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Abstract
The development of smart anti-cancer drugs that can selectively kill cancer cells while sparing the
surrounding healthy tissues/cells unharmed is of paramount importance for safe and effective cancer
therapy. We report a novel class of bifunctional compounds based on diarylidenylpiperidone (DAP)
conjugated with an N-hydroxypyrroline (NOH, a nitroxide precursor) group. We hypothesized that
the DAP would have cytotoxic (anti-cancer) activity, while the NOH moiety would function as a
tissue-specific modulator (anti-oxidant) of cytotoxicity. The study used four DAPs, namely H-4073
and H-4318 without NOH and HO-3867 and HO-4200 with NOH substitution. The goal of the study
was to evaluate the ‘proof-of-concept’ anticancer-versus-antioxidant efficacy of the DAPs using a
number of cancerous (breast, colon, head and neck, liver, lung, ovarian, and prostate cancer) and
noncancerous (smooth muscle, aortic endothelial, and ovarian surface epithelial cells) human cell
lines. Cytotoxicity was determined using an MTT-based cell viability assay. All four compounds
induced significant loss of cell viability in cancer cells, while HO-3867 and HO-4200 showed
significantly less cytotoxicity in noncancerous cells. EPR measurements showed a metabolic
conversion of the N-hydroxylamine function to nitroxide with significantly higher levels of the
metabolite and superoxide radical-scavenging (antioxidant) activity in noncancerous cells when
compared to cancer cells. Western-blot analysis showed that the DAP-induced growth arrest and
apoptosis in cancer cells were mediated by inhibition of STAT3 phosphorylation at Tyr705 and
Ser727 residues and induction of apoptotic markers of cleaved caspase-3 and PARP. The results
suggest that the antioxidant-conjugated DAPs will be useful as a safe and effective anticancer agent
for cancer therapy.
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INTRODUCTION
Curcumin, a beta-diketone constituent of turmeric derived from the rhizome of the plant
Curcuma longa, has been shown to inhibit many cellular signaling pathways and downregulate
the expression of many tumor-promoting proteins [1–3]. Curcumin has been shown to have
antiproliferative and antiangiogenic activities in several tumors, including ovarian cancer [4–
7]. However, the clinical use of curcumin has been limited due to its low anticancer activity
and poor absorption. Recently, a novel class of curcumin analogs, diarylidenylpiperidones
(DAPs), has been developed by incorporating a piperidone link to the beta-diketone structure
and fluoro substitutions on the phenyl groups [8,9]. The DAP compounds, in general, were
more effective than curcumin in inhibiting the proliferation of a variety of cancer cell lines
[10]. EF24, one of the DAP compounds with ortho-fluorinated phenyl group exhibited potent
anticancer efficacy in vitro when tested using breast cancer [10], colon cancer [11], and ovarian
epithelial cancer [12] cell lines. Subsequently, we observed that H-4073, a para-fluorinated
variant, was more potent than EF24 in inducing cytotoxicity to ovarian cancer cells [12,13].

A nonspecific cytotoxic compound may have side effects caused by damage to normal cells.
For example, many chemotherapeutic agents act by producing free radicals, which may
increase oxidative stress in normal cells [14,15]. To minimize this toxicity, there is a need to
use detoxicants, such as antioxidants, that can differentiate between healthy and cancerous
cells and selectively protect the healthy cells by scavenging free radicals [16,17]. It has been
shown that nitroxides, a class of small-molecular-weight heterocyclic molecules containing

Selvendiran et al. Page 2

Free Radic Biol Med. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



“>NO”, and hydroxylamines, the one-electron-reduced form of nitroxides characterized by
“>NOH”, preferentially scavenge oxygen radicals in cells that have normal oxygenation or
redox status [18,19]. Hydroxylamines are referred to as “pro-nitroxide”, as the hydroxylamine
form of the molecules exist in equilibrium with the nitroxide form in well-oxygenated tissues
[18,19]. Most solid tumors are hypoxic in nature, and their cellular environment is more
reducing (for example, thiol-rich) when compared to healthy cells [20,21]. The difference in
the redox environment between normal and cancerous tissues has led us to the design of a new
class of anticancer compounds based on DAP backbone, but with a pro-nitroxide addendum
(Figure 1). The rationale behind the design was to confer target-dependent functionality -
anticancer and antioxidant properties - to the same molecule. The goal of the present study was
to evaluate the ‘proof-of-concept’ anticancer-versus-antioxidant efficacy of the new class of
compounds (DAPs) using a number of cancerous as well as noncancerous human cell lines.
The study showed that the DAPs induce potential cytotoxicity in cancer cells while sparing
noncancerous cells. The differential cytotoxicity is shown to be mediated through inhibition
of STAT3 activation in cancer cells while providing antioxidant protection to the healthy cells.
The results suggest that the antioxidant-conjugated DAPs will be useful as a safe and effective
anticancer agent for cancer therapy.

MATERIALS AND METHODS
Chemicals

Superoxide dismutase (SOD), 6-carboxy-2’,7’-dichlorodihydrofluorescein diacetate,
diacetoxymethyl ester (H2DCF-DA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), and antibodies against actin were obtained from Sigma (St. Louis, MO). 5-
diethoxyphosphoryl-5-methyl-1-pyrroline-N-oxide (DEPMPO) was from Radical Vision
(Jerome-Marseille, France). Cell-culture medium (RPMI 1640), fetal-bovine serum (FBS),
antibiotics, sodium pyruvate, trypsin, and phosphate-buffered saline (PBS) were purchased
from Gibco (Grand Island, NY). Polyvinylidene fluoride (PVDF) membrane and molecular-
weight markers were obtained from Bio-Rad (Hercules, CA). Antibodies against poly-
adenosine diphosphate ribose polymerase (PARP), cleaved caspase-3, STAT3, phospho-
STAT3 (Tyr705), were purchased from Cell Signaling Technology (Beverly, MA). Enhanced
chemiluminescence (ECL) reagents were obtained from Amersham Pharmacia Biotech
(Piscataway, NJ). The DAPs used in this study, namely, H-4073 ((3E,5E)-3,5-bis(4-
fluorobenzylidene)piperidin-4-one), HO-3867 (1-[(1-oxyl-2,2,5,5-tetramethyl-2,5-
dihydro-1H-pyrrol-3-yl)methyl]-(3E,5E)-3,5-bis(4-fluorobenzylidene)piperidin-4-one),
H-4318 ((3E,5E)-3,5-bis(4-trifluoromethylbenzylidene)-piperidin-4-one), and HO-4200 (1-
[(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)-methyl]-(3E,5E)-3,5-bis(4-
trifluoromethylbenzylidene)piperidin-4-one) were synthesized as described [22]. Stock
solutions of the compounds were freshly prepared in dimethylsulfoxide (DMSO). All other
reagents, of analytical grade or higher, were purchased from Sigma-Aldrich, unless otherwise
noted.

Cell lines and cultures
The A2780 human epithelial ovarian cancer cell line and human aortic smooth muscle cell line
(HSMC) were used for most of the study reported in this work. Other cancer cell lines used
are: A2780R (cisplatin-resistant human ovarian cell line), A549 (human lung cancer cell line),
HepG2 (human liver cancer cell line), HCT-116 (human colon cancer cell line), PC3 (human
prostate cancer cell line), MCF-7 (human breast cancer cell line), and SCC4 (human squamous
cell carcinoma cell line). The study also used the following noncancerous (healthy) cell lines:
human ovarian surface epithelial cells (hOSE; ScienCell Ovarian Cell System) and human
aortic endothelial cells (HAEC).
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The cells were grown in the following medium: cancer cells in RPMI 1640 or DMEM; HSMC
and HAEC in SmBM; hOSE cells in OEPiCM). The medium was supplemented with 10%
FBS, 2% sodium pyruvate, 1% penicillin and 1% streptomycin. Cells were grown in a 75-mm
flask to 70% confluence at 37°C in an atmosphere of 5% CO2 and 95% air. Cells were routinely
trypsinized (0.05% trypsin/EDTA) and counted using an automated counter (NucleoCounter,
New Brunswick Scientific, Edison, NJ).

Cell counting
Untreated and DAP compounds-treated cells were counted using a NucleoCounter (New
Brunswick Scientific).

Electron paramagnetic resonance spectroscopy
Electron paramagnetic resonance (EPR) spectroscopy was used to quantitatively determine the
relative superoxide-scavenging ability of the DAPs in comparison with DEPMPO, a known
superoxide scavenger [23]. Superoxide radicals were generated using an aerated solution of
PBS (pH 7.4) containing xanthine (0.2 mM), xanthine oxidase (0.02 U/ml) and
diethylenetriamine-pentaacetic acid (DTPA, 0.1 mM). The superoxide radicals (O2

⋅−)
generated by the xanthine-xanthine oxidase reaction were reacted with DEPMPO (1 mM) to
form a paramagnetic adduct (DEPMPO-OOH), which was detected using X-band (9.8 GHz)
EPR spectroscopy. In separate experimental groups, H-4073 (100 µM), HO-3867 (100 µM),
H-4318 (100 µM), HO-4318 (100 µM) or SOD (500 U/ml) were added to the reaction mixture.
If the DAPs could scavenge superoxide radicals, then there would be a competition between
these compounds and DEPMPO for reaction with superoxide, and hence the EPR intensity of
DEPMPO-OOH adduct could serve as a measure of the superoxide-scavenging ability of the
test compounds. The generation of the DEPMPO-OOH adduct was measured at 10 min after
initiation of the reaction.

Cell viability by MTT assay
Cell viability was determined by a colorimetric assay using MTT. In the mitochondria of living
cells, yellow MTT undergoes a reductive conversion to formazan, giving a purple color. Cells,
grown to ~80% confluence in 75-mm flasks, were trypsinized, counted, seeded in 96-well
plates with an average population of 7,000 cells/well, incubated overnight, and then treated
with the DAPs (H-4073, HO-3867, H-4318 or HO-4200; 10 µM) for 24 h. The dose and time
of incubation were determined from a set of preliminary experiments as reported [13,24]. All
experiments were done using 8 replicates and repeated at least three times. Cell viability was
expressed as a percent MTT viability of untreated cells.

Measurement of intracellular ROS
The ROS levels in cells treated with DAPs were determined using H2DCF-DA, a membrane-
permeable fluorogenic probe. The acetate and acetoxymethyl ester groups of this probe are
enzymatically cleaved inside living cells. The probe can then be oxidized by intracellular
oxidants (ROS) to give a product, DCF, which emits a strong, green fluorescence (λex=504
nm; λem=529 nm). The fluorescence intensity is proportional to the level of cellular oxidants.
Cells, grown to 80% confluence on 6-mm glass cover-slips, were treated with 10-µM H-4073,
HO-3867, H-4318 or HO-4200 for 12 h, followed by incubation with H2DCF-DA. The cells
were further incubated in the dark for 20 min, washed with protein-free medium and then
fluorescence images were immediately captured with a Nikon Eclipse TE2000-U camera
system using excitation/emission at 495/520 nm. The captured images were then analyzed
using MetaMorph image analysis software.
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Western-blot assay
Cells were grown in RPMI 1640 medium and treated with DMSO (control) or HO-3867 (10
µM). Equal volumes of DMSO (0.1% v/v) were present in both groups. Following treatment,
cell lysates were prepared in nondenaturing lysis buffer (10-mM Tris-HCl (pH 7.4), 150-mM
NaCl, 1% Triton X-100, 1-mM EDTA, 1-mM EGTA, 0.3-mM phenylmethylsulfonyl fluoride,
0.2-mM sodium orthovanadate, 0.5% NP40, 1-µg/ml aprotinin and 1-µg/ml leupetin. Cell
lysates were centrifuged at 10,000×g for 20 min at 4°C, and the supernatant was separated.
The protein concentration in the lysates was determined using a Pierce detergent-compatible
protein assay kit. For Western blotting, 25 to 50 µg of protein lysate per sample was denatured
in 2× sample buffer and subjected to SDS-PAGE on a 10% or 12% tris-glycine gel. The
separated proteins were transferred to a PVDF membrane and then the membrane was blocked
with 5% nonfat milk powder (w/v) in TBST (10-mM Tris, 100-mM NaCl, 0.1% Tween 20)
for 1 h at room temperature or overnight at 4°C. The membranes were incubated with the
primary antibodies described above. The bound antibodies were detected with horseradish
peroxidase (HRP)-labeled sheep anti-mouse IgG or HRP-labeled donkey anti-rabbit IgG
(Amersham) using an enhanced chemiluminescence detection system (ECL Advanced kit).
Protein expressions were determined using Image Gauge version 3.45.

Statistical analysis
Data were expressed as mean±SEM. Comparisons among groups were performed using the
Student’s t test. The significance level was set at p < 0.05.

RESULTS
Cytotoxicity of DAPs to cancer cells

The cytotoxicity of DAPs (H-4073, HO-3867, H-4318, HO-4200) to established human cancer
cell lines, namely A27820, A2780R, MCF-7, HCT-116, PC-3, HepG2, A549, and SCC4, was
evaluated by exposing the cells to 10-µM concentration of the compound for 24 h. All four
compounds induced a substantial loss of cell viability in all the human cancer cell lines tested
(Figure 1). In particular, H-4073 and H-4318 exhibited higher toxicity when compared to
HO-3867 or HO-4200. The results further indicated that the DAPs were more cytotoxic to
ovarian (A2780) and colon (HCT-116) cancer cells when compared to other cancer cells tested.

Cytotoxicity of DAPs to noncancerous cells
We next compared the effect of DAPs (10-µM; 24-h incubation) on the viability of
noncancerous (healthy) human cell lines, namely human ovarian surface epithelial (hOSE)
cells, human smooth muscle cells (HSMC), and human aortic endothelial cells (HAEC). All
four compounds, in general, induced a substantial loss of cell viability to the cells tested,
although to different extents (Figure 2A). The N-hydroxypyrroline-appended DAPs, HO-3867
and HO-4200, were significantly less toxic to the healthy cells when compared to H-4073 and
H-4318, respectively. In particular, the results of HO-3867 seem to suggest a strikingly
differential effect on cancer versus noncancerous cells. We hypothesized that this differential
effect could stem from the N-hydroxypyrroline function. In order to test this hypothesis, and
to determine the role of N-hydroxypyrroline function in the cytotoxicity, we additionally
evaluated the effect of 3-CPH (a stand-alone analog of N-hydroxypyrroline) and 3-CP (a
nitroxide version 3-CPH) on A27180 and HSMC cells. The results did not show any significant
effect of 3-CPH or 3-CP on the cell viability (Figure 2B) suggesting that the N-
hydroxypyrroline or its nitroxide form are not cytotoxic to either type of cells under the
conditions used. Overall the viability results seem to implicate the diarylidenylpiperidone
group in inducing cytotoxicity and N-hydroxypyrroline group in protecting noncancerous cells.
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Metabolic conversion of DAPs in cells
The N-hydroxypyrroline (>NOH) moiety is capable of undergoing a reversible one-electron
oxidation to its nitroxide form (>NO; Figure 3A), which is paramagnetic and detectable by
EPR spectroscopy. Hence, we next determined whether HO-3867 and HO-4200 are converted
to their corresponding nitroxide form (>NO) in cells. The EPR spectrum measured from a 100-
µM solution of HO-3867 incubated with A2780 cells showed a characteristic triplet feature
(Figure 3B) attributable to nitroxide, as verified by using an authentic nitroxide form of
HO-3867 (data not shown). A 5-fold increase in the EPR signal intensity of the nitroxide
metabolite was observed in HO-3867 incubated with A2870 cells when compared to PBS.
Similar results were obtained with HO-4200 (data not shown). Under these conditions, H-4073
or HO-4318 did not show any EPR signal suggesting that the N-hydroxypyrroline moiety is
the source of the observed EPR signal. Figure 3C shows the nitroxide metabolite levels upon
incubation of cells with 100-µM HO-3867 at 37°C for 6 hours. The results showed the presence
of a significant level of the nitroxide form in cells tested, and that the metabolite level was
significantly higher (25–30%) in noncancerous cells when compared to cancer cells (7–16%).

Superoxide radical-scavenging activity of DAPs
Both the N-hydroxypyrroline and nitroxide are generally known to have antioxidant properties
including superoxide dismutase (SOD)- and catalase-mimetic activity [25,26]. Therefore, we
determined the superoxide radical-scavenging ability of DAPs using a competitive reaction in
presence of DEPEMPO [23]. Superoxide radicals were generated using an aerobic solution of
xanthine and xanthine oxidase and detected as DEPMPO-OOH adduct by EPR spectroscopy.
The DAP compounds (100 µM) were used to compete with 1-mM DEPMPO for the superoxide
ions. Superoxide dismutase (SOD, 4.2 µM) was used as a positive control. HO-3867 and
HO-4200 showed substantial diminution (~50%) of the DEPMPO-OOH concentration,
indicative of the scavenging of superoxide radicals (Figure 3D). On the contrary, H-4073 or
H-4318 did not show any significant effect on the superoxide adduct level. The EPR studies
clearly demonstrated that the N-hydroxypyrroline-modified DAPs are capable of scavenging
superoxide radicals.

ROS levels in cells treated with DAPs
Previous studies have shown that the cytotoxicity of diarylidenyl ketones, such as curcumin
and its analogs, is associated with ROS generation in cells [27,28]. Therefore, we sought to
determine whether the DAPs could have a similar effect upon cancer cells. A2780 cells were
incubated with 5- or 10-µM DAPs for 12 h and intracellular ROS generation was measured by
DCF fluorescence. The fluorescence intensity observed in A2780 cells was significantly higher
in the cells treated with DAPs when compared to untreated controls (Figure 4). In contrast, the
DCF-fluorescence intensity in HSMC cells treated with HO-3867 was not significantly
different from the untreated cells. H-4073, HO-4318 and HO-4200 induced significant ROS
generation in both A2780 and HSMC cells. These results suggested that both H-4073 and
HO-3867 were comparable in inducing ROS generation in A2780 cells. However, in HSMC
cells, HO-3867 generated significantly less ROS level when compared to H-4073 and
HO-4318. Taken together, the results implied that HO-3867 was capable of inducing oxidative
stress in cancer cells while sparing healthy cells.

Effect of HO-3867 on markers of cell proliferation and apoptosis
Constitutive activation of signal transducer and activator of transcription 3 (STAT3) has been
shown to regulate the expression of genes implicated in the proliferation, survival and inhibition
of apoptosis in cancer cells [29,30]. Inhibition of STAT3-phosphorylation appears to be a key
in the anticancer activity of diarylidenyl ketones. To determine whether the DAP-induced loss
of cell viability in the present study was mediated by STAT3, we determined the level of
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phosphorylated STAT3 (Tyr705 and Ser727) by Western-blot analysis. The data (Figure 5)
showed that both the Tyr705- and Ser727-pSTAT3 levels were significantly attenuated in
cancer cells treated with 10-µM HO-3867 for 24 hours. We also observed significant elevation
of activated caspases-3 and PARP in the treated cells suggesting the induction of apoptosis by
inhibition of STAT3-signaling in the HO-3867-exposed cancer cells. It should be noted that
HO-3867 did not induce any significant change in the activation of STAT3 or apoptotic markers
in HSMC cells.

DISCUSSION
The development of smart anti-cancer agents that selectively destroy cancer cells while sparing
the surrounding healthy tissues/cells unharmed is the main goal of cancer therapy. The results
of the present study showed that all four DAPs induce potential cytotoxicity in cancer cells.
The N-hydroxypyrroline-conjugated DAPs, HO-3867 and HO-4200, while equally toxic to
cancer cells, they are significantly less toxic to noncancerous (healthy) cells. The differential
cytotoxicity is shown to be mediated through inhibition of STAT3 activation in cancer cells
while providing antioxidant protection to healthy cells. The results suggest that the antioxidant-
conjugated DAPs will be useful as a safe and effective anticancer agent for cancer therapy.

In biological tissues, nitroxides are reduced to their corresponding hydroxylamine forms
(Figure 3A). It is well established that these two forms of nitroxide coexist in tissues [19–21].
Nitroxides can be reduced to the corresponding hydroxylamines by reductants such as
ascorbate, glutathione, semiquinone radicals, and also by intercepting reducing equivalents
from the electron-transport chain. The hydroxylamines, on the other hand, can be oxidized to
nitroxides in the presence of hydrogen peroxide and other oxidants such as transition metal
complexes. Previous studies have shown that the redox transformation of the nitroxide/
hydroxylamine is tissue specific [20, 21]. Studies have shown that nitroxides confer greater
protection to normal tissues than to tumor tissues [31, 32]. This tissue specificity may be due
to the fact that the nitroxide remains in the oxidized form in healthy, well-oxygenated tissues
but is reduced to its hydroxylamine form in hypoxic tissues, such as those in tumors.

In the present study, we observed by using EPR measurements that HO-3867 and HO-4200
were apparently able to undergo redox-cycling to its corresponding nitroxide forms in vitro.
We examined the role of the nitroxide moiety by comparing HO-3867 and HO-4200, with their
parent forms H-4073 and H-4318, respectively. We observed that treatment with HO-3867 and
HO-4200 induced a significant loss of cell viability in all cancer cells tested. The decrease in
the viability of cancer cells upon HO-3867 treatment was comparable to that of H-4073. It
should be noted that the cytotoxic effects of H-4073 and HO-3867 on A2780 cells were
significantly higher when compared to curcumin under similar conditions [13,24]. Further,
HO-3867 had very little effect on the viability of hOSE cells, whereas H-4073, at the same
dose, significantly reduced the viability of hOSE cells.

Low-molecular-weight nitroxides are used in clinical trials of cancer treatment [33]. The
nitroxides have no anticancer efficacy, but they are used as protectors of normal tissue against
chemo- or radiation induced cytotoxicity [34–36]. Our results using low-molecular-weight
nitroxides, namely 3-CP and 3-CPH did not show any cytotoxicity toward A2780 or HSMC
cells suggesting that the anticancer efficacy of HO-3867 or HO-4200 is not due to the pyrroline
function. On the other hand, the decreased cytotoxicity of these compounds in the healthy cells
could be due to the protective (antioxidant) nature of the nitroxide metabolite, which is present
in significantly higher levels in noncancerous cells than in cancer cells (Figure 3C). The SOD-
mimetic activity of these compounds is comparable to the manganese complexes of
diacetylcurcumin that have been shown to have similar radical-scavenging properties [37].
Both HO-3867 and HO-4200 induced a significantly higher level of ROS in A2780 cells when
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compared to HSMC cells (Figure 4). Although the mechanism of induction of ROS in these
cells by DAPS is not known, the relatively lower levels of ROS in the noncancerous cells
appears to be due to the elevated levels of nitroxide metabolite. Overall, the differential
cytotoxicity of HO-3867 observed in the cancer and noncancerous cells appears to be due the
nitroxide metabolite levels.

The Western-blot analyses show that HO-3867 induces apoptosis in cancer cells. STAT3
activation plays a key role in the regulation of many genes implicated in the proliferation,
survival and inhibition of apoptosis in cancer cells [29,30,38]. STAT3 is persistently activated
in several primary human cancers, including all the major carcinomas as well as some
hematologic tumors [29,39–46]. In addition, a constitutively-active mutant form of STAT3 is
sufficient to induce oncogenic transformation of cells, which form tumors in vivo. For these
reasons, inhibition of STAT3-activation is an attractive strategy drug target. It has been
reported that many diarylidenyl diketones, collectively known as curcumin analogs, are
inhibitors of STAT3 activation [1,3,47–51]. Our results showed that HO-3867, whose structure
has close similarity to the diketones, inhibited pSTAT3 Tyr705 and Ser727 in all five cancer
cell lines tested (Figure 5). The results further showed that HO-3867 activated cleaved
caspase-3 and induction apoptotic markers of PARP in the cancer cell lines suggesting that
HO-3867 induces apoptosis in human cancer cells by targeting STAT3 proteins. Many reports
showed that blockage of constitutive STAT3-signaling results in growth inhibition and
induction of apoptosis in tumor cells in vitro and in vivo [30,48,52–56]. In future, we will
perform in-depth studies to understand how this compound inhibits pSTAT3 activation

In summary, the study showed that the DAPs induce potential cytotoxicity in cancer cells while
sparing noncancerous cells. The differential cytotoxicity is shown to be mediated through
inhibition of STAT3 activation in cancer cells while providing antioxidant protection to the
healthy cells. The results suggest that the antioxidant-conjugated DAPs will be useful as a safe
and effective anticancer agent for cancer therapy.
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ABBREVIATIONS

DAP diarylidenyl piperidone

DEPMPO 5-diethoxyphosphoryl-5-methyl-1-pyrroline-N-oxide

EPR electron paramagnetic resonance

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

ROS reactive oxygen species

SOD superoxide dismutase

STAT3 signal transducer and activator of transcription 3
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Figure 1. Cytotoxicity of DAPs to cancer cells
A number of established human cancer cell lines, namely A2780 (ovarian), A2780R (cisplatin-
resistant ovarian), MCF-7 (breast), HCT-116 (colon), PC-3 (prostate), HepG2 (liver), A549
(lung), SCC4 (squamous cell carcinoma), were exposed to 10-µM DAP (H-4073, HO-3867,
H-4318, HO-4200) for 24 h followed by measurement of cell viability by MTT assay. The
viable cells were quantified as mean±SE (N=6) and expressed as percent of respective untreated
controls. The data show that DAPs induced substantial loss cell viability in all cancer cell lines
tested.
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Figure 2. Cytotoxicity of DAPs to noncancerous human cells
Cells were exposed to 10-µM DAPs for 24 hours followed by measurement of cell viability
by MTT assay. The viable cells were quantified as mean±SE (N=6) and expressed as percent
of respective (untreated) controls. (A) Viability of noncancerous cells, namely hOSE (human
ovarian surface epithelial), HSMC (human smooth muscle cell), and HAEC (human aortic
endothelial cell). The data show that DAPs were cytotoxic to all three noncancerous cell lines
tested; however, the cytotoxicity was significantly less in the case of HO-3867 and HO-4200
when compared to H-4073 and H-4318, respectively (*p<0.05). (B) Viability of A2780 and
HSMC cells exposed to 10-µM H-4073, HO-3867, 3-CPH (N-hydroxy-3-carbamoyl proxyl),
or 3-CP (3-carbamoyl proxyl) for 24 h. The results did not show any significant effect of 3-
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CPH or 3-CP on the cell viability suggesting that the N-hydroxypyrroline or its nitroxide form
are not cytotoxic to either type of cells under the conditions used.
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Figure 3. Metabolic conversion and superoxide-scavenging of DAPs in cells
(A) Reversible, one-electron oxidation of the >NOH moiety to nitroxide (>NO). which is
paramagnetic and can be detected by EPR spectroscopy. (B) EPR spectra of 10-µM H-4073
in PBS, 10-µM HO-3867 in PBS, and 10-µM HO-3867after 6-h incubation with A2780 cells
at 37°C. The three-line pattern is characteristic of the nitroxide (>NO) metabolite in solution.
(C) Amounts of nitroxide upon incubation of 100-µM HO-3867 with different cancer and
noncancerous cells for 6 h at 37°C. Control represents the measure of nitroxide in the culture
medium (without cells) incubated for 6 h at 37°C. Data represent mean±SD (N=5). The data
show the presence of substantial portion of HO-3867 in the nitroxide form in cellular
incubations and further that the nitroxide levels in the noncancerous cells are significantly
higher (*p<0.05) when compared to each of the cancer cells. (D) Superoxide radical-
scavenging ability of DAPs. Superoxide radicals were generated using an aerobic solution of
xanthine and xanthine oxidase and detected as DEPMPO-OOH adduct by EPR spectroscopy.
The DAP compounds (100 µM) were used to compete with 1-mM DEPMPO for the superoxide
ions. Superoxide dismutase (SOD, 4.2 µM) was used as a positive control. Data represent mean
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±SD (N=5), *p<0.05 versus Control. The results show that the N-hydroxypyrroline-modified
DAPs, HO-3867 and HO-4200, are capable of scavenging superoxide radicals.
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Figure 4. Intracellular ROS-generation by DAPs
A2870 and HSMC cells were incubated with 10-µM DAP (H-4073, HO-2867, H-4318,
HO-4200) for 12 h. ROS formation was assessed using fluorescence dye CM-H2DCFDA (10
µM). Representative fluorescence images and quantitation (mean±SE; N=5) of ROS
production in A2780 and HSMC cells are shown. Control refers to untreated cells. *p<0.05
vs respective A2870 cells. The results demonstrate that the N-hydroxypyrroline-conjugated
DAPs, HO-3867 and HO-4200, show significantly lower amounts of ROS in HSMC when
compared to A2780 cells.
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Figure 5. Inhibition of STAT3-signaling by HO-3867
Cells were treated with HO-3867 for 24 h and subjected to Western-blot analysis. (A)
Representative immunoblot images of total and phosphorylated (Tyr705 and Ser727) STAT3,
and apoptotic markers of cleaved caspase-3 and PARP are shown for A2780, A-549, HepG2,
MCF-7, HCT-116 and HSMC cells. Note the decreased levels of both pSTAT3 Tyr705 and
Ser727 and corresponding increased levels of cleaved caspase-3 and cleaved PARP in the
treated cells compared to untreated cells.
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