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Abstract: Overexpressing antiapoptotic Bcl-2 proteins to suppress apoptosis is one major
mechanism via which cancer cells acquire drug resistance against cancer therapy. Ethyl-2-
amino-6-bromo-4-(1-cyano-2-ethoxy-2-oxoethyl)-4H-chromene-3-carboxylate (HA 14-1) is one
of the earliest small-molecule antagonists against antiapoptotic Bcl-2 proteins. Since its discovery,
HA 14-1 has been shown to be able to synergize a variety of anticancer agents. HA 14-1 also
could selectively eliminate tumor cells with elevated level of Bcl-2 protein. HA 14-1, therefore,
is being intensely investigated as a potential anticancer agent. Previous reports of HA 14-1
implied that it may not be stable, raising the question of whether HA 14-1 is a suitable drug
candidate. The potential stability also raised the concern about whether HA 14-1 is the bioactive
species. In this report, we confirm that HA 14-1 is not stable under physiological conditions: it
rapidly decomposes in RPMI cell culture medium with a half-life of 15 min. This decomposition
process also generates reactive oxygen species (ROS). To identify the actual candidate(s) for
the observed bioactivity of HA 14-1, we characterized the structures, quantified the amount,
and evaluated the bioactivities of the decomposed products. We also used ROS scavengers to
explore the function of ROS. From these studies, we established that none of the decomposition
products could account for the bioactivity of HA 14-1. ROS generated during the decomposition
process, however, are critical for the in vitro cytotoxicity and the apoptosis induced by HA 14-1.
This study demonstrates that HA 14-1 is not stable under physiological conditions and that HA
14-1 can generate ROS through its decomposition, independent of Bcl-2 antagonism. Because
of its intrinsic tendency to decompose and to generate ROS, caution should be taken in using
HA 14-1 as a qualified antagonist against antiapoptotic Bcl-2 proteins.
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Introduction
Apoptosis is a highly regulated and energy-dependent

cellular suicide process.1 Bcl-2 protein family are crucial
regulators of apoptosis.2 Some Bcl-2 family proteins are
antiapoptotic, such as Bcl-2, Bcl-XL, and Bcl-w.3,4 These

antiapoptotic Bcl-2 proteins are often overexpressed in
various malignancies, and such overexpression is one general
mechanism via which cancer cells develop drug resistance
against cancer therapies.5–7 Antagonizing the antiapoptotic
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Bcl-2 proteins, therefore, can be a valuable strategy for
overcoming drug resistance in cancer treatment. This concept
has been proven by the preclinical and clinical results of
Genasense, an antisense oligonucleotide against Bcl-2.8

Currently, there are also quite a few small-molecule antago-
nists that are at various stages of development as anticancer
agents.9–18 Of these, ABT-737 is the most potent antagonist,
which can disrupt the heterodimerization of antiapoptotic
Bcl-2 proteins with proapoptotic Bcl-2 proteins and dem-
onstrates in ViVo anticancer activity.15

Ethyl-2-amino-6-bromo-4-(1-cyano-2-ethoxy-2-oxoethyl)-
4H-chromene-3-carboxylate (HA 14-1) is one of the earliest

reported small-molecule antagonists against antiapoptotic
Bcl-2 proteins.9 Recently, several studies showed that HA
14-1 could selectively eliminate tumor cells overexpressing
Bcl-2 protein.19–21 In the study by Dai et al.,19 leukemia cells
developed resistance to Imatinib over the course of treatment
through the overexpression of Bcl-2. These Imatinib-resistant
cells, however, were more sensitive to HA 14-1 than the
parent leukemia cells. These studies underscore the potential
of HA 14-1 in selectively targeting drug-resistant tumors.
Moreover, many studies demonstrated that HA 14-1 sensi-
tized cancer cells to a wide variety of cancer therapies (Table
1),19,20,22–32 highlighting the promise of HA 14-1 as a chemo-
sensitizer in the combination therapy for cancer treatment.
Because of its great potential in cancer therapy and its
proposed antagonism against antiapoptotic Bcl-2 proteins,
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HA 14-1 is intensely investigated with 11 research articles
published in 2007 already.21,30,33–41

However, several reports imply that HA 14-1 may not be
stable and recommend the preparation of a fresh sample in
DMSO for study.37,42 Given its therapeutic potential and

wide biological application, we investigated the stability of
HA 14-1 in RPMI cell culture medium. We found that HA
14-1 rapidly loses its in Vitro cytotoxicity through decom-
position upon incubation in RPMI. We also studied the
decomposition process of HA 14-1. Specifically, we char-
acterized the decomposition products and studied their
biological activities, establishing that the decomposed prod-
ucts could not account for the in Vitro cytotoxicity of HA
14-1 and that they did not interact with antiapoptotic Bcl-2
proteins. HA 14-1 decomposition also generates ROS, which
are cytotoxic and induce apoptosis in Vitro. On the basis of
these studies, we conclude that HA 14-1 is not a stable
candidate for clinical development and antagonizing anti-
apoptotic Bcl-2 proteins is not the sole mechanism of action
for HA 14-1.

Materials and Methods
Reagents. Ethyl-2-amino-6-bromo-4-(1-cyano-2-ethoxy-

2-oxoethyl)-4H-chromene-3-carboxylate (HA 14-1) was syn-
thesized in the laboratory by following the established
procedures and characterized by NMR and mass spectrom-
etry.43 5-Bromosalicylaldehyde, ethyl cyanoacetate, vitamin
E, N-acetyl-L-cysteine (LNAC), and Trypan Blue were all
purchased from Sigma (St. Louis, MO). H2DCFDA was
purchased from Molecular Probes (Eugene, OR).

Cell Culture. Jurkat cells were cultured in RPMI medium
supplemented with 10% fetal bovine serum at 37 °C with
5% CO2.

In Vitro Cytotoxicity Assay. The in Vitro cytotoxicity of
the small molecules was assayed by determining the GI50

(the concentration of a small molecule required to inhibit
cell growth by 50%) values. In brief, Jurkat cells were plated
in a 96-well plate at the density of 1 × 104 cells/well. A
series of 3-fold dilutions of the test compounds with 1%
DMSO in the final cell medium was used for the cell
treatment (cells treated with medium containing 1% DMSO
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served as a control). For stability studies, an identical set of
the test compounds was incubated at 37 °C for the specified
time period and then were used along with freshly prepared
samples to treat Jurkat cells. After a 24 h treatment, the
relative cell viability in each well was determined by using
CellTiter-Blue Cell Viability Assay Kit [a fluorescence assay
that measures the degree of reduction of a dye (resazurin)
into a fluorescent end product (resorufin) by metabolically
active cells – viable cells] (Promega). The GI50 of each
candidate was determined by fitting the relative viability of
the cells to the drug concentration by using a dose–response
model in GraphPad. For the protective effect of LNAC and
vitamin E against HA 14-1 in Vitro, a long-term colony assay
was used. Briefly, Jurkat cells were treated with HA 14-1,
LNAC, vitamin E, or their combination for 24 h. The cells
were then cultured in fresh RPMI medium for an additional
5 days. The amount of living cells was counted with Trypan
Blue staining.

Rate of Decomposition of HA 14-1 in RPMI. A stock
solution of HA 14-1 in dimethyl sulfoxide (20 mM) was
added to prewarmed RPMI cell culture medium to obtain a
final HA 14-1 concentration of 200 µM. Such a solution was
incubated at 37 °C for specified times (0, 5, 15, 30, 60, 180,
and 1440 min). The solution was mixed with an equal
volume of a 4-bromophenol solution (internal standard, 200
µM) in methanol and analyzed by reversed-phase high-
performance liquid chromatography (HPLC). HPLC was
performed on a Beckman Coulter System Gold 126 solvent
module and 168 detector. A Phenomenex Polar RP column
(5 µm, 250 mm × 4.6 mm) was used for the analyses. The
flow rate was 0.7 mL/min. Mobile phase A was water, while
phase B was acetonitrile. The time program used for the
analyses was as follows: 95% A from 0 to 5 min, 5 to 95%
B from 5 to 35 min, 95% B from 35 to 40 min, and 5 to
95% A from 40 to 42 min). To determine whether ROS
initiate or facilitate the decomposition of HA 14-1, similar
experiments were carried out in the presence of 1.67 mM
LNAC.

Characterization of Decomposition Products. A stock
solution of HA 14-1 in deuterated dimethyl sulfoxide (50
mM, 400 µL) was added to prewarmed cell culture medium
(40 mL) to produce a final HA 14-1 concentration of 500
µM. This solution was then incubated at 37 °C for 3 h.
Following this, the solution was cooled and extracted with
3 × 25 mL of methylene chloride. The organic extracts were
collected and concentrated to produce a d6-DMSO residue.
The d6-DMSO residue was dissolved in CDCl3 (600 µL) with
benzene (45 mM) as the internal standard. Such a solution
was analyzed by 1H NMR. Characteristic peaks were used
for structure determination and the quantification of various
candidates. The aqueous fraction was mixed with an equal
volume of a 4-bromophenol solution in methanol (200 µM).
The mixture was analyzed by HPLC following the HPLC
method detailed above.

Binding to Antiapoptotic Bcl-2 Proteins. The binding
interactions of the decomposed products from HA 14-1 with
Bcl-2, Bcl-XL, and Bcl-w proteins were evaluated by
following an established protocol.43

Cell-Free ROS Assay. Dichlorodihydrofluorescein, which
can be oxidized by ROS to dichlorofluorescein, was prepared
from H2DCFDA by alkaline hydrolysis, according to the
methods of Cathcart et al.44 Briefly, 6.4 µL of 25 mM
H2DCFDA in DMSO was added to 32 µL of aqueous NaOH
(100 mM), which was allowed to stand at room temperature
for 30 min. Hydrolyte was then neutralized with 4 mL of
PBS and kept on ice before use. Within 3 h of its preparation,
50 µL of the de-acetylated probe was transferred to each
well in a 96-well plate, and 50 µL of the compound of
interest in PBS with 2% DMSO was then added to each well.
The formation of ROS was assessed kinetically by following
the fluorescence intensity change with excitation at 485 nm
and emission at 530 nm in a 96-well plate with a 100 µL

(44) Cathcart, R.; Schwiers, E.; Ames, B. N. Detection of picomole
levels of hydroperoxides using a fluorescent dichlorofluorescein
assay. Anal. Biochem. 1983, 134, 111–116.

Table 1. Reported Synergism of HA 14-1 with Respect to Various Cancer Therapies in Different Tumor Types

drug mechanism of action course of treatment cell type Bcl-2 level

etoposide19 TopoII inhibitor simultaneous CML overexpressing
cytarabine20 antimetabolite cytarabine pretreat AML/CML overexpressing
bortezomib22 proteasome inhibitor bortezomib pretreat myeloma endogenous
TRAIL23 death ligand HA 14-1 pretreat leukemia overexpressing
TRAIL24 death ligand simultaneous colon endogenous
17-AAG25 HSP-90 inhibitor simultaneous HL-60 overexpressing
flavopiridol26 CDK inhibitor simultaneous or HA 14-1 pretreat myeloma endogenous
flavopiridol26 CDK inhibitor flavopiridal pretreat myeloma endogenous
dexamethasone27 apoptotic inducer simultaneous/HA 14–1 pretreat follicular lymphoma overexpressing
doxorubicin27 TopoII inhibitor simultaneous/HA 14-1 pretreat follicular lymphoma overexpressing
radiation28 DNA damage HA 14-1 pretreat glioblastoma overexpressing
etoposide28 TopoII inhibitor HA 14-1 pretreat glioblastoma overexpressing
retinoic acid29 differentiating agent simultaneous neuroblastoma endogenous
radiation30 DNA damage HA 14-1 pretreat prostate endogenous
FGIN-1–2731 Peripheral benzodiazepine receptor ligand simultaneous liver endogenous
PD18535232 MEK/MAKR inhibitor simultaneous AML endogenous
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sample in each well. ROS intensity in each well was
normalized to the vehicle-treated control.

Intracellular ROS Assay in Jurkat Cells. Jurkat cells
were adjusted to a cell density of 8 × 105 cells/mL in PBS.
Such a cell suspension (5 mL) was transferred in a 5 cm
round Petri dish. To one cell sample was added 4 µL of 25
mM H2DCFDA dye in DMSO; to another cell sample was
added 4 µL of DMSO, and such cells served as a control.
These cell samples were incubated at 37 °C for 30 min to
allow intracellular de-esterification of H2DCFDA to dichlo-
rodihydrofluorescein. Such cell samples were collected by
centrifugation, washed twice with PBS, and resuspended in
PBS (3 mL). These cell samples (0.25 mL) were mixed with
the compound of interest in PBS with 2% DMSO (0.25 mL).
ROS generation was followed kinetically by following the
fluorescence intensity change with excitation at 485 nm and
emission at 530 nm in a 96-well plate with 100 µL of sample
in each well. ROS intensity in each well was normalized to
the vehicle-treated control.

Caspase-3/-7 Activation. An Apo-ONE Homogeneous
Caspase-3/-7 Assay Kit from Promega was used to measure
the caspase-3/-7 activity according to the manufacturer’s
instructions. Briefly, after the indicated drug treatment, Apo-
ONE Caspase-3/-7 reagent (50 µL) was added to each well
containing 50 µL of cell suspension (4 × 104 cells) in a
96-well plate. The suspension in the wells were mixed gently
and incubated at 37 °C for 30–60 min. The activity of
caspase-3/-7 was measured by following the fluorescence
intensity with excitation at 485 nm and emission at 530 nm.
The relative caspase-3/-7 activity in each well was normal-
ized to that of the vehicle-treated control cell.

DNA Fragmentation Assay. DNA fragmentation was
assessed with the Apoptotic DNA Ladder Extraction Kit from
Biovision. Briefly, Jurkat cells (2.0 × 106) were treated with
HA 14-1 (20 µM) or HA 14-1 (20 µM) and other agents at
their specified concentrations for 4 h. Such cells were
harvested and washed with PBS. The supernatant was
removed by pipetting. The cell pellet was suspended in DNA
Ladder Extraction Buffer (50 µL) and incubated at 23 °C
for 10 s with gentle tapping. The mixture was centrifuged
for 5 min at 1600g. The supernatant was transferred to a

fresh tube. The cell pellet was extracted again with DNA
Ladder Extraction Buffer (50 µL). The supernatants were
combined, and enzyme A solution (5 µL) was added to it.
The solution was mixed by gentle vortexing and incubated
at 37 °C for 10 min. Enzyme B solution (5 µL) was then
added to the mixture and further incubated overnight at 50
°C. An ammonium acetate solution (5 µL, provided with
the kit) was added to the sample and mixed well. 2-Propanol
(100 µL) was added, and the solution was mixed well and
kept at -20 °C for 20 min. The DNA pellet was obtained
by centrifugation of the 2-propanol suspension at 13000g
for 10 min. The pellet was washed twice with cold 75%
ethanol. The pellet was dried and resuspended in DNA
suspension buffer (20 µL). Samples were loaded on to a 1.2%
agarose gel containing 0.5 µg/mL ethidium bromide in both
the gel and the running buffer. Electrophoresis was conducted
at 50 V for 1 h. DNA was visualized with UV light and
photographed.

Statistical Analysis. All biological experiments, including
binding assays, in Vitro cytotoxicity assays, caspase-3/-7
assays, and ROS assays, were performed at least twice with
triplicates in each experiment. Representative results are
depicted in this report. Data were analyzed and presented
using GraphPad. Student’s t test was applied for comparison
between groups using GraphPad. Significance was set at P
< 0.05.

Results and Discussion
HA 14-1 Stability. To quickly determine whether HA 14-1

was stable under physiological conditions, we first assayed
the change in the cytotoxicity of HA 14-1 after it was
incubated in cell culture medium. The rationale was that the
incubated HA 14-1 solution should have the same cytotox-
icity as the freshly prepared solution if HA 14-1 is stable in
cell culture medium. Briefly, we prepared a series of HA
14-1 solutions of different concentrations in cell culture
medium. Such solutions were incubated at 37 °C for varying
periods of time (0, 0.5, 3, and 24 h). These HA 14-1 solutions
were then evaluated for their in Vitro cytotoxicity against
Jurkat cells. As shown in Figure 1, a 0.5 h incubation of
HA 14-1 in cell culture medium resulted in the loss of most

Figure 1. Loss of cytotoxicities of HA 14-1 and its analogues upon incubation in RPMI cell culture medium.
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of its cytotoxicity (GI50 increased ∼4-fold), and a 24 h
incubation resulted in the total loss of cytotoxicity (GI50

increased ∼60-fold). The rapid loss of cytotoxicity suggests
that HA 14-1 is not stable in RPMI medium. Two HA 14-1
analogues developed in this laboratory (3a and 3e) also
rapidly lost their cytotoxicities upon incubation in RPMI
medium (Figure 1). The structural comparison of HA 14-1,
3a, and 3e suggests that the instability of HA 14-1 may derive
from its highly functionalized chromene ring. The half-life
of HA 14-1 in RPMI was determined by HPLC quantification
of HA 14-1 in the preincubated RPMI samples (Figure 2,
HPLC spectra with HA 14-1 quantification in the Supporting
Information). HA 14-1 has a half-life of ∼15 min, confirming
that HA 14-1 rapidly decomposes in RPMI medium.

The fact that HA 14-1 rapidly decomposes and loses in
Vitro cytotoxicity raised the question of whether HA 14-1 is
the bioactive candidate or a decomposed intermediate may
induce the observed cytotoxicity. It is critical to understand
how HA 14-1 decomposes as well, which can guide the
development of stable analogues of HA 14-1.

Characterization of the Decomposition Products of
HA 14-1. To define the decomposition pathway of HA 14-1
and to identify the exact candidate(s) responsible for the
observed in Vitro cytotoxicity, we next characterized the
decomposition products of HA 14-1, including the structural
determination, the yield quantification, and the bioactivity
evaluation. Specifically, following a 3 h incubation of HA
14-1 in cell culture medium at 37 °C, the HA 14-1 solution
was extracted with methylene chloride. The organic extract
was dried, and the residue in the organic extract was analyzed
by NMR. The identifiable candidates were quantified by
NMR with benzene as the internal standard. Four compounds
were identified in the organic extract (Figure 3), including
HA 14-1 (3.95%), 5-bromosalicylaldehyde (2.46%), ethyl
6-bromo-2-oxo-2H-1-benzopyran-3-carboxylate (A) (28.27%),
and ethyl cyanoacetate (74.16%) (NMR spectrum and
quantification in the Supporting Information). The aqueous
fraction was directly analyzed by HPLC and mass spectrom-
etry. Three compounds were identified in the aqueous fraction
(Figure 3), including A (0.75%), 5-bromosalicylaldehyde
(0.39%), and 6-bromo-2-oxo-2H-1-benzopyran-3-carboxylate
(B, 48.15%) (HPLC spectra and quantification in the Sup-
porting Information).

The total mass balance of HA 14-1 from the organic
extract and the aqueous fraction is 83.97% (the sum of HA
14-1, 5-bromosalicylaldehyde, A, and B). This relatively
good mass balance suggests that we have identified most of
the major candidates, if not all, generated from HA 14-1
decomposition. We also noticed that 5-bromosalicylaldehyde
is not stable under the same conditions with an estimated
half-life of ∼170 min (Supporting Information). The potential
loss of 5-bromosalicylaldehyde generated during the decom-
position may account for some of the remaining mass
balance. The identities of A and 5-bromosalicylaldehyde as
decomposed products were verified by comparison with the
authentic standards through NMR, HPLC, and mass spec-
trometry analyses. The identity of B as a decomposed product
was verified by comparison with the authentic standard
through HPLC and mass spectrometry analyses. The identity
of ethyl cyanoacetate as one of the decomposed products
was established by comparison with an authentic standard
via NMR. Standard ethyl cyanoacetate and 5-bromosalicy-
laldehyde were purchased from Aldrich. Standards A and B
were synthesized by following a reported alternate route.45

Subsequent biological evaluations of these decomposition
products revealed that ethyl cyanoacetate, A, and B are much
less cytotoxic in Vitro than HA 14-1 [GI50 g 300 µM (Figure
4)]. Though 5-bromosalicylaldehyde is only slightly less
cytotoxic than HA 14-1 (GI50 ) 14.6 µM), it is a minor
decomposed product (<10%). These studies indicate that the
decomposed products (even in combination) cannot account
for the observed in Vitro cytotoxicity of HA 14-1. Further-

(45) Bonsignore, L.; Cottiglia, F.; Maccioni, A. M.; Secci, D.; Lavagna,
S. M. Synthesis of coumarin-3-O-acylisoureas by dicyclohexyl-
carbodiimide. J. Heterocycl. Chem. 1995, 32, 573–577.

Figure 2. Half-life of HA 14-1 in RPMI cell culture
medium, estimated by HPLC quantification of HA 14-1
preincubated in RPMI cell culture medium.

Figure 3. Structures of the four identified decomposition
products of HA 14-1.

Figure 4. In vitro cytotoxicities of the decomposed
products of HA 14-1 against a Jurkat cell line.
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more, none of these decomposed candidates with a concen-
tration of up to 1 mM showed any binding interactions with
antiapoptotic Bcl-2 proteins (data not shown).

Time Course Generation of the Decomposed
Products. To deepen our understanding of the mechanism
of the decomposition process, we used HPLC to characterize
the time course generation of the decomposed products by
HA 14-1 (Figure 5). It was found that both A and 5-bro-
mosalicylaldehyde were detected immediately after HA 14-1
was mixed in RPMI medium, suggesting that they may be
generated through two different pathways. B was not detected
until HA 14-1 was mixed in RPMI for 30 min. Interestingly,
we observed bell-shaped abundances of A and 5-bromosali-
cylaldehyde during the decomposition course, suggesting that
A and 5-bromosalicylaldehyde further decompose. We also
observed that as the abundance of A decreased, the abun-
dance of B increased. On the basis of the fact that A
decomposes, the late formation of B, and their structural
differences, we propose that A hydrolyzes to form B. This
hypothesis was further supported by the formation of B from
pure A incubated in RPMI medium (Supporting Information).
Of note, no 5-bromosalicylaldehyde was formed from A upon
incubation in RPMI, establishing that 5-bromosalicylaldehyde
generated during HA 14-1 decomposition is not derived from
A. We, therefore, propose that HA 14-1 may decompose to
generate A and 5-bromosalicylaldehyde through two inde-
pendent pathways. In both pathways, ethyl cyanoacetate may
be generated. A decomposes to generate B through hydroly-
sis. B seems to be stable in RPMI medium as incubation of
pure B in RPMI medium resulted in no loss of B and no
observable new product (Supporting Information). 5-Bro-
mosalicyaldehyde further decomposes to unknown products
as a 60 min incubation of pure 5-bromosalicylaldehyde in
RPMI medium resulted in a 21% loss with no observable
product detected (Supporting Information; the half-life of
5-bromosalicyaldehyde is estimated to be ∼170 min). The
loss of 5-bromosalicylaldehyde may be due to its condensa-
tion with amino-containing biomolecules in the medium or
its oxidation to 5-bromosalicylic acid, which could be too
hydrophilic to be separated from the solvent peak under our
HPLC conditions.

Generation of ROS from HA 14-1 Decomposition.
Several studies of HA 14-1 have revealed the generation of

ROS in cancer cells when they were treated with HA 14-1,
and such ROS have been shown to be responsible, at least
in part, for the cytotoxicity and apoptosis induced by HA
14-1.22,23,26,42 It remained to be determined how HA 14-1
treatment could lead to ROS generation, whether HA 14-1
generates ROS through its antagonism against antiapoptotic
Bcl-2 proteins or through other mechanisms.

As we established that HA 14-1 could rapidly decompose
in RPMI medium, we explored whether HA 14-1 could
directly generate ROS through its decomposition, indepen-
dent of its antagonism against antiapoptotic Bcl-2 proteins.
We, therefore, evaluated ROS generation by HA 14-1 in cell-
free PBS and in PBS with Jurkat cells (RPMI medium was
not used in this study because of the high background
interference of RPMI medium with ROS detection). Even
in the cell-free PBS, HA 14-1 rapidly generated ROS (Figure
6A). The amount of ROS detected in cell-free PBS was
higher than that detected in PBS with Jurkat cells (Figure
6B). The different ROS intensities in these two systems can
be due to the accessibility of dichlorodihydrofluorescein to
ROS. In the PBS system with Jurkat cells, dichlorodihy-
drofluorescein was preloaded in the cells and should only
detect the intracellular ROS, which could be less abundant
than the extracellular ROS. In cell-free PBS, HA 14-1 also
induced ROS generation in a dose-dependent manner (Figure
6C), further supporting the idea that the observed ROS are
generated from HA 14-1. The ability of HA 14-1 to generate
ROS under cell-free conditions suggests that the ROS
observed in Vitro may not be derived from the antagonism
of HA 14-1 against Bcl-2 proteins. Our results, however,
cannot exclude the possibility that HA 14-1 may still be able
to generate ROS through its interaction with cells. The two
unstable analogues of HA 14-1 (3a and 3e) also rapidly
induce ROS generation in cell-free PBS (Figure 6D).

As HA 14-1 can decompose to form four products, ROS
detected in cell-free PBS could be generated directly from
any of the decomposed products of HA 14-1. It is also
possible that ROS are generated during the decomposition
process. To differentiate these two potential sources, we
evaluated the decomposed products of HA 14-1 for their
abilities to induce ROS generation under the same conditions.
As shown in Figure 7A, none of the decomposed products
generated ROS, even when they were combined together (not
shown). Preincubated HA 14-1 (30 min) also failed to
generate any ROS. These results overall suggest that HA
14-1 generates ROS directly during its decomposition
process.

It is also interesting to determine whether ROS may
facilitate the decomposition of HA 14-1 through a chain
reaction as superoxide does for the oxidation of hydro-
quinone.46,47 To address this possibility, we evaluated the
stability of HA 14-1 in RPMI with ROS scavenged by LNAC
(1.67 mM, based on the optimization detailed in the next
section). As shown in Figure 7B, LNAC treatment had no
major effect to the stability of HA 14-1 (half-life of 15.8
min compared to that of 15.2 min without LNAC treatment).

Figure 5. Time course abundance of A, B, and
5-bromosalicylaldehyde during HA 14-1 decomposition
in RPMI cell culture medium.
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This result suggests that ROS do not dramatically affect the
decomposition of HA 14-1 under the conditions evaluated.

The Functions of ROS in HA 14-1 Induced
Cytotoxicity and Apoptosis. We next explored the functions
of ROS in the cytotoxicity and apoptosis induced by HA
14-1 in Vitro by using ROS scavengers (LNAC and vitamin
E). The optimal concentrations of LNAC and vitamin E used
in our studies were determined by evaluating their efficacy
in trapping ROS and their intrinsic toxicity. It was found
that the most effective concentration of vitamin E to scavenge

ROS was 200 µM (Supporting Information). Even at this
concentration, vitamin E could only partially trap the ROS
generated by HA 14-1, and it had a profound intrinsic toxicity
with respect to Jurkat cells (Figure 8). These results suggest
that vitamin E is not an optimal ROS scavenger under our
experimental conditions. LNAC (1.67 mM), on the other
hand, could scavenge the ROS generated by HA 14-1 to
lower than the background level and induced no toxicity with
respect to Jurkat cells at that concentration (Figure 8). We,
therefore, used LNAC (1.67 mM) as the ROS scavenger to

(46) Munday, R. Autoxidation of naphthohydroquinones: Effects of
metals, chelating agents, and superoxide dismutase. Free Radical
Biol. Med. 1997, 22, 689–695.

(47) Ollinger, K.; Buffinton, G. D.; Ernster, L.; Cadenas, E. Effect of
superoxide dismutase on the autoxidation of substituted hydro-
and semi-naphthoquinones. Chem.-Biol. Interact. 1990, 73, 53–
76.

Figure 6. (A) Time-dependent generation of ROS by HA 14-1 (20 µM) treatment in PBS without cells. (B)
Time-dependent intracellular generation of ROS by HA 14-1 (20 µM) treatment in Jurkat cells in PBS. (C) Dose–
response ROS generation by HA 14-1 treatment in PBS without cells (30 min). (D) Generation of ROS by HA 14-1
and its analogues via 3a and 3e treatment at 20 µM in PBS without cells (30 min).

Figure 7. Source of ROS and its function in HA 14-1 decomposition. (A) Amount of ROS generated by fresh HA 14-1,
the decomposed products of HA 14-1, and the preincubated HA 14-1 at 20 µM (30 min in PBS). (B) Half-life of HA
14-1 in RPMI in the presence of LNAC (1.67 mM).
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explore the function of ROS in the cytotoxicity and apoptosis
induced by HA 14-1.

As shown in Figure 9A, 1.67 mM LNAC greatly reduced
the toxicity induced by HA 14-1, especially at concentrations
of 5, 10, and 20 µM. However, LNAC treatment could not
completely mitigate the toxicity induced by HA 14-1 (10
and 20 µM). The partial protection by LNAC suggests that
HA 14-1 may induce toxicity through mechanism(s) other
than ROS, which could be related to its antagonism against

antiapoptotic Bcl-2 proteins or the toxic activity of the
decomposed products. LNAC treatment also greatly de-
creased the activity of caspase-3/-7 and DNA fragmentation
induced by HA 14-1 (Figure 9B,C), supporting the possibility
that ROS are critical for HA 14-1-induced apoptosis. Vitamin
E, on the other hand, cannot induce much protection against
the toxicity and apoptosis induced by HA 14-1 treatment.
The lack of protection by vitamin E and its weak capability
of scavenging ROS further support the fact that HA 14-1-

Figure 8. Optimization of the conditions for ROS scavengers. (A) Efficacy of LNAC (1.67 mM) and vitamin E (200 µM)
in trapping ROS generated by HA 14-1 treatment (20 µM). (B) Toxicity of LNAC (1.67 mM) and vitamin E (200 µM)
against Jurkat cells.

Figure 9. Protective effect of LNAC and vitamin E on Jurkat cells upon HA 14-1 treatment. (A) Cytotoxicity of HA 14-1
to Jurkat cells and the protective effect of LNAC and vitamin E. (B and C) Inhibitory effect of LNAC and vitamin E to
apoptosis induced by HA 14-1 treatment in Jurkat cells: (B) activities of caspase-3/-7 and (C) DNA fragmentation.

Scheme 1. Proposed Major Decomposition Pathway of HA 14-1 in RPMI Cell Culture Medium
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induced ROS are the major cytotoxic species for the in Vitro
activity of HA 14-1.

Decomposition Pathway of HA 14-1. On the basis of
the decomposition products, their time course abundance,
the decomposition profiles of A and 5-bromosalicylaldehyde,
and the generation of ROS in the decomposition process and
their effect on decomposition, we proposed the following
possible decomposition pathway for HA 14-1 (Scheme 1).
HA 14-1 can eliminate ethyl cyanoacetate to generate an
undetected imine intermediate, which hydrolyzes to form A.
A further hydrolyzes to form B. 5-Bromosalicylaldehyde may
be generated from the decomposition of the imine intermedi-
ate or directly from HA 14-1, but not from A or B. Reactive
oxygen species are also generated from HA 14-1 decomposi-
tion. Though our current studies cannot define the mechanism
for their generation, we speculate that ROS may be generated
during the formation of 5-bromosalicylaldehyde.

Conclusion
HA 14-1 has been widely used as an antagonist against

antiapoptotic Bcl-2 proteins. In this report, we established
that HA 14-1 rapidly decomposes with a half-life of 15 min
in RPMI cell culture medium at 37 °C. We also identified
the major decomposed products and established that none
of them interact with antiapoptotic Bcl-2 proteins and none

of them can account for the in Vitro activities of HA 14-1.
More importantly, we observed that HA 14-1, in a manner
independent of its antagonism against antiapoptotic Bcl-2
proteins, can induce ROS generation directly through its
decomposition process. ROS generated by HA 14-1 are in
fact the major species responsible for the in Vitro cytotoxicity
and the apoptotic induction by HA 14-1.

In conclusion, our current studies demonstrate that HA
14-1 is not a qualified small-molecule antagonist against
antiapoptotic Bcl-2 proteins. A decomposition pathway was
proposed, which has guided us in successfully developing a
stable analogue of HA 14-1, sHA 14-1, which is currently
under investigation.
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spectra with quantification of the decomposition products of HA
14-1 in RPMI medium and abilities of LNAC and vitamin E to
scavenge ROS induced by HA 14-1 (20 µM) in cell-free PBS
and their intrinsic toxicity against Jurkat cells. This material is
available free of charge via the Internet at http://pubs.acs.org.
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