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ABSTRACT: Azaspiracids (AZAs) are polyether marine dinoflagellate toxins that
accumulate in shellfish and represent an emerging human health risk. Although there
have been no deaths associated with the AZA toxins, humans exposed to AZAs
experience severe gastrointestinal symptoms. This toxin class has been shown to be
highly cytotoxic, a teratogen to developing fish, and a possible carcinogen in mice.
Just recently, the AZAs have been shown to be potassium channel inhibitors. This
report employed multiple human cell lines [Jurkat T lymphocytes, Caco-2 intestinal
cells, and BE(2)-M17 neuroblastoma cells] in characterizing cytotoxicity and
pathways of apoptosis. Cytotoxicity experiments were consistent with published
literature that has shown that AZA1 is cytotoxic in both a concentration- and time-
dependent manner to each cell type tested, with mean EC50 values ranging between
1.1 and 7.4 nM. Despite the absence of morphological indices indicating apoptosis,
caspase-3/7 activity was higher in all cell types treated with AZA1. Furthermore, in T
lymphocytes, the most sensitive cell type, the activities of initiator caspase-2 and caspase-10 and concentrations of intracellular
cytochrome c were elevated. DNA fragmentation was also observed for T lymphocytes exposed to AZA1−AZA3. Collectively,
our data confirm that AZA1 was highly cytotoxic to multiple cell types and that cells exposed to AZA1 underwent atypical
apoptosis, possibly in conjunction with necrotic cytotoxicity.

■ INTRODUCTION
Azaspiracid (AZA) was identified following an outbreak of
shellfish poisoning in The Netherlands in 1995.1 Examination
of the source site, Killary Harbour, Ireland, and suspected
contaminated mussels revealed a previously unknown toxin
initially called Killary Toxin-3 (KT-3). The compound was later
named azaspiracid because of its unique structure: a cyclic
amine, or aza group, with a trispiro assembly and carboxylic
acid group.2 Outbreaks of human illness or detection of the
toxin has since been reported throughout Western Europe3 and
Morocco4 as well as Canada (M. Quilliam, personal
communication) and the United States,5 suggesting that this
emerging algal toxin is a widespread public health concern.
Symptoms resulting from human consumption of AZA-
contaminated shellfish include nausea, diarrhea, vomiting, and
stomach cramps, although no fatalities have occurred.6 The
potential for negative ecological disturbances has also been
suggested on the basis of studies demonstrating adverse effects
of AZA on embryonic fish development.7 Over the past decade,
extensive progress also has been made on elucidating the
chemical structure of AZA and its derivatives.8 To date, more
than 20 naturally occurring analogues of the toxin have been
described,9,10 three of which are commonly detected in
toxigenic Azadinium, a recently discovered dinoflagellate source
of AZAs.11,12

Results from in vivo studies using rodent models have shown
AZA1 to be highly potent and capable of inducing severe
degradation of the intestinal tract and ultimately causing the
death of the animals.13−15 In developing fish embryos, AZA1
caused significant growth retardation and abortion.7 In vitro,
the AZAs have been reported to cause a range of cellular and
molecular toxic effects. AZAs are potent cytotoxins16−18 that
elevate caspase activity,19,20 induce irreversible cytoskeletal
rearrangements,16,21,22 increase cellular concentrations of Ca2+

and cAMP,23,24 deplete cellular ATP,25 inhibit neuronal ion flux
and bioelectrical activity,19,26 inhibit membrane protein
endocytosis27 and cell−cell adhesion,28 and stimulate choles-
terol biosynthesis.29 Although additional targets may be
identified, the AZA toxins have just recently been identified
as open state blockers of human ether-a-go-go-related gene
(hERG) potassium channels.30

Apoptosis or programmed cell death, in contrast to necrosis,
is an important process used to eliminate dangerous or
superfluous cells31 and is thus significant in development and
tissue maintenance and stability. Apoptosis is defined by
characteristic pyknosis (i.e., chromatin condensation), degra-
dation of DNA, cell shrinkage, and fragmentation of the
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nucleus32 and is commonly identified by two main indicators
within the cell: the presence of activated caspases and DNA
fragmentation within the nucleus. Caspases are cysteine-
dependent aspartate-specific proteases that are essential players
in the apoptotic pathway.33

The involvement of an apoptotic pathway in AZA1
cytotoxicity is complicated and as of yet unproven. For
example, in vivo studies in mice exposed to AZA1 revealed
severe effects such as deformation of intestinal epithelial villa as
well as damage to T and B lymphocytes, development of lung
tumors, and hyperplasia of the stomach lining. Apoptotic,
spleen lymphocytes have been reported in mice exposed to
AZA1.13,14 An in vitro study revealing upregulation of caspase
activity in neuroblastoma cells20 and neocortical neurons19 was
also supportive of apoptosis activation, although specific
caspase pathways were not identified. However, results of an
examination of mitochrondrial membrane potential in neuro-
blastoma cells were suggestive of a nonapoptotic pathway.34

Discrepancies with regard to whether AZA1 cytotoxicity is a
regulated process may be explained, in part, by this toxin
causing simultaneous induction of both apoptotic and necrotic
mechanisms as suggested by Cao et al.19 This report adds to the
growing body of AZA toxicity data and identifies several
apoptotic indicators in three human cell lines.

■ MATERIALS AND METHODS
Toxin Isolation. The AZAs were isolated from cooked mussel

tissue (Mytilus edulis) collected in 2005 from Bruckless, Donegal,
Ireland. The AZAs were purified using a seven-step protocol, the
details of which were reported by Kilcoyne et al.35 AZA purity (>95%)
was confirmed by LC−MS/MS and NMR spectroscopy. Stock AZA
solutions were diluted in phosphate-buffered saline (PBS, pH 7.4) and
10% methanol. Methanol additions never exceeded 1% by volume.
Cell Culturing. Jurkat T lymphocyte (catalog no. TIB-152, ATCC,

Manassas, VA), BE(2)-M17 neuroblastoma (catalog no. CRL-2267,
ATCC), and intestinal epithelial Caco-2 (catalog no. HTB-37, ATCC)
cell lines were maintained in culture at 5.0% CO2 and 37 °C in a
HERA Cell 150 incubator (Thermo Scientific, Rochester, NY).
Cultures of nonadherent T lymphocyte cells were grown as described
by Twiner et al.36 Neuroblastoma cells were grown in minimal
essential medium/F-12 (catalog no. 30-2006, ATCC) supplemented
with 10% FBS, and the intestinal epithelial cells were grown in minimal
essential medium with Eagle salts (catalog no. 30-2003, ATCC) with
20% FBS. Adherent neuroblastoma and intestinal epithelial cells were
subcultured when cells reached 80−90% confluence (4−7 days). The
cells were washed with PBS (catalog no. 30-2200, ATCC), released
with 0.05% trypsin (catalog no. 25300, GIBCO, Grand Island, NY),
and resuspended in fresh medium. All cell lines were maintained in
sterile 75 cm2 cell culture flasks.
Cytotoxicity Assay. Cells prepared for experimentation were

diluted in fresh medium to a density of 250000 T lymphocyte cells/
mL, 100000 intestinal cells/mL, and 150000 neuroblastoma cells/mL
before being distributed into 96-well plates. Each well contained 100
μL of cell solution. Cells were allowed to settle for 18−24 h prior to
AZA additions to each set of three replicate wells for 24, 48, or 72 h of
continuous exposure. The final concentration of AZA1 ranged from
0.001 to 94.8 nM. Control cells were exposed to an equivalent amount
of a methanol/PBS solution. Final methanol concentrations never
exceeded 1% by volume. Cellular viability or cytotoxicity was assessed
using the MTS tetrazolium assay as previously described.36 The
absorbance of each well was measured at 485 nm using a Fluostar
microplate reader (BMG Technologies, Durham, NC). Data (means ±
SE) from three or more independent experiments were normalized to
percentage relative to controls.
Caspase Activity. Caspase activity in AZA1-treated cells was

assayed using the Sensolyte AFC Caspase Sampler Kit (catalog no.
71117, Anaspec Inc., Fremont, CA) at three AZA concentrations (1,

10, and 95 nM) at 24, 48, and 72 h. Final methanol concentrations
never exceeded 1% by volume. Procedures for the analysis of caspase
activity were performed according to the manufacturer’s protocol.
Caspase activity was quantified through the use of eight 7-amino-4-
trifluoromethylcoumarin (AFC)-based peptide substrates. These
substrates (substrate sequence in parentheses) were caspase-1 (Ac-
YVAD and Ac-WEHD), caspase-2 (Ac-VDVAD), caspase-3/7 (Ac-
DEVD and Z-DEVD), caspase-6 (Ac-VEID), caspase-8 (Ac-IETD),
and caspase-9 (Ac-LEHD). Each caspase substrate was added directly
into each cell well at a final concentration of 50 μM. Fluorescence was
measured using the BMG FluoStar plate reader using excitation and
emission wavelengths of 390 and 490 nm, respectively, and recorded
every 1 min for 2 h. All data were first calculated in units of
micromolar AFC per hour based on an AFC standard curve (range of
0.057−57 μM) before normalization relative to control (%).
Camptothesin (1 μM), a known apoptosis inducer,37,38 was used as
a positive control. To assess caspase specificity in T lymphocyte cells,
the irreversible broad-spectrum caspase inhibitor 1 [100 μM, Z-
VAD(OMe)-FMK; catalog no. 627610, EMD Biosciences, San Diego,
CA)39 was added immediately prior to the caspase substrate.

Intracellular Cytochrome c. T lymphocyte cells were grown in
six-well plates and treated with AZA1 (95 nM) or equivalent amounts
of a methanol vehicle. Final methanol concentrations were 1% by
volume. At 24, 48, and 72 h, cells were centrifuged (500g for 10 min)
and washed twice with ice-cold PBS. The resulting cell pellets were
stored at −80 °C until they were used. Cell proteins were extracted on
ice using cell extraction buffer (catalog no. FNN0011, Life
Technologies, Carlsbad, CA) according to the manufacturer’s
instructions and stored at −80 °C. Cytochrome c in the cell extracts
was quantified using an ELISA kit (catalog no. KHO1051, Life
Technologies) according to the manufacturer’s instructions. Cyto-
chrome c (50−500 pg/mL) was used as a standard. It should be noted
that the cell extraction buffer contained detergents that may have
solubilized membrane proteins such as cytochrome c from a variety of
subcellular compartments. As such, data are expressed as the total
intracellular solubilized cytochrome c.

DNA Fragmentation. T lymphocyte cells were grown in 12-well
plates and treated with AZA1 (1, 10, and 95 nM), AZA2 (10 nM), or
AZA3 (10 nM). A negative control of 10% methanol (in PBS) and
positive controls of 10 nM camptothesin or synthetic dinophysistoxin-
2 (DTX-2), known inducers of apoptosis,37,38,40,41 were also included.
After 12, 24, 48, and 72 h, cells were centrifuged (500g for 10 min)
and washed twice with ice-cold PBS. The resulting cell pellets were
stored at −80 °C. DNA was isolated using the QIAamp DNA Mini Kit
(catalog no. 51304, Qiagen, Valencia, CA) according to the
manufacturer’s instructions. Purified DNA was eluted with 200 μL
of diethyl pyrocarbonate-treated water and concentrated with a Savant
SpeedVac Concentrator to a volume of approximately 10−20 μL.
DNA was quantified with a NanoDrop 2000 spectrophotometer
(Thermo Scientific), and 1.5 μg of each sample was loaded onto a
1.5% agarose gel and separated at 80 V. Because of limited DNA
recovery, the positive controls of camptothesin at 48 and 72 h had only
1.2 μg while DTX2 at 48 and 72 h had only 0.7 μg. DNA was
visualized with SYBR Safe DNA gel stain, and gel images were taken
with the Kodak Gel Logic 100 Imaging System using Kodak MI
version 4.0.3.

Statistical Analysis. Cytotoxicity, caspase, and cytochrome c data
are presented as means ± SE of at least three independent
experiments. In addition, each cytotoxicity and caspase experiment
was performed using triplicate and duplicate wells, respectively.
Cytotoxicity data were blank corrected and normalized to the vehicle
control (% viability). EC50 and 95% confidence interval determinations
were calculated using three-parameter, variable-slope, nonlinear
regression analysis (GraphPad Prism, version 5.0c, GraphPad, San
Diego, CA). All fluorescence caspase data were first blank corrected
and then converted into rates of AFC produced per hour. These values
were statistically compared to the controls using one-way ANOVA
with a Dunnett’s post test using InStat version 3.0a (GraphPad) where
p < 0.05 was considered significant. Caspase data are illustrated as fold
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change relative to vehicle controls. Cytochrome c data are presented as
femtograms of cytochrome c per cell.

■ RESULTS
Effect of AZA1 on Cell Viability. The three human cells

types were exposed to various concentrations of AZA1 to assess
viability and relative sensitivity. In each cell type, AZA1 caused
time- and concentration-dependent cytotoxicity (Figure 1) that

are consistent with previous studies.16,22,28,36 At 24 h, AZA1
induced a 24% reduction in the viability of T lymphocytes, but
no clear effects were observed in the neuroblastoma and
intestinal cells (panels B and C of Figure 1, respectively).
However, longer exposure times of 48 and 72 h markedly
decreased the viability of each cell type. At AZA1
concentrations of ≥10 nM, T lymphocyte viability was reduced
to 35 and 12% at 48 and 72 h, respectively. At 48 and 72 h,
intestinal cell viability was 70 and 47% (Figure 1B) and
neuroblastoma viability was 81 and 54% (Figure 1C),
respectively. EC50 values (including 95% confidence intervals)
are presented for each cell type at each time point in Table 1.
The mean EC50 value for each cell type across all three time
points was 1.1 nM for T lymphocytes, 2.4 nM for intestinal
cells, and 7.4 nM for neuroblastoma cells.

Effect of AZA1 on Caspase Activity. The effects of AZA1
on caspase activity were assessed in the three cell types with
camptothesin used as a positive control. At 24 h, AZA1
exposure did not alter the caspase activity of any cell type
(Figures 2A, 3A, and 4A). At 48 h, all tested AZA1
concentrations significantly increased the activity of caspase-
3/7 between 2.2- and 3.1-fold over the control (as determined
using both Ac-DEVD and Z-DEVD substrate forms) in T
lymphocytes (Figure 2B). Similarly, the activities of caspase-2
(∼2.2-fold) and caspase-10 (∼1.8-fold) were significantly
elevated (Figure 2B). At 72 h, caspase-3/7 activity was
significantly elevated (average of ∼1.8-fold for the two substrate
forms) from treatments with 10 and 95 nM AZA1 (Figure 2C).
In the intestinal cells, AZA1 did not alter caspase activities at 48
h (Figure 3B), but by 72 h, caspase-3/7 activity was
significantly elevated (1.3−1.4-fold) in response to 10 and 95
nM AZA1 (Figure 3C). In neuroblastoma cells, caspase-3/7
activity was significantly elevated at 48 and 72 h (1.6−2.0-fold)
for all AZA1 treatments (Figure 4B,C), while caspase-2 activity
was elevated in response to all AZA1 treatments at 72 h only
(1.4−1.5-fold) (Figure 4C). Camptothesin significantly ele-
vated the activities of all tested caspases in T lymphocytes and
neuroblastoma cells but only those of caspase-1, caspase-3/7,
and caspase-10 in the epithelial intestinal cells (Figures 2−4).
To confirm the elevated activities of caspase-2 and caspase-3/

7 due to AZA1 exposure in T lymphocytes, similar experiments
were performed in the presence of caspase inhibitor 1. Similar
to the data presented in Figure 2, AZA1 exposure resulted in
elevated caspase-2 and caspase-3/7 activities (Figure 5). In
these separate experiments, caspase-3/7 activity was not
elevated at 24 h but was elevated by all AZA1 treatments at
48 h (1.6−3.4-fold) and 72 h (1.3−2.0-fold). However, in the
presence of the inhibitor, the elevated activities of both caspases
were nearly abolished to levels similar to the control. Significant
reductions in caspase activity due to the inhibitor were
observed at 48 h for both caspase-2 and caspase-3/7 in cells
exposed to 10 and 95 nM AZA1 (Figure 5B). Inhibitor 1 also

Figure 1. Effect of AZA1 on cell viability. (A) T lymphocyte, (B)
intestinal, and (C) neuroblastoma cells were exposed to AZA1 for 24,
48, or 72 h, and viability was assessed using the MTS assay. All data
(mean ± SE; n = 3) were normalized to the control (methanol
vehicle) and analyzed using a nonlinear sigmoidal dose−response
method (variable slope). Calculated EC50 values are shown (Table 1).
Note that EC50 values were not calculated for the 24 h data in panels B
and C.

Table 1. Cytotoxicity EC50 Values (nM; n = 3) and 95% Confidence Intervals (95% CI) for T Lymphocyte, Intestinal, and
Neuroblastoma Cells Exposed to AZA1

24 h 48 h 72 h

cell type EC50 95% CI EC50 95% CI EC50 95% CI mean EC50

T lymphocyte 1.4 0.27−7.5 1.5 0.68−3.2 0.98 0.46−2.1 1.1
intestinal not applicable 2.6 0.46−14 2.3 0.84−6.1 2.4
neuroblastoma not applicable 7.5 0.83−67 7.4 2.6−21 7.4
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caused a significant reduction in the activity of caspase-3/7 at
72 h in cells exposed to 10 nM AZA1 (Figure 5C).
Effects of AZA1 on Intracellular Cytochrome c. The

release of cytochrome c from the inner membrane of the
mitochondria into the cytosol is an indicator of mitochrond-
rially dependent apoptosis. In this manner, cytochrome c is also
called apoptotic protease activating factor 2 (Apaf 2). In T
lymphocyte cells exposed to AZA1 (95 nM) for up to 72 h,

total intracellular solubilized levels of cytochrome c were
significantly elevated above those of parallel control cells
(Figure 6). Control cells consistently contained 0.7−0.8 fg/cell,
whereas cells treated with AZA1 contained between 2.4 and 6.7
fg/cell. Relative to the control, AZA1-treated cells contained 3-,
4-, and 7-fold more cytochrome c at 24, 48, and 72 h;
respectively.

Effects of AZAs on DNA Fragmentation. The
fragmentation of DNA (i.e., laddering) is a common hallmark
of cells undergoing late-stage apoptosis. T lymphocyte cells
exposed to AZA1 (1, 10, and 95 nM), AZA2 (10 nM), and

Figure 2. Upregulation of caspases in T lymphocyte cells following
exposure to AZA1. Cells were exposed to 1, 10, and 95 nM AZA1 for
(A) 24, (B) 48, or (C) 72 h before caspase activity was determined.
Caspase activity data (mean ± SE; n = 3) are expressed as the fold
change relative to control. Camptothesin (1 μM in DMSO; a known
apoptosis inducer) was the positive control. AZA vehicle controls were
0.1% methanol, and camptothesin vehicle controls were 1% DMSO
(final concentration). Asterisks denote data with a significant
difference (p < 0.05) relative to the appropriate vehicle control.

Figure 3. Upregulation of caspases in Caco-2 epithelial cells following
exposure to AZA1. Cells were exposed to 1, 10, and 95 nM AZA1 for
(A) 24, (B) 48, or (C) 72 h before caspase activity was determined.
Caspase activity data (mean ± SE; n = 3) are expressed as the fold
change relative to control. Camptothesin (1 μM in DMSO; a known
apoptosis inducer) was the positive control. AZA vehicle controls were
0.1% methanol, and camptothesin vehicle controls were 1% DMSO
(final concentration). Asterisks denote data with a significant
difference (p < 0.05) relative to the appropriate vehicle control.
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AZA3 (10 nM) were assessed for DNA laddering at 12, 24, 48,
and 72 h. Although no laddering was observed for any of the
AZA treatments at 12 and 24 h (Figure 7A,B), laddering was
observed for all AZA treatments at 48 and 72 h (Figure 7C,D).
The positive control camptothesin resulted in DNA laddering
at 12 h, and DTX2 resulted in laddering at 12, 24, and 48 h. No

laddering was observed in methanol controls (Figure 7) or
DMSO controls (data not shown).

■ DISCUSSION
AZAs are potent cytotoxins toward nearly every cell type tested
thus far.6,16,19,20,22,36,42 However, the various cell types are
differentially sensitive with cytotoxic EC50 concentrations
ranging from low nanomolar to hundreds of nanomolar. In
this study, the cytotoxic potential of AZA1 toward three
different cell lines was confirmed,22,28,36 and relative potencies

Figure 4. Upregulation of caspases in BE(2)-M17 neuroblastoma cells
following exposure to AZA1. Cells were exposed to 1, 10, and 95 nM
AZA1 for (A) 24, (B) 48, or (C) 72 h before caspase activity was
determined. Caspase activity data (mean ± SE; n = 3) are expressed as
the fold change relative to control. Camptothesin (1 μM in DMSO; a
known apoptosis inducer) was the positive control. AZA vehicle
controls were 0.1% methanol, and camptothesin vehicle controls were
1% DMSO (final concentration). Asterisks denote data with a
significant difference (p < 0.05) relative to the appropriate vehicle
control.

Figure 5. Inhibition of AZA1-induced upregulation of caspases in T
lymphocyte cells. Cells were exposed to 1, 10, and 95 nM AZA1 for
(A) 24, (B) 48, or (C) 72 h before caspase-2 and caspase-3/7 (Ac-
DEVD) activity was determined in the presence or absence of
inhibitor 1 (100 μM).39 Data (mean ± SE; n = 3) are expressed as the
rate of cleavage of fluorescent AFC from added substrate (micromolar
per hour) relative to control. Camptothesin (1 μM in DMSO; a
known apoptosis inducing compound) served as the positive control.
AZA vehicle controls were 0.1% methanol, and camptothesin vehicle
controls were 1% DMSO (final concentration). Asterisks denote data
with a significant difference (p < 0.05) between caspase activities in the
presence and absence of the inhibitor.
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were determined. On the basis of EC50 values determined in
this study, T lymphocytes (Jurkat) were the most sensitive
(mean EC50 of 1.1 nM), followed by intestinal cells (Caco-2;
mean EC50 of 2.4 nM) and neuroblastoma cells [BE(2)-M17;
mean EC50 of 7.4 nM]. Consistent with previous AZA1 studies,
an increased time of exposure to AZA1 affected cell viability but
did not change the calculated EC50 values for time points up to
72 h.16,36 Gross differences were observed between the cells
lines upon comparison of maximal cytotoxicity. Protracted
exposures of T lymphocytes to high AZA1 concentrations (≥50
nM) resulted in 90% cytotoxicity, whereas the intestinal and
neuroblastoma cells experienced 53 and 46% cytotoxicity,
respectively. The suppression of neuroblastoma cell viability is
consistent with proliferation studies employing a 50 nM AZA1
exposure for 48 h.22

Morphological observations by other investigators do not
provide a consistent pattern for the mechanism of cytotoxicity.
T lymphocytes and Caco-2 intestinal cells exposed to AZA1
(and/or AZA2 and AZA3) do not exhibit the classical features
of apoptosis.16,22,36 However, morphologies of AZA1-treated
BE(2)-M17 neuroblastoma cells and primary cerebellar granule
cells (CGCs) have been shown to be consistent with cells
undergoing apoptosis,20,22,42 with the neuroblastoma cells
having upregulated caspase-1 and -3−9 activity.20 CGCs
exposed to AZA1 have also shown significant changes in
nuclear morphology, with more than 62% of the cells deemed
as apoptotic by Hoechst staining and caspase-3 activity several-
fold higher than that of control cells.19 Similarly, dead or dying
lymphocyte cells in the spleen and thymus of mice exposed to
AZA1 have been observed undergoing pyknosis−chromatin
condensation indicative of apoptosis.43

In addition to confirming the cytotoxic potential of AZAs,
this study has broadly assessed the effects of AZA1 on seven
different caspases in three different cell types followed by an
evaluation of the effects of AZA1 on intracellular cytochrome c
and DNA fragmentation in T lymphocyte cells. Across all cell
types, we consistently observed significant elevations in the
activity of caspase-3/7 following AZA1 exposure. Caspase-3
and caspase-7 are effector caspases that, once activated, are
directly responsible for cell shrinkage and membrane blebbing
as well as nuclear DNA fragmentation.32,44 Despite the absence
of cell shrinkage and membrane blebbing in T lymphocytes,36

late stage DNA laddering was clearly evident.

Caspase-2 activity was also elevated in T lymphocytes and
neuroblastoma cells, while an elevation of caspase-10 activity
was observed only in T lymphocytes. Caspase-2 is an initiator
caspase activated via a receptor and/or stress response45,46

within the intrinsic caspase cascade (mitochondrial apoptotic
pathway).47 Caspase-2 typically induces the release of
cytochrome c from the mitochondria and then activates
caspase-3 via caspase-9-dependent or -independent pathways.48

Because caspase-9 was not affected by AZA1, it appears as
though AZA1 triggers apoptosis via a caspase-9-independent
mitochrondrial pathway, possibly similar to the activation
pathway involving tumor necrosis factor-α (TNF-α).48

Although much less is known about caspase-10, it is an
initiator caspase associated with the Fas-associated protein with
death domain (FADD) receptors.49 The involvement of
multiple caspases in the cytotoxic response supports the
findings of Cao et al.19 that AZA1-induced cytotoxicity in
CGCs was partially attenuated through the use of a caspase-3
inhibitor and complete cellular protection was provided when a
broad-spectrum caspase inhibitor was used. Although this study
did not investigate the ability of caspase inhibitors to rescue
cells and/or ameliorate other apoptotic end points, we did
confirm that a broad-spectrum caspase inhibitor was able to
inhibit the elevated caspase activity of T lymphocytes.
The release of cytochrome c from mitochondria from the

outer surface of the inner mitochrondrial membrane has been
identified as an apoptotic protease activating factor 2 (Apaf 2)
that typically results in the formation of a complex between
Apaf 1 and caspase-9 (Apaf 3). In turn, the complex activates
caspase-3 that leads to DNA fragmentation and apoptosis.50−52

From our experiments using T lymphocyte cells, high
concentrations of AZA1 appear to induce a time-dependent
increase in the total intracellular levels of solubilized of
cytochrome c that temporally coincide with the fragmentation
of nuclear DNA. However, considering the extraction methods
utilized, we cannot specifically ascertain whether the AZA-
induced increase in the level of intracellular solubilized
cytochrome c occurred via release from mitochondria or
other subcellular components.
Although this report does not provide evidence of the

sequence of apoptotic events, we have shown that AZA1
induces many of the steps common to apoptotic cell death and
provide a working model for future AZA apoptosis studies. Our
working model includes upregulation of caspase-10 and
caspase-2, elevated levels of intracellular solubilized cytochrome
c, activation of effector caspase-3 and caspase-7, fragmentation
of nuclear DNA, and cytotoxicity. The sensitivity of T
lymphocytes for studying these pathways relative to the other
cell lines may be due to a higher level of expression of a
molecular target that is constitutively present in the T
lymphocyte cells. However, this tentative hypothesis may
now be tested because AZA1−AZA3 have each been shown to
be open state blockers of hERG potassium channels.30

Coincidently, many hERG channel inhibitors are also known
inducers of caspase-3-dependent53 apoptosis54 and can cause
cytotoxicity toward a wide variety of cell lines.55,56

Interpretation of AZA mechanistic studies is complicated by
the growing body of evidence suggesting that the various AZA
analogues may have more than one molecular target and may
act upon these targets differently.19,24,36 The existence of
distinct molecular targets may also help explain the
simultaneous appearance of cellular markers for both apoptosis
and necrosis across different cell lines6,19,20,34 and following in

Figure 6. Effects of AZA1 on intracellular cytochrome c in T
lymphocyte cells. Cells were exposed to 95 nM AZA1 for 24, 48, or 72
h before cells were collected and levels of intracellular solubilized
cytochrome c were determined. Data (mean ± SE; n = 3) are
expressed as femtograms of cytochrome c per cell. AZA1 vehicle
controls were 1% methanol. Asterisks denote data with a significant
difference (p < 0.05) relative to the vehicle control at a given time
point.
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vivo AZA1 exposure.13,14,43 This is quite possible as overlaps
exist between cellular responses within the necrotic and
apoptotic pathways.57,58 In particular, some caspases such as
caspase-8 appear to have multiple functions beyond just those
associated with apoptosis.58

Although clearly requiring additional investigation, our DNA
laddering data suggest that AZA2 and AZA3 may also induce
apoptosis in T lymphocytes. This is interesting in that AZA2
and AZA3, similar to AZA1, do not induce any of the classical
morphological features associated with apoptosis36 but have

been shown to induce 4-fold upregulation of caspase-3 in
CGCs.19

■ CONCLUSIONS

In summary, we have corroborated previous studies showing
that that AZA1 is highly cytotoxic to T lymphocytes,16,34,36

intestinal cells,22,28 and neuroblastoma cells.20,22 In T
lymphocytes, AZA1 causes the upregulation of initiator
caspase-2 and -10, elevations in levels of intracellular
cytochrome c, and activation of effector caspase-3 and
caspase-7. Peak activities of caspase-3 and caspase-7 correspond

Figure 7. Effects of AZA analogues on DNA fragmentation of T lymphocyte cells. Cells were exposed to 1, 10, and 95 nM AZA1, 10 nM AZA2, or
10 nM AZA3 for (A) 12, (B) 24, (C) 48, or (D) 72 h. Camptothesin (campto, 10 nM) and synthetic DTX2 (10 nM) served as positive controls, and
AZA vehicle controls were 0.1% methanol.
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to the time points and AZA1 concentrations associated with
nuclear DNA fragmentation and cytotoxicity. These findings
are consistent with previous studies that suggest the cellular
pathways resulting in AZA1-induced cytotoxicity are a
combination of both necrosis and apoptosis.
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