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Abstract
We recently reported that apoA-I and apoA-I mimetic peptides prevent the development of flank
tumors in immunocompetent C57BL/6J mice. To delineate the mechanism(s) of action of apoA-I
mimetic peptides in tumor development, we examined the effect of D-4F (an apoA-I mimetic
peptide) on the antioxidant status and on the gene expression and function of antioxidant enzymes
in ID8 cells (a mouse epithelial ovarian cancer cell line) and in a mouse model. We demonstrate
that D-4F treatment significantly reduces the viability and proliferation of ID8 cells, with a
concomitant improvement of the antioxidant status of ID8 cells as measured by lipid peroxidation,
protein carbonyl, superoxide anion, and hydrogen peroxide levels. D-4F treatment induces
MnSOD (but not CuZnSOD) mRNA, protein, and activity. Inhibition of MnSOD in ID8 cells
using shRNA vectors abrogates the inhibitory effects of D-4F on ID8 cell viability and
proliferation. Moreover, tumor development from ID8 cells carrying shRNA for MnSOD were
unaffected by D-4F treatment. Our results suggest that the inhibitory effects of D-4F on ID8 cell
proliferation and tumor development are mediated, at least in part, by the induced expression and
activity of MnSOD.
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Epithelial ovarian cancer (EOC) is the most lethal form of gynecological cancer worldwide.
Despite excellent responses to early surgical and chemotherapeutic interventions, most of
the affected individuals present with advanced disease.1 The National Cancer Institute’s
2010 estimate projects 21,880 new cases of EOC in the US. Advanced ovarian cancers are
difficult to treat with the currently available chemotherapeutic regimen. Therefore, novel
methods of therapy devoid of side effects are needed.

We previously identified three serum biomarkers—apolipoprotein A-I (apoA-I),
transthyretin and transferin—that together with CA125 diagnose early-stage ovarian
cancer.2–4 We recently began exploring the role of apoA-I and apoA-I mimetic peptides for
use as a therapeutic modality against ovarian cancer in preclinical studies.5 ApoA-I mimetic
peptides mimic the structural and functional properties of apoA-I and have been found to
have significant therapeutic potential in various inflammatory diseases in both mice and
primate models,6,7 and in cardiovascular human patients.8,9 Recently, we have shown that
D-4F, one of the potent apoA-I mimetic peptides, retards the development of tumors in an
animal model of ovarian cancer.5 Although D-4F inhibits both cell viability and proliferation
in cell culture models, the mechanism of action remains unknown.

In addition to the number of acquired genetic alterations in oncogenes and tumor suppressor
genes (such as BRCA1, p53, MnSOD, nm23 and K-ras), EOC has consistently been
associated with inflammation and oxidative stress.10 Oxidative stress has been implicated in
cell proliferation and malignant conversion during the development of ovarian cancer.11

Elevated oxidative stress and free oxygen radicals have been associated with the increased
risk of various cancers and end products of lipid peroxidation have also been suggested to
play a role in tumorigenesis.12,13 It has been shown previously that apoA-I can restore the
balance between nitric oxide (NO) and superoxide ( ) anions in mice,14 indicating an
antioxidant effect from the administration of apoA-I. Moreover, recent studies suggest that
one of the mechanisms of action of apoA-I mimetic peptides is binding15 and removal16 of
oxidized lipids from the circulation, thus reducing the oxidative stress.

The objective of our study was to determine the mechanism by which D-4F inhibits cell
proliferation and viability in cancer cells and tumor growth in vivo. We show that, (i) D-4F
improves the antioxidant status in ID8 cells, a mouse ovarian cancer cell line; (ii) inhibition
of ID8 cell proliferation by D-4F requires the upregulation of MnSOD protein and activity
and (iii) inhibition of MnSOD by shRNA reverses the effects of D-4F in vivo. Our results
suggest that the antitumorigenic properties of apoA-I mimetic peptides are mediated, in part,
by both a direct reduction in the oxidative stress and a simultaneous induction of MnSOD.

Material and Methods
Reagents and cell culture

ID8 cells were cultured in DMEM (high glucose) (Invitrogen, CA) supplemented with 4%
fetal bovine serum (Sigma chemical, St. Louis, MO), 100 units/ml penicillin, 100 μg/ml
streptomycin, 5 μg/ml insulin, 5 μg/ml transferrin and 5 ng/ml sodium selenite (Invitrogen,
CA). Cultures were incubated at 37°C in 5% CO2. Medium was changed every day. Cells
were subcultured using 0.25% trypsin and 0.1% EDTA. The shID8 and shSOD2ID8 cell
lines were established with control shRNA and MnSOD shRNA, respectively. Puromycin (1
μg/ml) was used for selection and maintenance of stable cell lines. The control shRNA and
MnSOD shRNA were obtained from Open Biosystems, (Huntsville, AL). For all
experiments, ID8, shID8 and shSOD2ID8 cells were switched to serum free media
(overnight) prior experimental procedures. D-4F was used at 1 or 10 μg/ml (from 1000×
stocks prepared in water).

Ganapathy et al. Page 2

Int J Cancer. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cell viability assay
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) assay, an index of cell viability and cell growth, is based on the ability of
viable cells to reduce MTS from a water-soluble dye to insoluble formazan product. The ID8
cells treated in the presence or absence of D-4F were seeded in 96 well plates at a density of
2 × 103 per well and mixed with 20 μl of MTS dye, and then incubated for 30 min in the
dark. The optical density (OD) values were measured at 490 nm using BMG labtech plate
reader (CA). For determination of cell viability, the relative cell viability (%) was calculated
as [OD of treated sample × 100/control OD].

Cell proliferation assay
Cell proliferation was determined by measuring the incorporation of the pyrimidine
analogue, 5-bromo-2′-deoxyuridine (BrdU; Roche Applied Science, IN) during DNA
synthesis. Briefly, cells (2 × 103/well) were plated into 96-well flat bottom plates (Corning
Incorporated, New York, NY) and allowed to attach overnight then acclimated to serum free
medium conditions for 24 hrs. The ID8 cells were then treated with D-4F for 1, 2, 4, 22 or
46 hrs in serum free media. After the initital incubation with D-4F, BrdU (10 μM) was also
added to the cells for an additional 2 hrs; cells were fixed and incubated for 2 hrs at 37°C
with an anti-BrdU antibody-peroxidase conjugate. Immunocomplexes were detected by
addition of a tetramethyl-benzidine (TMB) substrate solution according to the
manufacturer’s recommendations. The reaction was stopped by adding 50 μl of 0.5 M
sulfuric acid, and the absorbance was measured with a plate reader (BMG Labtech, CA) at
450 nm. Experiments were performed in triplicates; data are expressed as the mean of the
triplicate determinations (mean ± SD).

Measurement of extracellular hydrogen peroxide
Extracellular hydrogen peroxide (H2O2) was determined using the Amplex Red Hydrogen
Peroxide Assay Kit (Invitrogen, CA) according to the manufacturer’s protocol using a
fluorescence spectrophotometer with a temperature-regulated chamber equipped with
constant stirring. Amplex Red reacts with H2O2 to produce a fluorescent signal, measured at
excitation and emission wavelengths of 560 and 590 nm, respectively. Briefly, add 20 μl of
ID8 cells (2 × 104/well) were plated into 96-well flat bottom plates (Corning Incorporated,
New York, NY) and allowed to attach overnight. After incubation with D-4F, 100 μl
reaction mixture containing 50 μM Amplex® Red reagent, 0.1 U/ml horseradish peroxidase
(HRP) in Krebs–Ringer Phosphate Glucose buffer (KRPG) and an activator of phorbol 12-
myristate 13-acetate, was added. The KRPG consists of 145 mM NaCl, 5.7 mM sodium
phosphate, 4.86 mM KCl, 0.54 mM CaCl2, 1.22 mM MgSO4, 5.5 mM glucose, pH 7.35. For
negative control 20 μl of KRPG buffer without cells was added to 100 μl reaction mixture.
After incubation of D-4F, Amplex Red conversion to resorufin was measured at stated
above using a (Biotek Synergy-2, Vermont and USA) plate reader at wavelengths of
excitation in the range of 540 nm and emission at 590 nm. Fluorescence was continuously
measured and selected time points were recorded.

Dihydroethidium (DHE) assay
This assay is designed to measure dihydroethidium, which reflects the levels of
superoxide.17 ID8 cells were grown in 6-well plates, starved overnight in serum free media,
and treated with D-4F for 1, 4 or 24 hrs. The cultures were washed twice with PBS and then
stained for 30 min at 37°C with 10 μM dihydroethidium. The cells were washed twice with
PBS and fluorescence was measured using a BMG lab-tech plate reader (CA) at
wavelengths 485/585 nm. Each data point was performed in triplicate, and the results were
reported as mean ± SD.
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Measurement of total and oxidized glutathione
Intracellular levels of Glutathione (GSH) were determined by spectrophotometer using 5,5′-
dithiobis-2-nitrobenzoic acid (DTNB) (Cayman Chemical, Ann Arbor, MI) which produces
a yellow color with GSH to yield 5-thio-2-nitrobenzoic acid (TNBA). ID8 cells were plated
in 60 mm dish (2 × 105 cells). After treatment with D-4F, the cells were trypsinized and
pellet was collected. The cells were homogenized with ice cold 50 mM phosphate buffer
(pH 7.0) containing 1 mM EDTA, centrifuged at 10,000g for 15 min at 4°C.
Triethanolamine was added to the supernatants, adjusted to neutral pH, and DTNB reagent
was added. The resulting solutions were measured at 405 nm in a BMG labtech plate reader
(CA). The concentration of GSH was determined from a standard curve prepared with
known concentrations of GSH under similar conditions and normalized using equal amounts
of protein. GSH/GSSG ratio: ID8 (2 × 105) cells were treated with D-4F obtained by
scraping off the bottom of the dish with a cell scraper. The cell pellets were once washed
with ice-cold PBS, resuspended in lysis buffer (50 mM HEPES, pH 7.5, 10% sucrose, 0.1%
Triton X-100), and placed on ice for 30 min. The supernatants were collected by
centrifugation at 10,000g for 10 min. Oxidized glutathione (GSSG) levels were measured by
masking the reduced glutathione (GSH) with 2-vinylpyridine. GSH/GSSG ratio was plotted
according to the manufacturer’s instructions in (Cayman Chemicals, Ann Arbor, MI) the
assay kit. Each data point was performed in triplicate, and the results were reported as mean
± SD.

Assay of TBARS
Aldehydes such as malondialdehyde (MDA) and 4-hydroxy-nonenal (HNE) are formed
during lipid peroxidation (LPO). The concentration of MDA was measured using the
Cayman Chemicals TBARS assay kit. Briefly, 2 × 106 cells were cultured in 100 mm dish
and treated with D-4F for 24 hrs. The cells were collected by scraping in 10 mM Tris-HCl
buffer, pH 7.4, containing 0.125 M KCl, followed by low-speed centrifugation (10 min at
300g), resuspended in 0.5 ml of Tris-HCl, pH 7.4, and lysed using a sonicator for 5 sec on
ice. An equal amount of protein in 200 μl aliquots from cell lysates was assayed for MDA
according to the manufacturer’s protocol.

Protein carbonyls content
Reactive oxygen species (ROS) are produced as a consequence of normal aerobic
metabolism. The most general indicator and by far the most commonly used marker of
protein oxidation is protein carbonyl content. The Cayman chemicals assay kit exploits the
reaction between 2,4 dinitrophenylhydrazine (DNPH) and protein carbonyls. DNPH reacts
with protein carbonyls, forming a Schiff base to produce the corresponding hydrazone,
which can be analyzed spectrophotometrically at an absorbance between 360 and 385 nm,
and the carbonyl content, can then be standardized to protein concentration. 1 × 105 cells
were seeded into six well plates and after incubation of D-4F, cells were washed with PBS
and lysed with ice cold 50 mM phosphate buffer at pH 6.7 containing 1 mM EDTA. After
centrifugation at 10,000g for 15 min at 4°C, the supernant was removed and assayed for
protein carbonyl content according to manufacturer’s protocol.

SOD activity assay
ID8 cells treated or untreated with D-4F were harvested and lysed in 10 mM Tris/HCl, pH
7.4, containing 0.1% (w/v) Triton X-100. After centrifugation at 12,000g for 15 min at 4°C,
lysates were treated with 1 mM KCN to inhibit CuZn-SOD before measuring MnSOD
activity. MnSOD activity was measured in the supernatants using a kit from Cayman
Chemicals (Ann Arbor, MI).
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Western blotting
Cells in 6-well plate were rinsed with PBS and lysed in buffer containing 0.1 M NaCl, 5 mM
EDTA, 50 μM sodium orthovanadate, 1% Triton X-100, and protease inhibitor tablet (Roche
Diagnostics) in 50 mM Tris buffer (pH 7.5). The cell lysate (25 μg of protein/well) was
loaded onto 12% SDS gel, transferred to nitrocellulose membrane, and incubated overnight
at 4°C in 5% skim milk and 0.1% Tween-20 to block nonspecific binding. Membranes were
then incubated with anti-MnSOD rabbit polyclonal antibodies or anti-CuZnSOD goat
polyclonal antibodies (Abcam, MA) followed by incubation in anti-rabbit or anti goat
secondary antibodies conjugated with horseradish peroxidase (1 hr, room temperature,
1:5000), respectively. Immunoreactive protein bands were visualized using the enhanced
chemiluminescence detection system (Millipore, Billerica, MA). Protein loading was
verified by stripping and reprobing blots with antibodies against β-actin.

Quantitative real time PCR analysis (qRT-PCR)
Total RNA was isolated from both treated and untreated ID8 cells using Qiagen RNA
isolation kit. Real time PCR assay was done using SYBR Green PCR Master mix (Bio-Rad
CFX-96 real time system) and PCR amplification was done using a Bio-Rad thermal cycler
using the absolute quantification method. The cycling conditions were as follows: 3 min at
95°C followed by 40 cycles of: 95°C, 30 s; 60°C, 1 min; 72°C, 1 min; followed by a final
extension at 72°C for 10 min. The primer pairs were as follows: MnSOD, (forward) 5′-
CCTCAACGTCACCGAGGAGAAG-3′ and (reverse) 5′-
CTCCCAGTTGATTACATTAGT-3′; cyclophilin used as an internal control (forward) 5′-
GGCCGATGACGAGCCC-3′ and (reverse) 5′-TGTCTTTGGAACTTTGTCTGCAA-3′.

Generation of flank tumors in C57BL/6J mice
Six-week-old female C57BL/6J (Jackson laboratories) mice were maintained in a pathogen-
free animal facility at least one week before use. All experiments were done in accordance
with institutional guidelines. The mice were housed in a 12–12 hrs light–dark schedule and
provided food and water ad libitum. The shSOD2ID8 or shID8 cells (5 × 106/mice) were
injected subcutaneously in the right flank of C57BL/6J (n = 15 per group), and the peptide
(D-4F, 300 μg/ml) was given in the drinking water for 5 weeks after the first day of cell
injection. At the end of the 5th week, mice were sacrificed and tumors were resected. Tumor
volume was determined by Vernier caliper and using a formula (1/2 × L × W2) mm3. The
experimental groups were: shID8 cells alone (control); shID8 cells + D-4F (300 μg/ml in
drinking water); shSOD2ID8 cells alone (control); shSOD2ID8 cells + D-4F (300 μg/ml in
drinking water).

Statistical analysis
Data was expressed as mean ± SD where indicated. Statistical differences were analyzed
using the Student’s t-test and p values less than 0.05 were considered statistically significant.

Results
D-4F inhibits cell viability and cell proliferation in ID8 cells

We recently reported that apoA-I and the apoA-I mimetic peptides D-4F, L-4F and L-5F all
inhibit ID8 cell proliferation and reduce tumor growth in a C57BL/6J mouse model of
ovarian cancer.5,18 To determine the mechanism by which D-4F inhibits ID8 cell
proliferation and reduces tumor growth, we first examined the effect of D-4F on ID8 cell
viability and cell proliferation in vitro. D-4F treatment (1 or 10 μg/ml) significantly reduced
the number of viable ID8 cells (Fig. 1a). To further evaluate whether the reduced number of
cells was due to an inhibition of proliferation, we examined the effect of D-4F on the
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proliferation of ID8 cells in a BrdU incorporation assay. ID8 cells were grown to 50%
confluence in 96 well plates and then starved for 24 hrs in serum free media. The ID8 cells
were then treated with 1 μg/ml D-4F for various lengths of time, from 0 to 48 hrs. BrdU
incorporation was measured across 46 to 48 hrs in every case. A significant reduction of ID8
cell proliferation was observed starting at 4 hrs after D-4F treatment (Fig. 1b). Moreover,
D-4F did not cause detectable toxicity, apoptosis and autophagy at the concentrations used
(Supporting Information Fig. 1).

D-4F reduces cellular oxidative stress in ID8 cells
Recent studies suggest that one of the mechanisms of action of apoA-I mimetic peptides is
to reduce oxidative stress. To determine whether D-4F treatment affects superoxide
generation, ID8 cells were incubated with or without D-4F for various time periods and
analyzed for superoxide levels using DHE. Control cells exhibited significantly greater
fluorescence intensity than D-4F treated cells, indicating that D-4F treated cells have
significantly lower levels of superoxide (Fig. 2a). Since superoxide levels are reflected in
H2O2 levels down-stream, we measured extracellular H2O2 levels in D-4F-treated ID8 cells
using the Amplex Red reagent. ID8 cells that had been treated with D-4F (1 or 10 μg/ml)
showed significantly lower H2O2 levels (Fig. 2b). As D-4F neither quenches Amplex Red
directly, nor interferes with H2O2 and Amplex Red (data not shown), the results of the
Amplex Red assay suggest that D-4F suppresses the production of H2O2. The presence of
carbonyl groups on proteins is a widely accepted measure of oxidative damage of proteins
under conditions of oxidative stress. We analyzed protein carbonyl content by measuring
hydrazones in the presence of DNPH. As shown in Figure 2c, 4 and 24 hrs after D-4F
treatment there was a significant decrease in protein carbonyl content in D-4F treated ID8
cells when compared to untreated cells. Lipid peroxidation is an important outcome of
oxidative stress and we observed that D-4F treatment significantly reduced lipid peroxides
in ID8 cells as measured by a TBARS assay (Fig. 2d). Moreover, as shown in Figure 2e, the
GSH/GSSG ratio was markedly increased in D-4F-treated ID8 cells when compared to
vehicle controls, suggesting that D-4F treatment elicits an overall reduction of oxidative
stress in ID8 cells.

D-4F treatment increases MnSOD expression and activity in ID8 cells
We next examined whether decreased superoxide levels in D-4F treated ID8 cells are due to
increased expression of the antioxidant enzymes CuZnSOD and MnSOD. D-4F did not
cause changes in CuZnSOD protein expression. However, MnSOD protein expression was
significantly increased in D-4F treated ID8 cells (Fig. 3b). Furthermore, we observed
significant increases in both MnSOD mRNA expression and protein activity in D-4F treated
ID8 cells when compared to untreated cells (Figs. 3a and 3c). These results suggest that
MnSOD may play an important role in D-4F mediated reduction of oxidative stress and
inhibition of cell proliferation in ID8 cells.

D-4F-mediated inhibition of ID8 cell proliferation requires the activity of MnSOD
We next examined whether MnSOD activity and function plays a role in the D-4F induced
inhibition of cell proliferation. We established a stable ID8 cell line in which MnSOD was
knocked down via a shRNA mechanism. We treated shID8 (control vector carrying ID8 cell
line) and shSOD2ID8 (ID8 cell line stably expressing MnSOD shRNA) cells with D-4F
peptide and measured cell viability, cell proliferation and protein activity (Figs. 4a, 4b and
4d). D-4F treated shID8 cells exhibited a significant reduction in viability and proliferation
compared to untreated shID8 cells. In contrast, there was no difference in viability and
proliferation of shSO-D2ID8 cells in the presence or absence of D-4F treatment. These
results indicate that MnSOD mediates the inhibition of ID8 cell viability and proliferation
that is effected by D-4F.
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D-4F-mediated inhibition of tumor development is abrogated in the absence of MnSOD
Having demonstrated that D-4F inhibits ID8 cell proliferation in vitro through a MnSOD-
mediated mechansim, we next examined whether the antitumorigenic effects of D-4F in
vivo5,18 are also modulated by MnSOD levels. We studied the ability of D-4F peptide to
inhibit tumor development in a mouse model of ovarian cancer as reported previously.5 The
shID8 and shSOD2ID8 cells were subcutaneously injected into the right flanks of C57BL/6J
mice (n = 30 per cell line), and D-4F or vehicle were administered in drinking water (300
μg/ml) to half of the mice in each group (n = 15). As reported previously,5 D-4F treatment
significantly reduced the tumor burden and reduced tumor volume in shID8 cell generated
tumors (Fig. 5a). In marked contrast, D-4F treatment was ineffective in shSOD2ID8 cell
generated tumors (Fig. 5b).

Discussion
We recently reported that apoA-I mimetic peptides inhibit tumor development in a mouse
model of ovarian cancer.5 In the our study, we investigated the mechanism by which apoA-I
mimetic peptides inhibit tumor development. The current working model for the mechanism
of action of apoA-I mimetic peptides is their ability to bind15 and remove16 oxidized lipids
and thereby to inhibit inflammatory responses. Previous studies have demonstrated that the
overall oxidant status, especially in lipoproteins, is altered from being pro-oxidative to one
that is antioxidative after apoA-I mimetic peptide treatment.19–22 Reactive oxygen species
(ROS) are produced during cellular metabolism and also participate as important mediators
of signal transduction pathways. It is known that ROS may serve as messengers in cellular
signaling transduction pathways, and that a moderate increase of certain ROS such as
superoxide and hydrogen peroxide may promote cellular growth and proliferation, and may
contribute to cancer development.23–26

Our results demonstrate that D-4F decreases viability and inhibits proliferation in ID8 cells
(Fig. 1). It is possible that the changes in viability were due to necrosis, apoptosis and
autophagy; however, we show that the activities of LDH (necrosis), caspase 3 (apoptosis)
and MDC (autophagy) were not altered by D-4F treatment in ID8 cells (Supporting
Information Fig. 1). We conclude that the D4-F-mediated decrease in viability is mostly due
to inhibition of proliferation of ID8 cells.

We examined whether apoA-I mimetic peptides exert their antiproliferative effects by
modulating oxidative status of ID8 cells. Our results demonstrate that D-4F treatment
reduces proliferation and viability of ID8 cells with concomitant improvement of the
antioxidant status as measured by lipid peroxidation, protein carbonyl content, superoxide
levels and H2O2 levels (Figs. 2a–2d). We also observed that GSH concentration in D-4F
treated ID8 cells are significantly increased when compared to the untreated ID8 cells (data
not shown). In further agreement with these findings, GSH and GSSG ratios, which are
commonly used as markers for oxidative stress, were increased in D-4F treated ID8 cells
(Fig. 2e).

Turkseven et al.27 demonstrated that D-4F increases the levels of carbon monoxide and
bilirubin as well as endothelial nitric oxide synthesis in endothelial progenitor cells in
diabetic rats. These authors suggested that D-4F may have a clinically relevant role in
reducing pro-atherogenic ox-LDL in diabetic rats. Kruger et al.19 showed that D-4F induces
hemeoxygenase-1 and extracellular superoxide dismutase, decreases endothelial cell
sloughing, and improves vascular activity in a rat model of diabetes. MnSOD is a tumor
suppressor protein that increases the dismutation rate of superoxide anion to hydrogen
peroxide and inhibits cancer cell growth in vitro and in vivo.28 Furthermore, many reports
suggest that it could be a potential candidate for cancer gene therapy.29,30 Our results
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demonstrate that intracellular MnSOD expression is selectively upregulated by D-4F in
ovarian cancer cells. Moreover, the increased MnSOD expression (Fig. 3) is reflected in
enzyme activity and also a consistent decrease in the levels of  and in changes in lipid
peroxidation and GSH/GSSG levels (Fig. 2).

The SODs are thought to be necessary for life in oxygen utilizing cells.31 Knocking out the
MnSOD gene in mice is lethal, with death occurring days after birth.32 Knocking out the
CuZnSOD gene in mice leads to increased susceptibility to oxidative stress.33 Thus, normal
cells and organisms need adequate amounts of SOD to protect against the toxicity from
superoxide radicals. The tumor cells in vivo are under self-inflicted (and/or host inflicted)
oxidative stress, and that stress contributes to malignancy. Therefore the antioxidants that
really do act to decrease oxidative damage in vivo might have anticancer effects.34 Enzyme
activity is a more important parameter to determine the function of MnSOD because the
expression of MnSOD mRNA may not necessarily mean an increase in MnSOD protein.35

Therefore, we specifically studied enzymatic activity of MnSOD, and our results suggest
that treatment of D-4F in ID8 cells significantly decreases the proliferation, which in turn
coincides with increased activity of MnSOD.

Our results establish a direct correlation between the reduction of ROS levels and the
inhibition of proliferation in ID8 cells. Antioxidant enzymes exhibit synergistic interactions
by protecting each other from specific free radical attacks,36,37 and they have the capacity to
lower the free radical burden and neutralize excess free radicals due to oxidative stress
conditions. Antioxidant enzymes serve as catalysts that can act at one or more of the three
stages of free radical formation: initiation, propagation and termination. Therefore, it is
possible that antioxidant enzymes can prevent cellular and tissue damage in the human
body. The mechanism of induction of MnSOD by D-4F is not known and will need to be
determined. To determine whether D-4F caused these changes by acting internally or
externally to the cell, we treated ID8 cells with 14C-labeled 4F and counted both the cytosol
and mitochondrial fractions for radioactivity. We did not see any accumulation of the
peptide in the cellular compartments after 24 hrs of treatment (Supporting Information Fig.
2) suggesting that apoA-I mimetic peptides exert their antitumorigenic effects from the
outside.

A natural supposition, given 4F’s affinity for oxidized lipids, is that D-4F is binding lipids
present in the media or on the surface of the cells that are acting as signaling molecules,
whose binding and potential sequestration then produces the changes we observed. It was
recently reported that apoA-I and apoA-I mimetic peptides bind LPA (a pro-inflammatory
lysophospholipid), but that the apoA-I mimetic peptides bind LPA with an affinity that is six
orders of magnitude greater than apoA-I. We recently reported that serum LPA level
(between 0.1 and 0.4 μM in control mice) was significantly reduced in mice that received
apoA-1 mimetic peptides when compared to ID8 cell induced control mice.5 Thus it is
possible that the increase in MnSOD expression in D-4F treated ID8 cells is due to removal
of LPA by D-4F. To test this directly, we treated ID8 cells with LPA and determined the
expression of MnSOD. We observed that LPA does not affect MnSOD expression in ID8
cells either with or without D-4F treatment (Supporting Information Fig. 3), suggesting that
removal of LPA may not be a direct mechanism in MnSOD induction by D-4F. Since apoA-
I mimetic peptides bind to a number of pro-inflammatory lipids with remarkable affinity, we
suggest that oxidized lipids, other than LPA, may be responsible for MnSOD levels in ID8
cells.

Our in vivo results (Fig. 5) showed that MnSOD expression in ID8 cells is necessary for the
antitumorigenic effects of D-4F. Interestingly, we observed that the tumors generated from
shSOD2ID8 cell injections were smaller (although not significant) from those in the shID8
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cell injections (Fig. 5). The differences in tumor sizes may be due to the differences in the
ability of the two cell lines to grow in vivo. Alternatively, although less likely, it is possible
that basal MnSOD activity is required for the growth of ID8 cells in vivo. Further studies are
needed to clarify this issue.

In conclusion, our in vitro (Fig. 4) and in vivo (Fig. 5) data strongly support a role for
MnSOD in D-4F mediated inhibition of cell proliferation and tumor development. We
propose that D-4F treatment acts as a barrier for tumor development by acting as an
antioxidant. Antioxidants are notable for boosting the immune system because immune
system could be modulated both by ROS levels and antioxidants. In line with these results,
we recently reported that L-5F, another apoA-I mimetic peptide, affects tumor
angiogenesis.18 We postulate that D-4F and other apoA-I mimetic peptides may be utilized
as novel therapies for the treatment of diseases that are regulated by pro-oxidant processes,
including cardiovascular diseases and cancer. Future studies will determine the exact nature
of D-4F mediated MnSOD induction.
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Apo A-I apolipoprotein A-I

DHE dihydroethidium

EOC epithelial ovarian cancer

GSH reduced glutathione

H2O2 hydrogen peroxide
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LPO lipid peroxidation

MDA malondialdehyde

superoxide

ROS reactive oxygen species
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Figure 1.
Inhibition of cell viability and proliferation by D-4F. ID8 cells were seeded at 2 × 103 cells
per well and treated with the indicated concentrations of D-4F for 24 hrs as described under
“Materials and Methods” section. (a). Cell viability was assessed by CellTiter 96® AQueous
nonradioactive cell proliferation assay (MTS). The percentage of live cells was determined
as described under Materials and Methods. The values represent the mean ± SD of triplicates
from three independent experiments (n = 3), *p < 0.05 vs. control ID8 cells. (b). Cell
proliferation of ID8 cells was determined by measuring the incorporation of BrdU by
treatment of cells with the D-4F. The figure represents the percentage of BrdU absorbance in
D-4F treated and untreated ID8 cells. Values were expressed as percentage (n = 3), *p <
0.05 vs. control ID8 cells.
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Figure 2.
D-4F reduces cellular oxidative stress in ID8 cells. (a). Superoxide levels were measured
with DHE. ID8 cells (1 × 106) were seeded in six well plates. Experiments were performed
with or without D-4F (1 or 10 μg/ml) for 1, 4 and 24 hrs and all groups were incubated with
dihydroethidium (10 μM) for 30 min. The florescence was measured using BMG
fluorescence spectrometer. Values were expressed as percentage (n = 3), ***p < 0.001 vs.
control ID8 cells. (b). Hydrogen peroxide levels were measured by using amplex red. ID8
cells were treated with or without D-4F (1 or 10 μg/ml) and the rate of total cellular H2O2
production was measured using the amplex red dye with 5 units/mL HRP. Fluorescence
measurements were monitored every 1 hr at 37°C at 563 nm excitation and 585 nm
emission. Values on the Y-axis represent relative fluorescence units *p < 0.05, #p < 0.01 vs.
control ID8 cells. (c). Protein carbonyls (nmol/mg proteins) were determined by using a kit
from Cayman Chemicals (Ann Arbor, MI). ID8 cells were treated with D-4F (1 or 10 μg/ml)
at 4 and 24 hrs. Data were represented as mean ± SD, *p < 0.05 vs. control ID8 cells. (d).
Lipid peroxidation was determined by thiobarbituric acid reactive substances (TBARS)
using Cayman chemical assay kit. ID8 cells (1 × 106) were harvested and assayed as per
manufacturer protocol. Data were shown as mean ± S.D, *p < 0.05 vs. control ID8 cells. (e).
GSH/GSSG ratios were determined using a Cayman chemical assay kit. ID8 cells (1 × 106)
were treated with or without D-4F (1 or 10 μg/ml) for 24 hrs. After being harvested, cells
were lyses with 50 mM phosphate buffer and assayed as per manufacturer’s protocol as
mentioned under Materials and Methods. Data were shown as mean ± S.D, *p < 0.05, **p <
0.01, ***p < 0.001 vs. control ID8 cells.
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Figure 3.
D-4F treatment increases MnSOD expression and activity in ID8 cells. MnSOD message,
protein and activity were determined from D-4F (1 or 10 μg/ml) treated and untreated ID8
cells at 24 hrs. (a) Levels of MnSOD mRNA were measured using qRT-PCR. Relative
MnSOD mRNA fold expression was normalized with cyclophilin. Data were shown as fold
increase, *p < 0.05. **p < 0.01 vs. control ID8 cells. (b) MnSOD and CuZnSOD protein
expression. Total cell lysates were subjected to SDS-PAGE and transferred to nitrocellulose
membranes. Blots were probed with antibodies against MnSOD, CuZnSOD and β-actin
(loading control). (c, d). Specific activity of MnSOD in D-4F and L-4F treated cells. Cell
pellets were homogenized in ice-cold phosphate buffer and enzymatic activity were
measured using Cayman chemicals SOD assay kit. KCN (1 mM) were used for inhibition of
CuZnSOD. Data were normalized to mg of protein of whole cell homogenates. The results
are expressed as percentage of specific activity and represent the mean ± S.D, *p < 0.05, **p
< 0.01, ***p < 0.001 vs. control ID8 cells.
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Figure 4.
D-4F-mediated inhibition of shID8/shSOD2ID8 cell proliferation requires the activity of
MnSOD. (a) The shID8 and shSOD2ID8 were treated with D-4F for 24 hrs and cell viability
was assessed by CellTiter 96® AQueous nonradioactive cell proliferation assay (MTS). (b)
Cell proliferation of shID8 and shSOD2ID8 cells was determined by measuring the
incorporation of BrdU by treatment of cells with the D-4F at 48 hrs. The results were shown
as percentage by setting the control/untreated cell values to 100%, *p < 0.05, **p < 0.01 vs.
control shID8 cells. (c) Lentiviral-mediated expression of a small hairpin RNAi motif
directed against MnSOD shows silencing of MnSOD expression in western blot analyses in
ID8 cells. The β-actin signal demonstrates equal loading. (d). Specific activity of MnSOD in
D-4F treated shID8 and shSOD2ID8 cells. Cell pellets were homogenized in ice-cold
phosphate buffer and enzymatic activity were measured using Cayman Chemicals SOD
assay kit. KCN (1 mM) were used for inhibition of CuZnSOD. The results are expressed as
percentage of specific activity and represent the mean ± S.D, *p < 0.05, **p < 0.01 vs.
control.
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Figure 5.
In vivo study of the effect of D-4F on flank tumors generated using shID8 and shSOD2ID8
cells. (a) shID8 (5 × 106) cells were injected subcutaneously into the right flank of C57BL/
6J mice (n = 30). Mice were randomly divided into two groups (n = 15), control and D-4F
(300 μg/ml) treatment, respectively. Tumor weight and volume were measured after 5
weeks. Data represented significant reduction of tumor weight (*p < 0.05 vs. control) and
tumor volume (*p < 0.05 vs.. control). Data were analyzed by student’s t-test (one-tailed) on
excel program for significant. (b). shSOD2ID8 (5 × 106) cells were injected subcutaneously
into the right flank of C57BL/6J mice (n = 15 per treatment group). Mice were randomly
divided into two groups (n = 15), control and D-4F treatment, respectively. Tumor weight
and volume were measured after 5 weeks. Data were analyzed as above.
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