the mean of two or three independent experiments (mean ± SD).
The data were analyzed using Instat software (GraphPad Prism 5.0, San Diego, CA, USA).
A Student’s t-test or one-way analysis of variance with post hoc analysis (ANOVA) using
Tukey’s multiple comparison test was used to determine statistical significance, which was
defined as a p-values of <0.05.

3. Results
3.1. Effects of Tempol on Lung Cancer and Normal Cell Growth

Effects of Tempol on growth of lung cancer and normal cells were observed using MTT
assays. A dose-dependent reduction in cell growth was observed in Calu-6 lung cancer
cells, with a half-maximal inhibitory concentration (IC50) of ~1 mM following treatment
with Tempol for 48 h (Figure 1A). Additionally, 4 mM Tempol appeared to reduce the
growth of Calu-6 cells by about 90% (Figure 1A). The growth of A549 lung cancer cells
was also reduced by Tempol, with an IC50 of 1~2 mM, after 48 h incubation (Figure 1B).
Treatment with 2 mM Tempol decreased the growth of A549 cells by about 80% (Figure 1B).
The growth of WI-38 VA-13 cells, a normal HPF cell line, was also inhibited by incubation
with Tempol for 48 h, with an IC50 of 1~2 mM (Figure 1C). Treatment with 2 mM Tempol
appeared to reduce the growth by about 85% (Figure 1C). In addition, Tempol inhibited the
growth of primary normal HPF cells in a dose-dependent manner, with an IC50 of ~1 mM
after 48 h incubation (Figure 1D). Treatment with 2 mM Tempol reduced the growth of
primary HPF cells by about 90% (Figure 1D).
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Figure 1. Effects of Tempol on the growth of normal and lung cancer cells. Exponentially growing
cells were incubated with Tempol at indicated concentrations for 48 h. Cell growth was evaluated by
MTT assays. Graphs show the growth of Calu-6 cancer cells (A), A549 cancer cells (B), WI-38 VA-13
normal cells (C), and primary HPF normal cells (D). Student’s t-test was used. * p < 0.05 compared to
Tempol-untreated control cells.

3.2. Effects of Tempol on Cell Death of Lung Cancer and Normal Cell Cells

Effects of Tempol on cell death were evaluated using sub-G1 cells and annexin V-
stained cells. DNA flow cytometric analysis indicated that treatment with Tempol at the
tested concentrations significantly increased the number of sub-G1 cells in Calu-6 lung
cancer cells at 48 h (Figure 2A). Tempol at 2 mM and 4 mM increased the number of these
cells by approximately 8% and 28%, respectively (Figure 2A). Treatment with 1~4 mM
Tempol increased the number of sub-G1 A549 cells at 48 h, and 2 mM and 4 mM Tempol
increased the number of these cells by approximately 22% and 42%, respectively (Figure 2B).
Furthermore, exposure to 1~4 mM Tempol significantly increased the number of sub-G1
WI-38 VA-13 cells, and treatment with 2 mM and 4 mM Tempol increased the number of
these cells by approximately 23% and 43%, respectively (Figure 2C). In addition, Tempol
at the tested concentrations significantly increased the number of sub-G1 cells in primary
HPF cells at 48 h, with 2 mM Tempol increasing the cell number by approximately 44%
(Figure 2D).
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Figure 2. Effects of Tempol on sub-G1 cells of normal and lung cancer cells. Cells in exponential
growth phase were incubated with Tempol at indicated concentrations for 48 h. Cells in sub-G1 phase
were measured with a FACStar flow cytometer. Graphs show proportions of sub-G1 cells in Calu-6
cells (A), A549 cells (B), WI-38 VA-13 cells (C), and primary HPF cells (D). Student’s t-test was used.
* p < 0.05 compared to Tempol-untreated control cells.

Furthermore, Tempol at the tested concentrations significantly increased the amount of
annexin V-positive Calu-6 cells at 48 h, and exposure to 2 mM and 4 mM Tempol increased
the number by approximately 18% and 40%, respectively (Figure 3A). Treatment with 2 mM
and 4 mM Tempol increased the number of annexin V-positive A549 cells by approximately
38% and 65%, respectively (Figure 3B). Furthermore, Tempol at 1~4 mM significantly
increased the amount of annexin V-positive WI-38 VA-13 cells, and 2 mM and 4 mM Tempol
increased the cell number by approximately 30% and 70%, respectively (Figure 3C). Tempol
at 0.5~2 mM significantly increased the number of sub-G1 cells in primary HPF cells, with
2 mM Tempol increasing the cell number by approximately 75% (Figure 3D).
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Figure 3. Effects of Tempol on annexin V-positive lung cancer and normal cells. Cells in exponential
growth phase were incubated with Tempol at indicated concentrations for 48 h. Annexin V-FITC
positive cells were evaluated with a FACStar flow cytometer. Graphs show the proportion of annexin
V-positive Calu-6 cells (A), A549 cells (B), WI-38 VA-13 cells (C), and primary HPF cells (D). Student’s
t-test was used. * p < 0.05 compared to Tempol-untreated control cells.

3.3. Effects of Tempol on Mitochondrial Membrane Potential (MMP; ∆Ψm) in Lung Cancer and
Normal Cells

Apoptosis or necrosis is closely related to MMP (∆Ψm) loss. Thus, the loss of MMP
(∆Ψm) in Tempol-treated lung cells was evaluated using a rhodamine 123 dye. MMP (∆Ψm)
loss in Calu-6 cells was significantly induced by Tempol at concentrations of 0.5~4 mM
after 48 h (Figure 4A). Exposure to 2 mM and 4 mM Tempol led to the loss of MMP
(∆Ψm) in Calu-6 cells by 20 and 65%, respectively (Figure 5A). Treatment with Tempol
at concentrations of 2 mM and 4 mM significantly induced the loss of MMP (∆Ψm) in
A549 cells by approximately 44% and 92%, respectively (Figure 4B). In addition, 2 and
4 mM Tempol significantly increased the extent of MMP (∆Ψm) loss in WI-38 VA-13 cells
by more than 90%, although 1 mM Tempol did not result in a significant loss of MMP
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(∆Ψm) (Figure 4C). The MMP (∆Ψm) loss in primary HPF cells was significantly induced
by Tempol at concentrations of 0.5~2 mM after 48 h, with 2 mM Tempol increasing by more
than 85% (Figure 4D).
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Figure 4. Effects of Tempol on MMP (∆Ψm) levels in lung cancer and normal cells. Exponentially
growth of cells incubated with Tempol at indicated concentrations for 48 h. MMP (∆Ψm) in lung
cells was measured using a FACStar flow cytometer. Graphs show the proportion of rhodamine
123-negative [MMP (∆Ψm) loss] Calu-6 cells (A), A549 cells (B), WI-38 VA-13 cells (C), and primary
HPF cells (D). Student’s t-test was used. * p < 0.05 compared to Tempol-untreated control cells.
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Figure 5. Effects of Tempol and/or Z-VAD on caspase-3 activity and cell death in Calu-6, A549,
and WI-38 VA-13 cells. Exponentially growing cells were pretreated with Z-VAD for 1 h and then
treated with 2 mM Tempol for 48 h. (A): Graph shows the activities of caspase-3 in Calu-6, A549, and
Wi-38 VA-13 cells, measured via Colorimetric Assay. (B–D): Graphs show the proportion of annexin
V-positive Calu-6 cells (B), A549 cells (C), and WI-38 VA-13 cells (D), measured with a FACStar flow
cytometer. ANOVA test was used. * p < 0.05 compared to Tempol-untreated control cells. # p < 0.05
compared to cells treated with Tempol only.

3.4. Effects of Tempol and/or Z-VAD on Caspase-3 Activity and Cell Death in Lung Cancer and
Normal Cells

Caspase-3 plays an essential role as an executioner in apoptosis [31]. It was analyzed
whether Tempol induces activation of caspase-3 in lung cancer and normal cells. Treatment
with 2 mM Tempol increased caspase-3 activities in Calu-6, A549, and Wi-38 VA-13 cells
at 48 h (Figure 5A). The effects of Z-VAD-FMK, a pan-caspase inhibitor, on cell death in
Tempol-treated lung cells were analyzed at 48 h. Based on previous experiments related to
caspase inhibitors [32], Calu-6, A549, and Wi-38 VA-13 cells were pretreated with Z-VAD at
a concentration of 15 µM for 1 h before treatment with 2 mM Tempol. Such concentrations
of Tempol were used to distinguish changes in cell death. Z-VAD significantly decreased
the levels of annexin V-positive cells in Tempol-treated Calu-6, A549, and Wi-38 VA-13
cells (Figure 5B–D). However, Z-VAD partially reduced the amount of annexin V-positive
Tempol-treated A549 cells (Figure 5C).

3.5. Effects of Tempol and/or Z-VAD on ROS and GSH Levels in Lung Cancer and Normal Cells

The effects of Tempol and/or Z-VAD on ROS and GSH levels in lung cancer and
normal cells were investigated at 48 h. The intracellular levels of different ROS in lung
cells were analyzed using H2DCFDA dye for non-specific ROS levels and DHE dye was
used for O2

•− levels. As shown in Figure 6A, treatment with 2 mM Tempol significantly
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decreased DCF (ROS) levels in Calu-6 cells. Z-VAD did not alter the DCF (ROS) levels in
Tempol-treated and -untreated cells. However, 2 mM Tempol significantly increased DCF
(ROS) levels in A549 and Wi-38 VA-13 cells at 48 h (Figure 6B,C). Z-VAD slightly decreased
the DCF (ROS) levels in Tempol-treated A549 cells, whereas it increased the DCF (ROS)
levels in Tempol-treated Wi-38 VA-13 cells (Figure 6B,C). Intracellular DHE (O2

•−) levels
were significantly increased in Tempol-treated Calu-6, A549, and Wi-38 VA-13 cells at 48 h
(Figure 6D–F). Z-VAD slightly decreased the DHE (O2

•−) levels in Tempol-treated Calu-6
cells without affecting the DHE (O2

•−) levels in Tempol-treated A549 cells (Figure 6D,E).
Z-VAD decreased the DHE (O2

•−) levels significantly in Tempol-treated Wi-38 VA-13 cells
(Figure 6F).
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Figure 6. Effects of Tempol and/or Z-VAD on ROS levels in Calu-6, A549, and WI-38 VA-13 cells.
Exponentially growing cells were pretreated with Z-VAD for 1 h and then treated with 2 mM Tempol
for 48 h. Intracellular DCF (ROS) and DHE (O2

•−) levels in lung cells were measured using a FACStar
flow cytometer. (A–C): The graphs indicate the mean DCF (ROS) levels (%) in Calu-6 (A), A549
cells (B), and WI-38 VA-13 cells (C). (D–F): The graphs indicate the mean DHE (O2

•−) levels (%) in
Calu-6 (D), A549 cells (E), and WI-38 VA-13 cells (F). ANOVA test was used. * p < 0.05 compared to
Tempol-untreated control cells. # p < 0.05 compared to cells treated with Tempol only.

Changes in GSH levels were assessed in lung cells using a CMF fluorescent dye.
Treatment with 2 mM Tempol significantly increased the number of GSH-depleted cells in
A549, Calu-6, and Wi-38 VA-13 cells by approximately 25%, 40%, and 30%, respectively
(Figure 7A–C). Z-VAD did not alter the number of GSH-depleted Tempol-treated Calu-
6 cells, but slightly decreased the number of GSH-depleted Tempol-treated A549 cells
(Figure 7A,B). Moreover, Z-VAD significantly decreased the number of GSH-depleted cells
in Tempol-treated Wi-38 VA-13 cells (Figure 7C).
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VA-13 cells. Exponentially growing cells were pretreated with Z-VAD for 1 h and then treated with
2 mM Tempol for 48 h. The intracellular CMF (GSH) levels in lung cells were measured using a
FACStar flow cytometer. The graphs indicate the percentages of (-) CMF (GSH-depleted) Calu-6
cells (A), A549 cells (B), and WI-38 VA-13 cells (C). ANOVA test was used. * p < 0.05 compared to
Tempol-untreated control cells. # p < 0.05 compared to cells treated with Tempol only.

4. Discussion

Tempol has been shown to enhance inflammation and oxidative damage in numer-
ous cell and tissue models in vitro and in vivo [15,17], which suggests that its biological
properties are beyond that of archetypal antioxidants. Recent studies suggest that Tempol
induces apoptosis in many types of cancer cells and decreases tumor growth in immune
deficient mice [23–25,33]. However, little is known about the cytotoxicology of Tempol in
lung-related cells. Thus, the present study focused on elucidating cytotoxicological effects
of Tempol on cell growth, cell death, and cellular redox status in lung cancer and normal
cells. In this study, it was confirmed that high concentrations of Tempol were toxic to
lung-related cells and induced apoptosis, accompanied by increases in O2

•− levels and
GSH depletion.

Treatment with Tempol dose-dependently decreased the growth of Calu-6 lung cancer
cells with an IC50 of approximately 1 mM at 48 h and. The growth of A549 lung cancer
and WI-38 VA-13 normal cells was also reduced by Tempol, with an IC50 of 1 ~ 2 mM. In
addition, Tempol inhibited the growth of primary normal HPF cells in a dose-dependent
manner, with an IC50 of approximately 1 mM after 48 h incubation. Similarly, 1 mM Tempol
reduced the growth of As4.1 juxtaglomerular cells nearly 50% at 48 h [24]. In addition,
Tempol at 1~5 mM decreased the growth of ovarian [25,26], breast [23], leukemia [34], and
prostate cancer cells [33] at 24 ~ 96 h. It was also reported that Tempol efficiently inhibits
the growth of neoplastic cells, compared with the growth of normal cells [23]. However, the
current results indicate no significant difference in susceptibility to Tempol between lung
cancer cells and lung normal cells. Instead, the susceptibility of primary HPF normal cells
to Tempol appears to be high. The differences are probably dependent on the origin of cell
types. Eukaryotic cell cycle consists of four different phases: G1 phase, S phase, G2 phase
and M phase [35]. DNA flow cytometry indicated that Tempol at 0.5~2 mM concentrations
induced cellular arrest at the S phase of cell cycle in Calu-6 and A549 lung cancer cells at
48 h and Tempol at 0.5 mM increased the proportion of primary HPF cells at S phase (data
now shown). In addition, 1 mM Tempol induced S phase arrest in As4.1 cells [24]. However,
Tempol induces a G1 or G2/M phase arrest in breast [23] and prostate cancer cells [33]. The
specific phase of cell cycle arrest by Tempol contributes to the inhibition of growth of various
cancer cells.
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Tempol dose-dependently increased the percentages of sub-G1 cells in lung cancer and
normal cells. In addition, higher concentrations of Tempol significantly increased the amounts
of annexin V-positive cells in lung cancer and normal cells. Similar to the results obtained
from MTT assays, the primary HPF cells among the tested cells showed the highest number
of sub-G1 and annexin V-positive cells after treatment with Tempol at 2 mM. Generally, the
numbers of annexin V-positive cells were higher than those of sub-G1 cells among Tempol-
treated cells. The activation of caspase-3 is indispensable for apoptosis [31]. The activation of
caspase-3 is known to mediate apoptosis of Tempol-treated cancer cells [24,33]. The current
results showed that Tempol increased caspase-3 activities in Calu-6, A549, and Wi-38 VA-13
cells. Furthermore, Z-VAD, a pan-caspase inhibitor, significantly decreased the levels of
annexin V-positive cells in Tempol-treated Calu-6, A549, and Wi-38 VA-13 cells. By contrast,
the effect of Z-VAD was slightly low in A549 cells, implying that cell death in Tempol-treated
A549 cells occurred in a caspase-independent (or necrosis) as well as caspase-dependent
manner. Therefore, Tempol is likely to induce lung cell death via apoptosis and/or necrosis.
Collectively, these results indicate that Tempol inhibits the growth of lung cells via S phase
arrest of cell cycle as well as apoptosis and/or necrosis.

Apoptosis is tightly related to failure of MMP (∆Ψm) [36,37]. Tempol treatment can
induce a breakdown in MMP (∆Ψm) in various cancer cells [24,25,34]. Likewise, Tempol
efficiently induced the loss of MMP (∆Ψm) in lung cancer and normal cells. Similar to the
results of annexin-stained assays, the degree of MMP (∆Ψm) loss in Calu-6 cells treated with
Tempol was lower than in A549 cells treated with the same doses of Tempol. For example,
2 mM Tempol increased MMP (∆Ψm) loss in Calu-6 and A549 cells by approximately 20%
and 44%, respectively. Moreover, normal lung cells showed a higher loss of MMP (∆Ψm)
than cancer cells after treatment with Tempol, especially 2 mM. Such differences might
be due to different basal activities of mitochondria and antioxidant enzymes in each cell
type. Interestingly, the degree of MMP (∆Ψm) loss in Tempol-treated lung cells was higher
than that of annexin V-positive cells in these cells. These results imply that Tempol has an
initial effect on mitochondrial membranes of both lung cancer and normal cells before cells
undergo apoptosis.

Tempol is a redox-cycling nitroxide that promotes ROS metabolism via rapid reversible
transfer between the nitroxide, hydroxylamine and oxoammonium cation forms [15]. There-
fore, Tempol is a potential redox agent that may play a role as a redox agent depending on
the cellular concentration [25,38]. It is reported that Tempol-induced cell death is associated
with increased cellular ROS levels [24–26]. The present study showed that 2 mM Tempol
significantly decreased DCF (ROS) levels in Calu-6 cells at 48 h but increased the DCF (ROS)
levels in A549 and Wi-38 VA-13 cells. Z-VAD did not significantly alter DCF (ROS) levels in
Tempol-treated Calu-6 and A549 cells. Even Z-VAD appeared to increase DCF (ROS) levels
in Tempol-treated Wi-38 VA-13 cells. However, in Calu-6, A549, and Wi-38 VA-13 cells
treated with 2 mM Tempol, the intracellular DHE (O2

•−) levels were significantly increased
at 48 h. Moreover, Z-VAD significantly decreased the DHE (O2

•−) levels in Tempol-treated
Wi-38 VA-13 cells and slightly decreased the DHE (O2

•−) levels in Tempol-treated Calu-6
cells. The current results and other reports demonstrate that the toxicity of Tempol is medi-
ated via disruption of mitochondrial function [24,25,34], suggesting that Tempol primarily
interferes with mitochondrial function in lung-related cells and then induces oxidative
stress by increasing the production of O2

•−, resulting in apoptosis. Tempol-induced death
in lung cancer and normal cells was correlated with changes in DHE (O2

•−) levels rather
than DCF (ROS) levels.

A reduction in GSH content occurs in a cascade of events inducing apoptosis and its
depletion occurs when the MMP (∆Ψm) is totally disrupted [39]. Our previous studies
reported that intracellular GSH content is inversely related to cell death [29,40–43]. In
addition, Tempol increased GSH depletion in HL60 leukemia and HeLa cervical cancer
cells [34,44]. Similarly, the present study demonstrated an increased number of GSH-
depleted cells in Calu-6, A549, and Wi-38 VA-13 cells treated with 2 mM Tempol at 48 h.
In addition, Z-VAD, which exhibited an anti-apoptotic effect, significantly decreased the
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number of GSH-depleted cells in Tempol-treated Wi-38 VA-13 cells. However, Z-VAD did
not alter the number of GSH-depleted Tempol-treated Calu-6 cells and partially reduced
the number of GSH-depleted Tempol-treated A549 cells. Although GSH content may play
a vital role in Tempol-induced cell death, it is not the only factor that accurately predicts
cell death.

In conclusion, treatment with Tempol not only inhibited the growth of lung cancer
and normal cells but also induced the cell death via apoptosis and/or necrosis, which
was correlated with increased O2

•− levels and GSH depletion (Figure 8). No significant
difference in susceptibility to Tempol was found between lung cancer and normal cells.
The results of this study provide insight into our understanding of the cytotoxic role of
Tempol in lung cancer and normal cells in terms of cell growth inhibition, cell death, and
redox status.
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Molecules 2022, 27, 7341 14 of 15

References
1. Hinz, B.; Phan, S.H.; Thannickal, V.J.; Prunotto, M.; Desmouliere, A.; Varga, J.; De Wever, O.; Mareel, M.; Gabbiani, G. Recent

developments in myofibroblast biology: Paradigms for connective tissue remodeling. Am. J. Pathol. 2012, 180, 1340–1355.
[CrossRef] [PubMed]

2. Wilson, M.S.; Wynn, T.A. Pulmonary fibrosis: Pathogenesis, etiology and regulation. Mucosal. Immunol. 2009, 2, 103–121.
[CrossRef] [PubMed]

3. Hu, Z.; Li, M.; Chen, Z.; Zhan, C.; Lin, Z.; Wang, Q. Advances in clinical trials of targeted therapy and immunotherapy of lung
cancer in 2018. Transl. Lung Cancer Res. 2019, 8, 1091–1106. [CrossRef] [PubMed]

4. Salehi-Rad, R.; Li, R.; Paul, M.K.; Dubinett, S.M.; Liu, B. The Biology of Lung Cancer: Development of More Effective Methods for
Prevention, Diagnosis, and Treatment. Clin. Chest Med. 2020, 41, 25–38. [CrossRef] [PubMed]

5. Huska, J.D.; Lamb, H.M.; Hardwick, J.M. Overview of BCL-2 Family Proteins and Therapeutic Potentials. Methods Mol. Biol. 2019,
1877, 1–21.

6. Chung, C. Restoring the switch for cancer cell death: Targeting the apoptosis signaling pathway. Am. J. Health Syst. Pharm. 2018,
75, 945–952. [CrossRef]

7. Wurstle, M.L.; Laussmann, M.A.; Rehm, M. The central role of initiator caspase-9 in apoptosis signal transduction and the
regulation of its activation and activity on the apoptosome. Exp. Cell Res. 2012, 318, 1213–1220. [CrossRef]

8. Liu, X.; Yue, P.; Zhou, Z.; Khuri, F.R.; Sun, S.Y. Death receptor regulation and celecoxib-induced apoptosis in human lung cancer
cells. J. Natl. Cancer Instit. 2004, 96, 1769–1780. [CrossRef]

9. Zorov, D.B.; Juhaszova, M.; Sollott, S.J. Mitochondrial ROS-induced ROS release: An update and review. Biochim. Biophys. Acta
2006, 1757, 509–517. [CrossRef]

10. Zelko, I.N.; Mariani, T.J.; Folz, R.J. Superoxide dismutase multigene family: A comparison of the CuZn-SOD (SOD1), Mn-SOD
(SOD2), and EC-SOD (SOD3) gene structures, evolution, and expression. Free Radic. Biol. Med. 2002, 33, 337–349. [CrossRef]

11. Wilcox, C.S. Reactive oxygen species: Roles in blood pressure and kidney function. Curr. Hypertens. Rep. 2002, 4, 160–166.
[CrossRef]

12. Lauterburg, B.H. Analgesics and glutathione. Am. J. Ther. 2002, 9, 225–233. [CrossRef]
13. Vassalle, C.; Maltinti, M.; Sabatino, L. Targeting Oxidative Stress for Disease Prevention and Therapy: Where Do We Stand, and

Where Do We Go from Here. Molecules 2020, 25, 2653. [CrossRef]
14. Hayes, J.D.; Dinkova-Kostova, A.T.; Tew, K.D. Oxidative Stress in Cancer. Cancer Cell 2020, 38, 167–197. [CrossRef]
15. Wilcox, C.S. Effects of tempol and redox-cycling nitroxides in models of oxidative stress. Pharmacol. Ther. 2010, 126, 119–145.

[CrossRef]
16. Samuni, A.; Krishna, C.M.; Mitchell, J.B.; Collins, C.R.; Russo, A. Superoxide reaction with nitroxides. Free Radic. Res. Commun.

1990, 9, 241–249. [CrossRef]
17. Augusto, O.; Trindade, D.F.; Linares, E.; Vaz, S.M. Cyclic nitroxides inhibit the toxicity of nitric oxide-derived oxidants: Mecha-

nisms and implications. An. Acad. Bras. Cienc. 2008, 80, 179–189. [CrossRef]
18. Mitchell, J.B.; Samuni, A.; Krishna, M.C.; DeGraff, W.G.; Ahn, M.S.; Samuni, U.; Russo, A. Biologically active metal-independent

superoxide dismutase mimics. Biochemistry 1990, 29, 2802–2807. [CrossRef]
19. Han, Y.H.; Kim, S.Z.; Kim, S.H.; Park, W.H. Apoptosis in pyrogallol-treated Calu-6 cells is correlated with the changes of

intracellular GSH levels rather than ROS levels. Lung Cancer 2008, 59, 301–314. [CrossRef]
20. Park, W.H.; Han, Y.W.; Kim, S.H.; Kim, S.Z. A superoxide anion generator, pyrogallol induces apoptosis in As4.1 cells through the

depletion of intracellular GSH content. Mutat. Res. 2007, 619, 81–92. [CrossRef]
21. Goralska, M.; Holley, B.; McGahan, M.C. The effects of Tempol on ferritin synthesis and Fe metabolism in lens epithelial cells.

Biochim. Biophys. Acta 2000, 1497, 51–60. [CrossRef]
22. Sies, H.; Mehlhorn, R. Mutagenicity of nitroxide-free radicals. Arch. Biochem. Biophys. 1986, 251, 393–396. [CrossRef]
23. Gariboldi, M.B.; Lucchi, S.; Caserini, C.; Supino, R.; Oliva, C.; Monti, E. Antiproliferative effect of the piperidine nitroxide

TEMPOL on neoplastic and nonneoplastic mammalian cell lines. Free Radic. Biol. Med. 1998, 24, 913–923. [CrossRef]
24. Han, Y.H.; Park, W.H. Tempol inhibits growth of As4.1 juxtaglomerular cells via cell cycle arrest and apoptosis. Oncol. Rep. 2012,

27, 842–848. [PubMed]
25. Ye, S.; Xu, P.; Huang, M.; Chen, X.; Zeng, S.; Wang, Q.; Chen, J.; Li, K.; Gao, W.; Liu, R.; et al. The heterocyclic compound Tempol

inhibits the growth of cancer cells by interfering with glutamine metabolism. Cell Death Dis. 2020, 11, 312. [CrossRef]
26. Wang, M.; Li, K.; Zou, Z.; Li, L.; Zhu, L.; Wang, Q.; Gao, W.; Wang, Y.; Huang, W.; Liu, R.; et al. Piperidine nitroxide Tempol

enhances cisplatin-induced apoptosis in ovarian cancer cells. Oncol. Lett. 2018, 16, 4847–4854. [CrossRef]
27. Han, Y.H.; Kim, S.Z.; Kim, S.H.; Park, W.H. Arsenic trioxide inhibits the growth of Calu-6 cells via inducing a G2 arrest of the cell

cycle and apoptosis accompanied with the depletion of GSH. Cancer Lett. 2008, 270, 40–55. [CrossRef]
28. Park, W.H. Hydrogen peroxide inhibits the growth of lung cancer cells via the induction of cell death and G1phase arrest. Oncol.

Rep. 2018, 40, 1787–1794.
29. Han, Y.H.; Park, W.H. Propyl gallate inhibits the growth of HeLa cells via regulating intracellular GSH level. Food Chem. Toxicol.

Int. J. Publ. Br. Ind. Biol. Res. Assoc. 2009, 47, 2531–2538. [CrossRef]
30. Park, W.H. Upregulation of thioredoxin and its reductase attenuates arsenic trioxideinduced growth suppression in human

pulmonary artery smooth muscle cells by reducing oxidative stress. Oncol. Rep. 2020, 43, 358–367.

http://doi.org/10.1016/j.ajpath.2012.02.004
http://www.ncbi.nlm.nih.gov/pubmed/22387320
http://doi.org/10.1038/mi.2008.85
http://www.ncbi.nlm.nih.gov/pubmed/19129758
http://doi.org/10.21037/tlcr.2019.10.17
http://www.ncbi.nlm.nih.gov/pubmed/32010587
http://doi.org/10.1016/j.ccm.2019.10.003
http://www.ncbi.nlm.nih.gov/pubmed/32008627
http://doi.org/10.2146/ajhp170607
http://doi.org/10.1016/j.yexcr.2012.02.013
http://doi.org/10.1093/jnci/djh322
http://doi.org/10.1016/j.bbabio.2006.04.029
http://doi.org/10.1016/S0891-5849(02)00905-X
http://doi.org/10.1007/s11906-002-0041-2
http://doi.org/10.1097/00045391-200205000-00008
http://doi.org/10.3390/molecules25112653
http://doi.org/10.1016/j.ccell.2020.06.001
http://doi.org/10.1016/j.pharmthera.2010.01.003
http://doi.org/10.3109/10715769009145682
http://doi.org/10.1590/S0001-37652008000100013
http://doi.org/10.1021/bi00463a024
http://doi.org/10.1016/j.lungcan.2007.08.034
http://doi.org/10.1016/j.mrfmmm.2007.02.004
http://doi.org/10.1016/S0167-4889(00)00038-0
http://doi.org/10.1016/0003-9861(86)90087-1
http://doi.org/10.1016/S0891-5849(97)00372-9
http://www.ncbi.nlm.nih.gov/pubmed/22024718
http://doi.org/10.1038/s41419-020-2499-8
http://doi.org/10.3892/ol.2018.9289
http://doi.org/10.1016/j.canlet.2008.04.041
http://doi.org/10.1016/j.fct.2009.07.013


Molecules 2022, 27, 7341 15 of 15

31. Budihardjo, I.; Oliver, H.; Lutter, M.; Luo, X.; Wang, X. Biochemical pathways of caspase activation during apoptosis. Annu. Rev.
Cell Dev. Biol. 1999, 15, 269–290. [CrossRef]

32. Han, Y.H.; Park, W.H. Proteasome inhibitor MG132 reduces growth of As4.1 juxtaglomerular cells via caspase-independent
apoptosis. Arch. Toxicol. 2010, 84, 689–698. [CrossRef]

33. Suy, S.; Mitchell, J.B.; Samuni, A.; Mueller, S.; Kasid, U. Nitroxide tempo, a small molecule, induces apoptosis in prostate
carcinoma cells and suppresses tumor growth in athymic mice. Cancer 2005, 103, 1302–1313. [CrossRef]

34. Monti, E.; Supino, R.; Colleoni, M.; Costa, B.; Ravizza, R.; Gariboldi, M.B. Nitroxide TEMPOL impairs mitochondrial function and
induces apoptosis in HL60 cells. J. Cell Biochem. 2001, 82, 271–276. [CrossRef]

35. Martinez-Alonso, D.; Malumbres, M. Mammalian cell cycle cyclins. Semin. Cell Dev. Biol. 2020, 107, 28–35. [CrossRef]
36. Yang, J.; Liu, X.; Bhalla, K.; Kim, C.N.; Ibrado, A.M.; Cai, J.; Peng, T.I.; Jones, D.P.; Wang, X. Prevention of apoptosis by Bcl-2:

Release of cytochrome c from mitochondria blocked. Science 1997, 275, 1129–1132. [CrossRef]
37. Park, H.K.; Han, B.R.; Park, W.H. Combination of Arsenic Trioxide and Valproic Acid Efficiently Inhibits Growth of Lung Cancer

Cells via G2/M-Phase Arrest and Apoptotic Cell Death. Int. J. Mol. Sci. 2020, 21, 2649. [CrossRef]
38. Wilcox, C.S.; Pearlman, A. Chemistry and antihypertensive effects of tempol and other nitroxides. Pharmacol. Rev. 2008, 60,

418–469. [CrossRef]
39. Kroemer, G.; Dallaporta, B.; Resche-Rigon, M. The mitochondrial death/life regulator in apoptosis and necrosis. Annu. Rev.

Physiol. 1998, 60, 619–642. [CrossRef]
40. Moon, H.J.; Park, W.H. Butylated hydroxyanisole inhibits the growth of HeLa cervical cancer cells via caspase-dependent

apoptosis and GSH depletion. Mol. Cell. Biochem. 2011, 349, 179–186. [CrossRef]
41. Han, Y.H.; Kim, S.Z.; Kim, S.H.; Park, W.H. Induction of apoptosis in arsenic trioxide-treated lung cancer A549 cells by buthionine

sulfoximine. Mol. Cells 2008, 26, 158–164. [PubMed]
42. Park, W.H.; Han, B.R.; Park, H.K.; Kim, S.Z. Arsenic trioxide induces growth inhibition and death in human pulmonary artery

smooth muscle cells accompanied by mitochondrial O2
•− increase and GSH depletion. Environ. Toxicol. 2018. online ahead of print.

[CrossRef] [PubMed]
43. You, B.R.; Park, W.H. Auranofin induces mesothelioma cell death through oxidative stress and GSH depletion. Oncol. Rep. 2016,

35, 546–551. [CrossRef] [PubMed]
44. Han, Y.H.; Kim, S.Z.; Kim, S.H.; Park, W.H. Suppression of arsenic trioxide-induced apoptosis in HeLa cells by N-acetylcysteine.

Mol. Cells 2008, 26, 18–25. [PubMed]

http://doi.org/10.1146/annurev.cellbio.15.1.269
http://doi.org/10.1007/s00204-010-0550-8
http://doi.org/10.1002/cncr.20898
http://doi.org/10.1002/jcb.1160
http://doi.org/10.1016/j.semcdb.2020.03.009
http://doi.org/10.1126/science.275.5303.1129
http://doi.org/10.3390/ijms21072649
http://doi.org/10.1124/pr.108.000240
http://doi.org/10.1146/annurev.physiol.60.1.619
http://doi.org/10.1007/s11010-010-0672-6
http://www.ncbi.nlm.nih.gov/pubmed/18596414
http://doi.org/10.1002/tox.22569
http://www.ncbi.nlm.nih.gov/pubmed/29708299
http://doi.org/10.3892/or.2015.4382
http://www.ncbi.nlm.nih.gov/pubmed/26530353
http://www.ncbi.nlm.nih.gov/pubmed/18511884

	Introduction 
	Materials and Methods 
	Cell Culture 
	Reagents 
	Cell Growth Inhibition Assay 
	Sub-G1 Cell Analysis 
	Detection of Apoptosis 
	Measurement of MMP (m) 
	Quantification of Caspase-3 Activity 
	Determination of Intracellular ROS and O2- Levels 
	Detection of Intracellular GSH Levels 
	Statistical Analysis 

	Results 
	Effects of Tempol on Lung Cancer and Normal Cell Growth 
	Effects of Tempol on Cell Death of Lung Cancer and Normal Cell Cells 
	Effects of Tempol on Mitochondrial Membrane Potential (MMP; m) in Lung Cancer and Normal Cells 
	Effects of Tempol and/or Z-VAD on Caspase-3 Activity and Cell Death in Lung Cancer and Normal Cells 
	Effects of Tempol and/or Z-VAD on ROS and GSH Levels in Lung Cancer and Normal Cells 

	Discussion 
	References

