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ABSTRACT

Studies have indicated that flavonoid luteolin is a potential inhibitor of tumor cell proliferation and may function as an
anticarcinogenic agent. Pyrrolidine dithiocarbamate (PDTC), a synthetic compound, may exhibit biphasic effects on
apoptosis depending on the experimental context. Previously, we found that luteolin induced the activation of the
proapoptotic proteins, such as Bad, Bid, and Bax, in HL-60 human leukemia cells. We also explored the modulatory
effects and molecular mechanisms of PDTC on the cytotoxicity of luteolin in HL-60 cells; PDTC could interfere with
luteolin’s ability to cleave poly(ADP-ribose)-polymerase (PARP) and DNA fragmentation of factor-45 (DFF-45). In the
current study, we further investigated the effect of PDTC on the luteolin-induced death-receptor pathway and the
cleavage of the Bcl-2 family members. We found that the combination of luteolin and PDTC increased the survival of
the HL-60 cells such that PDTC inhibited both extrinsic and intrinsic pathways in luteolin-induced apoptosis.
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1. Introduction

Flavonoids are biologically active polyphenolic com-
pounds, which are widely distributed in plants [1]. Cell
culture experiments, animal models, and human studies
have shown that flavonoids may prevent cancer progress-
sion by inhibiting cell proliferation and inducing apop-
tosis [2-4]. Luteolin (shown in Figure 1), a subtype of
flavonoids, can be found in large amounts in herbs and is
also present in many types of fruits and vegetables [5].
Many studies have indicated that luteolin is a potential
inhibitor of tumor cell proliferation and may function as
an anticarcinogenic agent [6-10]. In our previous study,
luteolin was able to decrease the mitochondrial mem-
brane potential, trigger the release of cytochrome ¢ to
cytosol, and subsequently induce the processing of pro-
caspase-9 and procaspase-3, which led to the cleavage of
poly(ADP-ribose)polymerase (PARP) and DNA frag-
mentation of factor-45 (DFF-45) [11]. In addition, luteo-
lin induced the cleavage of the pro-apoptotic Bcl-2 fam-
ily members and the cleavage of the anti-apoptotic Bcl-2
family proteins into their pro-apoptotic fragments [11].
Pyrrolidine dithiocarbamate (PDTC) (shown in Figure
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1) is a synthetic compound, which is largely used in the
studies of cell biology and molecular biology. PDTC
belongs to a group of dithiocarbamates, which is known
to exert antioxidant and radical scavenger functions
[12-15] as well as pro-oxidant properties [16-18]. PDTC
may inhibit or induce apoptosis; its effect on apoptosis
depends on the experimental context, including cell types,
density, and the presence of Cu and Zn [19]. PDTC has
been shown to be an inhibitor of agonist-induced apop-
tosis in human leukemia HL-60 cells and thymocytes
[20]. PDTC may inhibit the activation of nuclear factor
kappa B (NF-xB) [20,21], block actinomycin-D induced
apoptosis [22], and suppress flavone-induced cytotoxic
effect [23]. Another study indicated that PDTC could
inhibit cytochrome c¢ release, caspase-3 activity, and
PARP cleavage [24]. In contrast, previous studies have
also shown that PDTC induced cytochrome c¢ release
from mitochondria [25] and PDTC potentiated TNF-
alpha-stimulated apoptosis signaling through a Bcl-2-
regulated mechanism [26]. PDTC may also block ioniz-
ing radiation-induced apoptosis in freshly-isolated nor-
mal mouse spleen cells [27]. Because of its apoptosis-
inducing capability, PDTC has been proposed as an anti-
cancer agent [25].

Previously we found that PDTC inhibited the luteolin-
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Figure 1. Structures of PDTC and luteolin.

induced apoptosis by modulating Akt, which phosphory-
lated and reduced the activity of caspase-9 and had not
completely interfered with luteolin’s ability to change the
mitochondrial membrane potential or its ability to trigger
the release of cytochrome c to cytosol, suggesting that
PDTC might not inhibit luteolin-induced apoptosis
through blocking the mitochondrial apoptotic pathway
[28]. In the current study, we further investigate the ef-
fect of PDTC on the luteolin-induced death-receptor
pathway and on the cleavage of the Bcl-2 family mem-
bers. We found that PDTC not only inhibited the cleav-
age of the pro-apoptotic Bcl-2 family members and the
cleavage of the anti-apoptotic Bcl-2 family proteins into
their pro-apoptotic fragments but also blocked the extrin-
sic pathway in luteolin-induced apoptosis in HL-60 cells.
These findings provide insights when designing and em-
ploying therapeutic strategy using the combination of
flavonoids and antioxidants such as PDTC in human
cancers.

2. Materials and Methods
2.1. Study Design

In this study, we investigated the effect of PDTC on the
luteolin-induced death-receptor pathway and on the
cleavage of the Bcl-2 family members. Human leukemia
HL-60 cells were treated with various doses (0 - 100 uM)
of luteolin for 12 h and a fixed dose (60 pM) at different
time points (0 - 12 h) to follow the effect of lutolin on
dose-responsive and time-course patterns of apoptosis as
examined by the expression of the proapoptotic proteins,
respectively. The optimal condition of luteolin treatment
to exhibit apoptosis was then determined at 60 pM for 12
h, which was used to determine the dose of PDTC for the
subsequent experiments to study the combined effect of
luteolin and PDTC. The effect on apoptosis of PDTC
pretreatment followed by luteolin was compared with
that of luteolin treatment alone by measuring DNA
fragmentation, apoptotic bodies, and proapoptotic pro-
teins. A potential model for the findings was proposed
accordingly.

Copyright © 2012 SciRes.

2.2. Chemicals and Antibodies

Luteolin was obtained from Versuchsstation Schweize-
rischer Brauereien (Ziirich, Switzerland) and dissolved in
dimethyl sulfoxide (DMSO) prior to use. PDTC was ob-
tained from Sigma Chemical Co. (St. Louis, MO). The
antibodies to Bax were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA); anti-Fas, anti-caspase-8,
anti-Bad, and anti-Bid antibodies were from Pharmingen
(San Diego, CA); anti-Bcl-X| antibodies were purchased
from Transduction Laboratory (Lexington, KY). Horse-
radish peroxidase-conjugated anti-mouse and rabbit IgG
secondary antibodies were obtained from Sigma.

2.3. Cell Culture

Human leukemia HL-60 cell lines were obtained from
American Type Culture Collection (Rockville, MD) and
maintained in RPMI-1640, supplemented with 15% fetal
calf serum (Gibco BRL, Grand Island, NY), 100 units/
mL of penicillin, 100 pg/mL of streptomycin, and 2 mM
L-glutamine (Life Technologies, Inc., Grand Island, NY)
and kept at 37°C in a humidified atmosphere of 5% CO,.

2.4. Acridine Orange Staining Assay

HL-60 Cells (5 x 10°) were seeded into 60-mm cell cul-
ture dishes and incubated at 37°C. The cells were har-
vested after 24 h and 5 pL of cell suspension was mixed
on a slide with an equal volume of acridine orange solu-
tion at a concentration of 10 ug per milliliter in phos-
phate-buffered saline (PBS). Green fluorescence was
detected between 500 and 525 nm using an Olympus
microscope (Olympus America, Lake Success, NY).
Bright-staining condensed chromatin was detective of
apoptosis.

2.5. DNA Extraction and Electrophoresis

HL-60 cells (2 x 10> cells/mL) were harvested, washed
with PBS, and then lysed with digestion buffer contain-
ing 0.5% sarkosyl, 0.5 mg/mL proteinase K, 50 mM Tris
(hydroxymethyl) aminomethane (pH 8.0), and 10 mM
EDTA at 56°C for 3 h. They were treated with RNase A
(0.5 pg/mL) for another 2 h at 56°C. The DNA was ex-
tracted by phenol/chloroform/isoamyl alcohol (25/24/1)
before loading and analyzed by 2% agarose gel electro-
phoresis. The agarose gels were run at 50 V for 120 min
in Tris-borate/EDTA buffer. About 20 pg of DNA was
loaded in each well and observed and photographed un-
der UV light.

2.6. Western Blotting
HL-60 cells were first treated with 60 pM luteolin or
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pretreated with 50 uM PDTC for 0.5 h followed by 60
uM luteolin treatment for 12 h. They were then harvested
and homogenized in a lysis buffer (50 mM Tris-HCI, pH
8.0; 5 mM EDTA; 150 mM NaCl; 0.5% NP-40; 0.5 mM
phenylmethylsulfonyl fluoride; and 0.5 mM dithiothreitol)
for 30 min on ice. The lysed cells were centrifuged at
10,000 x g at 4°C for 30 min. The proteins in the super-
natant were measured by bicinchoninic acid assay.
Briefly, 50 pg of total cellular proteins was resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (10% for caspases-8 and a-tubulin; 12.5% for Fas;
15% for Bid, Bcl-X;, Bad, and Bax), transferred onto
polyvinylidene difluoride membranes (Amersham, Ar-
lington, IL), and then probed with respective primary
antibodies followed by the addition of horseradish per-
oxidase-labeled secondary antibodies. The expression of
protein was detected by measuring the chemilumines-
cence of the blotting agent (Amersham, Arlington, IL);
the membranes were exposed to Kodak X-Omat films.

3. Results

3.1. Luteolin Induced Caspase-8 Activation and
Bid Cleavage in HL-60 Human Leukemia
Cells

In the presence of luteolin, the cleavage of pro-caspase-8
exhibited both time-course and dose-dependent manners
in HL-60 cells (Figure 2). The cleavage of Bid also fol-
lowed similar trends as in the case of caspase-8 (Figure
2). These observations indicated the activation of the
extrinsic pathway by luteolin.

3.2. PDTC Inhibition of Luteolin-Induced
Apoptotic Bodies and DNA Fragmentation

When treated with 60 uM luteolin, HL-60 cells exhibited
significant morphological changes and chromosomal
condensation; whereas the presence of the apoptotic
bodies was significantly abolished by the pretreatment of
50 uM PDTC (Figure 3(a)). In addition, PDTC inhibited
luteolin-induced DNA fragmentation in a dose-dependent
manner (Figure 3(b)).

3.3. PDTC Reduction of Luteolin-Induced Fas
Expression, Caspase-8 Activation, and Bid
Cleavage

We further studied the effect of PDTC on the luteolin-
induced activation of the extrinsic pathway in HL-60
cells. As indicated in Figure 4, the expression of Fas and
the cleavage products of pro-caspase-8 and Bid de-
creased when HL-60 cells were treated with both luteolin
and PDTC. The results indicated that PDTC inhibited the
luteolin-induced extrinsic pathway.

Copyright © 2012 SciRes.
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Figure 2. Luteolin induced the cleavage and activation of
caspase-8 and Bid in dose-responsive and time-dependent
manners. The processing of procaspase-8 and the expres-
sion of Bid were detected by Western blotting using specific
antibodies against caspase-8 and Bid, respectively.
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Figure 3. Effects of PDTC on luteolin-induced morphologi-
cal changes and DNA fragmentation. (a) HL-60 cell were
treated with 60 pM luteolin for 12 h with or without pre-
incubation of 50 pM PDTC for 0.5 h. The condensed chro-
mosomes are seen as spots in the nucleus by acridine orange
staining; apoptotic cells are shown as white arrowheads; (b)
HL-60 cells were pretreated with various concentrations of
PDTC as indicated for 0.5 h before incubating with luteolin
for 12 h. Internucleosomal DNA fragmentations were ana-
lyzed by agarose electrophoresis. C: control, L: luteolin
only.
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Figure 4. Luteolin induced the expression of Fas and the
cleavage and activation of caspase-8 and Bid, and these
induction effects were suppressed by PDTC in HL-60 cells.
HL-60 cells were treated with DMSO, 60 pM luteolin, 50
pM PDTC followed by 60 mM luteolin, or 50 pM PDTC.
The expression of Fas, caspase-8, and Bid was analyzed by
Western blotting as described in the Materials and Methods
section.

3.4. Blocking of Luteolin-Induced Cleavage of
Pro-Apoptotic and Anti-Apoptotic Members
of the Bcl-2 Family by PDTC

As shown in Figure 5, in the presence of PDTC, the ex-
pression of Bax was blocked and the level of Bad protein
was slightly decreased. The cleaved products of Bax,
Bad, and Bcl-X; were detected in the luteolin-treated
HL-60 cells; however, there were no visible cleaved
products of Bax, Bad, and Bcl-X; in the luteolin-treated
HL-60 cells in the presence of PDTC. These data indi-
cated that PDTC inhibited luteolin-induced apoptosis by
suppressing the activation of the Bcl-2 family members.

4. Discussion

Previously, we showed that luteolin induced apoptosis in
human leukemia HL-60 cells [11]. By decreasing the
membrane potential of the mitochondria and triggering
the release of cytochrome ¢ from mitochondira to cytosol,
luteolin induced the processing of procaspase-9 and po-
caspase-3, and subsequently leads to the cleavage of
poly(ADP-ribose)polymerase (PARP) and DNA frag-
mentation of factor-45 (DFF-45) [11]. In addition, luteo-
lin induced the cleavage of pro-apoptotic Bel-2 proteins

Copyright © 2012 SciRes.
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Figure 5. PDTC suppressed the expression of Bax, Bad, and
Bel-X;, in luteolin-treated HL-60 cells. HL-60 cells were
treated with DMSO, 60 pM luteolin, 50 pM PDTC followed
by 60 mM luteolin, or 50 pM PDTC. The expression of Bax,
Bad, and Bcl-X; was detected by Western blotting analysis
using specific antibodies against Bax, Bad, and Bcl-X,, re-
spectively.

and the cleavage of the anti-apoptotic Bcl-2 proteins [11].
It has been shown that the anti-apoptotic proteins Bel-2
and Bcl-X; of mammals can be converted into potent
pro-apoptotic molecules to further amplify the caspase
cascade when they are cleaved [29]. The pro-apoptotic
molecule, Bax, exists mainly in cytosol and it can be
cleaved to 18 kDa truncated Bax (tBax), a more potent
inducer of apoptosis than its wild type during drug-in-
duced apoptosis [30,31]. In this study, we found that, in
addition to activation of the mitochondrial pathway [11],
luteolin also enhanced the expression of Fas (Figure 4)
and the cleavage of caspase-8 and Bid in both time-de-
pendent and dose-responsive patterns (Figure 2), sug-
gesting an activation of the extrinsic pathway by luteolin.

PDTC, an antioxidant and radical scavenger, has been
shown to induce apoptosis in HL-60 cells [25]. In this
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study, we found that either luteolin or PDTC alone in-
creased the expression of Fas and its effector, caspase-8,
and activated the Bcl-2 family proteins, whereas the
presence of both luteolin and PDTC exhibited the oppo-
site effect (Figures 4 and 5). When adding PDTC, we
ob- served a reduction of the membrane-bound apoptotic
bodies and DNA fragmentation, rather than a synergistic
effect on apoptosis, in luteolin-treated HL-60 cells (Fig-
ure 3). Previously we have found that PDTC modulated
the phosphorylation of Akt and reduces the activity of
caspase-9, thereby inhibiting luteolin-induced apoptosis
in HL-60 cells [28]. A recent study has shown that Akt
regulates Fas-mediated cell death and the intrinsic apop-
tosis in Jurkat T lymphocytes [32]. It is possible that the
presence of both luteolin and PDTC upregulated Akt,
which in turn, blocked the Fas/FasL signaling and the
mitochondrial pathway in HL-60 cells. In addition, an-
other group has found that phosphorylation of Akt pro-
tects rheumatoid synovial fibroblasts against Fas-induced
apoptosis by inhibiting the cleavage of Bid, indicating
the connection between the extrinsic and the intrinsic
apoptotic pathways in this Fas-mediated apoptosis [33].
It is noteworthy that Bid merges the intrinsic and extrin-
sic pathways in apoptosis and that PDTC reduced the
activation of Bid in luteolin-treated HL-60 cells (Figure
4).

However, PDTC does not appear to interfere with
luteolin’s ability to change the mitochondrial membrane
potential or trigger the release of cytochrome ¢ to cytosol
[28], suggesting other player(s) mediate(s) the apoptotic
event downstream of cytochrome ¢ at the post-mito-
chondrial level. A somewhat different setting but rele-
vant finding has been reported previously [34]. Zhou et
al. investigated how Akt regulates hybrid motor neuron 1
cells, a neuronal cell line that requires PI 3-kinase/Akt
for survival [34]. They found that Akt inhibits cell death
and cytochrome c-induced caspase activation without
blocking the release of cytochrome ¢, suggesting that Akt
regulates the suppression of the neural apoptosis at a
post-mitochondrial stage, downstream of cytochrome ¢
release, and before activating caspase-9 [34].

Together, our data indicated that PDTC inhibited lute-
olin-induced apoptosis in both extrinsic and intrinsic
pathways (Figure 6), potentially modulated by Akt. Fur-
ther studies deem necessary to elucidate the regulatory
roles of Akt in the combining effect of luteolin and
PDTC between the dynamics of apoptosis and cell sur-
vival. The combination of luteolin and PDTC increased
the survival of the cancer cells rather than reduced the
cell number in HL-60 cells. This finding may have clini-
cal implication that the therapeutic effect of anti-cancer
medications may not be synergistic, but antagonistic, and
should be monitored carefully.

Copyright © 2012 SciRes.
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Figure 6. Schematic model of the PDTC suppression effect
on luteolin-induced apoptosis in HL-60 cells. PDTC may
suppress luteolin-induced apoptosis by inhibiting both the
death receptor pathway and the activation of Bad, Bax, and
Bel-X;.
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