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Na,K-ATPase is a ubiquitous transmembrane protein that regulates and maintains the intracellular Na*
and K* gradient necessary for cell homeostasis. Recently, the importance of this pump in external
stimuli-induced leukemia cell apoptosis has been increasingly appreciated, however, the exact role of
Na,K-ATPase in mitochondrial apoptotic pathway still remains little understood. In this study, we found

Ke_J/WOTdS-' ) mitochondrial toxin rotenone caused a rapid mitochondrial membrane potential (MMP) collapse in
x‘tl‘(m:%r)‘d”a Jurkat cells followed by plasma membrane depolarization (PMP). Similar results were also obtained in
a,K- ase

human U937 cells and non-cancerous mouse primary T cells. Rotenone-induced PMP depolarization
occurred before apoptosis and well correlated with Na,K-ATPase impairment. To understand the
mechanisms, Jurkat cells with mtDNA depletion and catalase overexpression were used. The results
demonstrated that both PMP depolarization and Na,K-ATPase impairment induced by rotenone were
regulated by mitochondrial H,0, and Bcl-2. Finally, Na,K-ATPase suppression by ouabain greatly
accelerated and enhanced mitochondrial toxins-induced cells apoptosis in Jurkat, U937 and primary T
cells. In sum, by using leukemia cells and mouse primary T cells, we confirmed that mitochondria-to-
Na,K-ATPase and PMP depolarization might represent a novel mechanism for mitochondria to amplify

Depolarization
Reactive oxygen species
Apoptosis

death signals in the initiation stage of cells apoptosis induced by mitochondrial toxins.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Plasma membrane potential (PMP) depolarization has been
recognized as a primary signal that conveys multiple biological
messages within cells, such as gene transcription and expression
[1], activation of Rho-Rho kinase (ROK) pathway to regulate
paracellular transport in epithelial cells [2] or to regulate receptor
stimulation-induced vascular smooth muscle contraction [3]. In
cell death, PMP depolarization is an early event in Fas-triggered
apoptosis [4]. Conversely, PMP depolarization could also protect
cell from apoptosis [5]. Therefore, whether the PMP depolarization
is just an epiphenomenon that occurs during apoptosis, or if there
is a specific signaling role for PMP depolarization during apoptosis
is currently unknown.

PMP depolarization is mainly mediated by ion fluxes, such as
Na*, Ca?*, or CI~ across plasma membrane. Impairment of ion
channels or transporters responsible for these ion fluxes can thus
disrupt the intracellular ion homeostasis and lead to PMP

* Corresponding author. Tel.: +86 25 83324605; fax: +86 25 83324605.
E-mail address: zchua@nju.edu.cn (Z.-C. Hua).

0006-2952/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcp.2009.03.025

depolarization. Among ion transporters across plasma membrane,
Na,K-ATPase stands up to be a key pump involved in PMP
depolarization [6]. Report has revealed that Na,K-ATPase has been
a specific target for inactivation in death receptors-mediated cell
apoptosis. Furthermore, this Na,K-ATPase impairment leads to a
significant increase of depolarized cells, the purpose of whichis to
enhance Fas ligand (Fas L)-induced human T-cell leukemia cells
apoptosis [7]. These results suggest that PMP depolarization may
play a role in predisposing leukemia cells to apoptotic stimuli.
Besides Fas L, arsenic trioxide (As,03) was also shown to be able to
trigger PMP depolarization and enhance the activity of anti-
cancer agents in leukemia cells [8,9]. Fas L and As,0s are different
substances that can kill leukemia cells, how these two agents are
both able to depolarize leukemia cells appears to be intensively
interesting. In principle, Fas L recruits intracellular FADD or
caspase 8 to form death-inducing signaling complex (DISC) after
binding with its receptor, leading to activation of caspase 8 and
downstream caspase 3. Alternatively, the activated caspase 8 can
also cleave and activate Bid, which then translocates to the
mitochondria triggering the release of cytochrome c into cytosol.
Once in cytosol, cytochrome c¢ forms apoptosome to activate
procaspase 9 and downstream caspase 3 [10]. Unlike that of Fas L,
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As;03 is suggested to directly target the mitochondria to induce
leukemia cell apoptosis [11]. In whole cells, As;03 can disrupt
mitochondrial membrane potential (A®) and induce caspase
activation [12], or trigger opening of permeability transition pore
and release of soluble intermembrane proteins [13]. Apparently,
mitochondrial impairment constitutes a shared mechanism for
Fas L-mediated or As,;Os-induced leukemia cells apoptosis. As
such, we attempt to understand three important issues, (1)
Whether mitochondrial impairment in human leukemia cells may
have some intrinsic relationship with PMP depolarization,
because TNF-a, another death family protein can also inhibit
mitochondrial function at complex I [14] and depolarize human
leukemia cells (Yin, W., personal communication). (2) What is the
role of PMP depolarization in mitochondria-dependent leukemia
cell apoptosis? (3) Whether mitochondrial impairment can also
induce PMP depolarization in non-cancerous cells, such as
primary T cells.

To address the above concern, rotenone was used in this study
to cause mitochondrial damage and induce mitochondria-depen-
dent apoptosis in leukemia cells. The results, as described in this
study propose a novel mitochondria-involved apoptosis amplifica-
tion mechanism mediated by plasma membrane Na,K-ATPase and
PMP depolarization.

2. Materials and methods
2.1. Materials

Rotenone, diphenyleneiodonium (DPI), propidium iodide (PI),
catalase, Mn(Ill) tetrakis (4-benzoic acid) porphyrin chloride
(MnTBAP) and BAPTA/AM were purchased from Sigma Co. (St
Louis, MO, USA). Squamocin was isolated and identified from
chloroform part of Annona squamosa L. with purity over 99%.
Various chromatographic and spectral techniques (*H NMR, 3C
NMR and MS) were used to elucidate the structure. The general
caspases inhibitor z-VAD.fmk was obtained from Kamiya Biome-
dical Co. (Seattle, WA, USA). Bis-(1,3-dibutylbarbiturate)-tri-
methine xonol (DiBAC4), H,DCFDA, dihydroethidium (DHE) and
5,5',6,6'-tetrachloro-1,1’,3,3/'-tetraethylbenzimidazolcarbocyanine
iodide (JC-1) were from Molecular Probes (Eugene, OR, USA).
86RbCl was obtained from Amersham Pharmacia (Buckingham-
shire, UK).

2.2. Cell culture

Jurkat A3 cells were generously gifted by Prof. Cohen [15]. U937
cells were purchased from American type culture collection
(ATCC). Both Jurkat cells and U937 cells were maintained in RPMI
1640 medium containing 10% heat-inactivated fetal calf serum,
4 mM glutamine supplemented with 31 mg/l penicillin, and
50 mg/l streptomycin at 37 °C, 5% CO, atmosphere. U937 cells
stably transfected with Bcl-2 and mock plasmid were kindly
provided by Prof. Yang, R. from Nanjing University of Chinese
Medicine (Nanjing, China).

2.3. Bcl-2 transgenic mice genotyping and isolation of mouse primary
T cells

We used Bcl-2 transgenic mice in this study kindly provided by
Astar Winoto [16]. Genotypes were determined by PCR amplifica-
tion of genomic DNA obtained from mouse-tails. PCR primers used
were Bcl-2 tg-F (5'-CATGTGTGTG GAGAG CGTCA AC-3’) and Bcl-2
tg-R (5'-TAGCCATTGCAGCTAGGTGAGC-3’). Based on previously
described protocol [7], primary T cells suspension was prepared
aseptically from lymph nodes of wild type or Bcl-2 transgenic mice.
Mice were maintained in specific pathogen-free housing and cared

for in accordance with “principles of laboratory animal care”
approved by The Animal Care & Welfare Committee of China.

2.4. Generation of stable cell lines transfected with human catalase or
MnSOD cDNA

The full-length ¢cDNA of human catalase and MnSOD were
amplified by using RT-PCR reaction and cloned in frame into
bicistronic pIRES-EGFP eukaryotic expression vector containing
the gene encoding GFP. These constructs (pIRES-EGFP-catalase,
PIRES-EGFP-MnSOD) were stably transfected into Jurkat cells by
electroporation using a Gene Pulser (Bio-Rad, Richmond, CA) at
250V and 960 wF. Transfected clones, derived from single colonies
were selected by limiting dilution in RMPI 1640 medium
containing G418 (1.5 mg/ml) and screened for EGFP expression
by flow cytometry, and further screened for catalase or MnSOD
overexpression by western blot analysis. Control cell lines were
generated by stably transfecting Jurkat cells with the pIRES-EGFP
vector.

2.5. Generation of Jurkat pO cells

Jurkat cells lacking mitochondrial DNA (p0) were generated by
growing Jurkat cells in RPMI 1640 medium supplied with 10% fetal
calf serum, 2 mM r-glutamine, 1 mM pyruvate, 50 pg/ml uridine,
25 mM glucose, and 50 ng/ml ethidium bromide (EB) for 5-6
weeks [17]. After selection, the cells were grown in the same
medium without EB. Oxygen consumption was measured with a
Clark-type oxygen electrode, and no oxygen uptake was observed
for pO Jurkat cells.

2.6. Assessment of plasma membrane or mitochondrial membrane
depolarization

Acute changes in the plasma membrane potential were
measured as previously described [7]. JC-1 was used to measure
mitochondrial membrane depolarization [18,19]. In brief, cells
after treatment were collected, stained with JC-1 (5 pwg/ml) and
analyzed with FACScan flow cytometer (Becton Dickinson, Oxford,
USA). All flow cytometric analyses were accomplished using
CellQuest software.

2.7. Ouabain sensitive 8Rb* uptake

86Rb* was used as a cognate for measuring K* uptake in Jurkat
cells [4,7].

2.8. DNA analysis by flow cytometry

Cells after treatment were fixed by the slow addition of cold 70%
ethanol to a volume of 1 ml, stored at 4 °C overnight. For flow
cytometry analysis, the fixed cells were pelleted, washed once in
1x phosphate-buffered saline (PBS), and stained in 1 ml of 20 g/
ml PI, 1 mg/ml RNase in 1x PBS for 20 min. 10,000 cells were
examined by flow cytometry using a Becton Dickinson FASCalibur
by gating on an area versus width dot plot to exclude cell debris
and cell aggregates. The percentage of degraded DNA was
determined by the number of cells with subdiploid DNA (sub
GO) divided by the total number of cells examined under each
experimental condition.

2.9. Measurement of intracellular H,0, and 05~
Generation of intracellular H,O, was measured using H,DCFDA

upon oxidation to the fluorescent derivative 2’-7'-dichlorofluorescin
(DCF) by reactions with H,0,. Following treatments, cells were
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collected and resuspended in 500 I RPMI containing 2% FBS and
10 wM H,DCFDA for 20 min at 37 °C. Subsequently, cells were
washed with PBS and analyzed with flow cytometry (Becton
Dickinson, Oxford, USA) with excitation set at 488 nm and emission
at 530 nm. Immediately before flow cytometry analysis, PI(1 pg/ml)
was added to exclude the non-viable cells. For measurement of
intracellular O, 7, cells after treatments were loaded with 5 wM DHE,
analyzed with flow cytometry in FL3 channel.

2.10. Immunoblot analysis

The immunoblot analysis was performed as previously
described [7]. Briefly, 50 pg or 100 g protein was separated on
10% SDS-PAGE and electrophoretically blotted onto polyvinylidene
fluoride (PVDF) membranes. Monoclonal antibody against human
Na,K-ATPase a1 or 31 subunit was purchased from Affinity
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enhanced chemiluminescence (ECL) system (Amersham Pharma-
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2.11. Detection of plasma membrane Na,K-ATPase (31 subunit in
Jurkat cells by flow cytometry

Following previously described protocol [7], Jurkat cells
(2 x 10%) were probed with primary antibody for 1 h, then FITC-
conjugated secondary IgG for an additional 1 h. Finally, cells were
resuspended in a 400 .l ice-cold PBS and analyzed with flow
cytometry (Becton Dickinson, Oxford, USA). Immediately before
flow cytometry analysis, PI (1 pg/ml) was added in each sample. PI
impermeable cells were gated out as appropriate to measure
plasma membrane Na,K-ATPase (31 subunit.
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Fig. 1. Rotenone and squamocin trigger PMP depolarization in Jurkat cells or primary T cells. Dose-response effect of rotenone on PMP depolarization in Jurkat cells (A), U937
cells (B), or primary T cells isolated from mouse lymph nodes (C). Jurkat cells, U937 cells and primary T cells were treated with rotenone at different concentrations. (D) Time-
course effect of rotenone on PMP depolarization in Jurkat cells, cells were treated with rotenone at 10 wM for different period of time. (E) Squamocin caused PMP
depolarization in both Jurkat cells and primary T cells. Cells were treated with squamocin at 10 M for 1 h. The percentage of cells stained with DiBAC4 is indicated (A-C).
Data are presented as mean + S.E.M. from three independent experiments, significant differences from the value obtained with cells incubated with medium alone are shown (D

and E). ***P < 0.001. ROT: rotenone.
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2.12. Detection of plasma membrane Na,K-ATPase o1 subunit by cell
surface labeling

Based on previously described method and manufacturer’s
instruction with some modification [20], Jurkat cells were labeled
using 0.5 mg/ml EZ-link NHS-SS-biotin (Pierce Chemical Co., Illinois,
USA). The biotin-labeled membrane protein was pulled down by
streptavidin beads (Pierce Chemical Co. Illinois, USA). The beads were
thoroughly washed, boiled and proteins were analyzed by SDS-PAGE
and western blot analysis using Na,K-ATPase a1 subunit antibody.

2.13. Measurement of caspases 3, 8 and 9 cleavage activities

The caspases 3, 8 and 9 activities in Jurkat cells were
determined by using CaspGLOW Green Caspase-3, Caspase-8
and Caspase-9 Staining Kits (Biovision, Palo Alto, CA, USA) based on
manufacturer’s instructions.
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2.14. Statistical analysis

The results were expressed as mean + S.E.M. The statistical
analysis involving two groups was performed by means of Student’s t-
test, whereas analysis of variance (ANOVA) followed by Dunnett’s
multiple comparison test was used in order to compare more than
two groups. All data were processed with SPSS 10.0 software.

3. Results

3.1. Mitochondrial inhibitors induce PMP depolarization in human
leukemia cells or primary T cells

In this study, we found rotenone triggered a dose-dependent
PMP depolarization in Jurkat cells (Fig. 1A) and U937 cells (Fig. 1B).
Rotenone also triggered PMP depolarization in Jurkat cells in a
time-dependent manner with the least time was 0.5 h (Fig. 1D).
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Fig. 2. Effect of rotenone on PMP depolarization (A), MMP depolarization (B and C), caspases activation (D) in Jurkat cells. Jurkat cells were treated with rotenone at different
concentrations for 0.5 h (A and B). After treatment, cells were loaded with DiBAC4 for measurement of PMP depolarization (A), or loaded with JC-1 for measurement of MMP
depolarization (B). The percentage of cells stained with DiBAC4 is indicated (A), cells with decreased JC-1 aggregates are gated as R2 (B), and the percentage of cells in gate R2
is plotted against rotenone concentration (C). Cells were treated with Fas L (50 ng/ml) or rotenone (10 M) for 1 h, caspases 3, 8 and 9 activities in Jurkat cells were measured
as described in Section 2 (D). Data are presented as mean + S.E.M. from three independent experiments, significant differences from the value obtained with cells incubated with

medium alone are shown (C and D). ***P < 0.001. ROT: rotenone.
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Prolonged rotenone treatment, however, did not lead to further
PMP depolarization, suggesting that rate-limiting steps might be
involved in PMP depolarization. Squamocin is another potent
mitochondrial inhibitor [21]. Like rotenone, squamocin also
induced a remarkable PMP depolarization in Jurkat cells
(Fig. 1E). Interestingly, both rotenone and squamocin were found
to significantly depolarize primary T cells isolated from mouse
lymph nodes (Fig. 1C and E), although their depolarizing effects on
mouse primary T cells were less stronger than that on Jurkat cells
or U937 cells.

3.2. Rotenone-induced PMP depolarization occurs after mitochondrial
membrane potential (MMP) depolarization but before cell apoptosis in
Jurkat cells

Because rotenone-induced PMP depolarization in Jurkat cells
occurred so rapidly, we subsequently evaluated its relationship
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generation in Jurkat cells after exposure to rotenone. Cells were treated with rotenone at 10 wM for different period of time. DCFH and DHE were used to measure intracellular
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Rotenone-induced PMP depolarization was largely attenuated in catalase-transfected Jurkat cells, cells stably transfected with a vector coding for catalase, MnSOD or mock
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apoptosis, caspases activation of Jurkat cells were measured. The
results demonstrated that caspases 3, 8 and 9 cleavage activities
remained inactivated in Jurkat cells after treatment with rotenone
at 10 pM for 1 h, but were activated in Fas L-treated Jurkat cells as
controls (Fig. 2D).

3.3. Mitochondrial H»0, is involved in rotenone-induced PMP
depolarization

It is generally acknowledged that lots of mitochondria couple
electron transport to establish a proton gradient across mitochon-
drial inner membrane in the process of ATP production. However,
the electron flow is not perfect, which often causes leakage of
electrons from respiration complexes and generation of reactive
oxygen species (ROS). Mitochondria-derived ROS have been
implicated in a variety of biological processes [20,22,23]. To
examine whether ROS might also be involved in PMP depolarization
induced by rotenone, we first observed a time-dependent increase of
cellular H,0, (Fig. 3A) and O, (Fig. 3B) in rotenone-treated Jurkat
cells, furthermore, this ROS generation occurred as rapidly as 0.5 h
and well correlated with PMP depolarization by rotenone (Fig. 1D).
However, only H,0, was mainly involved in rotenone-induced PMP
depolarization which was completely suppressed in the presence of
exogenous catalase, but not MnTBAP (Fig. 3C). The critical
requirement of H,0, was further confirmed in Jurkat cells stably
transfected with catalase (Fig. 3D). In contrast, only partial
protective effect was observed in cells stably transfected with
MnSOD. Rotenone has been reported to increase cytosolic Ca®* via
suppression of mitochondrial Ca?* uptake [24]. But surprisingly, Ca%*
chelator BAPTA/AM failed to suppress rotenone-induced PMP
depolarization (Fig. 3C). Rotenone was unable to activate caspases
3,8 and 9 activities when PMP depolarization was detected (Fig. 2D),
thus it is not surprising to observe that PMP depolarization by
rotenone was also not abrogated by caspases inhibitor z-VAD.fmk
(Fig. 3C). Interestingly, none of the above-mentioned chemical
inhibitors including catalase displayed protective effects on MMP
depolarization induced by rotenone (Fig. 3E).

DPI is a potent NADP/NADPH oxidase inhibitor and was used in
this study to examine whether PMP depolarization by rotenone is
accounted by H,0, from plasma membrane NADP/NADPH oxidase.
Surprisingly, DPI did not prevent rotenone-induced PMP depolar-
ization, but instead enhanced this effect. DPI alone even led to a
significant increase of depolarized Jurkat cells as that of rotenone
(Fig. 4A). To examine whether H,0, from mitochondria is
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responsible for rotenone-induced PMP depolarization, we subse-
quently established Jurkat cells clone devoid of mtDNA (Jurkat p0
cells) by continuously incubating Jurkat cells in RMPI1640 culture
medium supplemented with EB. As expected, both PMP depolar-
ization (Fig. 4B) and cellular H,O, generation (Fig. 4C) evoked by
rotenone were largely attenuated in Jurkat pO cells when compared
with wild type Jurkat cells.

3.4. Impairment of Na,K-ATPase transport activity in rotenone-
treated Jurkat cells

Na,K-ATPase is a critical ion pump involved in PMP depolariza-
tion. In this study, we observed a time-dependent decrease of Na,K-
ATPase transport activity in Jurkat cells after treatment with
rotenone at 10 wM (Fig. 5A). Furthermore, the decrease in NaK-
ATPase transport activity was well correlated with PMP depolariza-
tion (Fig. 1D) and ROS generation (Fig. 3A and B), suggesting that
these events might be intrinsically linked. Rotenone-impaired Na,K-
ATPase transport activity was not due to downregulation of Na,K-
ATPase protein abundance, because neither Na,K-ATPase a1 nor 31
subunit expression was affected by rotenone (Fig. 5B-1 and B-2). To
examine whether Na,K-ATPase subunits are internalized in rote-
none-treated Jurkat cells, plasma membrane NaK-ATPase ol
subunit were biotin labeled and subject to pull-down analysis.
Consistent with previous observation [7], a time-dependent reduc-
tion of plasma membrane Na,K-ATPase a1 subunit was observed in
Jurkat cells after exposure to Fas L (20 ng/ml, Fig. 5C-1), however, this
effect was not mimicked by rotenone treatment since a1 subunit
remained unchanged in rotenone-treated Jurkat cells (Fig. 5C-2). Like
a1 subunit, plasma membrane Na,K-ATPase 31 subunit was also not
internalized by rotenone in Jurkat cells as determined by flow
cytometry analysis (Fig. 5D). As shown in this figure, Fas L-induced
internalization of Na,K-ATPase 31 subunit was evidenced by the
difference in mean FITC fluorescent intensity between Fas L-treated
cells (D-3 and D-4) was much smaller than that of control cells (D-1
and D-2). In contrast, the difference in mean FITC fluorescent
intensity between rotenone-treated cells (D-5 and D-6) was
approximately the same as that of control cells (D-1 and D-2).

3.5. Mitochondria-derived H0, is involved in rotenone-impaired
Na,K-ATPase in Jurkat cells

Since mitochondria-derived H,0, was involved in PMP
depolarization, we speculate that Na,K-ATPase impairment by
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Fig. 4. Mitochondria-derived H,0; is involved in rotenone-induced PMP depolarization. (A) Effect of DPI on rotenone-induced PMP depolarization in Jurkat cells. Cells were
preincubated with DPI at 10 wM for 30 min, further challenged with rotenone at 10 wM for an additional 0.5 h. Rotenone-induced PMP depolarization (B) as well as H,0,
generation (C) was largely suppressed in Jurkat p0 cells. Control Jurkat cells or Jurkat pO cells were challenged with rotenone at 10 wM for 1 h (B and C). Flow cytometric
analysis was performed to measure cellular H,O, and PMP depolarization. Data are presented as mean =+ S.E.M. from three independent experiments, significant differences
from the value obtained with cells incubated with medium alone are shown (A). *P < 0.05; **P < 0.01; ***P < 0.001. ROT, rotenone; DPI, diphenyleneiodonium.
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Fig. 5. Effect of rotenone on plasma membrane Na,K-ATPase transport activity in Jurkat cells. (A) Rotenone decreased plasma membrane Na,K-ATPase transport activity in
Jurkat cells, cells were treated with rotenone at 10 M for different period of time. Na,K-ATPase transport activity was measured as ouabain sensitive 3Rb* uptake. (B-1)
Effect of rotenone on Na,K-ATPase a1 or 31 subunit expression in Jurkat cells. Cells were treated with rotenone at 10 wM for 1, 2 and 3 h, the western blot images of three
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Influence of Fas L (C-1) or rotenone (C-2) on plasma membrane Na,K-ATPase a1 subunit. After treatment with Fas L (20 ng/ml) or rotenone (10 M) for 1, 2 and 3 h, the biotin-
labeled cells were lysed and pulled down by streptavidin beads. Proteins bound to streptavidin beads were resolved by 10% SDS-PAGE. Western blot analysis was performed
to measure Na,K-ATPase a1 subunit abundance. (D) Influence of Fas L or rotenone on plasma membrane Na,K-ATPase 31 subunit distribution. Detection of Na,K-ATPase 31
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similar results. Significant difference from the value obtained with cells incubated with medium alone is shown (A). *P < 0.05; **P < 0.01.
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rotenone is probably also relevant to H,O, from mitochondria. As
shown in Fig. 6A, Na,K-ATPase impairment by rotenone in Jurkat
cells was abolished in the presence of exogenous catalase.
Furthermore, this preventive effect elicited by catalase was
specific because inactivated catalase after heat treatment failed
to produce such an effect. Rotenone-impaired Na,K-ATPase activity
was also significantly recovered in catalase transfectant as
compared to mock transfectant (Fig. 6B). To determine if
mitochondria-derived H,0,; is responsible for rotenone-impaired
Na,K-ATPase, Jurkat cells devoid of mtDNA were used. The result,
as shown in Fig. 6C demonstrated that Na,K-ATPase impairment
was largely attenuated in Jurkat pO cells as compared with the wild
type Jurkat cells.

3.6. Suppression of rotenone and squamocin-induced cellular
depolarization in leukemia cell lines or primary T cells after Bcl-2
overexpression

Bcl-2 is originally identified as an anti-apoptotic protein, but
can also act as an antioxidant to suppress oxidative stress [25]. In
this study, U937 cells stably expressing Bcl-2 and primary T cells
isolated from Bcl-2 transgenic mouse were used to determine
whether PMP depolarization by mitochondrial inhibitors is also
related to Bcl-2. As shown in Fig. 7A and B, both PMP depolarization
and Na,K-ATPase impairment by rotenone were largely attenuated
in U937 cells with Bcl-2 overexpression, but not in the mock
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transfectant. Bcl-2 overexpression even resulted in a mild increase
of the basal Na,K-ATPase transport activity (Fig. 7B). Similar results
were also obtained in primary T cells isolated from Bcl-2 transgenic
mouse. As shown in Fig. 7C, a left-shift of DiBAC4 fluorescence
indicative of PMP hyperpolarization was observed in primary T
cells from Bcl-2 transgenic mice (Fig. 7C). Secondly, both rotenone
and squamocin triggered PMP depolarization in primary T cells
isolated from wild type mice (Fig. 7D), however, their depolarizing
effects were completely abolished in primary T cells isolated from
Bcl-2 transgenic mice (Fig. 7D).

3.7. Inhibition of Na,K-ATPase activity enhances mitochondrial
inhibitors-induced cell apoptosis in human leukemia cell lines and
mouse primary T cells

We speculate that Na,K-ATPase impairment by mitochondrial
inhibitors might be related to cell death enhancement, because in
addition to ATP production, mitochondria also play critical roles in
the initiation and amplification of programmed cell death. To test
this hypothesis, we used ouabain to artificially suppress plasma
membrane Na,K-ATPase activity and observed its influence on
mitochondrial inhibitors-induced PMP depolarization and cell
apoptosis. The results, as shown in Fig. 8A and B revealed that
ouabain alone remarkably depolarized Jurkat cells, U937 cells as
well as primary T cells. In addition, ouabain enhanced rotenone or
squamocin-induced PMP depolarization in primary T cells, but not in
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Fig. 7. Rotenone-induced PMP depolarization in U937 cells or primary T cells is suppressed in the presence of Bcl-2 overexpression. Inhibition of rotenone-induced PMP
depolarization (A) or Na,K-ATPase impairment (B) in U937 cells with Bcl-2 overexpression. U937 cells stably transfected with mock plasmid or Bcl-2 were treated with
rotenone at 10 wM for 1 h (A and B). Na,K-ATPase transport activity was measured as ouabain sensitive *°Rb* uptake, and Na,K-ATPase transport activity of Jurkat cells
transfected with mock plasmid without rotenone treatment was arbitrarily set at 100% (B). (C) Hyperpolarization of primary T cells isolated from Bcl-2 transgenic mice. (D)
Rotenone or squamocin-triggered PMP depolarization was suppressed in primary T cells isolated from Bcl-2 transgenic mice. Primary T cells were treated in the presence of
rotenone (10 wM) or squamocin (10 wM) for 3 h, stained with DiBAC, and analyzed with flow cytometry for measurement of PMP depolarization. The figures are
representative of three independent experiments showing similar results (C and D). Data are presented as mean + S.E.M. from three independent experiments, significant
differences from the value obtained with cells incubated with medium alone are shown (A and B), *P < 0.05; ***P < 0.001. ROT, rotenone; SQU, squamocin; TG, transgenic.
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Jurkat or U937 cells, because ouabain alone already caused nearly
85% Jurkat or U937 cells to depolarize, but in primary T cells, only
33% cells were depolarized (Fig. 8A and B). Ouabain significantly
accelerated and aggravated Jurkat cell apoptosis induced by
rotenone (Fig. 8C) or squamocin (Fig. 8D), as quantified by sub GO
cells population (apoptotic DNA cleavage). In particular, consistent
with other report [4], ouabain at 100 wM alone did not cause a
significant sub GO cells accumulation of Jurkat cells within the time
examined (8 h). The cell apoptosis amplification by ouabain was also
observed in U937 cells (Fig. 8E) or in primary T cells (Fig. 8F).

3.8. Suppression of mitochondrial inhibitors-induced leukemia cell
apoptosis in the presence of catalase or Bcl-2 overexpression

Given the critical role of HO, and Bcl-2 in PMP depolarization
and Na,K-ATPase impairment by rotenone, we subsequently
wanted to know whether overexpression of catalase or Bcl-2
can rescue rotenone-induced cells apoptosis. The result demon-
strated that rotenone-induced sub GO cells accumulation was
largely, but not completely attenuated in Jurkat cells over-
expressing catalase (Fig. 9A). However, rotenone-induced sub
GO cells accumulation was completely suppressed in U937 cells
overexpressing Bcl-2 (Fig. 9B). Similar results were also obtained in
squamocin-treated Jurkat or U937 cells, or in mouse primary T
cells challenged with rotenone or squamocin (data not shown).

4. Discussion

This paper described for the first time that Na,K-ATPase failure
correlated with PMP depolarization induced by rotenone in
leukemic cells. Furthermore, suppression of Na,K-ATPase activity
accelerated and potentiated mitochondrial inhibitors-induced
leukemia cells apoptosis. Researchers have found that NaK-
ATPase suppression can amplify cell death via loss of intracellular
K" and caspase activation, or upregulation of death receptors in
cancerous cells [26,27]. We did not observe the upregulation of
death receptors such as Fas, DR4 or DR5 in Jurkat, U937 or primary
T cells after treatment with mitochondrial toxins (data not shown),
thus, Na,K-ATPase impairment most likely enhances cells apop-
tosis via disrupting intracellular ion homeostasis. Although this
presumption needs more experiments to confirm, it seems
reasonable to conclude that, at least in this study, mitochondria-
to-Na,K-ATPase and PMP depolarization may represent a novel
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mechanism for mitochondria to amplify apoptosis signal and
enhance rotenone-induced leukemia cell apoptosis.

Isolated from Derris genus, rotenone has been shown to block
the electron flow and induce cellular ROS generation [22,28,29].
However, only H,0, was found to be the major ROS involved in
rotenone-induced PMP depolarization. Indeed, O, and H,0, often
exert different biological functions despite the same origin, a good
case in point is that in a recent study, rotenone-induced H,0, was
found to be specifically involved in the prevention of acute
inflammatory processes in which activated neutrophils play a
major role, such as acute lung injury [23]. Moreover, the regulatory
mechanism of H0, on Na,K-ATPase varies depending on cell types
and stimuli [7,20,30]. Rotenone-evoked H,0, generation in Jurkat
cells did not finally result in the internalization of Na,K-ATPase a1
and 31 subunits, we speculate that cellular ATP supply could be
accounted because cellular ATP level is a critical determinant for
membrane-bound protein internalization [31,32]. For instance,
failure of chloride channel (CLC-2) internalization by cellular ATP
depletion was observed in neurons [33]. As a result of electron
transfer interruption, rotenone has been reported to dramatically
decrease the ATP content in leukemia cells [29]. Rotenone at
10 wM was also found to cause nearly 20% ATP loss in Jurkat cells in
3 h (data not shown). In general, regulation of Na,K-ATPase occurs
at several levels: (1) the long-term regulation which is relevant to
the de novo synthesis of this pump; (2) the short-term regulation
by recruitment/internalization of the active pumps to/from the
plasma membrane; (3) the modulation of ATPase activity. Since
rotenone failed to cause the suppression and internalization of
Na,K-ATPase subunits, we speculate that rotenone probably
inhibits Na,K-ATPase transport activity through direct modulation
of its ATPase activity. Na,K-ATPase itself is an energy-consuming
pump, its transport activity could be downregulated as long as
cellular ATP supply is insufficient. As such, the relationship
between ATP and H,O, in rotenone-impaired Na,K-ATPase is an
important issue needs to be addressed. Indeed, the interplays
between ATP depletion and ROS in mitochondria-involved cellular
effects are extremely complex. However, there is overwhelming
evidence to suggest that ROS initiate the damage to lipids, protein
and DNA and consequently result in mitochondrial dysfunction,
ion balance deregulation and loss of membrane integrity [34]. As
such, ATP depletion in rotenone-treated leukemia cells might be a
by-product of HO, to cooperatively suppress the transport
activity of Na,K-ATPase with H,0,.
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Fig. 9. Suppression of rotenone-induced cell apoptosis when catalase or Bcl-2 is overexpressed in Jurkat or U937 cells. (A) Effect of catalase overexpression on rotenone-
induced Jurkat cells death. Jurkat cells stably transfected with mock plasmid or catalase were subject to rotenone treatment at 10 M for 8 h. (B) Effect of Bcl-2 overexpression
on rotenone-induced Jurkat cells death. U937 cells stably transfected with mock plasmid or Bcl-2 were subject to rotenone treatment at 10 M for 6 h. Data are presented as
mean + S.E.M. from three independent experiments. **P < 0.01; ***P < 0.001 versus control.
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Until now, at least three functions are performed by Bcl-2 to
exert protective effects. First, Bcl-2 can heterodimerize with and
inhibit pro-apoptotic family members like Bax and BH3-only
proteins [35]. Second, Bcl-2 regulates Ca®* release from the
endoplasmic reticulum by directly interacting with the inositol
1,4,5-trisphosphate receptor [36]. Third, Bcl-2 displays an anti-
oxidant-like action, particularly at the level of the mitochondria
[25,37]. Recent study even found that Bcl-2 can bind with GSH in
mitochondria and exert antioxidant activity [38]. Based on these
facts, Bcl-2 may act as an antioxidant to antagonize PMP
depolarization and Na,K-ATPase impairment in rotenone-treated
Jurkat cells. In addition to its possible antioxidant effect, Bcl-2 can
also directly regulate Na,K-ATPase activity. For instance, Bcl-2
overexpression was found to increase the basal level of NaK-
ATPase transport activity in U937 cells (Fig. 7B), Bcl-2 over-
expression even hyperpolarized mouse primary T cells (Fig. 7C),
which is probably due to the upregulation of Na,K-ATPase activity
because similar results were also obtained in PW cells [39]. In this
study, it is noteworthy to mention that although mitochondrial
inhibitors-induced cell apoptosis was also regulated by H,0, and
Bcl-2, PMP depolarization as well as Na,K-ATPase impairment
could not be arbitrarily regarded as “by-products” of cell apoptosis,
because these two cellular events were initiated before the
occurrence of cell apoptosis. As such, the mitochondria-to-Na,K-
ATPase amplification mechanism most likely forms in the
initiation phase of rotenone-induced cells apoptosis.

We have to acknowledge that the concentration for rotenone
used to trigger PMP depolarization in Jurkat cells was higher than
its ICsp concentration on mitochondrial respiration, which
suggests that the impaired mitochondrial respiration alone is
probably not sufficient to trigger PMP depolarization. As such,
mitochondrial H,O, production constitutes the rate-limiting factor
in rotenone-induced PMP depolarization as well as Na,K-ATPase
impairment. In our opinion, this presumption may also help to
understand why rotenone is usually used at different concentra-
tions in different cells to exert ROS-relevant biological functions
[9,22,23,29]. Likewise, the fact that leukemic cells presented
greater depolarization than that of primary T cells in this study
could also be accounted by H,0, production, because cancer cells
are in general metabolically active, produce high levels of H,0,,
and are under intrinsic oxidative stress [40]. The malignant cells
are more vulnerable to further oxidative stress by ROS-generating
agents [9,40].

In sum, this study provides evidence that a novel mechanism
exists for mitochondria to amplify death signals in the initiation
stage of rotenone-induced leukemia cells apoptosis, which is
mediated by PMP depolarization and Na,K-ATPase impairment. As
a matter of fact, in addition to mitochondrial apoptotic pathway as
presented in this study, NaK-ATPase impairment and PMP
depolarization were also involved in the apoptosis enhancement
in death receptors-mediated cell apoptosis [4]. Therefore, Na,K-
ATPase is probably a shared target for inactivation in either
internal or external stimuli-induced apoptosis. On the other hand,
the elevated Na,K-ATPase activity (PMP hyperpolarization) con-
ferred cell resistance to radiation-induced programmed cell death
[39]. Taken together, it seems reasonable to conclude that apart
from its ion pump activity, Na,K-ATPase may also act as a sensor
protein that facilitates cells to rapidly respond to apoptotic stimuli
and controls the progress of apoptotic program.
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