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Abstract Ziram as a dithiocarbamate fungicide is widely
used throughout the world in agriculture. We previously
found that ziram significantly inhibited cytotoxic T lym-
phocyte activity in a dose-dependent manner. To explore
the mechanism of this inhibition, we investigated ziram-
induced apoptosis in human T lymphocytes. Jurkat T cells
were treated with ziram at 0.031-1 pM for 2-24 h. Freshly
isolated primary human T cells were treated with ziram at
0.0625-1 pM for 15 and 24 h. Apoptosis was determined by
FITC-Annexin V/PI staining and the TUNEL assay. To
explore the mechanism of apoptosis, intracellular levels of
active caspases 3, 3/7, 8, and 9 and pan-caspase and mito-
chondrial cytochrome-c release were determined by flow
cytometry. Disruption to mitochondrial transmembrane
potential was determined with a MitoLightTM Apoptosis
Detection Kit. We found that ziram induced apoptosis in a
time- and dose-dependent manner in both Jurkat cells and
primary human T cells. The primary human T cells were
more sensitive to ziram than the Jurkat cell line. Ziram
induced increases in active caspases 3, 3/7, 8, and 9 and pan-
caspase in a dose-dependent manner, and a caspase-3
inhibitor, Z-DEVD-FMK, partially but significantly inhib-
ited the apoptosis. Moreover, a general caspase inhibitor,
Z-VAD-FMK, significantly and almost completely blocked
the apoptosis. Ziram also disrupted mitochondrial trans-
membrane potential and caused mitochondrial cytochrome-
c release. These findings indicate that ziram can induce
apoptosis in human T cells, and the apoptosis is mediated
by both the caspase-cascade and the mitochondria/cyto-
chrome-c pathways.
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Introduction

Ziram, a carbamate pesticide, is used throughout the world
as a fungicide in agriculture and an accelerating agent in
latex production (Richardson 1993). Several studies have
found ziram to show immunotoxicity including inhibition
of natural killer (NK) activity (Whalen et al. 2003; Wilson
et al. 2004; Taylor et al. 2005; Taylor and Whalen 2009)
and inhibition of TNF-alpha production in a human pro-
myelocytic cell line, THP-1 (Corsini et al. 2006). We also
found that ziram significantly inhibits NK, lymphokine-
activated killer (LAK), and cytotoxic T lymphocyte (CTL)
activity (Li et al. 2011a); however, the precise mechanism
underlying its inhibition of CTL activity is still unclear.
Having previously shown that organophosphorus pesticides
induced apoptosis in immune cells and ultimately caused
immunotoxicity (Nakadai et al. 2006; Li et al. 2007, 2009;
Li 2007), we speculate that the ziram-induced inhibition of
CTL activity may be partially mediated by apoptosis in T
cells.

Thus, to explore the inhibiting mechanism, we investi-
gated whether ziram induces apoptosis/necrosis in human
T cells. The caspase family of cysteine proteases plays a
key role in apoptosis. Caspase-3 is a key protease activated
during the early stages of apoptosis and, like other mem-
bers of the caspase family, is synthesized as an inactive
proenzyme that is processed in cells undergoing apoptosis
by self-proteolysis and/or cleavage by another protease
such as caspase 8 or 9 (Patel et al. 1996). Caspase-7 is
highly similar in structure (58%) and substrate-specificity
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to caspase-3, and caspases-3/7 are effector/executioner
caspases (Lu and Chen 2011). Caspases 8 and 9 are also
synthesized as inactive pro-caspases that are processed in
cells undergoing apoptosis by self-proteolysis and/or
cleavage by another protease (Patel et al. 1996). Caspase-8
is an initiator of apoptosis, and pro-caspase-3 is a major
physiologic target of caspase-8 (Stennicke et al. 1998).
Caspase-9 is also an initiator of apoptosis in the mito-
chondria/cytochrome-c pathway, and active caspase-9
directly cleaves and activates pro-caspase-3 (Cardone et al.
1998). Cytochrome-c initiates apoptosis through its release
into the cytoplasm and binding of Apaf-1 which activates
procaspase 9 (Okada et al. 2003). Goldstein et al. (2000)
reported that the release of cytochrome-c from mitochon-
dria was a very early event during apoptosis. Based on this
background, we also investigated the effects of ziram on
caspases and cytochrome-c release to explore the mecha-
nism of ziram-induced apoptosis. Although we previously
found that ziram induces apoptosis and necrosis in U937
cells, a monocytic cell line (Li et al. 2011b), there have
been no reports on human T cells.

Materials and methods
Reagents

RPMI 1640 medium was purchased from Wako Pure
Chemical Industries (Osaka, Japan). Fetal bovine serum
(FBS) was purchased from JRH Biosciences (Lenexa, KS)
and heat-inactivated at 56°C for 30 min prior to use. Gluta-
mine, 2-mercaptoethanol (2-ME), and propidium iodide (PI)
were obtained from Sigma (St. Louis, MO). Human CD3
MicroBeads were purchased from Miltenyi Biotec Inc.
(Auburn, CA). Fluorescein isothiocynate (FITC)-anti-
human Annexin V and FITC-anti-human active caspase-3,
Z-DEVD-FMK (a caspase-3 inhibitor), Z-VAD-FMK (a
general caspase inhibitor), Z-FA-FMK (a negative control
for Z-DEVD-FMK and Z-VAD-FMK), Cytofix/cytoperm
solution, PerCP-Cy5.5-CD3, and the APO-BRDU Apoptosis
Detection Kit were purchased from BD Pharmingen (San
Diego, CA). CaspaTag caspases 3/7, 8, 9 and pan-caspase in
situ assay kits and the MitoLightTM Apoptosis Detection Kit
were purchased from CHEMICON (Temecula, CA). Ziram
was obtained from Wako Pure Chemical Industries (Osaka,
Japan) and prepared as stock solutions in DMSO.

Cells
The human Jurkat T cell line was obtained from American
Type Culture Collection (ATCC) (Manassas, VA) and

maintained in RPMI 1640 medium containing 10% FBS.
Human CD3" T cells were freshly isolated from human
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peripheral blood with human CD3 MicroBeads by MACS®
technology according to the manufacturer’s instructions
(Auburn, CA). We confirmed that more than 96% of cells
were CD3™" T cells after the separation using human CD3
MicroBeads. The Ethics Committee of the Nippon Medical
School approved this study. Written informed consent was
obtained from subjects who provided peripheral blood.

Ziram-induced apoptosis and necrosis in Jurkat T cells
and freshly isolated human CD3™ T cells determined
by FITC-Annexin V/PI staining

In Japan, the residual standards for ziram in rice and potato
are 0.3 and 0.2 ppm calculated as carbon disulfide, respec-
tively [http://ceis.sppd.ne.jp/fs2006/factsheet/pdf/1-249.pdf
(in Japanese)]. Thus, 1 uM (approximately 0.3 ppm) of
ziram as the highest concentration was applied in the present
study.

The Jurkat T cells at 1 x 10°/ml were treated with ziram
at 0 (0.1% DMSO), 0.03125, 0.0625, 0.125, 0.25, 0.5, or
1 uM for 2, 4, 8, 15, or 24 h and freshly isolated human
CD3" T cells at 1 x 10%/ml were treated with ziram at 0
(0.1% DMSO), 0.0625, 0.125, 0.25, 0.5, or 1 uM for 15 or
24 h at 37°C in a 5% CO, incubator. The treated cells were
stained with FITC-Annexin V/PI, and 10,000 cells were
acquired and stored for analysis with a FACScan flow
cytometer (Becton—Dickinson, San Jose, CA) as described
previously (Nakadai et al. 2006; Li et al. 2007, 20009,
2011b).

Detection of DNA fragmentation by TUNEL assay

Jurkat T cells at 1 x 10°/ml were treated with ziram at 0
(0.1% DMSO), 0.25, 0.5 or 1 uM for 15 and 24 h. The
treated cells were harvested and washed with PBS. DNA
fragmentation was detected by the TUNEL assay according
to the manufacturer’s instructions. Flow cytometric anal-
ysis was performed with FACScan (10,000 cells per
analysis).

Determination of intracellular levels of active caspase-3
in Jurkat cells by flow cytometry

Jurkat T cells at 1 x 10°/ml were incubated with ziram at 0
(0.1% DMSO0), 0.125,0.25,0.5,0or 1 pMfor 15 hat37°Cina
5% CQO, incubator, harvested, and washed twice with PBS.
The cells were fixed/permeabilized with Cytofix/cytoperm
solution for 20 min at 4°C, and active caspase-3 was stained
with FITC-anti-human active caspase-3 for 30 min at room
temperature according to the manufacturer’s instructions
(BD PharMingen). Again, the flow cytometric analysis
was performed with FACScan (10,000 cells per analysis)
(Nakadai et al. 2006; Li et al. 2007, 2009, 2011b).
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Determination of intracellular levels of active caspases
3/7, 8, and 9 and pan-caspase in Jurkat cells
with CaspaTag caspase in situ assay kits

Jurkat T cells at 1 x 10°/ml were incubated with ziram at 0
(0.1% DMSO), 0.0625, 0.125, 0.25, 0.5, or 1 pM for 15 h
at 37°C in a 5% CO, incubator, harvested, and washed
twice with PBS. Then, the cells positive for caspases 3/7, 8,
and 9 and pan-caspase were stained with fluorochrome
inhibitors of caspases (FLICA) and subjected to flow
cytometry (10,000 cells per analysis) according to the
manufacturer’s instructions.

Protecting effects of caspase-3 and general caspase
inhibitors on ziram-induced apoptosis in Jurkat T cells

Jurkat T cells at 1 x 10’/ml were preincubated with
Z-DEVE-FMK, an inhibitor of caspase-3, Z-VAD-FMK, a
general caspase inhibitor, or Z-FA-FMK, a negative control
for Z-DEVE-FMK and Z-VAD-FMK, at 20-30 pM for
30 min, treated with ziram at 0 (0.1% DMSO), 0.125, or
0.5 uM for 15 h, harvested, and washed twice with PBS.
The treated cells were stained with FITC-Annexin V/PIL
Flow cytometric analysis was performed with FACScan
(10,000 cells for each analysis) (Nakadai et al. 2006; Li
et al. 2007, 2009, 2011b).

Determination of the disruption of mitochondrial

. . . . ™
transmembrane potential with the MitoLight
Apoptosis Detection Kit

Jurkat T cells at 1 x 10°/ml were incubated with ziram
at 0 (0.1% DMSO), 0.0625, 0.125, 0.25, 0.5, or 1 uM
for 15 h at 37°C in a 5% CO, incubator, harvested, and
washed twice with PBS. The cells were stained with
MitoLightTM solution and detected by flow cytometry
(10,000 cells per analysis) according to the manufac-
turer’s instructions.

Analysis of cytochrome-c release

Jurkat cells at 1 x 10°/ml were incubated with ziram at 0
(0.1% DMSO), 0.0625, 0.125, 0.25, 0.5, or 1 uM for 15 h
at 37°C in a 5% CO, incubator, harvested, and washed
twice with PBS. The cells were fixed/permeabilized with
Cytofix/cytoperm solution for 20 min at 4°C, and the
intracellular cytochrome-c was stained with FITC-anti-
human cytochrome-c (mouse IgG1) or FITC-mouse IgGl
as an isotypic control for 30 min at 4°C according to the
manufacturer’s instructions (eBioscience, San Diego, CA).
Flow cytometric analysis was performed with FACScan
(10,000 cells per analysis) (Stahnke et al. 2004; Li et al.
2011b).

Statistical analyses

The numbers of apoptotic cells, active caspase-positive
cells and cytochrome-c-negative cells were used for
statistical analyses. Statistical analyses were performed
using one-way ANOVAs followed by a post hoc test,
Tukey’s test, with SPSS 16.0J software for Windows. A
linear correlation analysis and paired ¢ test were also
conducted. The significance level for P-values was set at
<0.05.

Results

Ziram-induced apoptosis and necrosis in Jurkat cells
determined by FITC-Annexin V/PI staining

As shown in Fig. la, b, 52.5% of ziram-treated cells
exhibited apoptosis (FITC-Annexin V*/PI") and 7.9% of
ziram-treated cells showed late apoptosis/necrosis (FITC-
Annexin V*/PI") (Fig. 1b), compared with only 5.6 and
4.5% of control cells, respectively (Fig. 1a). As shown in
Fig. lc, d, ziram induced apoptosis in a dose- and time-
dependent manner. Similarly, as shown in Fig. le, f, ziram-
induced late apoptosis/necrosis also exhibited a dose- and
time-dependent profile.

Ziram-induced apoptosis and necrosis in primary
human T cells determined by FITC-Annexin V/PI
staining

To test whether ziram causes apoptosis in primary human T
cells at similar concentrations and time points, freshly
isolated primary human T cells were treated with ziram. As
shown in Fig. 2a—c, ziram induced cell death (apoptosis
and late apoptosis/necrosis) in a dose- and time-dependent
manner with a similar pattern to Jurkat T cells. However, as
shown in Fig. 2c, d, the primary human T cells were more
sensitive to ziram than Jurkat T cells.

Ziram-induced apoptosis in Jurkat T cells determined
by TUNEL assay

As shown in Fig. 3, ziram significantly induced DNA
fragmentation in Jurkat T cells in a dose- and time-
dependent manner.

Detection of intracellular levels of active caspase-3
in apoptotic Jurkat T cells by flow cytometry

As shown in Fig. 2, ziram-induced cell death in the pri-

mary human T cells showed a similar pattern to that in
Jurkat T cells although the primary cells were more
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Fig. 1 Ziram induced apoptosis A
in Jurkat T cells. a Dot plot of i

Ziram 0 pM B

Ziram 0.5 pM

FITC-Annexin V/PI in control
cells, b dot plot of FITC-
Annexin V/PI in ziram-treated
cells, percentages in quadrants 2
and 3 show FITC-Annexin V*/
PI* (late apoptosis/necrosis)

104

7.9%

103

and FITC-Annexin V*/PI~
(apoptosis) cells, respectively.
¢ Dose-dependent increases in
apoptotic cells in ziram-treated
cultures (r = 0.777, P < 0.05
for 24 h), d time-dependent
increases in apoptotic cells in
ziram-treated cultures

(r =0.937, P < 0.05 for
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sensitive to ziram. Based on the results shown in Figs. 1
and 2, we used Jurkat T cells to explore the mechanism of
ziram-induced apoptosis. Moreover, as shown in Fig. 1,
because ziram induced a maximal response in apoptosis
with 15 h treatment, based on the results shown in Fig. 1,
we incubated the cells for 15 h to investigate the effect of
ziram on caspases, cytochrome-c, and mitochondrial
transmembrane potential in subsequent experiments.
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To explore the mechanism of the apoptosis, we inves-
tigated whether ziram affected the intracellular level of
active caspase-3. As shown in Fig. 4a, b, ziram induced a
significant increase in active caspase-3 in a dose-dependent
manner. Moreover, an inhibitor of active caspase-3 sig-
nificantly protected against the apoptosis (Fig. 4c). The
findings strongly suggest that ziram induced apoptosis at
least partially via the caspase-3 pathway.
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Fig. 2 Ziram induced apoptosis A 60 — B 80
in primary human T cells. C *k C
a Dose-dependent increases in 50 E <~ 70 —
apoptotic cells among ziram- r s o
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Detection of caspases 3/7, 8, and 9 and pan-caspase
in apoptotic Jurkat T cells with CaspaTag caspase in
situ assay Kkits

To explore whether other caspases were also involved in
the ziram-induced apoptosis, we investigated the intracel-
lular levels of active caspases 3/7, 8, and 9 and pan-caspase
in Jurkat T cells. As shown in Fig. 5, ziram induced sig-
nificant increases in active caspases 3/7, 8, and 9 and pan-
caspase in a dose-dependent manner. Moreover, a general
inhibitor of caspases significantly and almost completely
protected against the apoptosis (Fig. 6). The findings
strongly suggest that ziram induced apoptosis via the cas-
pase-cascade pathway.

Determination of the disruption of mitochondrial

. . . . ™
transmembrane potential with the MitoLight
Apoptosis Detection Kit

To further investigate whether the mitochondrial pathway
was also involved in the ziram-induced apoptosis of Jurkat
T cells, we determined mitochondrial transmembrane
potential with the MitoLightTM Apoptosis Detection Kit.

We found that ziram disrupted the transmembrane potential
in a dose-dependent manner (Fig. 7).

Detection of mitochondrial cytochrome-c release
in apoptotic Jurkat T cells by flow cytometry

To further explore the mechanism of ziram-induced
apoptosis in Jurkat T cells, we investigated whether
ziram induces mitochondrial cytochrome-c release. As
shown in Fig. 8, ziram induced a significant increase of
cytochrome-c-negative cells in a dose-dependent manner,
indicating that it induced mitochondrial cytochrome-c
release.

Discussion

We previously found that ziram significantly inhibits CTL
activity (Li et al. 2011a). To explore the mechanism of this
inhibition, we investigated whether ziram induces apopto-
sis/necrosis in human T cells. In the present study, we
found that ziram at a very low concentration (0.0625 uM)
induced apoptosis in a dose- and time-dependent manner in
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Fig. 3 Ziram induced DNA fragmentation in Jurkat T cells, as
determined by TUNEL assay. a The shaded histogram shows the
control cells (ziram at 0 M) and the open histogram shows the cells
treated with ziram at 0.5 uM for 15 h and stained with FITC-BrdU.
b Dose-dependent increases in apoptotic cells in ziram-treated
cultures. Data are presented as the mean £ SD (n = 3). One-way
ANOVA indicated that the concentration of ziram significantly
affected apoptosis in Jurkat T cells (P < 0.01). **P < 0.01, signif-
icantly different from 0 pM by Tukey’s test

both a human T cell line, the Jurkat cell line, and freshly
isolated primary human T cells. The primary human T cells
were more sensitive to ziram than the Jurkat cell line.
Moreover, ziram significantly induced DNA fragmentation,
a hallmark of apoptosis, supporting the findings made with
Annexin V staining. In addition, it also induced necrosis in
a dose- and time-dependent manner in human T cells. This
is the first report on ziram-induced apoptosis in human T
cells, although it has been reported that ziram induced
apoptosis in U937, a monocytic cell line (Li et al. 2011Db).

To explore the mechanism of ziram-induced apoptosis,
we examined the active caspase-3 in ziram-treated Jurkat T
cells and found a significant increase in its intracellular
levels. Moreover, Z-DEVD-FMK, a caspase-3 inhibitor,
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significantly inhibited the apoptosis. These findings sug-
gested that ziram induces apoptosis via the caspase-3
pathway. However, the caspase-3 inhibitor only partially
prevented apoptosis, suggesting other pathways to be
involved. Next, we investigated caspases 3/7, 8, and 9 and
found that ziram significantly increased their intracellular
levels in a dose-dependent manner. Moreover, we also
found that ziram significantly increased the intracellular
levels of active pan-caspase in a dose-dependent manner
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Fig. 4 Ziram induced an increase in active caspase-3-positive Jurkat
T cells. a The shaded histogram shows the control cells (ziram at
0 uM) and the open histogram shows the cells treated with ziram at
0.5 uM for 15 h and stained with FITC-rabbit anti-human active
caspase 3. b Dose-dependent increases in active caspase-3-positive
cells in ziram-treated cultures. Data are presented as the mean £+ SD
(n = 3). One-way ANOVA indicated that the concentration of ziram
significantly affected the active caspase-3-positive cells (P < 0.01).
**P < 0.01, significantly different from O uM by Tukey’s test.
¢ Caspase-3 inhibitor significantly inhibited ziram-induced apoptosis
as determined with FITC-Annexin V staining by flow cytometry.
Inhibitor (+): cells treated with Z-DEVD-FMK (a caspase-3 inhib-
itor). Inhibitor (—): cells treated with Z-FA-FMK (a negative control
for Z-DEVD-FMK). Data are presented as the mean £+ SD (n = 3).
**P < 0.01, significantly different from the Inhibitor (—) by paired
t test

and that Z-VAD-FMK, a general caspase inhibitor,
significantly and almost completely blocked the ziram-
induced apoptosis indicating the involvement of all casp-
ases (caspase cascade) in ziram-induced apoptosis in Jurkat
T cells.

Disruption of mitochondrial transmembrane potential is
one of the earliest intracellular events to occur following
the induction of apoptosis (Okada et al. 2003). Ziram dis-
rupted the transmembrane potential in Jurkat T cells in a
dose-dependent manner as determined with a MitoLightTM
Apoptosis Detection Kit, suggesting that ziram also affects
the mitochondrial pathway.

Cytochrome-c initiates apoptosis through its release into
the cytoplasm and binding of Apaf-1 which activates pro-
caspase 9 (Okada et al. 2003). Goldstein et al. (2000)
reported that the release of cytochrome-c from mitochon-
dria was a very early event during apoptosis. To explore
whether this release mechanism was involved in the ziram-
induced apoptosis, we determined intracellular cytochome-
c levels in Jurkat T cells. Ziram produced a significantly
higher proportion of cells without cytochome-c in a dose-
dependent manner, indicating that it induced the release of
cytochrome-c from mitochondria. This finding also sug-
gested that cytochrome-c was involved in the apoptosis.
Taken together, the findings suggested that ziram affects
both the caspase-cascade and the mitochondria/cyto-
chrome-c pathways.

Moreover, because the Fas/Fas ligand pathway is an
important trigger for apoptosis and upstream of caspase 8
activation (Yang et al. 2011), the effect of ziram on Fas/
FasL should also be considered. Therefore, a study to
investigate the influence of ziram on the Fas/FasL pathway
is necessary in the future.

The solubility of ziram in water is 65 mg/l (65 ppm)
(Richardson 1993). The highest concentration of ziram
used in the present study was 1 pM (0.312 ppm), sug-
gesting that all ziram should be dissolved in the culture
medium during the in vitro culture. Although ziram is
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Fig. 5 Ziram induced an increase in active caspase-3/7-, caspase-8-,
caspase-9-, and pan-caspase-positive Jurkat T cells. a, ¢, e, g The
shaded histograms show the control cells (ziram at 0 uM) and the
open histograms show the cells treated with ziram at 0.5 pM for 15 h
and stained with FLICA. b, d, f, h dose-dependent increases in active
caspase-3/7- (b), caspase-8- (d), caspase-9- (f), and pan-caspase

(h)-positive cells in ziram-treated cultures. Data are presented as the
mean £+ SD (n = 3). One-way ANOVA indicated that the concen-
tration of ziram significantly affected the active caspase-positive cells
(all P <0.01). *P < 0.05, **P < 0.01, significantly different from
0 uM by Tukey’s test
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Fig. 6 General caspase inhibitor significantly and almost completely
blocked ziram-induced apoptosis as determined with FITC-Annexin
V staining by flow cytometry. a Dot plot of FITC-Annexin V/PI in
control cells (ziram at 0 pM), b dot plot of FITC-Annexin V/PI in
cells treated with ziram at 0.5 uM in the presence of Z-FA-FMK (a
negative control for Z-VAD-FMK) at 30 uM, ¢ dot plot of FITC-
Annexin V/PI in cells treated with ziram at 0.5 pM in the presence of
Z-VAD-FMK (a general caspase inhibitor) at 30 uM; percentages in
quadrants 2 and 3 show FITC-Annexin V*'/PI' (late apoptosis/
necrosis) and FITC-Annexin V*/PI™ (apoptosis) cells, respectively,
d Inh (20 pM): cells pre-treated with Z-VAD-FMK at 20 uM, Inh
(30 uM): cells pre-treated with Z-VAD-FMK at 30 pM, Inh (—): cells
pre-treated with Z-FA-FMK at 30 pM. Data are presented as the
mean = SD (n = 3). One-way ANOVA indicated that the concen-
tration of Z-VAD-FMK significantly affected apoptosis (P < 0.01).
#*P < (.01, significantly different from Inh (=), ¥P < 0.01, signif-
icantly different from Inh (20 pM) by Tukey’s test

rapidly metabolized in animals (Richardson 1993), it is
difficult to account for its metabolism in vitro because
ziram may bind to the membrane of cells or enter the cells
during the incubation. In addition, there is little or no
research available on the fate of the compound in water
(Howard 1991).

Sook Han et al. (2003) reported that ziram induced
apoptosis in neuronal-like pheochromocytoma (PC12) cells
via Ca®" influx through non-selective cation channels.
Wang et al. (2006) found that ziram-induced cell death in
SK-N-MC neuroblastoma cells was closely correlated with
proteasomal inhibition, but not correlated with the cellular
production of reactive oxygen species, suggesting that
cellular oxidative stress was not a mechanism of ziram-
induced cell death. Moreover, Chou et al. (2008) also
reported that ziram causes dopaminergic cell damage by
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Fig. 7 Ziram caused a disruption of mitochondrial transmembrane
potential in Jurkat T cells. a The shaded histogram shows the control
cells (ziram at 0 M) and the open histogram shows the cells treated
with ziram at 0.5 uM for 15 h and stained with MitoLightTM solution.
b Dose-dependent increases in apoptotic cells in ziram-treated
cultures (r = 0.845, P < 0.05). Data are presented as the mean £ SD
(n = 3). One-way ANOVA indicated that the concentration of ziram
significantly affected apoptosis (P < 0.01). **P < 0.01, significantly
different from 0 uM by Tukey’s test

inhibiting E1 ligase in the proteasome, suggesting that
inhibition of the proteasome is a potential mechanism of
ziram-induced cell death. However, they did not identify
whether ziram-induced cell death consisted of apoptosis
(Wang et al. 2006; Chou et al. 2008). We also previously
found that ziram induced apoptosis in U937 cells partially
mediated by the activation of intracellular caspase-3 and
the release of cytochrome-c from mitochondria (Li et al.
2011b).

Taken together, the present findings indicate that ziram
can induce apoptosis in human T cells, and the apoptosis is
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Fig. 8 Detection of mitochondrial cytochrome-c release in apoptotic
cells by flow cytometry. a The shaded histogram shows the control
cells (ziram at 0 uM) and the open histogram shows the cells treated
with ziram at 0.5 pM for 15 h and stained with FITC-cytochrome-c.
b Dose-dependent increases in the percentage of cells without
cytochrome-c in ziram-treated cultures (r = 0.918, P < 0.01). Data
are presented as the mean = SD (n = 3). One-way ANOVA
indicated that the concentration of ziram significantly affected
cytochrome-c release (P < 0.01). **P < 0.01, significantly different
from 0 pM by Tukey’s test

mediated by both the caspase-cascade and the mitochon-
dria/cytochrome-c pathways.
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