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In the present study, we examined whether caspases and their upstream regulators are involved in rote-
none-induced cytotoxicity. Rotenone significantly inhibited the proliferation of oral cancer cell lines in a
dose-dependent manner compared to normal oral mucosal fibroblasts. Flow cytometric analysis of DNA
content showed that rotenone treatment induced apoptosis following G2/M arrest. Western blotting
showed activation of both the caspase-8 and caspase-9 pathways, which differed from previous studies
conducted in other cell types. Furthermore, p53 protein and its downstream pro-apoptotic target, Bax,
were induced in SAS cells after treatment with rotenone. Rotenone-induced apoptosis was inhibited by
antioxidants (glutathione, N-acetylcysteine, and tiron). In conclusion, our results demonstrate significant

involvement of caspases and their upstream regulators in rotenone-induced cytotoxicity.

© 2008 Elsevier Inc. All rights reserved.

Rotenone is a naturally occurring plant compound derived from
the root and bark of some Luguminosae species (Derris. Tephrosia
and Lonchocharpus). This compound is a specific inhibitor of mito-
chondrial complex I, and is the main ingredient in many botanical
insecticides that have been used for at least 150 years to control
vegetable pests. Administration of rotenone has been shown to
lead to biochemical, anatomical, and behavioral symptoms resem-
bling Parkinson’s disease due to neurotoxicity [1-3]. Previous stud-
ies have shown that inhibiting mitochondrial complex I leads to
cytochrome c release, followed by DNA fragmentation and cell
death [4]. Several studies have shown that rotenone treatment
can induce apoptosis in cells derived from human B cell lympho-
mas [5], promyelocytic leukemias [6], and neuroblastomas [7].
However, other studies contradict these findings; for example,
one report suggests that rotenone actually inhibits bortezomib-in-
duced ROS generation and cytochrome c release in human H460
non-small cell lung cancer cells [8].
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Previous work demonstrated that supplementing rat diets with
rotenone prevented cancers of the tongue induced by 4-nitroquin-
oline 1-oxide (4-NQO) [9]. Therefore, rotenone has potential as a
novel candidate chemotherapeutic agent to treat oral cancer.
Although studies have provided suggestive evidence for the thera-
peutic efficacy of rotenone in different cell types, the mechanism of
action by which rotenone inhibits oral carcinogenesis is still
unknown. Understanding the exact mode of action of rotenone
should provide additional useful information toward its possible
application in oral cancer treatment. In this report, we investigated
the effects of rotenone on proliferation, the cell cycle, and apopto-
sis in human oral cancer cells. We also pursued a more detailed
investigation of the mechanism of rotenone-induced cytotoxicity
in oral cancer cells.

Materials and methods

Materials. All biological materials for tissue culture were obtained from Gibco
Laboratories. Rotenone, glutathione (GSH), N-acetylcysteine (NAC), tiron, propidi-
um iodide (PI), dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2, and
5-diphenyltetrazolium bromide (MTT) were obtained from Sigma Chemical Co. Pro-
tein determination kit was from BioRad Laboratories.

Cell culture. The SAS cell line was purchased from the Japanese Collection of Re-
search Bioresources (Tokyo, Japan). The Cal27 cell line was from ATCC. The TW2.6
cell line was generated from a Taiwanese patient with buccal carcinoma [10]. The
SAS cell line and oral mucosal fibroblasts (OMFs) were cultured in high-glucose
Dulbecco’s modified Eagle’s medium, supplemented with 10% fetal calf serum
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(FCS), 2 mM t-glutamine, penicillin (100 U/ml), and streptomycin (100 U/ml) at
37 °C in a humidified atmosphere of 95% air and 5% CO,. For all experiments, cells
were seeded in 35-mm Petri dishes at an initial density of 1 x 10* and allowed to
attach for 24 h prior to rotenone treatment. The culture medium was replaced with
fresh medium containing varying concentrations of rotenone and incubated for the
indicated periods of time.

Cell viability (MTT) assay. Cell viability was measured using the MTT-based cyto-
toxicity assay, based on the ability of live cells to utilize tetrazolium and subse-
quently convert it into formazan. This assay detects living but not dead cells, and
the signal directly correlates to the number of metabolically active cells in the cul-
ture. Briefly, cells were seeded in a 96-well plate and allowed to attach overnight.
The cells were then treated with various concentrations of rotenone for 24, 48,
and 72 h. On termination, MTT was added to each well at a final concentration of
0.5 mg/ml. After incubation for 4 h at 37 °C, medium and MTT were removed, and
the MTT-formazan products were extracted with DMSO. The absorbance was read
at 570 nm using a 96-well plate reader. Each data point is the average of results
from eight wells.

Flow cytometric analysis. Tumor cells were harvested and stained with propidi-
um iodide (PI) to determine intracellular DNA content by flow cytometry. This data
was used to evaluate changes in the cell cycle following rotenone treatment, as pre-
viously described. Briefly, after seeding and overnight incubation, cells were treated
with 1.25 uM rotenone. At the indicated time intervals, the cells were collected and
fixed in ice-cold methanol/PBS (2:1 ratio) for a minimum of 30 min. Fixed cells were
then stained in 0.5 ml of PBS containing 20 pg/ml DNase-free RNase A and 50 pg/ml
PI for 30 min in the dark. The DNA content of the tumor cells was then determined
by a Fluorescence Activated Cell Sorter (Becton Dickinson).

TdT-mediated dUTP nick end labeling (TUNEL) analysis. TUNEL staining was used
to assay for apoptotic cells (Roche Applied Science). Cover slips were pre-treated
with 1 N HCl and 95% ethanol and then seeded onto a 6-cm plate. Cells were treated
as desired, followed by aspiration of the medium and the addition of fresh parafor-
maldehyde solution (4% in PBS, pH 7.4), which was used to fix cells for 30 min at
room temperature. Cells were incubated with permeabilisation buffer (0.1% Triton®
X-100, 0.1% sodium citrate) on ice. After washing cells twice with PBS, the TUNEL
reaction mixture was added (composed of 5 pl enzyme solution mixed with 45 pl
label solution, yielding 50 ul TUNEL reaction mixture for each sample). During
staining, samples were incubated in the dark for 60 min at 37 °C prior to analysis.
Cells were rinsed with PBS several times, followed by 30 s of PI staining (1 pg/ml)
to counterstain the nucleus. After staining, the cover slip was inverted onto the
slide, mounted with mounting solution, and sealed.

DNA ladder analysis. The formation of oligonucleosomal DNA fragments was
examined by agarose gel electrophoresis. Briefly, 2 x 10° cells per 100-mm culture
dish were treated with the indicated drugs. At different time points, both floating
and adherent cells were harvested. After being washed once with PBS, cell pellets
were subjected to genomic DNA purification using the Wizard® Genomic DNA Puri-
fication Kit (Promega), according to the manufacturer’s instructions. Apoptotic oli-
gonucleosomal DNA fragmentation was then assessed by gel electrophoresis (1.5%
agarose).

Western blot analysis. Western blot analysis was used to assay for the apoptosis-
related proteins expression, briefly, cells in 10-cm plates were harvested at the indi-
cated time points and washed with PBS. Cells were lysed in 100 ul lysis buffer
(20 mM Tris-HCl, pH 7.4, 150 mM NacCl, 0.5% Nonidet P-40, 1 mM EDTA, 50 pg/ml
leupeptin, 30 pg/ml aprotinin, and 1 mM PMSF) and subjected to 12.5% PAGE. A to-
tal volume of 30 ug of protein was loaded per lane. The separated proteins were
blotted onto a nitrocellulose membrane (PALL Gelman Laboratory) by semi-dry
transfer (BIO-RAD). After blocking with 5% milk in TBST, the membranes were then
incubated with various antibodies: p53, Bcl-2, Bcl-Xs), caspase-3 (Santa Cruz Bio-
technology), p21, Bax (BD Transduction Laboratory), caspase-8, caspase-9, cleaved
caspase-3, PARP (Cell Signaling), cytochrome c (BD PharMingen), or B-actin (Sigma).
The following dilutions were used: p53 1:1000, Bcl-2 1:500, Bcl-Xs;. 1:1000, p21
1:500, Bax 1:250, caspase-8 1:1000, caspase-9 1:1000, cleaved caspase-3 1:500,
PARP 1:1000, caspase-3 1:1000, cytochrome ¢ 1:1000, and B-actin 1:10000. After
primary antibody incubation, the membranes were incubated with HRP-labeled
secondary antibody (Promega) at a concentration of 1:10,000. The Western Lighting
Chemiluminescence Reagent (Perkin Elmer) was then added and then exposed with
Fuji X-ray film. The results were digitized for densitometric analysis using the Gel
Pro Analyzer.

Apoptosis ELISA analysis with caspase and ROS inhibitors. Cells were seeded onto
48-well microtiter plates at 5 x 10%/well, grown for 24 h, and pre-treated for 3 h
with 100 mM of the caspase-8 inhibitor, Z-IETD-FMK, or the caspase-9 inhibitor,
Z-LEHD-FMK (Calbiochem). For ROS inhibitor experiments, cells were treated with
15mM glutathione, 15 mM N-acetylcysteine, or 1 mM tiron for 30 min. After-
wards, 1 uM of rotenone was added for 24 h. Apoptosis was analysis by the Cell
Death Detection ELISA assay (Roche Applied Science). Briefly, cell lysates were
pipetted onto a streptavidin-coated 96-well microtiter plate to which the immu-
noreagent mix was added and incubated for 2 h at room temperature. The wells
were then washed, treated with substrate solution, and developed for 10-
20 min. Absorbance was read at 405 nm against the blank at a reference wave-
length of 490 nm. The enrichment factor (amount of apoptosis) was calculated
by dividing the absorbance of the sample (405 nm) by the absorbance of the un-
treated controls (490 nm).

Statistical analysis. Group data are expressed as means + SD. The unpaired Stu-
dent’s t test (for control and study group comparisons) was applied to compare
group differences. Differences with P < 0.05 were considered significant.

Results
Cell growth inhibition caused by rotenone

The effects of various concentrations of rotenone (0-60 uM)
were examined by MTT assay in both oral cancer cell lines (SAS,
Cal27, and Tw2.6) and normal oral mucosal fibroblasts (OMFs).
The results showed rotenone significantly inhibited the prolifera-
tion of all three oral cancer cell lines compared to oral mucosal
fibroblasts in a concentration-dependent manner (Fig. 1A). The
50% inhibitory concentrations (ICso) after 48 h of rotenone treat-
ment for SAS, Cal27, Tw2.6, and OMFs were 0.950.05,
0.11+£0.02, 1.24+0.11, and 31.43 £2.31 uM, respectively; the
selective indices for OMF/SAS, OMF/Cal27, and OMF/Tw2.6 were
33.08, 28.57, and 25.34, respectively.

Induction of apoptosis by rotenone treatment

To examine the effect of rotenone on cell cycle progression, SAS
cells were treated with 1 uM rotenone for 0, 12, 24, 48, and 72 h.
The cell cycle phase distribution was then analyzed by flow cytom-
etry. As shown in Fig. 1B, treatment with rotenone resulted in the
accumulation of cells in G»/M phase. The G,/M blockade peaked at
12 h, with approximately 70% of cells in G,/M at that time point,
compared to 25-30% in controls (Table 1). At later time points,
the number of sub-G; cells (apoptotic cells) gradually increased.
The percentage of accumulated sub-G; apoptotic cells was approx-
imately 52% after 72 h of exposure to rotenone. Similar results
were also found in Cal27 and Tw2.6, which showed a smaller pro-
portion of sub-G; cells. The OMFs did not show any significant cell
cycle profile changes at 72 h after 1 uM rotenone treatment (data
not shown).

To further investigate whether rotenone-induced growth inhi-
bition in this cell line was caused by apoptosis, TUNEL (TdT-med-
iated dUTP nick end labeling) analysis of apoptotic DNA fragments
was performed. Cells positive for TUNEL staining were found to
have condensed and/or fragmented nuclei (Fig. 1C). Approximately
40% of the cells were apoptotic by 48 h after rotenone treatment.
Similar results were also observed from analysis of DNA fragmen-
tation by gel electrophoresis. As shown in Fig. 1D, DNA cleavage
into oligonucleosomal fragments (180-200 base pairs), a typical
feature of apoptosis, was observed in SAS cells after 24-72 h of
rotenone exposure (Fig. 1E).

Rotenone induces cytochrome c release and caspase activation

To investigate the mechanisms of rotenone-induced apoptosis
in oral cancer cell lines, we next investigated the levels of cyto-
chrome c in the soluble cytosolic fraction of SAS cells after rote-
none treatment. Treatment of SAS cells with 1uM rotenone
caused cytochrome c release into the cytosol (Fig. 2A), where the
amount of cytochrome c released into the cytosol increased in a
time-dependent manner. Furthermore, we examined the cleavage
of procaspase-8 and procaspase-9 in cells following rotenone treat-
ment. Immunoblotting analysis demonstrated that both caspases
were cleaved into their characteristic active fragments after SAS
cells were treated with 1 uM rotenone. At 24 h, active caspase-8 in-
creased 8-fold in SAS cells, while the cleaved form of caspase-9 in-
creased 3-fold (Fig. 2B).

The involvements of caspase-9 and caspase-8 in rotenone-in-
duced apoptosis were further validated by using caspase inhibitors.
As shown in Fig. 3A and B, rotenone-induced apoptosis was again
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Fig. 1. Effects of rotenone on the cytotoxicity of oral cancer cell lines and oral mucosal fibroblasts (OMFs). (A) Cells were treated with increasing concentrations of rotenone
(0-60 uM) for 72 h. Viable cells were measured by MTT assay and expressed as a percentage of control (n = 8). All values are means of three independent experiments + SEM
(bars). (B) Cell cycle phase distribution of SAS cells treated with 1 uM rotenone for the indicated times, analyzed by flow cytometry. (C) TUNEL staining analysis of rotenone-
treated SAS cells treated with 1 uM rotenone for 48 h and visualized by fluorescence microscopy after staining with PI (c) or TUNEL (a, upper panel). Note the apoptotic cells
with nuclear condensation, fragmentation, and positive TUNEL signal compared to control cells (b and d). Magnification, 100x. (D) Percentage of cells undergoing apoptosis
observed by TUNEL staining. Results are the means of three independent experiments. (E) DNA ladder analysis of SAS cells treated with rotenone.
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Table 1
Percent cell cycle distributions after rotenone treatment in SAS cells

Oh 12h 24 h 48 h 72 h
Sub-G1 1.4+0.1%* 12.1£1.9% 32.0+£2.2% 389+24% 521 +1.7%
G1 46.2 +2.5% 74+£09% 151+06% 17.7+09% 163+1.4%
S 19.5+0.8% 10.5+1.2% 123 +1.1% 152 +1.3% 12.1 £0.8%

G2/M 329+1.8% 70.0+3.2% 40.6+53% 282+22% 19.5+1.6%

@ Percentage of cells in each cell cycle compartment were determined by
deconvolution of the DNA content-frequency histogram. The tabulated percentages
are an average calculated on the results of three separate experiments.

determined by quantitating cytoplasmic histone-associated DNA
fragments. Apoptosis was significantly attenuated after treating
cells with specific inhibitors of caspase-8 (Z-IETD-FMK) and cas-
pase-9 (Z-LEHD-FMK). Co-treatment with both caspase-8 and cas-
pase-9 inhibitors further reduced the number of cells undergoing
apoptosis.

Inhibition of rotenone-induced apoptosis by antioxidants

To test whether ROS plays a role in rotenone-induced apoptosis
in SAS cells, we used three antioxidants—glutathione, NAC, and tir-
on—to evaluate their effects on rotenone-induced apoptosis. As
shown in Fig. 3C, all three antioxidants decreased rotenone-in-
duced apoptosis. Among these antioxidants, tiron was shown to
be the most potent.

Rotenone increases the expression of p53 and Bax protein

The cytochrome c-initiated caspase cascade has been shown to
be regulated by the Bcl-2 family of proteins. The balance between
anti-apoptotic and pro-apoptotic Bcl-2 family members is critical
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in determining the susceptibility of cells to death. Therefore, the
influence of rotenone on proteins of this family was examined.
Rotenone induced the upregulation of Bax by 12 h (3-fold) and
the maintenance of Bax expression levels for an additional 48 h
(2-fold). No change in the expression levels of Bcl-Xs;. and Bcl-2
was induced by rotenone in SAS cells (Fig. 4). The Bax gene is a
known downstream target of p53, which transactivates Bax. We
also found that rotenone enhanced the expression of p53 from
12 to 48 h in SAS cells. However, the expression of another p53
downstream target, p21, was not increased following treatment
with rotenone.

Discussion

In the present study, rotenone treatment caused significant
apoptosis in SAS cells, as demonstrated by flow cytometric detec-
tion of sub-G; DNA content, TUNEL labeling, DNA fragmentation,
caspase-3 activation, and PARP cleavage. Shimizu et al. suggested
that rotenone and other inhibitors of mitochondrial electron trans-
port do not cause apoptosis, but induce necrotic cell death [11].
However, others have shown that cells treated with rotenone un-
dergo apoptosis [12]. The ability of rotenone to induce apoptosis
or necrosis may depend upon the cell type studied, since cellular
demise by apoptotic mechanisms occurs readily in many cell types,
but in other cells is more difficult to induce [13].

The differential toxicity of rotenone in oral cancer cells and
OMFs may be due to the fact that cancer cells are under increased
oxidative stress compared to normal OMFs. Normal cells are pro-
tected by antioxidant enzymes (e.g., catalase, superoxide dismu-
tase, and glutathione peroxidase) from the toxic effects of high
concentrations of ROS generated during cellular metabolism. How-
ever, these antioxidant enzyme levels are low in most animal and
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Fig. 2. Western blot analysis of apoptosis-related gene expression after rotenone treatment. (A) Note cytochrome c following rotenone treatment. The active forms of
caspase-8 (43 kDa) and caspase-9 (35 and 37 kDa) were detected after a 12 h exposure to rotenone. Cleaved caspase-3 (17 and 19 kDa) and the 85 kDa-cleavage product of
PARP increased with time. B-Actin was used as an internal control. (B) Kinetics of apoptosis-related gene expression. Densitometry units represent the expression level of the
target protein divided by the expression level of B-actin.
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human cancers [14], and the concentrations of free oxygen radicals
are higher in malignant cells than their normal counterparts [15].
Therefore, cancer cells are more vulnerable to additional oxidative
stress caused by exogenous ROS-generating agents. This hypothe-
sis is supported by the observations that ROS appear to be an
important mediator of the activity of rotenone. Furthermore, rote-
none may be useful in combination with other ROS-generating
agents, such as doxorubicin, bleomycin, and cisplatin, to enhance
their anticancer activity.

Since many anticancer drugs kill tumor cells by inducing apop-
tosis, this cell death pathway represents an important mechanism
to exploit. It is known that rotenone induces apoptosis in cells de-
rived from human B cell lymphomas and neuroblastomas, but the
mechanisms involved are different for each case. Armstrong et al.
showed that rotenone induced G,/M cell cycle arrest and apoptosis
in a human B cell lymphoma cell line, PW [5]. During apoptosis, the
activation of caspases leads to the cleavage and inactivation of key
cellular proteins, such as PARP. Caspase-3 is an “executioner
caspase” that can be activated by a mitochondrial pathway involv-
ing caspase-9, or a death receptor pathway involving caspase-8.
Treating PW cells with rotenone led to the biochemical features
of apoptosis, including mitochondrial cytochrome c release, ROS
generation, and the activation of procaspase-3. The inhibition of
mitochondrial electron transport by rotenone may be insufficient
to induce apoptosis in PW cells. Instead, apoptosis in these cells
may occur as a consequence of disrupting the cell cycle, and is only
indirectly dependent upon mitochondrial electron transport. In
neuroblastoma cells, rotenone induces activation of both mito-
chondria- and endoplasmic reticulum-dependent caspases [7]. In
leukemic cells, partial inhibition of mitochondrial respiration by
rotenone enhances electron leakage from the transport chain, lead-
ing to an increase in the generation of superoxide radicals and sen-
sitization of the leukemia cells to anticancer agents whose action
involves free radical generation [6]. However, rotenone inhibits
bortezomib-induced ROS generation and cytochrome c release in
human H460 non-small cell lung cancer cells [8]. In our model,
PARP cleavage was observed within 12 h of rotenone treatment.
Rotenone treatment also caused cleavage of both procaspase-9
and procaspase-8. Moreover, rotenone-induced apoptosis was sig-
nificantly attenuated in the presence of specific inhibitors of cas-
pase-8 and caspase-9 (Fig. 3). These results suggest the
involvement of both mitochondrial and death receptor pathways
in rotenone-induced apoptosis of oral cancer cells. Further charac-
terization of the mitochondrial and death receptor pathways in
rotenone-treated cells would help establish the relative contribu-
tions of the caspase-9 and caspase-8 cascades to rotenone-induced
apoptosis. The role of ROS in rotenone-induced apoptosis of oral
cancer cells also needs to be elucidated.

The G/M cell cycle arrest observed after rotenone treatment
may be a direct consequence of inhibiting the polymerization of
microtubules, since Barrietos et al. and other groups have shown
this effect with rotenone. Indeed, inhibiting microtubule polymer-
ization is known to affect the ability of cells to enter and exit the
cell cycle during mitosis [16-18]. Inhibiting caspase activation
with specific inhibitors of caspase-8 and caspase-9 blocked apop-
tosis, but did not prevent G,/M arrest, indicating that apoptosis
occurs downstream of cell cycle arrest. The tumor suppressor pro-
tein, p53, has previously been suggested to play a role in G,/M ar-
rest as well as G1 arrest [19].

In conclusion, our results showed that rotenone is more effec-
tive in inducing cytotoxicity in oral cancer cells than in normal

OMFs. This growth inhibition was due to G,/M cell cycle arrest,
which led to apoptosis via the activation of both the caspase-8
and caspase-9 pathways. ROS were found to be important media-
tors of rotenone-induced apoptosis. Furthermore, p53 and Bax
may play important roles in rotenone-induced apoptosis upstream
of caspase activation by upregulating and/or preventing the degra-
dation of apoptosis-related proteins.
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