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Abstract

The genotoxic activities of three cancer chemopreventive drug candidates, CP-31398 (a cell
permeable styrylquinazoline p53 modulator, SHetA2 (a flexible heteroarotinoid), and phospho-
ibuprofen (PI, a derivative of ibuprofen) were tested. None of the compounds were mutagenic in
the Salmonellal Escherichia colilmicrosome plate incorporation test. CP-31398 and SHetA2 did
not induce chromosomal aberrations (CA) in Chinese hamster ovary (CHO) cells, either in the
presence or absence of rat hepatic S9 (S9). Pl induced CA in CHO cells, but only in the presence
of S9. PI, its parent compound ibuprofen, and its moiety diethoxyphosphoryloxybutyl alcohol
(DEPBA) were tested for CA and micronuclei (MN) in CHO cells in the presence of S9. PI
induced CA as well as MN, both kinetochore-positive (Kin+) and -negative (Kin-), in the
presence of S9 at <100 pg/ml. Ibuprofen was negative for CA, positive for MN with Kin+ at 250
pg/ml, and positive for MN with Kin— at 125 and 250 pg/ml. DEPBA induced neither CA nor
MN at <5000 pg/ml. The induction of chromosomal damage in Pl-treated CHO cells in the
presence of S9 may be due to its metabolites. None of the compounds were genotoxic, in the
presence or absence of S9, in the GADD45a-GFP Human GreenScreen assay and none induced
MN in mouse bone marrow erythrocytes.

Keywords
Chemopreventive agents; genotoxicity; mutagenticity; chromosomal aberrations; micronuclei

© 2012 Elsevier B.V. All rights reserved.

“Corresponding Author: Rupa S. Doppalapudi, Ph.D., Sr. Cytogeneticist, Biosciences Division, PN 171, SRI International, 333
Ravenswood Avenue, Menlo Park, California-94025, USA, Telephone: 1-650-859-6457, Fax: 1-650-859-2289,
rupa.doppalapudi@sri.com.

Conflict of interest statement

The authors declare that there are no conflicts of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Doppalapudi et al.

Page 2

1. Introduction

Many cancer chemotherapeutic drugs are DNA-damaging agents, causing side effects and
increasing the risk of secondary cancers. Recently, several small molecules, including
CP-31398, a p53 modulator, SHetA2, a flexible heteroarotinoid, and phospho-ibuprofen
(PI), a novel derivative of ibuprofen, have been evaluated by the National Cancer Institute
(USA; NCI) Division of Cancer Prevention as candidate chemopreventive and
chemotherapeutic agents. The Rapid Access to Preventive Intervention Development
Program (RAPID) or PREVENT program, with the help of the Chemopreventative Agent
Development Research Group (CADRG) in the Division of Cancer Prevention (DCP) of the
NCI supports the identification and development of chemopreventive agents, from synthesis
to initial testing in humans, including the preclinical toxicology testing required for
Investigational New Drug (IND) application submission to the U.S. Food and Drug
Administration (FDA) [1]. CP-31398 has been shown to trigger p53-dependent cell death
pathways in cancer cell lines [2; 3; 4], and to suppress tumors in mice [5; 6]. SHetA2 is
known to induce growth inhibition and apoptosis in cell lines and in animal models [7].
Novel phospho-nonsteroidal anti-inflammatory drugs (NSAIDS), including phospho-
ibuprofen, has been a significantly effective chemopreventive agent against several cancers
[8; 9]. Based on these characteristics, CP-31398, SHetA2, and PI were selected by the
CADRG group for preclinical toxicology testing as possible chemopreventive drugs.

Genetic damage, including chromosomal aberrations, plays a major role in neoplastic
development [10; 11]. A relevant biomarker for cancer risk in humans is induction of
chromosomal aberrations in peripheral blood lymphocytes [12; 13]. Identifying possible
genotoxic effects of chemopreventive agents is important for the risk/benefit assessment of
their potential use in humans. This study evaluates these compounds for genotoxic potential,
in the /n vitro Salmonella-E. coli mutagenicity assay, the Chinese hamster ovary cell
chromosome aberration assay (CHO-CA), and the /n vivo mouse bone marrow micronucleus
assay. The International Conference on Harmonization (ICH) [14], FDA, and other
regulatory agencies [15] recommend these assays. The Pl moieties ibuprofen and
diethoxyphosphoryloxybutyl alcohol (DEPBA) were further tested in the GADD45a-GFP
Human GreenScreen assay.

2. Materials and Methods

2.1. Chemicals

CP-31398, N-{2-[2-(4-methoxy-phenyl)-vinyl]-quinazoline-4-yl1}-N,N-dimethyl-
propane-1,3-diamine HCI was manufactured at INDOFINE Chemical Co. Inc.
(Hillshorough, NJ), and the other three test articles, SHetA2 (1-(4-nitrophenyl)-3-(2,2,4,4-
tetramethyl-3,4-dihydro-2 AH-thiochromen-6-yl) thiourea), phospho-ibuprofen (PI; 2-(4-
isobutylphenyl)-propionic acid 4-(diethoxyphosphoryloxy)-butyl ester), and
diethoxyphosphoryloxy butyl alcohol (DEPBA) were manufactured at Onyx Scientific Ltd.
(Sunderland, UK). CP-31398, SHetA2, PI, and DEPBA were obtained from Fisher
Bioservices (Germantown, MD). Ibuprofen, sodium azide (CAS No. 26628-22-8), 2-
aminoanthracene (CAS No. 613-13-8), methyl methanesulfonate (MMS, CAS No. 66-27-3),
cyclophosphamide (CAS No0.6055-19-2), and urethane (CAS No. 51-79-6) were obtained
from Sigma Chemical Co. (St. Louis, MO); 9-aminoacridine hydrochloride (CAS No.
52417-22-8), 2-nitrofluorene (CAS No. 607-57-8), 4-nitroquinoline N-oxide (CAS No.
56-57-5), and 20-methylcholanthrene (MCA, CAS No. 766-40-5) were obtained from
Aldrich Chemical Co (Milwaukee, WI); and rat S9 was obtained from Molecular
Toxicology, Inc., (Boone, NC).
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2.2. Solvent/Vehicle controls

Sterile water (Baxer Healthcare, Deerfield, IL) was the solvent for CP-31398. Dimethyl
sulfoxide (DMSO; Mallinckrodt, Phillipsburg, NJ) was the solvent for SHetA2, PI,
ibuprofen, and DEPBA, for in vitro studies. For the /n vivo mouse bone marrow
micronucleus assay, methyl cellulose, 400 CPS USP (Sigma-Aldrich Inc., St. Louis, MO)
was the solvent for CP-31398 and SHetA2, and PEG 400 (Spectrum Chemicals, New
Brunswick, NJ) for PI.

The Salmonella-Escherichia colilmicrosome plate incorporation test (Ames test), CHO
chromosomal aberration assays, and /77 vivo mouse bone marrow micronucleus assays were
conducted in compliance with Good Laboratory Practice (GLP) and the International
Conference on Harmonization (ICH) Guidelines. Pl, ibuprofen, and DEPBA, in the presence
of S9, were further tested in the /n vitro micronucleus assay with antikinetochore antibody
labeling. In addition, the GADD45a-GFP GreenScreen Human Cell based genotoxicity
assay (GreenScreen HC assay) was conducted with P, ibuprofen, and DEPBA.

2.3 Ames test

Salmonella typhimurium LT2 strains (TA1535, TA1537, TA98, and TA100) were obtained
from Dr. Bruce Ames (University of California, Berkeley), and £. coli strain WP2 (uvrA)
was obtained from the National Collection of Industrial and Marine Bacteria (Aberdeen,
Scotland). Strains were kept frozen at —80°C, in nutrient broth supplemented with 10%
sterile glycerol. Experiments with Salmonellaand E. coli strains were performed as
described previously [16; 17]. The standard plate incorporation procedure was used [18].
Briefly, for each test article, a dose range finding and two mutagenicity experiments were
conducted in the presence or absence of rat S9, up to a maximum concentration of 5 mg/
plate, using triplicate plates per concentration. The positive controls in the absence of S9
were sodium azide (TA1535 and TA100), 9-aminoacridine hydrochloride (TA1537), 2-
nitrofluorene (TA98), and 4-nitroquinoline N-oxide [WP2 (vvrA)]. In the presence of S9, for
all strains, the positive control was 2-aminoanthracene. Statistical analysis was performed
using Levene’s test, the one-tailed Dunnett’s #test, and evaluation of dose-relatedness by
regression analysis, using a #statistic to test the significance of the regression. The statistical
analyses were performed using the SAS analysis system. Results were considered positive if
reproducible and statistically significant (p<0.01) increases in revertants at one or more
concentrations, and dose-related increases in the numbers of revertants, were observed.

2.4. In vitro chromosome aberration assay with Chinese hamster ovary cells (CHO)

CHO cells (ATCC CCL 61 CHO-K1, proline-requiring) were obtained from the American
Type Culture Collection (Rockville, MD). Cells were grown in an atmosphere of 5% CO» at
37°C in F-12 medium with 10% fetal bovine serum (FBS), 2 mM GlutaMAX, and 1%
penicillin-streptomycin solution to maintain exponential growth. Cells were grown in this
medium during exposure to dose formulations without S9. F-12 medium with 2.5% FBS
(containing GlutaMAX and penicillin-streptomycin in the above concentrations) was used to
grow cells exposed to dose formulations with S9. For each test article, a dose range finding
and two chromosome aberration experiments were conducted in the presence and absence of
rat metabolic activation (S9), up to a maximum concentration of 5 mg/ml. Duplicate cultures
were maintained for each concentration in the presence or absence of S9 and for each
exposure condition. The exposure periods were 3 and 21 h without S9, and 3 h with S9.
MMS was used in the absence of S9 and cyclophosphamide in the presence of S9 as positive
controls. The standard procedure was used for harvesting cultures and analyzing metaphases
[18; 19; 20]. 1000 cells for toxicity, and 200 cells for metaphases per concentration were
scored in each experiment. The types of aberrations observed were chromatid and
chromosome gaps, breaks, exchanges, deletions, acentric fragments and dicentrics;
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chromatid and chromosome gaps were not included in total aberrations. In addition to these
aberrations, polyploidy and endoreduplications were also observed. For statistical analysis,
the number of cells with structural chromosome damage observed in the test article and the
positive control treatment groups were compared with those for the concurrent solvent
control group, using Fisher’s Exact test (significance level of p <0.05, one-tailed)
[FISHEX.PL.XLT v. 1.0 macro run on MS Excel v. 5.0]. The Cochran-Armitage test
(p<0.01) was used to calculate the dose-related response. A test article was considered
positive if there was a statistically significant increase (p <0.05) in the frequency of cells
with structural chromosomal damage at one or more concentrations, and this increase was
dose related and reproducible. A test article was considered negative if the criteria for a
positive response was not met.

2.5. In vitro micronucleus assay with CHO Cells with antikinetochore antibody labeling

CHO cultures were set up as mentioned in the chromosomal aberration assay. Ibuprofen, PI,
DEPBA, solvent, and positive articles were added to cells in exposure medium and
incubated in a 5% CO5, environment at 37°C for 3 h in the presence of S9. Cells were then
rinsed and allowed to incubate an additional 18 h in exposure medium with cytochalasin B.
After incubation, cultures were harvested and cells were removed using trypsin, followed by
the addition of fresh culture medium and the resulting cell suspension decanted into 15 ml
centrifuge tubes. Cells were applied to slides using a cytocentrifuge, allowed to dry for 15
min before they were fixed by dipping into 100% methanol for 10 sec, and repeated once
after drying. Slides were stored at 2°-8°C until antibody labeling.

The standard procedure was used for antibody labeling and for scoring micronuclei [21].
Briefly, slides were soaked in PBS with 0.1% tween 20 twice, for 2 min each time. After
draining excess liquid, antikinetochore antibody solution (1:1 in PBS with 0.2% tween 20;
20 pl) was added to the surface of the slide and incubated in a humidified chamber at 37°C
with a plastic coverslip for 1 h. The coverslip was removed and the slides were soaked two
times for 2 min each in PBS with 0.1% tween 20. After draining excess liquid from the
slides, FITC-conjugated goat anti-human IgG antibody solution (1:120 in PBS with 0.5%
tween 20; 20 pl) was added to each slide. The slides were incubated in a humidified
chamber at 37°C with a plastic coverslip for 1 h, and washed in the same manner as after the
antikinetochore antibody incubation. While the slides were wet, 20 pl of DAPI (4”,6-
diamidino-2-phenylindole with anti-fade; 0.5 pg/ml) was added, and a glass coverslip
placed on top. The slides were refrigerated until coding and scoring. For analysis, a total of
1000 binucleated (BN) cells per culture were analyzed for proliferation index. At least 1000
cells per culture were scored for the presence of micronuclei and for the presence or absence
of kinetochores in micronuclei. The number of cells with micronuclei observed in the test
article, and positive control treatment groups were statistically compared with those of the
concurrent solvent control group using Fisher’s Exact test (significance level of p< 0.05, 1-
tailed). Dose-related responses were calculated using the Cochran-Armitage test (0 <0.01).

2.6. In vivo mouse bone marrow micronucleus assay

Male and female Swiss-Webster mice were obtained from Charles River Laboratories
(Kingston, NY; Portage, MI), and were approximately 7 weeks of age at the time of dosing.
Animals were maintained in clear polycarbonate cages with hardwood chip bedding, and
were provided Purina Rodent Chow and tap water ad /ibitum. All animal work was approved
by SRI’s Institutional Animal Care and Use Committee (IACUC) in full compliance with all
regulations of the NIH Office of Laboratory Animal Welfare (OLAW). Animals were given
a single oral administration of vehicle or test article since it is the route of human exposure.
A dose range finding experiment with 3 mice/sex/treatment group with 48 h exposure and a
micronucleus experiment with 5 mice/sex/treatment group with 24 and 48 h exposure were

Mutat Res. Author manuscript; available in PMC 2013 July 04.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Doppalapudi et al.

Page 5

performed using a highest dose level of 2 g/kg. Slides were prepared and stained using
acridine orange [22; 23; 24]. Vehicle control and urethane positive control (300 mg/kg)
groups were maintained simultaneously. For each animal, 200 cells were scored to
determine the ratio of polychromatic erythrocytes (PCE) to red blood cells (RBC), and 2,000
PCE were scored for micronuclei (MN). Cochran-Armitage trend test and the normal test for
equality of binomial proportions were used for statistical analysis. A test article was
considered positive if there was a statistically significant increase (p <0.05) in
micronucleated PCE, the increase was dose-related, and the micronucleated PCE frequency
was greater than the mean historical micronucleus frequency * 2 standard deviations (SD).
The test article was considered negative if the criteria for a positive response was not met.

2.7. GADD45a-GFP GreenScreen human cell assay (GreenScreen HC assay)

The GreenScreen HC assay is a high-specificity and high-sensitivity genotoxicity assay that
can identify mutagens, clastogens, aneugens, and other genotoxic damages [25]. This assay
uses the GFP (Green Fluorescent Protein) reporter to measure transcription of the
GADDA45a gene. GADD45a. is a human protein involved in DNA damage and repair,
apoptosis, and cell cycle control. Following exposure to genotoxic stress, the GADD45a
gene is transcriptionally induced and GFP is produced [25]. Two human cell lines, GenM-
CO01 and GenM-T01 (Gentronix©, Manchester, UK), were used in the assay. The plasmids
are stably maintained in TK6 cells by addition of 200 pwg/ml hygromycin B to the cultures
and incubated at 37°C with 5% CO,. The test system without S9 was exposed to the test
article via a microplate format described by Hastwell ef a/. [25]. The test system with S9
was exposed to the test article via a microplate format described by Jagger et al. [26].
Following the 3 h exposure, the microplate was washed twice with pre-warmed phosphate-
buffered saline and the cells were resuspended in GreenScreen Recovery media. The
microplate was covered with a breathable membrane and incubated in a humidified, 5% CO,
incubator set at 37 °C for approximately 45 h.

For data collection in the absence of S9, the GFP-reporter fluorescence and cell culture
absorbance data were collected from the microplates approximately 24 and 48 h after
initiation of treatment. Absorbance data were collected using a spectrophotometer (Tecan-
Safire) from the same plate at the 24 and 48 h time points. The data were entered into a
spreadsheet template obtained from Gentronix (Manchester, UK). For collection in the
presence of S9, the GFP-reporter fluorescence and cell culture absorbance data were
collected from the microplates at approximately 48 h after initiation of treatment by means
of flow (BD - FACS-Canto) cytometry. Green fluorescent protein was used for the
measurement of fluorescence and propidium iodide was used for the measurement of cell
population. Fluorescence data were derived from 10,000 events collected in the flow
cytometry gate “NOT Debris AND NOT Dead Cells”. The data were entered into a
spreadsheet template obtained from Gentronix (Manchester, UK). Data analysis was
performed using the methods described by Hastwell et a/. [25]. Using absorbance data
normalized to untreated controls (=100% growth), as an indication of reduction in relative
cell density, fluorescence data was divided by absorbance to give brightness, the measure of
the average GFP induction per cell. Data for both strains, GenM-CO01 and GenM-TO01, are
thus calculated and normalized to the untreated control (=1). They were then corrected for
induced cellular auto-fluorescence and intrinsic test article fluorescence by subtracting the
brightness values of GenM-C01 from GenM-TO01.

In the absence of S9, the test article was considered positive for genotoxicity if the relative
GFP induction ratio was greater than the 1.5 threshold (i.e., greater than 3 times the standard
deviation of the background brightness [25]; and, in the presence of S9, if the relative GFP
induction ratio was greater than the 1.3 threshold (i.e., a 30% increase of GFP expression)
[26].
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The genotoxic potentials of CP-31398, SHetA2, and P1 were evaluated using the Ames test,
the chromosomal aberration assay with CHO cells, and the mouse bone marrow
micronucleus assay. The PI parent compound ibuprofen and its moiety DEPBA were
evaluated for chromosomal aberrations and /7 vifro micronucleus assay. The GreenScreen
HC assay was performed to evaluate the transcription of the GADD45a gene induced by P,
ibuprofen, and DEPBA. An overview of the genotoxicity of the three compounds evaluated
in this study is given in Table 1.

The results of the positive controls in the Ames test were acceptable for all experiments, as
they elicited a response = 5-fold increase over the mean value for the solvent. In the
chromosomal aberration study, solvent control values were within the historical range (0 -
5.0% aberrations) and the positive controls (methyl methanesulfonate and
cyclophosphamide) produced statistically significant increases (p<0.05) in the number of
cells with structural chromosome aberrations. Vinblastine (the aneugenic positive control in
the Jin vitro micronucleus experiment) produced statistically significant increases (p<0.05) in
the number of micronucleated binucleate cells and 90.3 to 95% of these cells were
kinetochore positive, indicating a predominantly aneugenic response. Cyclophosphamide
(the clastogenic positive control), in the /n vitro micronucleus experiment produced a
statistically significant increase (p<0.05) in micronucleated cells and 70.8 to 92.7% of these
cells were without kinetochores, indicating a predominantly clastogenic response. Urethane,
a positive control for mouse bone marrow micronucleus studies induced micronuclei
significantly (p<005).

3.1. CP-31398

The Ames test was performed in a dose range 39.1-2,500 pg/plate. Cytotoxicity was seen at
doses =1,250 pg/plate in the presence and absence of rat metabolic activation (S9). The
results are presented in Table 2. The first experiment for mutagenicity was conducted with
all five tester strains, TA1535, TA1537, TA98, TA100, and £. coli strain WP2 (uvrA), with
doses ranging from 78.1-2,500 pg/plate in the presence or absence of S9. No statistically
significant increase in the number of revertant colonies was seen with any of the strains. The
second experiment for mutagenicity was conducted in the presence or absence of S9 over a
dose range 39.1-2,500 pg/plate. No statistically significant increase in the number of
revertant colonies was seen for any of the strains, except for TA100 in the presence of S9 at
156.3 and 312.5 pg/plate. These increases were statistically significant (p < 0.01); however,
they were determined not to be dose-dependent. Because the increase was less than 2-fold
over solvent control values, within the historical spontaneous range for the strain, and not
dose-dependent, they were not considered to be biologically significant.

In the chromosomal aberration assay, a cytotoxicity experiment was conducted at
concentrations 1.95-5,000 g/ml in the presence of S9 for 3 h exposure and for 3 and 21 h
in the absence of S9. Cytotoxicity (<50% confluency or a >50% reduction in mitotic index)
was observed at 278.1 pg/ml. Cells were tested at 0.625-40 pg/ml for 3 h exposure in the
presence and absence of S9. Results are presented in Fig. 1. In the absence of S9, cells were
analyzed at 2.5, 5, and 10 pg/ml for chromosomal aberrations, resulting in 3%, 1.5%, and
2%, respectively. There was no significant increase in cells with aberrations at any
concentration compared with controls (1%). The absence of S9 was repeated with 21 hr
exposure and no significant increases in cells with aberrations were observed at 1.25, 2.5, or
5 pg/ml, with 1%, 1.5%, 1%, respectively, and 1.5% in control. In the presence of S9, cells
were analyzed for chromosomal aberrations at 10 (1%), 20 (1.5%), and 40 (2%) p.g/ml, and
no significant increase in chromosomal aberrations or dose-related effect, compared with
control (2%), was observed. These results were reproducible in the second experiment
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(1.5%, 1.5%, and 3% vs 2.5% in controls) at the same concentrations. Positive control
values for MMS 50 pg/ml and CP 12.5 pg/ml in the first experiment, and MMS 20 pg/ml
and CP 12.5 pg/ml in the second experiment, were all significant, with 36%, 34%, 46%, and
38% cells with aberrations, respectively. In addition, no dose-related increase in polyploidy
was observed in the presence or absence of S9 (Table 8).

In the mouse bone marrow micronucleus assay, a dose range-finding experiment was
conducted at 50-2,000 mg/kg CP-31398. No suppression of polychromatic erythrocytes
(PCE) among total red blood cells (RBC) in either sex at <1,000 mg/kg was observed. All
male and female mice in the 2,000 mg/kg dose group were found dead. In the micronucleus
experiment, male and female mice were exposed to a single administration of CP-31398 at
dose levels of 250, 500, and 1000 mg/kg, sacrificed 24 or 48 hr later, and the bone marrow
was then evaluated for cytotoxicity and micronucleus formation. Results are presented in
Table 5. There was no significant suppression of PCE in either sex at any dose level. No
statistically significant increase in the frequency of micronucleated PCE was seen at any
dose level in either male or female mice at the 24 or 48 h time point.

In the Ames test, cytotoxicity was observed at 29.77 pg/plate for strain TA100 in the
absence of S9 and =19.53 pg/plate in the presence of S9. In the first experiment, no
statistically significant increases in the number of revertant colonies were observed from
0.31-19.53 pg/plate. The results are presented in Table 3. Cytotoxicity varied with the
Salmonella strains under the various test conditions; however, no cytotoxicity was seen with
the E. colistrain. Therefore, doses in the second experiment with the Sa/monella strains
were 0.31-9.77 pg/plate in the absence of S9, 1.22-78.13 pg/plate in the presence S9, and
2.44-156.3 pg/plate for the £. coli strain, with or without S9. No statistically significant
increases in the number of revertant colonies were seen for any of the strains, except for
TA98 in the presence of S9. The increase was dose-dependent; however, no colony counts
were found to be significant. Because the increase was less than 2-fold over solvent control
values and within the historical spontaneous range for the strain, it was not considered to be
biologically significant.

In the chromosomal aberration assay, CHO cells were exposed to SHetA2 at concentrations
6.8-1750 pg/ml for 3 h in the presence of S9 and 3 h and 21 h in the absence of S9.
Cytotoxicity was observed at 109.4 pg/ml for 3 h in the presence of S9, 6.8 pg/ml for 3 h,
and 2.5 pg/ml for 21 h in the absence of S9. In the chromosomal aberrations experiments,
cells were analyzed at 16, 32, and 64 pg/ml for 3 h in the presence of S9, at 1, 2, and 4 pg/
ml for 3 h, and at 0.4, 0.8, and 1.6 p.g/ml for 21 h in the absence of S9. The results are
shown in Fig. 2. In the presence of S9 at 3 h, there was neither any significant increase in
chromosomal aberrations nor was there any significant dose-related increase (2.5% at 16 g/
ml, 2.5% at 32 pg/ml, and 4% at 64 pg/ml compared with 1.5% in controls). The results
were reproducible in the second experiment (1.5% at 16 pg/ml, 2.0% at 32 pg/ml, and 1.5%
at 64 pg/ml compared with 2.0% in controls). In the absence of S9 at 3 h, there was no
significant increase in chromosomal aberrations and there was no dose-related increase, and
the frequency of chromosomal aberrations was 2%, at all concentrations (1, 2, and 4 pg/ml),
compared with 1.5% in controls. In the absence of S9 at 21 h, the frequency of chromosomal
aberrations was 3%, 2%, and 2.5% at 0.4, 0.8, and 1.6 p.g/ml respectively, compared with
2% in controls. There was no statistically significant increase in chromosomal aberrations at
any dose level and there was no dose-related increase. The increase in cells with
chromosomal aberrations for positive controls, for MMS 50 pg/ml and CP 12.5 pg/ml in the
first experiment, and MMS 25 pg/ml and CP 12.5 pg/ml in the second experiment, were all
significant, with 34%, 30%, 18.4%, and 32% respectively. No dose-related increase in
polyploidy occurred under any tested conditions (Table 8).
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In the mouse bone marrow micronucleus experiment, male and female mice were exposed to
single administrations of 330, 660, or 1,320 mg/kg SHetA2, and the bone marrow was
evaluated for cytotoxicity and micronucleus formation. There was no significant suppression
of PCE among RBC in either sex at any dose level. The results on MN frequencies are
presented in Table 6. No statistically significant increase in the frequency of micronucleated
PCE was seen at any dose level in either male or female mice at the 24 or 48 h time points,
with one exception: in male mice given 660 mg/kg SHetA2 and sacrificed at 24 h, there was
a significant (p<0.05) increase in micronucleus frequency (0.25%) compared with the
controls (0.13%). However, this increase was within two standard deviations of the mean
historical control value (mean + 2 SD = 0.38%). Also, there was no statistically significant
dose-related increase in the frequency of micronuclei in either sex at any time point.

3.3. Phospho-ibuprofen (PI)

In the Ames test, a range-finding experiment was conducted with strain TA100 over doses
ranging from 156.3-5,000 pg/plate in the presence and absence of S9. Cytotoxicity was seen
only at doses = 2500 p.g/plate in the absence of S9. The first experiment for mutagenicity
was conducted with all five tester strains over the same range of doses, 156.3-5,000 p.g/
plate, in the presence or absence of S9. The results are presented in Table 4. No statistically
significant increase in the number of revertant colonies was seen with any of the strains
except for strain TA1537 at 156.3 and 5,000 pg/plate in the presence of S9. These increases
were statistically significant (p < 0.01); however, they were not dose-dependent.
Cytotoxicity was seen with strains TA1535 and TA100 at doses 25,000 p.g/plate, only in the
absence of S9. The second experiment for mutagenicity was conducted over doses 39.1—
2,500 pg/plate in the presence or absence of S9. No statistically significant increase in the
number of revertant colonies was seen for any of the strains. No cytotoxicity was observed.
Because the increases observed in the first experiment with TA1537 were < 2-fold over
solvent control values, within the historical spontaneous range for the strain, not dose-
dependent and not repoducible, they were not considered to be biologically significant.

In the chromosome aberration assay, a cytotoxicity experiment was conducted from 1-5,000
pg/ml in the presence of S9 for 3 h exposure and in the absence of S9 for 3and 21 h
exposure. In the absence of S9, cytotoxicity (<50% confluency or a >50% reduction in
mitotic index) was observed at 2100 pg/ml for 3 and 21 h exposures. In the absence of S9,
cells were tested with doses ranging from 3.125-50 pg/ml for 3 h in the first experiment,
and 3.125-25 pg/ml for 21 h in the second experiment. The top three scorable
concentrations (6.25, 12.5, and 25 pg/ml for 3 h exposure, and 3.125, 6.25, and 12.5 pg/ml
for 21 h exposure) were analyzed. The results are presented in Fig. 3. In the absence of S9 at
3 h exposure, the frequencies of chromosomal aberrations were 3.5%, 3.0%, and 2.5% at
6.25, 12.5, and 25 pg/ml, respectively, compared with 1.5% in controls. In the absence of S9
at 21 h exposure, the frequencies of chromosomal aberrations were 3.0%, 1.5%, and 1.5% at
3.125, 6.25, and 12.5 pg/ml, respectively, compared with 1.0% in controls. There was no
statistically significant increase in chromosomal aberration at any concentration for 3 h or 21
h exposures when compared with controls. Positive control values for MMS 50 pg/ml and
CP 12.5 pg/ml in the first experiment, and MMS 30 pg/ml and CP 12.5 pg/ml in the second
experiment, were all significant with 33.3%, 40%, 40%, and 42% cells with aberrations,
respectively. There was also no dose-related increase in polyploidy in the presence and
absence of S9 (Table 8).

In the presence of S9, cytotoxicity was observed at = 1000 pg/ml. Cells were treated with
doses ranging from 25-800 pg/ml in the first chromosome aberration experiment. Cultures
<200 pg/ml had 76—100% confluency while cultures =200 g/ml had inadequate cell
growth. The top three scorable concentrations of 25, 50, and 100 pg/ml were analyzed in the
first experiment. The results are presented in Fig. 3. In the presence of S9 at 3 h exposure,
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the frequencies of chromosomal aberrations were 12.0% at 25 pg/ml, 13.5% at 50 pg/ml,
and 19.0% at 100 pg/ml, compared with 2.0% in controls. The type of aberrations were
mainly chromatid and chromosome deletions and exchanges. All concentrations had
statistically significant (p < 0.05) increases in the number of chromosomal aberrations
compared with control, and the response was a significant dose-related increase (Z=5.02,
p<0.001). In the second experiment, a dose range of 3.125-100 pg/ml was tested and all
doses were analyzed. The frequencies of chromosomal aberrations were 8.5% at 3.125 g/
ml, 7.0% at 6.25 pg/ml, 5.0% at 12.5 pg/ml, 12.5% at 25 pg/ml, 9.0% at 50 pg/ml, and
10.5% at 100 pg/ml, compared with 2.5% in controls. All concentrations had statistically
significant (p <0.05) increases in the number of chromosomal aberrations compared with
control except for 12.5 pg/ml, and the response was dose-related (2=2.37, p<0.01),
indicating a positive response for Pl in the presence of S9. No dose-related increase in
polyploidy was observed in the presence of S9 (Table 8).

In the mouse bone marrow micronucleus experiment, male and female mice were exposed to
a single administration of PI at dose levels of 500, 1000, and 2000 mg/kg, sacrificed 24 or
48 hr later, and their bone marrow were then evaluated for cytotoxicity and micronucleus
formation. There was no significant suppression of PCE among RBC in either sex at any
dose level. The micronucleus frequencies are presented in Table 7. No statistically
significant increase in the frequency of micronucleated PCE was seen at any dose level in
either male or female mice at the 24 or 48 hr time point.

3.4. Ibuprofen, phospho-ibuprofen (PI) and diethoxyphosphoryloxybutyl alcohol (DEPBA)
in CHO cell cultures

This study was performed to evaluate the ability of phospho-ibuprofen (PI) to induce
chromosomal aberrations in CHO cells, and to determine if damage was present, if it had
arisen from structural chromosomal aberrations (kinetochore negative, clastogen), or from
whole chromosome non-disjunction (kinetochore positive, aneugen) in the presence of S9.
For comparison, ibuprofen was used as a reference control. DEPBA, a component in Pl was
also tested for the induction of chromosomal aberrations and micronuclei.

3.4.1. Chromosomal aberration assay—The results are presented in Fig. 4. Phospho-
ibuprofen (PI). In the chromosomal aberration experiments, cells were treated with PI at
concentrations of 25, 50, and 100 pg/ml for 3 h in the presence of S9. The frequencies of
chromosomal aberrations for cultures exposed to P1 were 5.5% at 25 pg/ml, 6% at 50 pg/ml,
and 9.0% at 100 p.g/ml, compared with 2.0% in controls. The type of aberrations were
mainly chromatid and chromosome deletions and exchanges. The 50 and 100 pg/ml
concentrations had statistically significant (o < 0.05) increases in the number of
chromosomal aberrations compared with control, and the response was dose-related (Z =
2.93, p<0.01). /buprofen. For cells exposed to ibuprofen at three scorable concentrations,
the frequencies of chromosomal aberrations were 2.5%, 3.5%, and 3.5% at 62.5, 125, and
250 pg/ml, respectively, compared with 2.0% in controls. No statistically significant
increase was observed for any concentration. In addition, no dose-related increase in
chromosomal aberration was observed. DEPBA. Cells were treated with
diethoxyphosphoryloxybutyl alcohol (DEPBA) between 13.3-5,000 pg/ml for 3 h in the
presence of S9. The frequencies of chromosomal aberrations for cultures exposed to DEPBA
were 2.5% at 13.3 pg/ml, 3.0% at 26.5 pg/ml, 1.5% at 53 pg/ml, 2.0% at 500 g/ml, and
2.0% at 5000 pg/ml compared with 2.5% in the control. There was no statistically
significant increase in the number of chromosomal aberration compared with control and
there was no dose-related response. For the second experiment, the frequencies of
chromosomal aberrations were 2.5%, 3.5%, 3.5%, 4.0%, and 4.0% at 13.3, 26.5, 53, 500,
and 5000 pg/ml, respectively, compared with 4.5% in the control. Again, no statistically
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significant increase was observed for any concentration. In addition, no dose-related
increase in chromosomal aberration was observed. There was no dose-related increase in
polyploidy in cultures treated with PI, Ibuprofen or DEPBA (Table 9).

3.4.2. In vitro micronucleus assay with antikinetochore antibody labeling—The
results are presented in Fig. 5. Phospho-ibuprofen. CHO cells were exposed to PI at
concentrations of 25, 50, and 100 g/ml in the presence of S9 for 3 h exposure. The
frequencies of binucleate cells with micronuclei were 3.5% at 25 pg/ml, 4.0% at 50 pg/ml,
and 5.7% at 100 p.g/ml, compared with 1.7% in controls. All concentrations had statistically
significant (p < 0.05) increases in the number of micronucleated binucleate cells compared
with control, and the response was dose-related (Z=6.90, p<0.001). These results were
reproducible. The frequencies of micronucleated binucleate cells with kinetochores was
1.6% at 25 pg/ml, 1.9% at 50 pg/ml, and 2.6% at 100 pg/ml, compared with 0.9% in
controls. These increases were statistically significant when compared with control at all
concentrations, and they were dose-related (Z = 4.35, p< 0.001), which indicates the
aneugenic potential of the drug. The frequencies of micronucleated binucleate cells without
kinetochores were 1.8% at 25 pg/ml, 2.1% at 50 pg/ml, and 3.1% at 100 pg/ml, compared
with 0.8% in controls. These increases, at all concentrations, were statistically significant
when compared with control, and were dose-related (Z = 5.29, p < 0.001), which indicates
clastogenic potential. /buprofen. Cells were exposed to ibuprofen at concentrations 31.25—
500 pg/ml in the presence of S9 for 3 h exposure. The frequencies of binucleate cells with
micronuclei at scorable concentrations were 1.8% at 62.5 pg/ml, 2.7% at 125 j.g/ml, and
4.3% at 250 pg/ml, compared with 1.7% in controls. All concentrations except for 62.5 g/
ml had statistically significant increases (p < 0.05) in the number of micronucleated
binucleate cells compared with control, and the response was dose-related (Z = 5.96, p<
0.001). The frequencies of micronucleated binucleate cells with kinetochores were 0.9% at
62.5 pg/ml, 1.2% at 125 pg/ml, and 2.3% at 250 pg/ml, compared with 0.9% in controls.
Only the 250 pg/ml concentration was statistically significant when compared with control,
however, the increase was dose-related (Z = 4.44, p < 0.001). This indicates that ibuprofen
shows a significant aneugenic activity only at the high concentrations. The frequencies of
micronucleated binucleate cells without kinetochores were 0.9% at 62.5 pg/ml, 1.5% at 125
pg/ml, and 2.1% at 250 pg/ml, compared with 0.8% in controls. All of the concentrations
except for 62.5 pg/ml were statistically significant when compared with control and this
increase was dose—related (Z = 3.93, p< 0.001), which indicates a clastogenic response
induced by ibuprofen at these concentrations. DEPBA. CHO cells were exposed to DEPBA
between concentrations 13.3-5,000 .g/ml in the presence of S9 for 3 h exposure. The
frequencies of binucleate cells with micronuclei were 0.97% at 13.3 pg/ml, 0.98% at 26.5
pa/ml, 1.12% at 53 pg/ml, 1.32% at 500 pg/ml, and 1.16% at 5000 g/ml, compared with
1.17% in the control in the first experiment. None of the concentrations had any statistically
significant increases in the number of micronucleated binucleate cells compared with
control, and no dose-related response was observed (Z= 0.31). In the second experiment, the
frequencies of micronuclei were 1.62% at 13.3 pg/ml, 1.45% at 26.5 pg/ml, 1.64% at 53 pg/
ml, 1.29% at 500 pg/ml, and 1.33% at 5000 pg/ml, compared with 1.47% in control. None
of the concentrations had any statistically significant increases in the number of
micronucleated binucleate cells compared with control and no dose-related response was
observed. Based on these observations, Pl was found to induce a significant number of both
aneugenic and clastogenic events. In comparison, ibuprofen, the parent compound, induced
significant increases in the number of aneugenic events at the high concentration of 250 g/
ml and a significant number of clastogenic events at 125 and 250 pwg/ml. DEPBA was
negative for aneugenic and clastogenic effects.
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3.5. The GreenScreen HC assay

P1 was tested in the range of 0.12-31.25 pg/ml; ibuprofen, 0.49-125 pg/ml; and DEPBA,
3.91-1,000 pg/ml, in the presence or absence of S9. Results are presented in Table 8. Pl
ibuprofen and DEPBA were determined to be cytotoxic without S9 at 3.91 pg/ml, 125 pg/
ml and 1,000 pg/ml, respectively. All three compound were non-genotoxic in the presence
or absence of S9.

4. Discussion

CP-31398 was non-mutagenic in the Ames test. There was induction of neither
chromosomal aberrations or polyploidy in CHO cells nor micronuclei in bone marrow cells
of mice after exposure to CP-31398, suggesting that the compound is neither clastogenic nor
aneugenic. Several studies have shown anticarcinogenic effects of CP-31398 in various
cancers, through the stabilization of p53 and inhibition of p53 binding to DNA. Mutations
that inactivate p53, indicative of aggressiveness, exist in over 50% of cancers [27; 28; 29].
p53 is directly involved in DNA damage repair, cell cycle arrest, and apoptosis via
transcriptional regulation of genes but also interacts with other proteins to promote the same
processes [30; 31]. Because CP-31398 stabilizes p53, it acts as a protectant against thermal
denaturation and maintains the monoclonal antibody 1650 epitope conformation in newly
synthesized p53 [32]. CP-31398 is able to restore the folding of mutated p53 to a native
conformation, permitting wild-type functionality [33] and allow mutant p53 to bind to p53
response elements /n vivo, as measured by the chromatin immunoprecipitation assay [34].
By inhibiting MdM2-mediated ubiquitination and degradation, CP-31398 stabilizes wild-
type p53 in cells [35]. Anticarcinogenic effects of CP-31398 have been observed in UVB-
induced skin carcinogenesis in mice and chemically induced colon carcinogenesis in rats [5;
6]. Apoptosis induced by CP-31398 occurred with translocation of p53 to mitochondria,
leading to altered mitochondrial membrane potential, cytochrome c release, and reactive
oxygen species release. CP-31398 decreased the growth of tumor xenografts composed of
wild-type or mutant p53 tumor cells, increasing tumor-free host survival [4]. In addition to
the anti-cancer potential of CP-31398, it was negative for genotoxicity in the present study
and has high potential as a non-genotoxic anti-cancer compound.

SHetA2 was negative in all three genetic toxicology assays tested. The differential effects of
SHetA2 on cancer versus normal cells were associated with direct targeting of the
mitochondria and decrease of Bcl-2 and Bcl-x1 proteins in cancer cells, with little effect on
normal cells [36]. The complex response of gene expression patterns in endometrial
organotypic cultures treated with carcinogens and SHetA2 was modeled with a system
biology approach, in which normal endometrial cultures exposed to the carcinogen, DMBA,
developed a cancerous phenotype in the absence but not in the presence of SHetA2 [37]. In
addition to this chemotherapeutic effect, the lack of genotoxicity observed in this study
shows that SHetA2 may be a potential clinical utility for chemoprevention.

Phospho-ibuprofen (PI) was non-mutagenic in the Ames test and was not clastogenic or
aneugenic in the /7 vivo mouse bone marrow assay. In the absence of S9, no induction of
chromosomal aberrations with Pl was observed; however, Pl showed a positive response for
the induction of structural chromosomal aberrations in the presence of S9. In addition, Pl
also induced kinetochore negative and positive micronuclei in the presence of S9 which
indicates the clastogenic as well as the aneugenic nature of this compound. These results
were compared with the parent compound of PI, ibuprofen, and its moiety DEPBA, neither
of which induced chromosomal aberrations in the presence of S9. Induction of binucleated
cells with micronuclei (BNMN) was observed only at highest concentrations of ibuprofen
while no induction of BNMN was observed for DEPBA in the presence of S9. In the
presence of rat S9, Pl undergoes hydrolysis and oxidation at the 1- and 3-positions of the
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isobutyl group, leading to three major metabolites, ibuprofen, 1-OH-PI and carboxyl-PI, and
three minor metabolites, 1-OH-ibuprofen, 2-OH-ibuprofen, and carboxyl-ibuprofen [38].
Differential regioselectivity of the oxidation of ibuprofen and PI causes Pl to generate 15.6
times more 1-OH-ibuprofen than ibuprofen in murine plasma (2.5 versus 0.16%) [38]. These
metabolites may play a major role in inducing chromosomal aberrations in CHO cells
exposed to Pl in the presence of rat S9 in the present study. However, the induction of
micronuclei, which was not observed in bone marrow erythrocytes of mice exposed to Pl
may indicate that metabolites generated from Pl may not be genotoxic in mice and/or may
be further metabolized and detoxified [38]. The detoxication of these metabolites varies
from species to species; hence, the /n vitro genotoxic effect may not be translated to /n vivo.
PI inhibits the growth of human colon cancer cells /n vitro and SW 480 human colon cancer
xenografts in nude mice. Pl induces oxidative stress only in tumors, and its apoptotic effect
was restricted to xenografts. Pl acts against cancer through a mechanism distinct from that
of various conventional chemotherapeutic drugs, underscoring the critical role of oxidative
stress in their effect, and indicating that the pathways leading to oxidative stress may be
critical targets for anticancer strategies [39]. Based on these chemoprevention abilities and
lack of chromosomal damage in mice, PI may be a potential chemopreventive agent. In
addition, PI, Ibuprofen and DEPBA were negative for genotoxicity in the GADD45a.-GFP
GreenScreen HC assay in the presence and absence of S9, an indication that these
compounds are most likely negative in /n vivotests [26]. Our study confirms the negative
results for the induction of MN in the bone marrow of mice exposed to PI.

In conclusion, CP-31398, SHetA2 and PI were negative in the Sa/monella-Escherichia colil
microsome plate incorporation test and /77 vitro CHO chromosomal aberrations assay, with
one exception. P1 exhibited a positive response in the presence of S9, which may indicate
that the metabolites generated by PI could be major contributors in inducing chromosomal
aberrations in CHO cell cultures. None of the compounds induced micronuclei in mouse
bone marrow erythrocytes, which indicates that these drug candidates were not clastogenic
or aneugenic in mice and that they may be potential chemopreventive agents for further
development and human clinical trials.
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Fig. 1.
Induction of chromosomal aberrations in CHO cells treated with CP-31398
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Fig. 2.

Induction of chromosomal aberrations in CHO cells treated with SHetA2

Mutat Res. Author manuscript; available in PMC 2013 July 04.

Page 17



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Doppalapudi et al.

25

20

% Cells with Aberrations

Page 18

—(O— 3 Hr Exposure (-S9)
—@— 3 Hr Exposure (+S9) -
—A— 21 Hr Exposure (-S9) ’

1 10 100
Phospho-ibuprofen (ug/ml)

Fig. 3.

Induction of chromosomal aberrations in CHO cells treated with PI

Stars indicate that the increase in chromosomal aberrations was significant compared with
controls. (P<0.05)
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1000

Induction of chromosomal aberrations treated with PI, Ibuprofen and DEPBA in the

presence of S9

Stars indicate that the increase in chromosomal aberrations was significant compared with

controls. (P<0.05)
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Fig 5.

Induction of micronuclei in CHO cells treated with PI, Ibuprofen and DEPBA in the
presence of S9

Stars indicate that the increase in micronuclei was significant compared with controls.
(P<0.05)
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Polyploidy index in Chinese hamster ovary cells treated with DEPBA, Ibuprofen and Pl

Table 9

DEPBA

Ibuprofen & P1

Exposure  Concentration pg/ml  Polyploidy Index (%)

Concentration pg/ml

Polyploidy Index (%)

3Hr+s9  DMSO 2.0 DMSO 0.9
13.3 15 Ibuprofen, 62.5 0.5
26.5 2.0 Ibuprofen, 125 1.4
53 15 Ibuprofen, 250 14
500 24 PI1, 25 0.5
5000 0.9 PI, 50 1.9
CP, 12.5 pug/ml 0.0 PI1, 100 14
CP, 9 pg/ml 0.5
3Hr+s9  DMSO 1.0
133 1.0
26.5 3.0
53 0.5
500 2.0
5000 15
CP, 12.5 pg/ml 0.5

DMSO= Dimethyl sulfoxide; CP= Cyclophosphamide; S9 = rat hepatic S9 metabolic activation. PI= Phospho-ibuprofen
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GADDA45a-GFP GreenScreen HC assay results

Table 10

Page 30

Cytotoxicity Results Without

Genotoxicity Results without

Genotoxicity Results with

Test Article Activation (LEC) Activation (LEC) Activation (LEC)
Phospho-ibuprofen 3.91 pg/mi Non-genotoxic Non-genotoxic
Ibuprofen 125 pg/ml Non-genotoxic Non-genotoxic
DEPBA 1000 pg/ml Non-genotoxic Non-genotoxic

LEC = Lowest Effective Concentration
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