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INTRODUCTION 
 

Ovarian cancer is the second most common malignancy of the female genital tract in the United 

States. No effective screening tool exists. Consequently, over 70% of cases are diagnosed after the 

cancer has already spread beyond the ovary. For women with stage III epithelial ovarian cancer—the 

most common stage—the 5-year survival is no higher than 20%. Clearly, early detection and 

prevention of this disease are critical issues. The overall goals of this program project are: 1) to 

develop innovative strategies for prevention of ovarian cancer through the assessment of the 

potential effect of oral contraceptives (OCP) and retinoids (Vitamin A derivatives) on the ovary and 

identification of molecular markers and mechanisms associated with the chemopreventive activity of 

these compounds, and 2) to assemble a multidisciplinary team that will become a world leader in the 

field of ovarian cancer prevention. A large body of epidemiologic evidence supports the fact that OCP 

can reduce a woman’s risk of ovarian cancer as much as 50%. Similarly, preliminary data from a 

large Italian randomized chemoprevention trial for secondary breast cancers suggests that retinoids 

may have preventive activity against ovarian cancer. In addition, retinoids have been shown to induce 

apoptosis in normal ovarian surface epithelial cells in the laboratory. The major overarching 

hypothesis of this program project is that 4-HPR and OCP induce apoptosis, possibly through 

induction of TGFβ production by stromal cells, as well as by direct interaction with the surface 

epithelial cells, and may act synergistically. 
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BODY 
 

Project 1  
Chemoprevention of Ovarian Cancer Using a Rhesus Primate Model 
 
Task 1 Completion of the primate trial and biomarker analysis 

Months 1-6  

a) Perform pre trial surgery and biopsies; 

b) Perform fluorescence and reflectance spectroscopy;  

c) Initiate randomization and treatment; 

d) Assess markers in histopathology core for biopsies;  

e) Analyze fluorescence and reflectance spectroscopy. 

Months 6-9  

a) Complete treatment; 

b) Perform post-trial surgery and biopsies;  

c) Perform fluorescence and reflectance spectroscopy;  

d) Assess markers in histopathology core for biopsies; 

e) Analyze fluorescence and reflectance spectroscopy.  

Months 9-12  

a) Assess markers in histopathology core for biopsies;  

b) Analyze fluorescence and reflectance spectroscopy;  

c) Complete analysis of data;  

d) Prepare manuscripts and reports for agency;  

e) Present data at annual meeting.  

 

All tasks in Project 1 have been completed.  Five manuscripts have been submitted for 

publication; four have been published and one is under revision. All in press and published 

manuscripts are included in the Appendix. 

 

Nineteen female adult Rhesus macaques were included in this study(1,2,3).  This protocol was 

approved by the Animal Care Use Committee at The University of Texas M. D. Anderson Cancer 

Center.  The animals were given either 4HPR, oral contraceptive (OCP), the combination of 
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4HPR+OCP, or no medication for 3 months. Exploratory laparotomy was done to assess intermediary 

biomarkers and to perform fluorescence spectroscopy and a visual analytic tool was developed to 

explore fluorescence differences grouped by monkey, drug, and time (pre and post-drug): emission 

spectra were plotted for each group pre and post-drug at each excitation wavelength measured.  

Means were calculated and overlaid on these plots to view the relationship.  The data were examined 

in 2 methodologies: first, the raw intensities were compared; and, second, emission spectra were 

normalized to a common wavelength to enhance relative spectral contributions.  Using this 

information, we compared all fluorescence measurements between the first and second 

measurements using the 2-tailed Student’s t test.  Significance level was between 0.1 and 0.01 for 

this exploratory study.  Areas where statistically significant differences were observed between the 

first (pre-drug) and second (post-drug) measurements were identified in the EEM and p values 

between 0.01 and 0.1 were plotted as contour lines. 

 
Results:  The pilot study showed that the animals tolerated the drugs and 2 surgeries without 

difficulty(1).  Rhesus ovaries are easily accessible through a midline laparotomy incision and are 1-1.5 

cm in length and 0.75-1 cm in the other two dimensions.  There were consistent differences in the 

absolute fluorescence intensities and relative contributions noted between the pre and post-drug 

measurements in each drug group as well as the controls.  However, the differences noted in the 

control group attributable to a time effect, were much smaller than those seen in the 3 drug groups.  

Two main areas of change can be identified.  The center of the first area is located at 450nm 

excitation and 550nm emission wavelength, consistent with the FAD emission peak. This area of 

fluorescence intensity is increased in the 3 post-drug groups, which correlates with increased FAD 

presence and decreased FADH.  The 4HPR group (p=0.01) shows a larger area of difference in pre 

and post-drug intensity than the OCP group (p=0.05-0.07), while the combination group is in between 

the 4HPR and OCP groups.  There are no differences attributable to time seen in the control group in 

this area of the EEM.  The second area is located in the 350nm excitation, 450nm emission which is 

consistent with the NAD(P)H emission peak.  All 4 groups show a decrease in these intensities, which 

correlates with a decreased NAD(P)H presence and thus an increase in NAD(P) (the oxidized form).  

However, the OCP group shows the largest change (p<0.01) followed by the 4HPR and OCP group, 

and the control shows the smallest change (very small area of significant change)(2). 

 

The markers were not consistently different but there were trends noted.  Visual examination of the 

markers in 2X2 Chi square tables show that EGFR was consistently present, both pre and post-
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measurements.  Her-2, P21, and P53 were rarely present while BAX was usually present.   Estrogen 

receptors were absent while progesterone receptors were usually present.   There were some non-

consistent trends in the OCP group with apoptosis and TGFβ more frequently declining after 

exposure to drug. However, there were no consistent trends attributable to a drug effect, so if trends 

were actually present, they were not large enough, given our numbers, to have adequate power to 

detect a difference.  In addition, surface epithelium was denuded in 40% of the samples.  This loss 

was attributed to handling of the ovary during the operative procedure and handling in the processing 

phase.  These problems are felt to be corrected in the current study, which has just been started, by 

minimal handling of the ovary at the time of biopsy, then placing the biopsies directly into formalin 

rather than wrapping it in gauze as was done in this study.(3)

 
A second study was done which included 30 monkeys in a crossover study design. Three 

manuscripts have resulted. Biomarker modulation has been evaluated in immunohistochemistry(3,5) as 

well as RNA analysis for marker expression.(5)  A fifth paper resulting from the second portion of this 

study showed that there was a significant difference between groups based on chemometric 

analysis.(5) This manuscript has been provisionally accepted and has been resubmitted with revisions. 

 
Conclusions: The non-human primate is an excellent model for ovarian cancer chemoprevention.  

Fluorescence spectroscopy may be the best biomarker for following changes from chemopreventive 

agents optically, but a larger study needs to be done to further evaluate biomarkers.  

 
Project 2 
Chemoprevention of Ovarian Cancer: Modulation of Biomarkers in Women at Low- and High-
Risk for Ovarian Cancer Using Fenretinide (4-HPR) and Oral Contraceptives 
 

We tried to begin the clinical study on this project while Dr. Brewer was still located at The University 

of Texas M. D. Anderson Cancer Center.  However, approval of the clinical trial was delayed with IRB 

issues.  During the first 3 years of the grant, the protocol underwent several cycles of revision.  In 

2000, based on a version of the Surgeon General’s Human Subject Review Board (HRSSB), a final 

set of revisions was drafted.  Later in 2000, another major revision included the reintroduction of 

premenopausal women into the 4-HPR group to better balance the final analysis.  In 2001, Dr. Molly 

Brewer relocated to the University of Arizona.  After extensive discussions between Dr. Gershenson 

and Dr. Brewer, Dr. Gershenson and Drs. Howard and Pursley at HRSSB, and Dr. Gershenson and 
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Dr. Mishra at the DOD, it was decided that Project 2, along with the remaining UT-Austin subcontract, 

should be transferred to the University of Arizona.  This transfer was necessary to accomplish the 

following goals: 1) The protocol would be more likely to be completed in an expeditious manner 

because of the greater availability of patients undergoing surgery for benign conditions at that site; 2) 

Only through this transfer would we be able to accomplish the spectroscopy portion of the trial since 

Dr. Brewer’s and Dr. Utzinger’s expertise was required; and 3) Such a transfer would allow Dr. 

Brewer to complete the work begun at M.D. Anderson Cancer Center and thus enhance her career 

trajectory. 

 
After the protocol was approved in 2004, we were required to submit the protocol for FDA approval 

and the protocol was modified to reflect their recommendations.  They were hesitant to approve the 

use of the oral contraceptive immediately prior to surgery.  By the time the FDA approved the study, 

the oral contraceptive that Dr. Brewer negotiated with Ortho-McNeil to formulate had expired.  We 

then had to work with the local drug representative to find adequate amounts of drug for the study.  

We accrued one patient to the study and had several patients interested in participating.  However, 

our 4HPR expired, and when Dr. Brewer contacted the Division of Cancer Prevention (DCP) at NCI to 

replace the drug, we were told there was minimal drug available.  Dr. Brewer hired a research 

assistant to accrue patients from the low risk population and that assistance identified 10 patients 

interested in participating, but by the time Dr. Brewer received their names, they had already 

scheduled their oophorectomy. 

 

Fox Chase Cancer Center has had a prevention trial using 4-HPR for 5 years and has not accrued 

many patients due to the regulatory difficulties and the difficulties in convincing patients to postpone 

their surgery.  Dr. Brewer participated in the NCI sponsored trial led by Baylor and accrued 3 patients 

in the last 4 months of the grant.  This project had significant regulatory difficulties and was finally 

approved by both the University of Arizona and the NCI in April 2006 after 7 years of no accrual.  We 

have learned a significant amount about how to successfully conduct prevention trials for ovarian 

cancer and they are extremely difficult to do. Identifying the population is time consuming and difficult; 

convincing healthy patients to delay their surgery and take a drug is difficult.  However, the biggest 

roadblock has been regulatory issues, and in many institutions, the requirements change from year to 

year.  Meeting new requirements for re-approval required 3-6 months of time before the trial was re-

approved.  With the drug availability problems, these regulatory issues became a major roadblock.  

We discussed requesting another extension, but when Dr. Brewer decided to relocate to the 
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University of Connecticut in the fall of 2006, we decided to terminate the project because of poor 

patient accrual and difficult regulatory issues. 
 
List of personnel receiving partial salary support from this research effort: 
Molly Brewer, MD, DVM     Lourdes Velasco 

Urs Utzinger, PhD      Carole Meyer 

Changping Zou      William Brands 

Kathy Schmidt      Vive Chandrasekharan 

Xiomei Li       Katherine Hunt 

Brandy Parker      Ellen Datena 

Patricia Konarski      Jian Wang 

Jean Neukam Feugang 

 
Project 3 
Chemoprevention of Ovarian Cancer: Molecular Mechanisms and Markers Laboratory 
Investigations of 4HPR and OCP 
 
Task 1 (Months 1-48)  

a) Study the effect of 4-HPR, norethindrone and estradiol, individually and in 

combination, on explants of normal human ovaries to determine induction of TGFβ 

in stroma and of apoptosis in the epithelium; 

b) Determine the role of TGFβ~ in explants, quantiating the peptide factor and 

blocking its activity with antibody; 

c) Compare 4-HPR to specific RAR and RXR ligands; 

d) Study the interaction of TGFβ with 4-HPR, norethindrone and estradiol in normal 

ovarian surface epithelial cells; 

e) Explore expression of proteins that regulate apoptosis in normal ovarian epithelial 

cells treated with TGFβ, OCP components and 4-HPR;  

f) Measure signaling in normal ovarian epithelial cells and in cancer cells treated 

with TGFβ, 4-HPR and OCP components. 

 

We were not successful with inducing any changes with TGFβ or OCP components. 

Thus this portion of the work was never published because all results were negative. 
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Task 2 (Months 3-48)  

a) Prepare RNA from normal ovarian epithelial cells treated with TGFβ, 4-HPR, 

norethindrone or estradiol;  

b) Perform clontech arrays; 

c) Collaborate with Millenium for EST array analysis;  

d) Confirm modulation of gene expression; 

e) In situ expression studies with markers for TGFβ response;  

f) Functional studies of genes induced by TGFβ; 

g) Differential expression of genes before and after TGFβ treatment of normal ovarian 

epithelial cells and OVCA 420 ovarian cancer cells;  

h) Functional studies of response genes that protect against the induction of 

apoptosis in OVCA 420 cells.  

 

Task 3 (Months 1-20)  
a) Determination of the sensitivity and specificty of spectroscopic changes in apoptosis and 

transformation;  

b) Use of fluoresceinated reagents to enhance sensitivity.  

 

All tasks have been completed except for the TGFβ, norethindrone, estradiol, clontech arrays and 

collaboration with Millenium for EST array analysis.  

  

Task 1 

Methods/ Design: We grew NOE cells using the methods described by Nellie Auersberg.  Apoptosis 

is measured with both Tunel (Apoptag®) assay and cell cycle analysis (Apo-Direct®).  In attempting 

to reproduce our data that we reported last year on our first 2 experiments with NOE cells, we have 

found that the NOE cells do not produce reliable data.  Cells from passage # 3 or 4 show excellent 

induction of apoptosis with both 2 and 5 uM 4HPR with an additive/synergistic effect with 10ng TGFβ.  

When these cells are cultured at passage 8 they have become relatively resistant to 4HPR and do not 

show the additive effect from TGFβ.  We have then undertaken identification of these cells, staining 

for cytokeratin, a reliable marker for epithelial cells and vimentin, a marker expressed consistently by 

stromal or mesenchymal cells and inconsistently by epithelial cells.  
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IOSE 029 and IOSE 029 cells were established by Nellie Ausberg and her group from British 

Columbia.  NOE cells were collected by scraping the ovary with a scalpel prior to disruption of the 

blood supply.  A piece is then removed and scraped for further harvesting.  In the last year we have 

also experimented with different ways of harvesting cells and find that scraping the surface of the 

ovary gives the maximal number of epithelial cells; increasing the numbers of cells at the time of initial 

culture increases the growth rate.  Ovaries are handled carefully to avoid disrupting the surface 

epithelial cells.  OVCA 420 cells were used for the positive control.  This cell line is an established 

ovarian cancer cell line that was originally isolated from malignant ascites in the Knapp laboratory by 

Dr. Robert Bast.  The OVCA 420 cells are maintained in MEM medium supplemented with 5% FBS, 

MEM Non-Essential Amino Acids, 2mM Glutamine, 50ug/ml Gentamicin. 

 
Results: 4-HPR alone induced a high level of apoptosis in some NOE cells but not in others. 4HPR 

and TGFß combination induced a synergistic rate of apoptosis in some NOE cells but not in 

others.(3,4)

 
Table I.  Percent Apoptosis 
 NOE72 NOE71 NOE95 NOE88 p4 NOE88 p7 

Control 5.4 5.2 3.9 5.3 4.5 

TGF(10ng/ml) 12 9.3 5 8.1 3 

4HPR2uM 38.6 31.5 9.6 7.8 4.3 

4HPR5uM 96.3 81 10.4 22.7 3.6 

4HPR10uM 98.7 90.4 75.8 48.8 97.1 

4HPR(2uM)+TGF 84 96 16.46 9.2 3.2 

4HPR(5uM)+TGF 95.5 92.5 9.05 40.9 2.4 

4HPR(10uM)+TGF 97.1 89.5 39.5  82.7 

Legend: In comparing the sensitivity of NOE, IOSE, and OVCA 420 cells grown with and without TGFβ in varying 
concentrations of 4HPR normal cells are more sensitive than genetically altered cells which in turn are more active than 
cells transformed into cancer. 
 

Task 2 
Growth inhibitory effects of 4-HPR in NOE, IOSE, and ovarian cancer cells NOE, IOSE, and the three 

ovarian cancer cell lines were grown in monolayer cultures and treated with different concentrations 

of 4-HPR (1–10 AM) for 3 days.  SkOV3, OVCA420, and OCC-1 were studied to determine which 

ovarian cancer cell line would serve as the best model for comparison between the normal, 

premalignant and malignant models. OVCA420 was chosen because it had the most sensitivity to 4-
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HPR and, thus, could be evaluated most comparably to the NOE and IOSE cell lines.  We first 

compared low concentrations from 1 to 5 μM of 4-HPR in NOE, IOSE, and OVCA420.  

Concentrations from 2 to 10 μM 4-HPR were used on the ovarian cancer cells; 10 μM 4-HPR had 

greater growth inhibitory effects than the lower doses on the cancer cell lines. OVCA420 cells were 

the most sensitive cell line compared with other two cell lines. The NOE and IOSE cells were very 

sensitive to 10 μM 4-HPR; almost all cells were killed by day 3.  Morphological changes consistent 

with differentiation (cells become more elongated) were observed along with cell death. 

 

Apoptosis induction by 4-HPR (3,4,6)

To assess other possible mechanisms of 4-HPR in ovarian cells, we analyzed the effects of 4-HPR 

on the induction of apoptosis in primary culture and cell lines by TdT labeling and flow cytometry.  

NOE and IOSE cells were treated with 5 μM 4-HPR. DNA content and apoptosis induction were 

analyzed.  The results showed that the apoptotic cell population did not change at this concentration, 

but a population of cells with hypodiploid (HD) DNA content increased 2- to 8-fold with increasing time 

of incubation with 5 μM 4-HPR in these cells.  NOE, IOSE, and OVCA420 cells were treated with 2, 5, 

and 10 μM 4-HPR.  Apoptosis induction was analyzed at different concentrations and different time 

points.  Results demonstrated that 4-HPR-induced apoptosis was dose dependent in the NOE and 

OVCA420 cells; apoptosis was less marked in the IOSE cells than in the NOE and OVCA420 cells.  

4-HPR-induced apoptosis was also time dependent in ovarian cells.  A time course of apoptosis 

induction was carried out in the NOE, IOSE, and OVCA420 cells when treated with 4-HPR at 10 μM.  

 

Effect of 4-HPR on caspase-3 activity.  The 4-HPR effect on caspase-3 activation at different 

concentrations and different lengths of incubation was measured in NOE, IOSE, and OVCA420 cells.  

Cells were treated with 2, 5, and 10 μM 4-HPR, and caspase-3 activity was measured at 12, 24, 48, 

and 72 hours after treatment.  The patterns of caspase-3 activity were different in the all three cell 

types, and 2 μM 4-HPR had little effect on caspase-3 activity in any of the cells.  After 24 hours of 

treatment, an increase in caspase-3 activity was detected in IOSE and OVCA420 cells treated with  

10 μM 4 HPR.  Caspase-3 activity increased when NOE cells were incubated for 3 days with 10 μM 

4-HPR.  

 

Mitochondrial permeability transition (MPT) changes are associated with apoptosis (4,6)   
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To investigate the mechanism of 4-HPR-induced apoptosis in ovarian cancer cells, experiments were 

carried out to determine the effect of 4-HPR on MPT in NOE, IOSE and OVCA420 cells.  OVCA420 

cells had a 4-HPR decreased mitochondrial inner membrane potential, which increased MPT in these 

cells.  An inverse relationship in mitochondrial potential correlated in a dose-dependent manner with 

both the increase in apoptosis and growth inhibition by 4-HPR in all three cell types.  

 

Modulation of p53 and other gene expressions by 4-HPR in NOE, IOSE, and OVCA420 cells. (4,6) 

The effect of 4-HPR on the expression of the apoptosis associated genes p53, p21, and p16 was 

examined in NOE, IOSE, and OVCA420 cells; p53 expression was detected in the NOE, IOSE, and 

OVCA420 cells.  4-HPR increased p53 expression in the NOE cells in a dose-dependent manner, but 

not in IOSE and OVCA420 cells.  The expression of the p21 gene was increased in NOE and IOSE 

cells but was not detectable in OVCA420 cells.  The expression of p16 was modulated by 4-HPR in 

all three cell types. 
 

Task 3 (3,6,7)

Cells are grown and treated as described in Task 1.  Fluorescence spectroscopy was measured on a 

fluorimeter measuring fluorescence emission at 290nm (tryptophane), 350nm (NADH) and 460nm 

(FAD) excitation.  Redox potentials are calculated using FAD/FAD+NADH. 

 

The mechanism of action of 4-HPR’s cancer chemoprevention is unclear.  It may act partly through 

modulation of gene expression via retinoid receptors although modulation of retinoid receptors is still 

controversial.    Retinoid receptors are members of the steroid hormone receptor superfamily.  Two 

types of receptors have been identified: retinoic acid receptors (RARs) and retinoid X receptors 

(RXRs).  Each type includes 3 subtypes with distinct amino- and carboxyl-terminal domains.  The 

RARs bind to all trans- retinoic acid (ATRA) and 9-cis-retinoic acid (9cRA), a natural retinoic acid 

isomer, whereas the RXRs bind only to 9cRA.15–18 RARs can form heterodimers with RXRs and 

bind to retinoic acid response elements (RAREs), specific DNA sequences that are characterized by 

direct repeats of (A/G)GGTCA separated by 2 or 5 nucleotides that act as ligand-dependent 

transcriptional regulators for retinoic acid-responsive genes.  Some investigators hypothesize that 

both ATRA and 4-HPR bind to RARE and regulate gene expression (Zou and Lotan, unpublished 

data).  DNA microarray is widely used in identifying gene expression in normal and cancer cells, and 

in evaluating molecular changes before and after treatment with drugs.  Use of array technology 
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allows simultaneous evaluation of expression of many (up to thousands) genes.  The challenge of 

such a powerful technique is to develop rigorous, quantitative methods for interpretation of such a 

wealth of data to identify the expression profile providing maximal biologic information.  Techniques 

based on quantitative optical fluorescence spectroscopy have shown promise to improve detection of 

epithelial lesions in the colon, cervix, bladder, head and neck, esophagus and other epithelial 

surfaces.  Certain molecules within a cell can be excited using light in the visible and UV range. This 

principle can be used to optically interrogate endogenous fluorophores with quasi monochromatic 

excitation light.  Natural intracellular fluorophores include electron carriers nicotinamide adenine 

dinucleotide (NADH) and flavin adenine dinucleotide (FAD) and the aromatic amino acids tryptophan, 

tyrosine and phenylalanine, as well as structural proteins, each of which have a characteristic 

wavelength for excitation with an associated characteristic emission.  In particular, FAD and NADH 

can provide an estimate of mitochondrial metabolic activity through an estimate of cellular redox. 

Fluorescence spectroscopy of endogenous fluorophores has been used as a marker for both early 

detection and chemoprevention. 

 

Expression of genes altered by 4-HPR in IOSE and OVCA433 cells detected by microarray (5)   

Microarray analysis was performed using total RNA purified from treated and untreated cells.  The 

expression of genes modulated by 4-HPR was evaluated. Genes with a change of expression >2-fold 

were recorded.  In IOSE cells, there was up-regulation of apoptotic related genes and differentiation 

genes, as well as genes on chromosome 3 and 9.  Cancer cells showed upregulation of fewer genes 

associated with apoptosis and showed similar effects on up-regulation of the antioncogene segment 

on chromosome 9.  Mitochondrial, NAD, NADH and NADPH genes were modulated by 4-HPR in both 

IOSE and OVCA433 cells.  Growth inhibition and apoptosis induction by 4-HPR in ovarian cell lines 

IOSE and OVCA433 cells treated with different concentrations of 4-HPR, the growth inhibitory effect 

were compared in monolayer culture.  Increasing the concentration of 4-HPR resulted in dose-

dependent growth inhibition. 

 

Effect of 4-HPR on Caspase 3 activity and Caspase 3 and 9 protein expression (3,5)

Caspase 3 activity, a central mediator of apoptosis, was measured in IOSE and OVCA433 cells at 

different time points with different concentration of 4-HPR.  Caspase 3 enzyme activity was slightly 

increased at day 3 in the different concentration groups in OVCA433 cells, which correlated with 

maximal apoptosis and growth inhibition in these cells.  However, Caspase 3 and Caspase 9 protein 

were not changed by 4-HPR in either IOSE or OVCA433 cells.  Effect of 4-HPR on mitochondrial 
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permeability transition MPT changes are associated with mitochondrial mediated apoptosis.  To 

investigate the mechanism of 4-HPR induced apoptosisin ovarian cancer cells, experiments were 

carried out to investigate the effect of 4-HPR in mitochondrial potential in IOSE and OVCA433 cells.  

4-HPR decreased mitochondrial inner-membrane potential, which increased MPT in IOSE and 

OVCA433 cells.  An inverse relationship in mitochondrial potential correlated in a dose-dependent 

manner with the increase in apoptosis and growth inhibition by 4-HPR in IOSE and OVCA433 cells, 

suggesting that these activities were mediated by changes in the mitochondrial membrane. 

 

Expression of apoptosis-associated genes modulated by 4-HPR   The effect of 4-HPR on the 

expression of the apoptosis-associated genes p53, p21, p16 and Rb were examined along with 

BRCA genes with Western blot and real-time PCR method.  The expression of these genes was 

detected in both IOSE and OVCA433 cells.  4-HPR increased expression after 3 days of treatment in 

a dose dependent manner in OVCA433 cells, which correlated with the microarray results, showing 

an increase in human p53 binding protein mRNA in these cells.  4-HPR modulating retinoid receptors 

and BRCA genes detected by Q-RT-PCR Microarray data showed that retinoid receptors were 

modulated by 4-HPR.  Some receptors were induced by 4-HPR and others were suppressed by 4-

HPR.  We verified the effect of 4-HPR on receptor expression and induction by Q-RT-PCR.  RARs 

were not significantly changed by 4-HPR in either cell line; however, RXRs were modulated by 4-HPR 

in IOSE cells.  4-HPR increased RXRa and RXRb expression and decreased RXRg expression in 

IOSE cells. The expression of RARs and RXRs were not altered by 4-HPR in cancer cells.  BRCA1 

and BRCA2 gene expressions were decreased by 4-HPR in both IOSE and OVCA433 cells.  Real 

time RT-PCR result was consistent with these results.  The IOSE cell line exhibited a highly variable 

redox related fluorescence ratio compared to the OVCA433 cell line in which the estimated redox 

increased in a linear fashion.  The OVCA433 cells demonstrated a strong sensitivity to 4-HPR 

treatment and(6) illustrates that dose dependence as a linear increase with a slope of 0.0059/lM 4-

HPR (p < 0.001).  An increased redox ratio suggests less oxidative metabolism indicating that the 

cells may be entering quiescence.  When considering the relative ratios to untreated cells, the 

OVCA433 cells had a higher value at each drug dosage.  At higher concentrations of 4-HPR the 

redox related fluorescence ratio increased for the IOSE cells but never reached the level of the 

OVCA433 cells. This is consistent with the result that the IOSE cell line was variable in response to 4-

HPR treatment. 
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Administrative Core 
 

The responsibilities of the Administrative Core include provision of leadership and general 

administration of all activities related to the grant.  Dr. David Gershenson, Core Director and 

Dr. Gordon Mills, Core Co-Director, direct all projects and cores.  The administrative assistant 

works closely with Dr. Gershenson to schedule all meetings, ensure communication between 

all investigators and prepare required reports and publications. 

 

Task 1 – Months 1-48 
Coordinate and schedule all grant-related meetings; 

a) Weekly meetings of administrative personnel 

b) Monthly meetings of the Executive Committee  

c) Monthly research meetings  

d) Research retreats (twice annually)  

e) Meetings of the Internal Scientific Advisory Committee 

 

Task 2 – Months 1-48 
Facilitate interactions and communications between investigators; 

a) Ensure interactions between Project Directors and collaborators  

b) Ensure interactions between Project Directors  

c) Ensure interactions between Project Directors and Core Facility Directors 

 

Task 3 – Months 1-48 
Evaluate and track the direction and progress of each project and core; 

a) Through daily communications with Project and Core Directors  

b) Through monthly meetings of the Executive Committee  

c) Through monthly research meetings  

d) Through research retreats  

e) Through meetings of the Internal Scientific Advisory Committee  
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Task 4 – Months 1-48 
Coordinate quality control and quality assurance; 

a) Ensure timely submission of case report forms  

b) Audit case report forms for completeness and accuracy Maintain data in central location 

within the Administrative Core 

 
Task 5 – Months 1-48 
Maintain fiscal control; 

a) Monitor accounts for expenditures on a periodic basis  

b) Communicate any problem or discrepancy with Project or Core Director  

 

Task 6 – Months 11-48 
Prepare interim and final reports; 

a) Ensure timely submission of all reports to the Administrative Core  

b) Edit reports and prepare final drafts in conjunction with Department of Scientific 

Publications  

c) Ensure timely submission of all reports to granting agency  

d) Assist -in editing and preparation of all abstracts and manuscripts arising from grant-

related research  
 

All tasks in the Administrative Core have been completed.   
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Histopathology Core 

Task 1 
A. Project 1 (months 1-12)  
a) Process tissue for routine histology (processing, paraffin blocks, H&E stained slides) 

when received from the investigator over the 12 month period of the project; 160 

specimens  

b) Evaluate the histomorphology of the specimens (160).  

c) Perform immunohistochemistry as the specimens are received over the 12 month 

period of the project; 1,600 stains (160 specimens x 10 antibodies)  

d) Evaluate and quantify the immunohistochemical results; 1600 stains  

e) Perform TUNEL assay for apoptosis as the specimens are received over the 12 month 

period of the project; 160 assays  

f) Evaluate and quantify the results of the TUNEL assays; 160 assays  

g) Perform in-situ hybridization studies for RARI3 on the specimens from the first five 

primates during the first six months (20 hybridizations)  

h) Evaluate and quantify the in-situ hybridization studies and compare to the IHC results 

during the first six months.  

 

All tasks have been completed. 

 

B. Project 2 (months 1-48)  
a) Process patient specimens for routine histology (processing, paraffin blocks, H&E 

stained slides) as they are received following surgery over the over the 48 months of the 

project; 258 specimens each years X3 years (43 patients X 6 specimens each) and 126 

specimens in year 4 (21 patients X 6 specimens each) = 900 specimens total  

b) Evaluate the histomorphology of the specimens; 258 specimens each year x 3 years 

and 126 specimens year 4 = 900 total  

c) Perform immunohistochemistry as the specimens are received following patient surgery 

over the 48 months of the project; approximately 2,580 stains each year (258 specimens 

x 10 stains each) x 3 years and 1260 stains year 4 (126 specimens x 10 stains) = 9000 

stains total  
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d) Evaluate and quantify the immunohistochemical results; 2580 stains each year x 3 years 

and 1260 stains year 4 = 9,000 total  

e) Perform TUNEL assay for apoptosis as the specimens are received over the 48 months of 

the project; 258 assays each year x 3 years and 126 assays year 4 = 900 . total  

f) Evaluate and quantify the results of the TUNEL assays; 258 assays each year x 3 years 

and 126 assays year 4 = 900 total  

g) Perform in-situ hybridization studies for RARI3 on the specimens from the first five 

patients during the first six months (30 hybridizations)  

h) Evaluate and quantify the in-situ hybridization studies and compare to the IHC results 

during the first six months. 

 

The purpose of the histopathology core is to provide central and uniform histopathologic, 

immunohistochemical, in-situ hybridization, and apoptosis assay support to the projects in this grant.  

Histopathologic evaluation, immunohistochemistry, in-situ hybridization, and evaluation of apoptosis 

have a central role in the design of these projects.  The Histopathology Core, in using one central lab 

for this purpose, will promote uniformity of results by controlling variables associated with specimen 

handling, and with the technical performance and interpretations of these tests.  

 

For Project 1, biopsies from 19 Rhesus monkeys before treatment and after treatment (for a total of 

53 specimens) were fixed, processed, and embedded in paraffin blocks.  These blocks were 

sectioned and stained with hematoxylin and eosin for histologic evaluation.  A pathologist associated 

with the core (M.D.) reviewed these H&E slides.  Immunohistochemical staining was then performed 

on all of the specimens.  The markers included BAX, BCL-X, EGFR, ER, Her-2, Ki-67, p21, p53, PR, 

TGF beta, TGF beta-RI, TGF beta-RII.  The 636 immunohistochemical stains were then evaluated 

and quantified.  These results were then given to the investigator.  Next the 53 specimens were 

evaluated for apoptosis using APO-TAG.  These assays were reviewed and evaluated with the 

results forwarded to the investigator.  In-situ hybridization for RAR-beta on these specimens is 

pending.   
 

As Project 2 had just started recruiting patients and no specimens have been processed by the 

Histopathology Core, this study has now been closed. 
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In support of the Idea Grant, immunohistochemical staining was reviewed and evaluated on seven 

cell lines.  These cell lines included NOE 71, 72, 78, 79, 80, 83, and 86.  Cytospins and smears from 

each of these lines were stained with AE1/AE3 and vimentin immunohistochemistry.  The stains were 

reviewed and evaluated with the results forwarded to the investigator. 
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KEY RESEARCH ACCOMPLISHMENTS 
 

Project 1 
Chemoprevention of Ovarian Cancer Using a Rhesus Primate Model 

o Pilot study completed as outlined in the grant 

o Fluorescence spectroscopy data analyzed 

o Marker data evaluated with statistician 

o Second primate trial completed 

 
Project 2 
Chemoprevention of Ovarian Cancer: Modulation of Biomarkers in Women at Low- and High-
Risk for Ovarian Cancer Using Fenretinide (4-HPR) and Oral Contraceptives 

o Poor progress was made on this project due to significant difficulty with regulatory issues and 

difficulty in accruing patients. 

 

Project 3 
Chemoprevention of Ovarian Cancer: Molecular Mechanisms and Markers Laboratory 
Investigations of 4HPR and OCP 

o Development of NOE cell harvest and growth requirements 

o Increased experience with handling NOE and IOSE cells 

o Development of methods of assaying for apoptosis 

o Large amount of data gathered on differential degrees of induction of apoptosis by  4HPR 

o Gene modulation from cell exposure to 4-HPR analyzed and published. 

o Significant data on fluorescence spectra of cells undergoing apoptosis 
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REPORTABLE OUTCOMES 
 

Project 1 
Chemoprevention of Ovarian Cancer Using a Rhesus and Cynomolgus Primate Model 
Five manuscripts have been submitted; 4 have been published and 1 is in revision.   

I. The Non-Human Primate Model for Ovarian Cancer Chemoprevention, published in 

Comparative Medicine, outlines the primate as a model.   

II. Biomarker Modulation in the Non-Human Rhesus Primate Model for Ovarian Cancer 

Chemoprevention, published in Cancer Epidemiology Biomarkers and Prevention, evaluates 

fluorescence spectroscopy as a biomarker for drug activity.   

III. Fluorescence Spectroscopy as a Biomarker in a Cellculture and in a Nonhuman Primate Model 

for Ovarian Cancer Chemopreventive Agents, published in the Journal of Biomedical Optics, 

evaluates the combination of fluorescence signatures and immunohistochemistry.   

IV. Combination of 4-HPR and Oral Contraceptives in Monkey Model of Chemoprevention of 

Ovarian Cancer, published in Frontiers of BioScience, evaluates gene expression and 

immunohistochemistry in response to 4HPR and the OCP.   

V. Characterization of Chemopreventive Drug Activity in a Non-Human Cynomolgus (Macaca 

Fascicularis) Primate Model Using Fluorescence Spectroscopy and Chemometric Analysis, in 

revision and provisionally accepted in Journal of Biomedical Optics. 

 
Project 2 
Chemoprevention of Ovarian Cancer: Modulation of Biomarkers in Women at Low- and High-
Risk for Ovarian Cancer Using Fenretinide (4-HPR) and Oral Contraceptives 
This project underscored the difficulty in regulatory issues and patient accruals in chemoprevention 

trials.  One manuscript has been published: 

I. Prevention of Ovarian Cancer: Intraepithelial Neoplasia, published in Clinical Cancer 

Research. 
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Project 3 
Chemoprevention of Ovarian Cancer: Molecular Mechanisms and Markers Laboratory 
Investigations of 4HPR and OCP 
We have substantial data on cell response to 4HPR and on optical markers as biomarkers for 

chemoprevention. 

Four manuscripts were published. 

I. Endogenous Fluorescence Spectroscopy of Cell Suspensions for Chemopreventive Drug 

Monitoring, published in Photochemistry and Photobiology. 

II. In Vitro Model of Normal, Immortalized Ovarian Surface Epithelial Cells and Ovarian Cancer 

Cells for Chemoprevention of Ovarian Cancer, published in Gynecologic Oncology.  

III. 4-HPR Modulates Gene Expression in Ovarian Cells, published in the International Journal of 

Cancer. 

IV. Prevention of Ovarian Cancer: Intraepithelial Neoplasia, published in Clinical Cancer 

Research. 
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CONCLUSIONS 
 

In conclusion, the project was ambitious and covered all aspects of investigating prevention 

modalities with 4HPR, a synthetic retinoid, and the OCP. We evaluated the effect in a primate model 

with 2 major studies resulting in multiple publications. We are the first to develop fluorescence 

signatures as a biomarker for drug activity which could serve as a non invasive marker for drug 

activity. We also correlated these signatures with the effects seen in cells. Our cell work was also 

novel in that it evaluated the effects of the synthetic retinoid on normal, immortalized, and ovarian 

cancer cells.  We also evaluated gene expression which is instrumental in our understanding of the 

effect of retinoids on the ovary. Some of the activity is receptor dependent and some is receptor 

independent which is contrary to other origins of cells.  

 

We were not able to see any effect from the progestin even with 1000X the physiological dose and 

despite reports to the contrary.  These results suggest that the stroma may be essential to the effect 

of the progestin on the surface epithelial cells.  In Projects 1 and 3, we accomplished more that we 

had proposed doing and had multiple manuscripts.  Despite intensive efforts to complete Project 2, 

the regulatory issues and drug supply of a drug that is not made commercially, nor is it being 

produced at all, proved a major roadblock.  We do, however, plan a follow up study using a 

commercially available retinoid which will have less regulatory issues.  We have also learned 

through multiple pitfalls, how to best accomplish a clinical prevention trial and will use this 

information in subsequent trials. 
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Purpose: The objective of the study reported here was to explore whether a nonhuman primate model could be
developed for chemoprevention of ovarian cancer.

Methods: An initial feasibility trial was done with three monkeys to determine tolerance for these drugs and for
acquisition of surgical ovarian biopsy specimens. In the study, 19 female adult Macacca mulatta (rhesus macaques)
were given fenretinide (4HPR) oral contraceptive (OCP), the combination of 4HPR+OCP, or no medication for three
months. Laparotomy was performed before and after drug administration, and ovarian biopsy specimens were
obtained to evaluate the potential for this animal as a model for ovarian cancer chemoprevention, as well as evalu-
ating fluorescence spectroscopy and other potential biomarkers for ovarian cancer prevention studies.

Results: The monkeys tolerated the drugs, surgeries, and acquisition of multiple ovarian biopsy specimens with
resultant minimal morbidity. On initial data analysis, fluorescence spectroscopy was the marker that appeared the
most promising.

Conclusions: On the basis of results of this study, this model merits further investigation. The rhesus monkey is an
excellent candidate for a nonhuman primate model for ovarian cancer chemoprevention.
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Epithelial ovarian cancer has the highest mortality of any of
the gynecologic cancers, with a five-year survival rate ≤ 30% de-
spite aggressive treatment. Seventy percent of diagnosed ova-
rian cancers are associated with widespread intra-abdominal
disease or distant metastases, which accounts for their dismal
prognosis. Even cancers limited to the pelvis have a five-year
survival rate of only 50% (1). Thus, prevention, including use of
chemoprevention agents, merits at least as much attention as
does treatment of this disease.

Chemoprevention involves administering medications to nor-
mal or undiseased hosts to prevent or delay the onset of cancer
(2). Intermediary biomarkers are measured to determine mark-
ers for prevention, as well as gain knowledge about the mecha-
nism of drug action.  Limitations to studying chemoprevention
agents in humans include the difficulty in accessing the ovaries
in their intraperitoneal location, and, unlike the uterine cervix
or endometrium, the necessity for an anesthetic and an opera-
tive procedure to biopsy the ovaries. Invasive procedures per-
formed on women without disease raise ethical concerns that
excess risks are not outweighed by potential benefits; thus, ani-
mal prevention models in which these procedures can be per-
formed are needed. Animal models are developed to reconcile
biologic phenomena between species (3) and to allow extrapola-
tion of knowledge from one species to another, usually animal to
human. An appropriate model should include: the ability to ac-
curately mimic the desired function or disease of humans in the
animal; the availability of the animal to many investigators; an
animal that is easily handled; an animal that can survive suffi-

ciently long for studies to be completed; an animal that can fit
into available housing facilities; an animal of sufficient size to
provide multiple samples; and an animal who can produce
enough offspring to maintain availability of the species (3).

Use of tissue culture and small animal models can help eluci-
date molecular mechanisms and develop end-point biomarkers for
chemoprevention studies. However, limitations exist to both of
these models. Cell culture, although an environment which can be
maximally manipulated, lacks the cell interactions present in most
tissues, such as the interaction between the ovarian epithelial and
stromal cells and the ovarian epithelial cells and the mesothelial
cells in the peritoneal cavity. With increasing passage of time, ova-
rian epithelial cells more closely resemble mesenchymal cells mor-
phologically and lose the expression of cell surface markers
(cytokeratin). In addition, they have a different sensitivity to reti-
noids (Brewer: unpublished data). Small animal models are useful
for understanding basic mechanisms, but they have different hor-
monal pathways and histochemical markers in the ovary than do
humans; thus, histochemical and optical markers may differ sub-
stantially from those of women. The nonhuman primates are the
mammals with the most similar reproductive anatomy and men-
strual pattern as the human (3-5), and the primate ovary behaves
in a manner histochemically and hormonally similar to the human
ovary (6, 7). Use of an animal model is ideal to understand the
mechanism of action, the optimal dose, and the optimal duration,
because it avoids the pitfalls of tissue culture in the laboratory and
clinical trials in humans.

We chose to study the rhesus macaque because of its avail-
ability, cost, and ease of handling. We treated the monkeys with
oral contraceptives (OCP) and the retinoid N-(4-hydroxyphenyl)
retinamide (4HPR), both of which may prevent ovarian cancer
in women, and we examined biomarkers in ovarian biopsy
specimens to assess the animals as a nonhuman primate model
for the chemoprevention of ovarian cancer.
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Materials and Methods
Animal Care. Twenty-one female adult rhesus monkeys

were assembled for the study from monkeys that had been
culled from the specific-pathogen-free (SPF) breeding colony at
the Department of Veterinary Sciences, (Bastrop, Tex.) due to
their viral status, reproductive history, or social incompatibili-
ties (Table 1). The animals were examined and determined to be
in good physical condition. All animals had been reproductively
capable and had one or more offspring. The protocol was ap-
proved by the Animal Care Use Committee at The University of
Texas M. D. Anderson Cancer Center and was conducted at the
Department of Veterinary Sciences campus, an approved facility
of the Association for the Assessment and Accreditation of Labo-
ratory Animal Care International. Experiments were performed
in accordance with the Guide for the Care and Use of Labora-
tory Animals (8). Monkeys were housed individually in open-air
cages. Handlers cared for all animals twice daily and recorded
their menstrual cycle (Table 2). Three animals were initially
used for a feasibility study to develop techniques for animal
handling and tissue handling. The remaining 19 animals were
used in a three-month pilot study to assess whether a chemopre-
vention model could be established.

Drug administration. Animals were fed medication once daily
that was formulated into a palatable treat by a veterinary phar-
macist. Doses of 4HPR (Fenretide: RW Johnson Pharmaceutical
Research Institute, San Diego, Calif.) and OCP (Ortho-McNeil
Pharmaceuticals, Rareton, N.J.) were calculated by use of allomet-
ric scaling involving a dose based on body weight and basal me-
tabolic rate of the subject (9). The OCP was Ortho-Novum 1/35
with 1 mg of Norethindrone and 35 µg of ethinyl estradiol in each
pill, based on a human dose of one pill daily. With allometric scal-
ing, the monkeys on OCP received 0.2 mg of Norethindrone and
0.07 mg of ethinyl estradiol. The 4-HPR dose, 35 µg, was calculated
in similar manner from the standard human dose of 200 mg daily,
which is well tolerated with minimal side effects.

Fluorescence emission. Fluorescence emission was mea-
sured from each site prior to biopsy. Characterization of the
fluorescence properties of an unknown sample requires mea-
surement of a fluorescence excitation and emission matrix
(EEM), with the fluorescence intensity recorded as a function of
excitation and emission wavelengths (10). Our fast EEM system
consists of a Xenon arc lamp coupled to a scanning spectrometer
and a 295-nm long-pass filter that provide broadband illumina-
tion. A fiber optic probe that directs monochromatic light to the
tissue, collects emitted fluorescence light and delivers it to an
imaging spectrograph and a charge couple device (CCD) cam-
era. Fluorescence emission spectra were collected sequentially
at 18 excitation wavelengths ranging from 350 to 500 nm and
were assembled into fluorescence EEM’s.

Laparotomy and biopsy. Prior to starting medication and
after either 60-90 days on medication, monkeys underwent lap-
arotomy with spectroscopy and ovarian biopsy. Food was with-
held from monkeys for 12 h prior to surgery. They were then
anesthetized by intramuscular administration of tiletamine
HCl/zolazepam HCl (5 mg/kg of body weight; Telazol, Fort
Dodge Laboratories, Inc., Fort Dodge, Iowa). Once sedated, mon-
keys were intubated and maintained on 2.0 to 2.5% isoflurane
gas. (IsoFlo, USP, Abbott Laboratories, North Chicago, Ill.) de-
livered by a precision vaporizer with oxygen (Fortec, Fraser
Harlake, Orchard Park, N.Y.). All animals recovered without
complication from the surgery and anesthesia. Several 2-mm bi-
opsy specimens were taken from the area optically imaged from
the left ovary (pre-drug laparotomy) and from the right ovary
(post-drug laparotomy).

Biopsy and analysis. Biopsy specimens were fixed in neu-
tral-buffered 10% formalin, embedded in paraffin, cut into 4-
mm sections, stained with hematoxylin and eosin (H&E), and
examined under light microscopy by a board-certified veteri-
nary pathologist (WB). Sections were evaluated for morphologic
characteristics, pathologic changes, and biomarkers. Biomark-
ers chosen for this trial include markers of neoplastic phenotype
(p53), proliferative markers (Ki67), markers of intact response
pathways (estrogen, progesterone and nuclear retinoid recep-
tors), or inducible growth-regulatory molecules (apoptosis,
TGFβ, and receptors, HER-2, BAX, BCLx). Apoptosis was evalu-
ated by use of Apotag (Phoenix Flow Systems, Inc., San Diego,
Calif.). The remainder of the markers were either mouse or rab-
bit antibodies that were evaluated by use of immunohistochemical
analysis in standard manner. The choice of these markers was
based on results of prior studies (apoptotic, proliferative, neo-
plastic, and retinoid markers), known pathways (retinoid mark-
ers), and hypothesized mechanisms (TGF and receptors, p21).

Table 1. Reproductive history and reasons for culling of monkeys from the
specific-pathogen-free (SPF) colony

Monkey No.
Treated Age No. of Offspring Comments

L749 11 4 Birthing problems
L923 10 4 Prior viral exposure
J377 5 0 Diarrhea
L967 9 3 HBV indeterminate
J261 6 2 HBV indeterminate
J153 7 4 Social problem
J55 8 4 2 stillborn infants—social problem
J243 6 2 Diarrhea
L753 11 5 No baby for 3 years
J189 7 1 No baby for 3 years
L783 11 5 Diarrhea
L581 13 2 No baby for 3 years
L785 11 4 Obese — no baby in 3 years
L809 11 2 Poor breeder
J571 3 2 HBV positive
Controls
J465 4 1 STLV indeterminate
J371 5 2 HBV indeterminate
J269 6 3 HBV indeterminate
L937 10 6 HBV indeterminate

HBV = Herpes B Virus; STLV = Simian T cell Lymphotrophic Virus.

Table 2. Monkey demographics of the study

Monkey Drug Weight (kg) No. of menses Herpesvirus status

J153 4HPR 5.3 2 Negative
J243 4HPR 5.8 1 Negative
L753 4HPR 6.3 1 Negative
J189 4HPR 8.1 3 Negative
L967 OCP 5.1 1 Indeterminate
J261 OCP 5.2 3 Indeterminate
L749 OCP 6.8 1 Negative
L923 OCP 5.9 2 Negative
J377 OCP 4.6 3 Negative
J465 Control 2.06 2 Indeterminate
J371 Control 5.6 2 Indeterminate
J269 Control 5.6 1 Indeterminate
J937 Control 5.8 4 Indeterminate
L783 4HPR+OCP 6.3 2 Negative
L581 4HPR+OCP 6.2 3 Negative
L785 4HPR+OCP 10.5 2 Negative
L809 4HPR+OCP 5.8 3 Negative
J511 4HPR+OCP 6.3 1 Negative

4HPR = Fenretinide; OCP = Ortho-Novum.
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Figure 1. Photomicrographs of sections of rhesus ovaries: (A) well pre-
served ovarian surface epithelium and (B) poorly preserved ovarian sur-
face epithelium. Hemotoxylin and Eosin (H & E). ×7.6 magnification.

Optical spectroscopy was measured as a marker that identifies
metabolic changes.

Estimates were made of the numbers of ova, developing and
atretic follicles, corpora lutea, corpora albicans, and surface epi-
thelial cells. Previous surgical biopsies have adequately docu-
mented the parenchyma of the ovary to include the cortex, me-
dulla, and vasculature. However, of particular interest, has been
evaluation (e.g., apoptosis index) of the surface epithelium of the
ovary. To date, biopsy specimens have inconsistently contained
these cells; thus, in developing this model in primates, we needed
to further investigate techniques of ovarian surface epithelial cell
preservation. To do so, we performed imprints and scrapings of
ovaries from sheep, as this was the most available animal for
necropsy. Clean glass microscope slide were touched to blood-
and tissue fluid-free surfaces of the ovaries, and one or multiple
imprints were taken. Imprints were then fixed with a cytologic
fixative containing alcohol, acetone, and Carbowax 1540. They
were air dried, and stained with Diff-Quik, Giemsa, or H&E.
Scrapings were collected, using a clean scalpel blade pulled
across the ovary perpendicular to the surface.  The collected
material was then transferred to a clean glass microscope slide
and fixed and stained as described for imprints.

Results
During the two-month feasibility study and the three-month

pilot study, all monkeys took their medication daily in the for-
mulated treat and tolerated both surgical procedures without
complications. In the feasibility study, ovarian biopsy specimens
taken after two months of medication had ovulatory activity in
various stages that ranged from developing follicles to resol-
ving corpus lutea. One monkey receiving OCP and one receiving
OCP+4HPR had evidence of recent ovulation, with a corpus lu-
teum being present. Although it is unclear from human literature
whether ovulation suppression is necessary to prevent ovarian
cancer, we assumed that suppression of ovulation is one of the
mechanisms by which prevention occurs. We also assumed that the
primate ovary would receive approximately the same dose of drug
as would the human ovary, so either a longer duration or a higher
dose of OCP was needed to suppress ovulation. Rather than
change the dose on the basis of such small sample size, duration of
the study was changed. The larger study was extended to three
months, and paired samples for determination of progesterone con-
centration were taken two weeks apart to help determine whether
ovulation was occurring. All monkeys in the control group had an
increase in progesterone concentration (> 2 ng/ml), which suggests

that ovulation was occurring in all monkeys (Table 3). In the com-
bination group, one of five monkeys did not experience an increase
in progesterone concentration, and in the OCP group, two of five
monkeys did not have an increase, suggesting that these animals
did not ovulate. Menses did not appear to be a predictable way of
determining ovulation as it was sporadic in all groups, possibly at-
tributable to the poor breeding status of these monkeys (Table 1).

Some biopsy specimens had nicely preserved surface epithelium
(Fig. 1a), whereas others lacked appreciable areas of epithelium
(Fig. 1b). It is difficult to evaluate the surface epithelium in women
because its presence on pathology specimens is sporadic. There-
fore, we undertook a pilot study to determine the best handling
and processing of ovaries to preserve their surface epithelium.
Scraping the surface of the ovary prior to biopsy was the most reli-
able method of harvesting ovarian surface epithelial cells, al-
though they lost their orientation to the remainder of the ovary
and any proliferation of the epithelium would not be apparent. Bi-
opsy of the ovary without rubbing off the surface epithelium re-
quires minimal contact with the ovary and careful handling by the
surgeon and the pathologist. Thus, due to poor preservation of the
surface epithelium, we modified the biopsy technique by placing
specimens immediately into formalin without handling by either
the surgeon or pathologist; both techniques added to the preserva-
tion of the surface epithelium. These techniques will be important
as we further develop this model.

Table 3. Paired samples taken two weeks apart for progesterone determi-
nation. A twofold change is thought to indicate ovulation in women

Monkey Group Progesterone (1 ng/dl) Progesterone (2 ng/dl)

L967 OCP < 0.2 6.03
J261 OCP 0.48 4.97
L749 OCP 0.32 4.77
L923 OCP < 0.2 < 0.2
J377 OCP < 0.2 1.22
J465 Control 4.26 0.45
J371 Control 2.78 0.94
J269 Control 0.22 2.83
J937 Control < 0.2 4.47
L783 4HPR+OCP 0.48 < 0.2
L581 4HPR+OCP < 0.2 9.58
L785 4HPR+OCP < 0.2 2.32
L809 4HPR+OCP 0.21 4.96
J511 4HPR+OCP 7.49 0.2

See Table 2 for key.
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For biopsy specimens with surface epithelium, cell counts av-
eraged 100 to 200 cells. Likewise, other morphologic character-
istics of the ovaries (e.g., follicle formation, corpora lutea) were
not significantly different among groups. Rhesus ovaries were
easily accessible through a midline laparotomy incision and
were 1.0 to 1.5 cm long by 0.75 to 1 cm in the other two dimen-
sions. At the time of the second surgery, the scar from the previ-
ous biopsy was completely healed, and there was a small visible
area < 1 mm where the defect had filled in (Fig. 2) Biopsy of this
area revealed some disorganization of the underlying stroma,
but otherwise microscopic he aling of the defect was observed.
Areas of viable follicular activity were found adjacent to the de-
fect, suggesting that the ovary healed well after a small biopsy
specimen had been taken.

Markers were evaluated visually in a 2 × 2 table. Missing
data in the 4HPR as well as the OCP group precluded any data
analysis as there were only two monkeys with histochemical
marker data in the 4HPR and 4 in the OCP group due to diffi-
culties in slide preparation. The markers did not indicate con-
sistent changes in response to drug, but there were trends in
marker expression. Endothelial growth factor receptor (EGFR,
whose overexpression is associated with neoplasia) was consis-
tently present in pre- and post-drug measurements, Her-2
(proto-oncogene), p21 (growth inhibitor), and p53 (G1 arrest)
were rarely present in either group; however, BAX (pro-apoptotic)
was usually present  and did not change in response to drug expo-
sure. Estrogen receptors were absent, but progesterone recep-
tors were usually present and did not change in response to
drug exposure. Apoptosis was present in two monkeys of the
OCP group, and TGFβ values decreased after exposure to drug.
However, two other 2 monkeys did not have either marker
present before or after drug exposure. Therefore, if trends were
actually present, they were not sufficiently large, given our num-
bers, to have adequate power to detect a difference statistically.

The spectroscopy data is presented in more detail in a sepa-
rate publication (11). There were consistent differences in the
absolute fluorescence intensities, and relative contributions
were noted between the pre- and post-drug measurements in
each drug group as well as the controls. Two main areas of
change can be identified. The first area was located in the 350-nm
excitation, 450-nm emission wavelength, which is consistent with

the NAD(P)H emission peak (Fig. 3a). The 4HPR and the con-
trol groups both had the same mean increase in intensity in the
NAD(P)H area of the spectrum. The OCP and combination groups
had decreased intensity corresponding to an increase in NAD(P)
(the oxidized form).

The second area was located at 450-nm excitation, 550-nm emis-
sion wavelength, consistent with the FAD emission peak. The in-
tensity in this area of the EEM was increased in all four groups
(Fig. 3b). However, the control and the OCP groups had minimal
change, compared with that of the 4HPR and the combination
groups, suggesting a different effect from these two drugs.

Discussion
Results of this study indicate that the nonhuman primate is a

viable model for developing a better understanding of the drugs
involved in the study and other potential agents to prevent ova-
rian cancer. Because there are no ethical constraints on study
design, drug doses and duration, and numbers and extent of
procedures, the study can be tailored to optimize scientific meth-

Figure 3. Ovaries with an NADH-related change intensity at 330 nm
excitation, 460 emission (A) and an FAD-related change intensity at
460nm emission, 520 emission (B) 4HPR = Fenretinide; OCP = Ortho-
Novum.

Figure 2. Healed defect in ovary three months after biopsy. Spectros-
copy probe is located adjacent and to the left of the ovary.

Macaque Model for Ovarian Cancer Chemoprevention
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ods. These monkeys easily tolerated two surgeries, and the ovaries
healed between biopsies. In addition, promising results were ob-
served by us of spectroscopy and preservation of the surface epi-
thelium has been optimized.

Chemoprevention studies require a normal host to be given a
drug to prevent a disease (2). Models with compromised im-
mune systems, such as the transgenic mouse, cannot approxi-
mate normal hosts and are better used to understand cancer
development. Nonhuman primates have numerous biological
similarities to humans, reflecting a close genetic relationship,
and can be manipulated by doing a before-and-after drug study,
which has the advantage of controlling for intra-species varia-
tion and the time effect, something for which historical control
or separate control groups cannot account. Cost of procuring
and caring for these animals, low reproductive rates, long devel-
opmental periods, and relative scarcity of these animals limit
their use as animal models for human diseases. However, the
close genetic similarity and, thus, the high probability of producing
results that can be extrapolated to humans more than overcomes
the aforementioned limitations (3). The rhesus macaque was cho-
sen because of its availability, cost, and ease of handling.

Epithelial ovarian cancers arise from the surface epithelial
cells, particular those lining the crypts or the inclusion cysts
within the ovarian stroma (11). The cancers are thought to arise
from a neoplastic process that develops as a series of mutations
in these cells. If a mutation occurs in the apoptotic pathway,
mutated cells would retain the ability to divide and further mu-
tate; this is one of the hypothesized mechanisms for these can-
cers to develop. Thus, characterization of the epithelial cells is a
critical part of this model and, in this study, we overcame the
difficulties of preserving the epithelial cells. We also developed a
technique of scrapings followed by freezing the cells to allow
further evaluation of markers as new techniques emerge.

Results of epidemiologic and experimental studies suggest
that oral contraceptives (OCP) (12-14) and N-(4-hydroxyphenyl)
retinamide (4HPR) (15) may reduce the risk of ovarian cancer,
but mechanisms underlying the chemopreventive activity of
these agents are not well understood. One in vivo study indi-
cated the rate of apoptosis of ovarian surface epithelial cells to
be significantly different in OCP (14.5%)- and progestin (24.9%)-
treated monkeys, compared with controls (3.8%), suggesting that
one of the mechanisms of OCP prevention of ovarian cancer
may be induction of apoptosis (16). The retinoids constitute an-
other family of chemopreventive agents that can induce apoptosis,
inhibit proliferation, modulate differentiation, and prevent pro-
gression of carcinoma in-situ (17, 19). However, in vivo biomarker
development is an integral part of development of any chemopre-
ventive agents because the duration necessary to prevent dis-
ease is so long. These, however, are difficult to develop in the
human ovary, because of the inherent difficulty in accessing the
ovary to obtain pre- and post-drug specimens. The histochemis-
try of the nonhuman primate ovary and the human ovary indi-
cates remarkable similarities (22, 23)  and these non human
primate models will be more useful than human models for inves-
tigation of the action of these drugs. Although marker develop-
ment is not the focus of this report, all immunohistochemical
techniques that are used in women were technically feasible in
the monkey. It is unclear at the present time which markers are
important in cancer prevention of the ovary. Optics is a promis-
ing procedure (11, 20, 21), with fluorescence intensity results in-

dicating a difference between drug groups. Study of apoptosis is
also promising (20), but depends on preservation of surface epi-
thelium; techniques developed in this pilot study will improve
preservation of surface epithelium. Generally, proliferation
markers might be expected to be reduced in prevention trials as
these are usually up-regulated in cancers. Retinoid markers are
being studied in cell culture in our laboratory and will be
adapted to further primate trials as more information is avail-
able. A second primate trial has been started with larger num-
bers in each group to overcome the statistical limitations evi-
dent in this pilot study.

The rhesus macaque could serve as an excellent model for the
study of chemoprevention of ovarian cancer. These monkeys are
close to humans in their cyclic menstrual pattern and ovarian
function, structure, histochemistry, and response to hormones.
Their ovaries are readily accessible and continue to function af-
ter multiple biopsies, and the monkeys tolerate the drugs and
combination of drugs without apparent toxicosis. In addition,
spectroscopy is being developed (11) as a biomarker for chemo-
prevention, and may prove helpful in assessing drug response. The
ability to develop a nonhuman primate model for chemopreven-
tion of ovarian cancer will allow us to make substantial progress
in understanding how chemopreventive drugs affect the ovary
and how to develop rational chemoprevention strategies for this
devastating disease.
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Abstract. Objective: The objective of this study was to compare the
effects of chemopreventive agents on natural fluorescence emission of
ovarian cells in a cell culture and in a primate model as a feasibility
trial to monitor drug activity. Methods: Fluorescence emission spectra
were collected from normal (NOE) and immortalized ovarian surface
epithelial cells at 290, 360, and 450 nm excitation. Redox potentials
were calculated and compared to % apoptosis and cell survival. Fluo-
rescence emission spectra were collected from 18 female rhesus
macaques receiving fenretinide [N-(-hydroxyphenyl)retinamide (4-
HPR)] orally and/or oral contraceptive pills (OCP) or no medication.
Fluorescence intensities and redox ratios were compared using a two-
tailed Student’s t test. Results: Apoptosis and cell survival correlated
with fluorescence emission consistent with metabolically active pro-
teins [flavin adenine dinucleotide (FAD) and nicotinamide adenine
dinucleotide (NAD(P)H)] and the resulting redox ratio in cells grown
with 4-HPR. The 4-HPR consistently inhibited cell survival in a dose
dependent manner. Degree of correlation varied between different
cell lines. In primates receiving 4-HPR, fluorescence emission was
increased at 450 nm excitation, 550 nm emission consistent with FAD
presence, whereas those receiving OCP showed decreased emission
at 350 nm excitation, 450 nm emission consistent with decreased
NAD(P)H presence. Redox ratios were increased by both drugs. Con-
clusions: Fluorescence intensity and redox ratio appear to be altered
by 4-HPR treatment in vivo and in cell culture and by OCP in vivo.
Fluorescence intensity may be useful to monitor chemopreventive
agents in clinical trials. © 2002 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1427672]
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1 Introduction
Epithelial ovarian cancer has the highest mortality rate of any
of the gynecologic cancers. Only 40% of patients survive five
years, despite aggressive treatment, due, in part, to the fa
that 70% of patients are diagnosed after metastases have
ready occurred.1 Given our inability to cure ovarian cancer,
strategies for prevention merit at least as much attention a
does treatment of disease. Cancer chemoprevention refers
the administration of chemical agents that prevent or delay th
development of cancer in healthy people. Biomarkers that ar
likely to be affected by the preventive agent and whose modu
lation supports the postulated chemopreventive activity2,3 are
one of the most important components for prevention studies
Identification of these predictive biomarkers would shorten
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the time necessary for prevention studies by assessing
activity rather than following patients for the years that
takes for cancers to develop.3 However, development o
biomarkers is the most difficult and time consuming aspec
prevention studies and usually requires an invasive biop
The ability to noninvasively monitor drug activity wold be
major advancement in the prevention of ovarian cancer
could potentially be extended to other organ sites, thus red
ing the morbidity of preventing disease.

Retinoids, vitamin A derivatives, have been studied as c
cer chemopreventive agents4–7 based on epidemiologic dat
showing that diets high in vitamin A are associated with low
odds of epithelial cancers. An Italian trial that evaluated N-~4-
hydroxyphenyl! retinamide~4-HPR! for prevention of second-
ary breast cancers incidentally demonstrated a decreased
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Fluorescence Spectroscopy as a Biomarker . . .
dence of ovarian cancer in the women receiving 4-HPR
suggesting that retinoids prevented the development of ova
rian cancer.4 After cessation of 4-HPR treatment, new ovarian
cancers occurred in the treatment group, suggesting that th
prevention was not durable. Experimental studies have dem
onstrated that retinoids can affect human ovarian cancer ce
growth by inhibiting proliferation and inducing apoptosis,5–7

which are thought to be important mechanisms in cance
prevention.8 Retinoids, particularly 4-HPR, have been shown
to increase aerobic glycolysis by increasing mitochondria
permeability to the co-enzymes nicotinamide adenine dinucle
otide ~NAD~P!H! and flavin adenine dinucleotide~FAD!, as
well as activity of the electron transport chain characterized
by an increase in reactive oxygen species and cytochrom
oxidase.9,10 Thus, retinoids are drugs whose activities are po-
tentially amenable to surveillance with fluorescence spectros
copy. Other chemopreventive agents are also of interest in th
ovary. Multiple epidemiologic studies have shown that the
oral contraceptive pill~OCP! use for at least five years is
associated with a 50% or greater reduction in the odds o
developing ovarian cancer.11–15 The mechanism of this pre-
vention is unclear; one factor may be suppression of ovula
tion, but other mechanisms are hypothesized. A single pro
spective study has shown that OCP and progesteron
increased the rate of apoptosis of ovarian surface epithelia
cells in primates.16

In the last decade, there has been substantial research
develop optical methods as early diagnostic tools for
cancers.17–20,27 Current diagnostic techniques lack sufficient
predictive value to diagnose preinvasive cancers when the
might be prevented from progressing or to diagnose sma
invasive cancers that might be cured with minimal morbidity.
Novel optical techniques can aid in the early, near real-time
diagnosis by localizing abnormal areas without a visible le-
sion for biopsy. This paper describes the use of fluorescenc
spectroscopy as a marker for the action of drugs that ma
prevent cancers by inducing quiescence of those cells destine
to develop into cancer or by reversing preinvasive change
that have not yet developed into a cancer.

Natural fluorophores in tissue include NAD~P!H, FAD,
structural proteins such as collagen, elastin, and their cros
links, and the aromatic amino acids tryptophan, tyrosine, an
phenylalanine, each of which has a characteristic wavelengt
for excitation with an associated characteristic emission. Fluo
rescence collected on the tissue surface is also affected b
absorption and scattering. Fluorescence spectroscopy is bei
used to detect cancers noninvasively in many organ system
including the cervix, head, and neck and the lungs.17–20Fluo-
rophore concentrations change as normal tissues progress
cancer.21 Different changes in the fluorescence signature may
occur in response to an agent that arrests cell growth or in
duces apoptosis. In this study, we evaluated fluorescenc
spectroscopy as a marker for drug activity in the ovary in the
monkey and as a measure of metabolic activity in cell culture

A redox ratio can be calculated as the ratio of the FAD
fluorescence intensity to that of the sum of FAD and
NAD~P!H intensities, and is a measure of aerobic glycolysis
in tissue.21 An increasing redox ratio signifies that either FAD
fluorescence intensity has increased, NAD~P!H fluorescence
intensity has decreased, or both changes have occurred. In
prior pilot study in women,22 differences in excitation-
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emission matrices~EEMs! from normal ovaries and invasive
cancer were observed with peaks at 350 nm excitation
460 nm emission wavelengths that represent both colla
and NAD~P!H. These peaks were higher in the cancers s
gesting increased NAD~P!H signal. In tumors, these co
enzymes are thought to exist in their reduced state~NAD-
~P!H,FADH! with a unique fluorescence signature~NAD~P!H
high, FAD low! as a result of alterations in blood flow, de
creasedpH of the tissue, abnormal mitochondria, and abn
mal transport of electron carrier molecules into t
mitochondria21 where the electron transport chain takes pla

This study is a feasibility study to explore fluorescen
spectroscopy as a biomarker for drug activity. In the pres
study we have used three different human ovarian epithe
cell lines to explore whether apoptosis and growth inhibiti
induced by 4-HPR are correlated with changes in NAD~P!H
and FAD fluorescence intensity and the resultant redox po
tials. We have further explored the changes in fluoresce
spectra in response to chemopreventive agents in a prim
model that allows us to evaluate the response of the ovarin
situ to these drugs where the surface epithelial cells are
contact with stromal cells. The cell model has permitt
evaluation of several different combinations and doses
drugs, whereas the primate provides anin vivo model that can
provide a bridge for human clinical studies due to similariti
in reproductive function between primates and women. Th
studies have permitted us to evaluate the potential role
fluorescence spectroscopy as a biomarker for chemopre
tive drug activity in the ovary.

2 Materials and Methods
2.1 Cell Culture

2.1.1 Experimental Design
Three different cell lines were incubated with different dos
of 4-HPR ~0, 2, 5, 10mM! to evaluate sensitivity to 4-HPR
TGF-b1 has been shown to have additive effects in some
lines in the induction of apoptosis, but had no effect in the
cultures. Primary cultures of normal ovarian epithelial~NOE!
cells were established from surgical specimens of normal o
ries as previously described.23 They were maintained in a 1:1
mixture of cell culture media MCDB 105 and Medium 19
supplemented with 5% fetal bovine serum, 2 m
L-glutamine, 100 units/ml penicillin and 100mg/mL strepto-
mycin. Simian virus 40-immortalized ovarian surface epith
lium cell lines IOSE-29 and IOSE-261 were established
immortalized cell lines. They were maintained in a 1:1 m
ture of MCDB 105 and Medium 199 supplemented with 5
fetal bovine serum and 50mg/mL gentamycin sulfate.

2.1.2 Fluorescence
NOE, IOSE 29, and IOSE 261 were the three cell lines us
After three days of treatment with 4-HPR or diluent, ce
were harvested. Since the media itself shows a strong a
fluorescence the cells were washed three times with phosp
buffered saline~PBS! before optical studies were performe
For the spectroscopic studies, all cells were diluted in ste
buffered isotonic saline solution~PBS! with 5% glucose. The
cell suspension was centrifuged at 400 g for 10 min. th
washed three times. Fluorescence emission was measure
Journal of Biomedical Optics d January 2002 d Vol. 7 No. 1 21
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ing a scanning spectrofluorimeter~Hitachi Ltd., F-4010, To-
kyo, Japan!. Excitation light was generated at three wave-
lengths to probe for fluorescence consistent with tryptophan
the co-factors NAD~P!H and FAD. Because of the design of
the fluorimeter and the inherently weak signal of the autofluo
rescence of the cell suspension, additional optical componen
were placed into the excitation and emission beam path. Di
electric bandpass filters~Omega, Brattleboro, VT! reduced the
out-of-band light of the excitation monochromator and long
pass filters~colored glass filters, Schott Glass Technologies
Duryea, PA! prevented stray light generated in the sampling
chamber from reaching the detector. For each of the thre
excitation wavelengths a different filter set was used. At 290
nm excitation, emission spectra were recorded from 300 to
570 nm, at 365 nm excitation from 375 to 720 nm emission
and at 460 nm excitation from 470 to 800 nm emission. In all
measurements at 290 nm excitation, emission peaks were o
served at 340 nm consistent with tryptophan. At 365 nm ex
citation emission peaks were located at 450 nm consisten
with NAD~P!H and at 420 nm consistent with water Raman
scattering. At 460 nm excitation, emission peaks were locate
at 520 nm consistent with FAD emission and at 540 consisten
with water Raman scattering.

Studies were conducted using a microcuvette with a vol
ume of 200mL. The cells were repeatedly stirred with a pi-
pette to prevent settling between the measurements. A fluo
rescence standard was measured each measurement day a
three excitation wavelengths to monitor system drift. The
standard solution was 2 mg/L Rhodamine 610~Exciton, Day-
ton, OH! in ethylene glycol.

2.1.3 Cell Treatment
4-HPR was obtained from Sigma Chemicals~St. Louis, MO!.
A 10 mM stock solution was made in 100% DMSO and
stored at220 °C. Recombinant human TGF-b1 was obtained
from R&D Systems~Minneapolis, MN!. A 10 mg/mL stock
solution was made using 4 mM HCL containing 1mg/ml
BSA ~HCL-BSA! and stored at270 °C. Immediately prior to
use, 4-HPR~2, 5, and 10mM! and TGF-b1 ~10 ng/mL! stock
solutions were diluted in culture medium,106 exponentially
growing cells were incubated for three days with the different
concentrations of 4-HPR~2, 5, 10mM/mL! and/or TGF-b1
~10 ng/ml ).

2.1.4 DNA Fragmentation Assay
Cells were harvested after three days of treatment and an
lyzed for the presence of DNA fragments using the APO-
DIRECT Kit ~Phoenix-Flow Systems, Inc., San Diego, CA!.
Briefly, this involves terminal deoxynucleotidyl transferase
@TdT#-mediated~TUNEL! labeling of the 38-hydroxyl ends of
DNA fragments formed during apoptosis with fluorescein-
tagged dUTP which reveals % apoptosis using flow cytom
etry.

2.1.5 Cell Survival (Growth Inhibition) Assay
Cells were seeded in 96 well dishes at densities ranging from
1000 to 3000 cells per well and allowed to attach overnight
The exponentially growing cells were treated in triplicate with
TGF-b1~10 mg/mL!, 4-HPR ~2, 5, 10mg! or medium alone
for three days. Cell numbers were estimated using a modifie
22 Journal of Biomedical Optics d January 2002 d Vol. 7 No. 1
,
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sulforhodamine B~SRB! assay. A 0.4%~w/v! solution of SRB
~Sigma Chemicals, St. Louis, MO! was made in 1% acetic
acid. The medium was aspirated and the cells fixedin situ
with 100 mL per well of 10% TCA for 60 min. at4 °C. The
plates were rinsed five times with de-ionized water and
dried. The plates were incubated for 10 min at room tempe
ture with 50mL per well of SRB. Unbound SRB was solub
lized with 100mL per well of unbuffered 10 mM Tris base
The optical densities were determined using a microtiter p
reader set at 492 nm. Percent cell survival was calculated
ID50 was determined by inspection of dose response curv

2.1.6 Data Analysis
For further analysis of the spectra, intensities were measu
at 290 nm excitation, 340 nm emission, at 365 nm excitati
420 nm emission, and at 460 nm excitation, 520 nm emiss
These locations correspond to tryptophan, NAD~P!H and
FAD emission and lay outside the range of Raman scatte
of water. The emission from the supernatant of the third w
was subtracted from all other measurements as the b
ground. Redox ratio was then calculated. Growth inhibitio
apoptosis, and fluorescence intensities at the three w
lengths and the resultant redox ratios were then evaluated
tistically using the Spearman rank correlation test to evalu
correlation between variables. Interactions were explored
ing regression analysis. The studies that included TGFb1
were included with the 4-HPR group either 0, 2, 5, or 10mM
4-HPR for analysis because there was consistently no e
from TGF-b1 on FAD, NAD~P!H, cell survival or apoptosis;
the correlation was 0.

2.2 Primate

2.2.1 Experimental Design
Eighteen female adult rhesus macaques were used in this
ploratory study. This protocol was approved by the Anim
Care and Use Committee at The University of Texas M
Anderson Cancer Center and was conducted at the De
ment of Veterinary Sciences in Bastrop, Texas, where all a
mals were caged separately. The animals were given 4-H
~four monkeys!, OCP ~five monkeys!, the combination of
4-HPR1OCP ~five monkeys!, or no medication~four mon-
keys! daily for three months. Doses of 4-HPR and OCP we
calculated by allometric scaling26 and given orally. The OCP
used was Ortho-Novum 1/35, a medium-dose oral contrac
tive with 1 mg norethindrone and 35mg ethinyl estradiol in
each pill. The 4-HPR dose was calculated in the same ma
from the accepted human dose of 200 mg daily. Prior to st
ing medication and following 90 days of medication, mo
keys underwent laparotomy, spectroscopy, and ovarian b
sies.

2.2.2 Fluorescence
Fluorescence excitation-emission matrices~EEMs!, which
contain the fluorescence intensity as a function of both ex
tation and emission wavelengths, were measured. The s
troscopic system forin vivo use records EEMs in less than 1
min and consists of a xenon arc lamp coupled to a scann
spectrometer that provides excitation light. A fiberoptic pro
directs excitation light to the tissue, collects emitted fluor
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Fluorescence Spectroscopy as a Biomarker . . .
cence light, and delivers it to an imaging spectrograph and
charge coupled device camera. The interrogated tissue area
2 mm in diameter. Fluorescence emission spectra rangin
from 320 to 850 nm were collected sequentially at 19 excita
tion wavelengths ranging from 300 to 480 nm in 10 nm steps
Before assembling the data into fluorescence EEMs, syste
dependent response and background signals were remove
Tissue exposure to broadband UV radiation from this device
is below the total exposure limits developed by the American
Conference of Governmental Industrial Hygienists~ACGIH!
for epithelial tissues. Initially the left ovary was optically in-
terrogated and biopsied. Following three months of drug, the
right ovary was optically interrogated and biopsied. Base line
fluorescence measurements were collected from the cont
lateral ovary ~the ovary that was not biopsied!. Only one
ovary was biopsied due to the concern that a biopsy would
affect the subsequent fluorescence measurement due to c
lagen formation as the ovary healed.

2.2.3 Data Analysis
From the fluorescence measurements, values were extract
which may relate to NAD~P!H and FAD fluorescence. Signals
were averaged at 450 nm excitation and 535 nm emissio
which is consistent with FAD and collagen emission and a
365 nm excitation and 450 nm emission which is consisten
with NAD~P!H and collagen emission NAD~P!H. Although
these wavelength ranges include contributions from both
structural proteins as well as FAD and NAD~P!H, drugs
should only modulate cell fluorescence and not collagen ma
trix. Therefore, we expect changes to be attributable to th
effect of the drugs on the epithelial cells or stromal cells in the
regions of NAD~P!H and FAD, rather than to an effect on the
collagen matrix, because these drugs are receptor mediat
and should not affect collagen. However, both epithelial and
stromal cells may be affected.

For each monkey, data was available from three measure
ment sites. The three spectra were averaged yielding betwee
four and five averaged measurements for each drug grou
Using this information, we compared all fluorescence mea
surements between the first and second measurements us
the two-tailed Student’s t test. Group means and standard e
rors were calculated and plotted. From the three sites per me
surement, two were biopsied on the same ovary pre dru
treatment and two were biopsied posttreatment on the oppo
site ovary. This allowed us to visually compare posttreatmen
data from ovaries which had been previously biopsied and
ovaries which had not been biopsied.

3 Results
3.1 Fluorescence Measurements

3.1.1 Cells
The Spearman rank correlation test was used to determine th
correlation between apoptosis, growth inhibition, and fluores
cence measurements. The presence or absence of TGF-b1 did
not affect either survival, apoptosis, or redox ratio in this se
of experiments~data not shown!. Results varied between cell
lines. There is a strong correlation between redox ratio an
cell survival (p50.0274), FAD and apoptosis(p,0.001),
and redox ratio and apoptosis(p50.0045) in the regression
is

d.

a

l-

d

d

-
n
.

g
-
-

-

e

model ~Table 1!. There is consistent interaction with the ce
line in the regression model, suggesting a different respo
with the different cell types. NOE cells showed a strong c
relation between NAD~P!H fluorescence intensity and su
vival (p50.04), between redox ratio and survival(p
50.018), and redox ratio and NADH fluorescence intens
(p50.005). Figure 1 shows the relationship between cell s
vival and redox ratio in the three cell lines. Redox ratio i
creased in all three cell lines as cell survival decreased,~or
growth inhibition increased!. As the dose of 4-HPR increased
the cell survival decreased in all three experiments, but
sensitivity of the cells varied. IOSE 261 showed a sligh
different response. The association between NAD~P!H fluo-
rescence intensity and survival(p50.02) persisted, but there
was not an association with the other variables. IOSE
showed a correlation between NAD~P!H fluorescence inten-
sity and survival(p,0.0001), between NAD~P!H fluores-
cence intensity and apoptosis(p50.0002), FAD and apopto-
sis (p50.04), redox ratios and survival(p50.0002), and
redox ratio and NAD~P!H fluorescence intensity(p
50.0001), suggesting that IOSE 261 is more sensitive
4-HPR than IOSE 29.

Percent apoptosis, as visualized in Figure 2, varied
tween cell lines and dose of 4-HPR. NOE and IOSE 2
respectively, did not show significant changes in apopto
with 2 and 5mM 4-HPR. However, they still showed an in
crease in redox ratio with increasing doses of 4-HPR. T
IOSE 29 did have an increase in apoptosis at the 5mM dose
which correlated with an increase in redox ratio. The 10mM
dose of 4-HPR was used on this cell line and induced a hig
apoptosis than the 5mM dose. The higher rate of apoptos
correlated with a higher redox ratio. Both apoptotic rates a
redox ratios varied between cell lines which was consist
with different sensitivities of the cell lines to 4-HPR.

3.1.2 Primates
Consistent differences in the absolute fluorescence intens
and relative contributions were noted between the pre-
postdrug measurements in each drug group as well as
controls. The advantage of this model is that variability due
time can be evaluated as well as variability due to drug effe
The differences observed in the control group were mu
smaller than those seen in the three groups receiving dr
Changes observed in the control group could be attribute
natural fluctuations of the optical signal. When the avera
change within each group was compared, the NAD~P!H re-
lated signal decrease was statistically significant for the O
(p50.02) and the combination group~OCP14-HPR! com-
pared to the control group(p50.01) @Figure 3~a!#. In the
4-HPR and control group, this signal increased but the cha

Table 1 Multivariate regression analysis.

Variables p value

Redox/apoptosis P50.0045

Redox/survival P50.0274

FAD/apoptosis P,0.001
Journal of Biomedical Optics d January 2002 d Vol. 7 No. 1 23
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Fig. 1 Cell survival compared to redox potential in three cell lines
NOE (a), IOSE 261 (b), and IOSE 29 (c). Increasing doses of 4-HPR
show a decreased rate of cell survival.
s
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ice-
in the 4-HPR was not statistically different from the control
group. The largest increase in the FAD related signal wa
found in the combination group and the 4-HPR group@Figure
3~b!#. The standard deviation was large and the number o
samples small, yieldingp values too large to be significant.
However, the greatest effect was found in the 4-HPR group.

Redox ratios increased in each group@Figure 3~c!#. The
change in the control group was the smallest. The 4-HPR
group changed the redox potential due to its contribution from
24 Journal of Biomedical Optics d January 2002 d Vol. 7 No. 1
increasing FAD, while the OCP group changed the redox
tential due to its relative decrease in NADH. The combinat
group showed contribution from both increased FAD and
creased NADH. Although these differences did not achie
statistical significance related to small numbers within grou
and large variances, there appears to be a trend of increa
redox potentials with both drugs. The visual comparison
data from ovaries that had been previously biopsied to d
from ovaries which had not been biopsied showed no not

Fig. 2 Percent apoptosis compared to redox potential in three cell
lines NOE (a), IOSE 261 (b), and IOSE 29 (c). Increasing doses of
4-HPR show an increased rate of apoptosis in the IOSE 29.
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Fluorescence Spectroscopy as a Biomarker . . .
Fig. 3 (a) Compares % NADH increase between three drug groups
and control group, OCP (p50.02) and combination p50.01 signifi-
cant when compared to control group. (b) Compares % FAD increase
between drug groups and control group, p values not significant. (c)
Compares redox potentials between drug groups and control group, p
values not significant.
able difference. This implies that healing response did
dramatically alter fluorescence.

4 Discussion
Fluorescence spectroscopy is being used to detect can
noninvasively in many organ systems.17–20,24In this study, we
evaluated it as a method to detect drug activity in the ovary
primates and to measure metabolic activity in human cell c
ture. In our prior pilot study in women22 differences in EEMs
were found in the area of NAD~P!H fluorescence and hemo
globin absorption. These changes were attributed to increa
NAD~P!H and hemoglobin presence. In tumors, NADH a
FADH are postulated to increase as a result of alteration
blood flow, decreasedpH of the tissue, and abnormal mito
chondria as well as abnormal transport of electron car
molecules into the mitochondria28,29 where the electron trans
port takes place. Intriguingly, this study suggests that th
chemopreventive agents alter the metabolism of normal tis
in a direction opposite to that of cancer.

TGFb has been found to induce apoptosis in ovarian c
cer cell lines and has been hypothesized to be a primi
surveillance mechanism for abnormal cells.25 However, data
from our laboratory have shown inconsistent results w
TGFb and in this study it had no effect.

Limitations of the cell data include the lack of interactio
of epithelial cells with the stroma, which may account for t
differences seen between primate ovaries and the isolated
man ovarian epithelial cells. They both, however, are stron
associated with an increased redox ratio. No cell line c
approximate the behavior of tissuein vivo in humans, but
mechanistic studies can be done on cells to understand
potential application toin vivo systems. The cell line data
suggest that redox ratios are useful to evaluate biologic ac
ity of these drugs.

Limitations of our primate study include too few numbe
to reach significance due to large inter-animal variances; h
ever, there appears to be a relationship between increa
redox ratios and treatment with 4-HPR and OCP. Effects
4-HPR and OCP appear additive or potentially synergis
when the two drugs are combined, consistent with differ
mechanisms of action for these drugs. The primate results
suggest that redox values may correlate with drug effects

The 4-HPR activity in the mitochondria may be evaluat
with fluorescence spectroscopy, because natural fluoroph
in cells, NAD~P!H and FAD are affected by 4-HPR. Althoug
the mechanism of the OCP prevention of ovarian cance
poorly understood, and has not yet been validated in the la
ratory, there is a different signal seen with the monkeys
ceiving 4-HPR and those receiving OCP. Use of both the
model and the primate model are powerful tools for study
the biologic activity of these drugs. Areas for future resea
include a study with larger numbers of monkeys to atta
additional statistical significance as well as further laborat
work to elucidate the mechanism of OCP and 4HPR activ
in cell culture. Ultimately, this work will be extended to mon
toring clinical trials in chemoprevention.
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Abstract

Background. Epithelial ovarian cancer has the highest mortality rate among the gynecologic cancers. The synthetic retinoid, N-(4-

hydroxyphenyl) retinamide (4-HPR), has been used in the chemoprevention of ovarian cancer. However, the effectiveness of its application

for different populations has been questioned because of the genetic differences among normal, high risk, and women with cancer.

Objective. To explore the similarities and the differences in 4-HPR effects on different ovarian epithelial cells which mimic different

populations of women, normal ovarian surface epithelium to represent the normal population of women, immortalized ovarian surface

epithelium to represent premalignant changes, and cells derived from ovarian cancer cells to represent malignant changes were used as in

vitro models.

Methods. Normal ovarian surface epithelial cells, immortalized ovarian surface epithelial cells, and ovarian cancer cells were incubated

for different intervals with increasing concentrations of 4-HPR. Growth inhibition, the fraction of apoptotic cells, the expression of apoptosis-

related genes, including p53, p16, p21, and caspase-3, and mitochondrial permeability transition were measured before and after 4-HPR

treatment.

Results. Treatment with 4-HPR produced growth inhibition and apoptosis in a dose-dependent manner for all 3 cell types. 4-HPR

produced the strongest activation of the p53 pathway in normal ovarian epithelial (NOE) cells, while it caused the largest increase in MPT in

the cancer cells, suggesting a different mechanism for growth inhibition and/or apoptosis in these cell lines. 4-HPR, at a concentration of 10

AM, had a maximal effect on caspase-3 activity at 72 h in normal cells and at 48 h in immortalized and cancer cells, although the effects were

modest.

Conclusions. Normal ovarian surface epithelial cells, immortalized ovarian surface epithelial cells, and ovarian cancer cells showed a

differential response to 4-HPR. Although the same endpoints of growth inhibition and apoptosis induction were present in response to 4-

HPR, these endpoints may be regulated through different pathways.

Implications. Clinical trials with higher concentrations of 4-HPR should prove beneficial.

D 2005 Elsevier Inc. All rights reserved.
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Introduction

Epithelial ovarian cancer has the highest mortality rate

among the gynecologic cancers. Only 30–40% of patients

survive 5 years despite aggressive treatment, in part, due to

the advanced stage at diagnosis, with 70% of patients
98 (2005) 182 – 192
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having widespread metastases [1]. Given our inability to

consistently cure ovarian cancer, strategies for prevention

merit at least as much attention as does treatment of the

disease. Cancer chemoprevention is the administration of

chemical agents to prevent or delay the development of

cancer in healthy people. Biomarkers that are likely to be

affected by the preventive agent and whose modulation

supports the postulated chemopreventive activity [2,3] are

important components of prevention studies.

N-(4-hydroxyphenyl) retinamide (4-HPR), a synthetic

analog of Vitamin A, has been shown to have anti-

neoplastic activity in both experimental models and clinical

trials [4–12], particularly in the skin [5]. It has also been

found to coincidentally decrease the risk of ovarian cancer

in a breast cancer chemoprevention trial [13–15]. In both

the skin [5] and the ovary [15], the response lasted for the

duration of drug ingestion, suggesting that the use of

retinoids may need to be longer than previously thought.

This study, as well as others [16–20], shows activity by 4-

HPR against tumor cell lines with increasing rates of

apoptosis, suggesting that this drug has the potential for

preventing and treating ovarian cancer. This is the first study

to explore the effect of 4-HPR on normal ovarian epithelial

cells and cells immortalized with viral T-antigen which are

compared to ovarian cancer cell lines. Normal cells were

used to mimic normal woman who carried no increased risk

for ovarian cancer, and immortalized cells to mimic high-

risk women who may harbor cells that have undergone

various mutations. The in vitro model was chosen to

evaluate the effect of 4-HPR on different cell types and to

study the dose response in these cells because the efficacy of

4-HPR in clinical prevention trials has been contradictory

for the high-risk population [3–15,21]. Early investigators

using 4-HPR for prevention limited the dose to 200 mg due

to safety concerns: 200 mg/day of 4-HPR was used in the

breast cancer prevention trial for prevention of secondary

breast cancers [14]; although there was no effect on the

incidence of breast cancer, 4-HPR was found to decrease the

risk of ovarian cancer at this concentration [15]. However,

Dr. Follen’s group found that 200 mg 4-HPR, which

corresponds to 2 AM concentration in vitro [21], was not

effective in inducing the regression of cervical pre-

neoplasia in vivo. Moreover, their in vitro model showed

that the higher dose of 10 AM concentration was needed to

induce growth inhibition or apoptosis in both dysplastic

and cervical cancer cells [22]. These studies have helped

establish a relevant biologically active dose for clinical

trials for premalignant lesions in the cervix, corresponding

to >2 AM tissue concentration [21,22]. This study

investigates the molecular and cellular events that occur

in conjunction with exposure to different concentrations of

4-HPR.

Our research determines how 4-HPR inhibits growth and

promotes apoptosis in normal ovarian surface epithelial

cells, in immortalized ovarian surface epithelial cells, and in

ovarian cancer cell lines at different concentrations. These
results suggest that different doses of 4-HPR may be

necessary for different populations of women to prevent

and treat ovarian cancer.
Materials and methods

Cell lines, retinoids, and normal ovarian epithelial (NOE)

cells

Surface epithelial cells were harvested at the time of

oophorectomy for benign gynecological conditions. Primary

cultures were established from the surgical specimens of

normal ovaries [23], from patients without any increased

risk for ovarian cancer based on their personal or family

history of cancer, nor did any of these women have a known

BRCA mutation. Prior to disruption of the blood supply, and

without handling the ovaries, the ovary was gently scraped

with a scalpel and the scalpel rinsed with sterile culture

medium. Cells were maintained in a 1:1 mixture of MCDB

105 and medium 199 supplemented with 5% fetal bovine

serum, 100 units/ml penicillin, 2 mM l-glutamine, and 100

Ag/ml streptomycin. Six different NOE primary cell lines

were used in this study.

Immortalized ovarian surface epithelial (IOSE) cells

were obtained from Nelly Auersperg (University of British

Columbia, Vancouver, British Columbia). IOSE and ovarian

cancer cells, OVCA420, SKOV3, and OCC-1 cells were

grown in a 1:1 (volume/volume) mixture of Dulbecco’s

modified Eagle’s medium (DMEM), and Ham’s F12, with

10% fetal bovine serum, at 37-C in a humidified

atmosphere of 95% air and 5% CO2. N-(4-hydroxyphenyl)

retinamide (4-HPR) purchased from Sigma Chemical Co.

(St. Louis, MO) was dissolved in dimethyl sulfoxide

(DMSO) at stock solutions of 0.1 mM and stored in an

atmosphere of N2 at �80-C.

Effects of 4-HPR on cell proliferation in monolayer cultures

Cells were plated in 96-well plates at a concentration of

105 cells per well and grown for 24 h. The NOE, IOSE,

and OVCA420 cells were incubated with 1, 2, and 5 AM
concentrations of 4-HPR and the ovarian cancer cells

(OVCA420, SkOV3, and OCC-1) were incubated for 5

days with 2, 5, and 10 AM concentrations of 4-HPR.

Control cultures contained DMSO, and the medium was

replaced every 2 days. Growth inhibition was determined

using the crystal violet method as previously reported [17].

After a 5-day treatment, cells were fixed with 5%

glutaraldehyde in phosphate-buffered saline, rinsed with

distilled water, and air dried. Cells were incubated with 1:1

(volume/volume) 200 mM (3-[cyclohexylamino]-1-pro-

panesulfonic acid (CAPS) buffer (pH 9.5), and 0.2% CV

at 25-C for 30 min, then washed and air dried. The

intracellular dye was solubilized with 10% glacial acetic

acid and the absorbance at 590 nm was determined using a
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microtiter plate reader. Growth inhibition was calculated

according to the equation: inhibition = (1 � Nt/Nc) � 100,

where Nt and Nc are the number of cells in treated and

control cultures, respectively. All experiments were per-

formed in triplicate and the means T standard deviations

calculated.

Analysis of apoptosis induced by 4-HPR

Terminal deoxynucleotidyl transferase (TdT)-mediated

fluorescein-deoxyuridine-triphosphate (dUTP) nick-end

labeling (TUNEL) assay was used [17]. Following incuba-

tion for 24, 48, and 72 h with different concentrations of 4-

HPR, cells were fixed in 1% formaldehyde in PBS (pH 7.4)

for 15 min at 4-C. The cells were washed twice with PBS.

Cells were then resuspended in 70% ice-cold ethanol and

stored in a �2-C freezer. For the assay, cells were first

suspended in 1 ml wash buffer containing cacodylic acid,

Tris–HCl-buffered solution and sodium azide (Phoenix

flow cytometry kit, Phoenix Flow Systems, San Diego,

CA). Approximately 106 cells were resuspended in 50 Al
staining buffer containing Tris–HCl, TdT, and fluorescein-

12-dUTP (Phoenix flow cytometry kit). Cells were incu-

bated at 37-C for 60 min, rinsed twice with PBS, stained

with 500 Al of propidium iodide/RNase A solution in the

dark for 30 min at room temperature, then analyzed by flow

cytometry using a FACScan flow cytometer, the Epics

Profile (Coulter Corp, Hialeah, FL) with a 15-mW argon

laser for excitation at 488 nm. Fluorescence was measured

at 480 nm. The Phoenix flow cytometry kit included

suspensions of cells that served as negative and positive

controls for apoptosis. Computer analysis of the data

provided information on the percentage of apoptotic cells,

as well as the proportion of cells in the hypodiploid, G1, S,

and G2 phases of the cell cycle.

Caspase-3 activity assay

The cells were plated in 96-well tissue culture plates at

densities ranging from 0.5 to 1 � 105 cells per well and

treated with 2, 5, or 10 AM 4-HPR for 12, 24, 48, or 72 h.

Control cultures received the same amount of DMSO.

Following culture, the 96-well plate was spun at 500 � g for

5 min, and the supernatant removed. The extraction buffer

(EB) and assay buffer (AB) caspase-3 activity assay

fluorometric kit (Oncogene Research Products) was pre-

pared by adding 10 Al of 1 M DTT/ml EB and 10 Al of 1 M

DTT/ml AB. Positive and negative controls were provided

with the fluorometric kit, and 50 Al EB/well were added to

each assay and mixed gently. The plate was incubated for 30

min at 4-C; 50 Al AB/well was added to each assay well,

and the plate was incubated for 30 min at 37-C. The plate

was read immediately after adding 10 Al/well of caspase-3
fluorescent substrate using a fluorescent plate reader at 400

nm excitation, 505 nm emission. Maximal caspase-3

activity was determined at different interval, and the
remainder of the experiment was carried out when maximal

activity was observed.

Mitochondrial permeability transition (MPT)

NOE, IOSE and OVCA420 cells were treated with 2, 5

and 10 AM 4-HPR for 12, 24, 48, and 72 h to determine the

time of maximal mitochondrial permeability transition.

Cells were then washed and resuspended in 40 nM

MitoFluor\ medium, incubated for 30–45 min at 3-C,
and visualized under the fluorescent microscope at 490 nm

excitation, 516 nm emission. Using a photo-amplifier

connected to the epifluorescent microscope, a field of 20–

30 cells was chosen to measure light intensity.

Western blot analysis of apoptosis-related genes and other

gene expressions modulated by 4-HPR

Nuclear and cytoplasmic extracts were prepared from

control and 2, 5, and 10 AM 4-HPR-treated NOE, IOSE and

OVCA420 cells. Nuclear or cytoplasmic protein (80 Ag/
lane) were electrophoresed on 8% polyacrylamide gels in

the presence of 0.1% SD, and transferred to a nitrocellulose

membrane. The membrane was incubated with mouse IgG

monoclonal antibodies against p53 (which recognizes both

wild type and mutant), p21 and p16 (Santa Cruz Biotech,

Santa Cruz, CA), then washed and incubated with a

peroxidase-conjugated anti-mouse antibody (Amersham

Biosciences, Piscataway, NJ). Immunoreactive bands were

developed using an enhanced chemiluminescence reagent

(Amersham Biosciences). The blots were stripped and then

re-incubated with mouse anti-h-actin antibody (Sigma

Chemical Co.) to normalize for loading differences. The

quantization of the expression level relative to that of h-
actin was calculated by using arbitrary units obtained from

the densitometry.
Results

Growth inhibitory effects of 4-HPR in NOE, IOSE, and

ovarian cancer cells

NOE, IOSE, and the three ovarian cancer cell lines were

grown in monolayer cultures and treated with different

concentrations of 4-HPR (1–10 AM) for 3 days. SkOV3,

OVCA420, and OCC-1 were studied to determine which

ovarian cancer cell line would serve as the best model for

comparison between the normal, premalignant and malig-

nant models. OVCA420 was chosen because it had the most

sensitivity to 4-HPR and, thus, could be evaluated most

comparably to the NOE and IOSE cell lines. We first

compared low concentrations from 1 to 5 AM of 4-HPR in

NOE, IOSE, and OVCA420 (Fig. 1a). Concentrations from

2 to 10 AM 4-HPR were used on the ovarian cancer cells

(Fig. 1b); 10 AM 4-HPR had greater growth inhibitory



Fig. 1. Effect of 4-HPR on the growth inhibition of NOE, IOSE, and ovarian cancer cells. Cells were grown in the absence (control) or presence of 1, 2, 5, or 10

AM 4-HPR for 5 days, and stained with crystal violet on day 5 for analysis of growth inhibition. The percentage of growth inhibition was calculated as

described in Materials and methods. (a) NOE* (average from 6 different NOE cells), IOSE, and OVCA420 cells were treated with 1, 2, or 5 AM 4-HPR. (b)

Ovarian cancer cells, SkOV3, OCC-1, and OVCA420 cells, were treated with 2, 5, or 10 AM 4-HPR. (c) Morphologic change of 2, 5, or 10 AM 4-HPR in

normal and ovarian cancer cells.
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effects than the lower doses on the cancer cell lines.

OVCA420 cells were the most sensitive cell line compared

with other two cell lines (Fig. 1b). The graphical represen-

tations for the percentage of growth inhibition are shown in

Figs. 1a and b. The morphologic changes of 1–10 AM 4-

HPR in normal and ovarian cancer cells are shown in Fig.

1c. The NOE and IOSE cells were very sensitive to 10 AM
4-HPR; almost all cells were killed by day 3. Morphological

changes consistent with differentiation (cells become more

elongated) are observed along with cell death (Fig. 1c).

Apoptosis induction by 4-HPR

To assess other possible mechanisms of 4-HPR in

ovarian cells, we analyzed the effects of 4-HPR on the

induction of apoptosis in primary culture and cell lines by

TdT labeling and flow cytometry. NOE and IOSE cells were

treated with 5 AM 4-HPR. DNA content and apoptosis

induction were analyzed (Fig. 2). The results showed that

the apoptotic cell population did not change at this

concentration, but a population of cells with hypodiploid

(HD) DNA content increased 2- to 8-fold with increasing

time of incubation with 5 AM 4-HPR in these cells (Fig. 2).
Fig. 2. Effect of 5 AM 4-HPR in NOE and IOSE cells. Cells were treated with 5 AM
propidium iodide for DNA content analysis and with fluorescein-labeled dUTP to

methods. The fluorescence of cells labeled by the TUNEL method is presented in th

by the dark dots below and above a demarcation line determined by a standard cell

presented in the left column. The percentage of cell populations in the G0/G1 ph
The increase in hypodiploid cell population was shown as a

population shift to the left (Fig. 2).

NOE, IOSE, and OVCA420 cells were treated with 2, 5,

and 10 AM 4-HPR. Apoptosis induction was analyzed at

different concentrations and different time points (Figs. 3a

and b). Results demonstrated that 4-HPR-induced apoptosis

was dose dependent in the NOE and OVCA420 cells (Fig.

3a); apoptosis was less marked in the IOSE cells than in the

NOE and OVCA420 cells (Fig. 3a). 4-HPR-induced

apoptosis was also time dependent in ovarian cells. A time

course of apoptosis induction was carried out in the NOE,

IOSE, and OVCA420 cells when treated with 4-HPR at 10

AM (Fig. 3b).

Effect of 4-HPR on caspase-3 activity

The 4-HPR effect on caspase-3 activation at different

concentrations and different lengths of incubation was

measured in NOE, IOSE, and OVCA420 cells (Fig. 4).

Cells were treated with 2, 5, and 10 AM 4-HPR, and

caspase-3 activity was measured at 12, 24, 48, and 72 h after

treatment. The patterns of caspase-3 activity were different

in the all three cell types, and 2 AM 4-HPR had little effect
4-HPR for 12, 24, and 48 h. The cells were harvested and then stained with

label DNA fragments by the TUNEL method, as described in Materials and

e left columns, which fluorescence of viable and apoptotic cells represented

line provided with the labeling kit. The data on DNA content distribution are

ase were labeled in the right corner at each time interval.



Fig. 3. Effect of 4-HPR on apoptosis induction in NOE, IOSE, and OVCA420 cells. (a) Dose response of 4-HPR in apoptosis induction. Effect of different

concentration of 4-HPR on ovarian cells. Cells were treated with 2, 5, and 10 AM 4-HPR for 3 days. The apoptosis were determined by the TUNEL assay. The

percentage of apoptotic cells is indicated in the right corner of each treatment analysis. (b) Time-course of 10 AM 4-HPR on apoptosis induction. Cells were

treated with 10 AM 4-HPR for 12, 24, 48, and 72 h. The percentage of apoptotic cells was determined by the TUNEL assay. Data are presented as the mean T

SE of triplicate assays.
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on caspase-3 activity in any of the cells. After 24 h of

treatment, an increase in caspase-3 activity was detected in

IOSE and OVCA420 cells treated with 10 AM 4-HPR.

Caspase-3 activity increased when NOE cells were incu-

bated for 3 days with 10 AM 4-HPR (Fig. 4).

Effect of 4-HPR on mitochondrial permeability transition

Mitochondrial permeability transition (MPT) changes

are associated with apoptosis. To investigate the mecha-

nism of 4-HPR-induced apoptosis in ovarian cancer cells,

experiments were carried out to determine the effect of 4-

HPR on MPT in NOE, IOSE and OVCA420 cells.

OVCA420 cells had a greater change in MPT than did

the NOE and IOSE cells after treatment with 4-HPR (Figs.

5a and b). 4-HPR decreased mitochondrial inner mem-

brane potential, which increased MPT in these cells (Figs.

5a and b). An inverse relationship in mitochondrial

potential correlated in a dose-dependent manner with both

the increase in apoptosis and growth inhibition by 4-HPR

in all three cell types (Figs. 1, 2, 5b).

Modulation of p53 and other gene expressions by 4-HPR in

NOE, IOSE, and OVCA420 cells

The effect of 4-HPR on the expression of the apoptosis-

associated genes p53, p21, and p16 was examined in NOE,

IOSE, and OVCA420 cells; p53 expression was detected in

the NOE, IOSE, and OVCA420 cells. 4-HPR increased p53

expression in the NOE cells in a dose-dependent manner,
but not in IOSE and OVCA420 cells (Figs. 6a and b). The

expression of the p21 gene was increased in NOE and IOSE

cells but was not detectable in OVCA420 cells. The

expression of p16 was modulated by 4-HPR in all three

cell types (Figs. 6a and b).
Discussion

Retinoids have been studied as cancer chemopreventive

agents [4–7] based on epidemiologic data, showing that

diets high in Vitamin A are associated with lower odds of

epithelial cancers [24]. An Italian trial that evaluated 4-HPR

for the prevention of secondary breast cancers [14]

demonstrated a decreased incidence of ovarian cancer in

women receiving 4-HPR, suggesting that retinoids pre-

vented the development of ovarian cancer [13,15]. Exper-

imental studies have demonstrated that retinoids can affect

human ovarian cancer cell growth by inhibiting proliferation

and inducing apoptosis, which are thought to be important

mechanisms in cancer prevention [12].

Programmed cell death is a physiological mechanism by

which organisms eliminate cells during embryonic develop-

ment and counterbalance cell division for homeostatic

regulation of tissue mass in the adult. The term apoptosis

was coined by Kerr et al. to describe this process, which is

characterized by cell shrinkage, chromatin condensation,

nuclear segmentation, and internucleosomal degradation of

DNA [25]. Apoptosis can be induced by a variety of

external and intracellular signals including those that induce



Fig. 4. Effect of 4-HPR on caspase-3 activity in NOE, IOSE, and

OVCA420 cells. Cells were grown in 96-well plates in the absence

(control) or presence of 4-HPR (2, 5 and 10 AM) for 12, 24, 48 and 72 h,

and incubated in caspase-3 activity assay buffer, as described in Materials

and methods. The intensity of staining was read using a fluorescent plate

reader at 400 nm excitation, 505 nm emission, immediately after adding

caspase-3 fluorescent substrate conjugate.
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terminal differentiation or DNA-damage. This induction

may constitute a protective anti-neoplastic mechanism to

eliminate DNA-damaged cells and repair mutations [26].

Carcinogenesis is often associated with a decreased ten-

dency to undergo apoptosis in response to certain physio-

logical stimuli and cytotoxic agents. Therefore, agents that

can induce apoptosis or restore the ability to undergo

apoptosis in premalignant and malignant cells are expected

to be effective in cancer prevention and treatment [26,27].

Several reports have demonstrated that certain retinoids, in

addition to exerting cytostatic effects on tumor cells in vitro

[28], also induce apoptosis in various cell types during

normal development and in cultured normal and tumor cells

[29–33].

This study is the first to use normal ovarian surface

epithelial cells, immortalized epithelial cells, and cancer

cells to investigate the effect of 4-HPR on growth and

apoptosis. Different cell types showed different responses to
4-HPR in a dose-dependent manner. The normal cells

harvested from normal women’s ovaries were used to

mimic normal ovarian surface cells. The immortalized cells

were used to mimic epithelial cells from high-risk women.

Although T-antigen immortalized cells may not bear a

resemblance to preneoplastic cells, this is the best model

currently available, and immortalized cells have been

extensively studied in cervical [22] and lung epithelial cells

[17,18] as premalignant models. Since the doses of 4-HPR

were contradictory in human trials [13–15,21], we tested

different concentrations of 4-HPR, ranging from 1 to 10 AM
in these cell models, to determine an optimal concentration

depending on cell type. The immortalized ovarian cells,

which may correspond to what is present in high risk

women, were not sensitive to 4-HPR compared to normal

and cancer cells, and less apoptosis was detected by TUNEL

assay, suggesting that cells containing mutations may be less

sensitive to chemopreventive agents. This phenomenon has

also been observed in immortalized lung epithelial cells in

which these cells exhibit less sensitivity than lung adeno-

carcinoma cells in response to 4-HPR [17,18]. 4-HPR was

thought to act mainly through induction of differentiation

which takes 2–4 days in cell culture; however, Kelloff et al

[34] as well as other groups have shown that this drug acts

thorough induction of apoptosis and growth inhibition

which occurs within 12–24 h, earlier and stronger than

differentiation [7–9]. Dr. Follen’s group reported that in

both in vivo and in vitro, a higher 4-HPR dose may be

needed to treat a premalignant lesion [21,22]. There are

clinical trials currently being conducted with 4-HPR treat-

ment for ovarian cancer in doses as high as 1800 mg/day

without reported toxicity. Thus, the higher dose correspond-

ing to the 5–10 AM in vitro concentration may be

achievable without major toxicity and therefore merits

intensive in vitro study.

Retinoids, particularly 4-HPR, have been shown to

increase aerobic glycolysis by increasing mitochondrial

permeability to the co-enzymes nicotinamide adenine

dinucleotide (NAD(P)H) and flavin adenine dinucleotide

(FAD), as well as activity of the electron transport chain

characterized by an increase in reactive oxygen species and

cytochrome oxidase [8,9]. There has been increased interest

in mitochondrial function in both normal and cancer cells. In

particular, the mitochondria are thought to be the site of

induction of apoptosis for many of the chemopreventive

agents. Retinoids were initially thought to act through

nuclear receptors. However, 4-HPR has been shown to be

receptor independent in many cells lines [35–39] and

induces a change in the mitochondrial permeability of the

membrane [29]. The permeability of the inner mitochondrial

membrane, also called membrane permeability transition,

can be increased by thiol agents and oxidative stress-

inducing agents that are thought to be dependent on the

opening of a non-selective pore [40–44]. A shift towards a

more oxidized condition increases membrane permeability,

while the opposite occurs with reducing agents [41].



Fig. 5. (a) Effect of 4-HPR on mitochondrial permeability transition (MPT) in NOE, IOSE, and OVCA420 cells. Cells were treated with 2, 5, and 10 AM 4-

HPR for 3 days and then resuspended in 40 nMMitoFluor medium. Cells were visualized under the fluorescent microscope. (b) Quantitative changes in relative

fluorescent density which corresponds to change in mitochondrial permeability transition.
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Mitochondrial dysfunction, in particular the induction of the

mitochondrial membrane permeability transition (MPT), has

been implicated in the cascade of events involved in the

induction of apoptosis. Inhibition of the mitochondrial

electron-transport chain reduces the mitochondrial trans-

membrane potential (DCm), which induces the formation of

the mitochondrial permeability transition pore and the

subsequent MPT. Disruption or collapse of the DCm and

the induction of the MPT results in the loss of matrix Ca2+

and glutathione, increased oxidation of thiols, and further

depolarization of the inner mitochondrial membrane, which

increase the gating potential for the MPT pore. The MPT is

thought to function as a self-amplifying ‘‘switch’’ that, once

activated, irreversibly commits the cell to apoptosis. We

have clearly shown that treatment with increasing doses of

4-HPR has a major effect on the MPT, inducing formation
of this non-selective pore and allowing dissipation of the

dye that is sequestered inside the mitochondria inner

membranes. These findings, which are the first to be

reported in ovarian cells, suggest that these agents act

through changes in the membrane potential by uncoupling

the electron transport chain and inducing formation of the

MPT which allows dissipation of not only the mitochondrial

dye but also the small ions and molecules inherent in the

functioning of the mitochondria.

Cancers are thought to create a more hypoxic environ-

ment which may affect mitochondrial function [45,46].

Growth in the presence of retinoids may alter the mito-

chondrial function by inducing growth arrest and apoptosis

and thus create a more oxidized environment, or alter-

natively, retinoids may increase the oxidized condition and

the mitochondrial permeability which may induce apoptosis.



Fig. 6. (a) Effect of 4-HPR on p53, p21, and p16 expression in NOE, IOSE and OVCA420 cells. Nuclear proteins were extracted from cells treated with 5 AM
4-HPR for 3 days. Eighty microgram/lane of nuclear proteins were subjected to SDS-PAGE. The p53, p21, and p16 proteins were identified by blotting with

monoclonal antibodies. Immunoreactive bands were visualized using enhanced chemiluminescence, as described in Materials and methods. The blots were

stripped and reblotted to mouse anti-h-actin antibody for assessment of loading in each lane. (b) This graph shows the quantitative changes in p53, p21, and

p16 in NOE, IOSE, and OVCA420 at 2, 5, and 10 AM 4-HPR.
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In our study, all three cell types showed an increase in

mitochondrial permeability, most notable in the ovarian

cancer cell line, suggesting that 4-HPR induces apoptosis

and inhibits growth, in part, by increasing mitochondrial

permeability. Our work with fluorescence spectroscopy

suggests a change in the oxidative state in cells treated

with 4-HPR due to an increased generation of FAD and

decreased generation of NADH [47]. The redox potential

increased as both growth inhibition and apoptosis increased

[47].

P53, a tumor suppressor protein and transcription factor,

increases G1, induces cell growth arrest, and allows cells to
repair DNA damage or undergo apoptosis [47–49]. The

binding of p53 to DNA induces cell cycle-related genes, the

mechanism by which growth inhibition occurs. P53 binding

is redox sensitive and is inhibited by oxidizing conditions,

which decreases the growth inhibition or apoptotic effect of

p53 while reducing conditions enhance the binding of p53

to DNA [48], increasing the response to some retinoids [49].

In addition, p53 has been hypothesized to induce apoptosis

by stimulating the production of reactive oxygen species

(ROS), causing mitochondrial damage, which is suggested

by the change in the mitochondrial permeability that

occurred [50,51]. In our study, 4-HPR induced apoptosis
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and increased p53 expression in NOE cells. These results

suggest that 4-HPR partially stimulates the p53 pathway

with downstream markers p21 and p16 being activated,

particularly in normal cells.

The NOE cells showed the most activation of the p53

pathway, while the cancer cells showed the most effect on

the MPT, suggesting a different mechanism for the end

result of growth inhibition and/or apoptosis. Caspase-3 is

one of the effector caspases and may be p53 dependent or

independent. The effect on caspase-3 activation was modest

and occurred maximally at 72 h in the normal and

immortalized cells and maximally at 48 h in the ovarian

cancer cells with the higher concentration (10 AM 4-HPR),

suggesting that the effect of 4-HPR may be through multiple

pathways, including p53, and by a direct effect on the

mitochondria. Different concentrations of retinoid may act

in a different manner, with the lower doses inducing more

growth arrest and the higher doses inducing more apoptosis.

In addition, using these models of normal, premalignant and

cancer cells may reflect some differences in vivo and may

help determine which populations might benefit the most

from these concentration.

These finding have implications for the approaches for

chemopreventive recommendations. Women with normal,

low-risk ovaries may be amenable to lower doses of retinoid

and the higher-risk women with potentially more mutations

(analogous to the immortalized cells) may respond to a

higher dose of 4-HPR. One of the limitations of any study is

the lack of a true premalignant ovarian surface epithelial cell

line. However, it is a model that represents a cell that has

undergone a mutation which could conceivably be a

precursor to a premalignant lesion. Our results suggest that

different concentrations of 4-HPRmay be needed in different

populations of women for prevention of ovarian cancer.
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1. ABSTRACT  
 

4-(N-hydroxyphenyl) retinamide (4-HPR) and the 
oral contraceptives (OCP) are currently being used alone, 
and in combination, for the prevention of ovarian cancer. 
However, the mechanism of their effects has not been 
studied. Non-human primate models are ideal for studying 
the role of these and other drugs for cancer 
chemoprevention because of the genetic similarity between 
primates and humans in respect to hormone regulation and 
menstrual cycle. 4-HPR and OCP were administered to 
sixteen female adult Macacca mulatta (Rhesus macaques) 
for three months alone and in combination. Laparotomy 
was performed before and after treatment, and ovarian 
biopsies were obtained to evaluate the expression of 
retinoid and hormone receptors, and apoptosis. ERα was 
undetectable, but ERβ, PR, RXRα, and RXRγ were 
constitutively expressed in the ovaries. 4-HPR induced 
RXRα and RXRγ expression at a low level and, OCP 
induced expression of ERβ. However, the combination of 
4-HPR with OCP had a larger effect on expression of 
retinoid receptors. Apoptosis was detected in the 4-HPR 
group (equivalent dose: 200 mg/day). The results provide a 
rationale for the use of the Rhesus macaque as a model for 
ovarian cancer chemoprevention.  
 
2. INTRODUCTION 
 

Ovarian cancer is the most common cause of 
death from gynecologic cancer. There are 23,400 new cases 
and 13,900 deaths estimated in 2003 in the US (1). Despite 
aggressive treatment, this cancer has the highest mortality

 
 
 
 

of all gynecologic cancers with a 5 year survival rate for 
stage III and IV (the most commonly diagnosed stage) of 5-
30% (1,2). Over 70% of ovarian cancers are diagnosed 
after the cancer has spread beyond the ovary (2), partially 
because there is no acceptable screening test or biomarkers 
to identify women destined to develop ovarian cancer or 
identify ovarian cancer at a premalignant or early stage. 
Late stage disease has an extremely poor prognosis. Given 
these characteristics, one rationale to reduce the mortality 
from ovarian cancer is prevention.  
 

Retinoids have been used extensively in laboratory 
and clinical studies to prevent several human malignancies (3-
8). Retinoids, especially the synthetic retinoid 4-HPR, have 
been shown to reduce ovarian cancer in a large scale clinical 
trial in Italy (5-8) and is now being used in combination with 
Tamoxifen in a phase II breast cancer prevention trial (9). It 
has been proposed that the anticarcinogenic and antitumor 
effects of retinoids are the result of retinoid-induced changes in 
cell growth and differentiation caused by changes in the 
expression of specific genes, such as oncogenes, growth 
factors, and growth factor receptors. Retinoids exert their 
effects on gene expression by activating a signal transduction 
pathway in which nuclear retinoid receptors play a pivotal role 
(10-16). These receptors are members of the steroid hormone 
receptor super family (10-16).  

 
From a combined analysis of case control 

studies, observational data suggest that the oral 
contraceptive (OCP) reduces ovarian cancer risk by 
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approximately 10% for each year of use (17) leading to 
a total reduction around 40% after 4 to 5 years of use. 
(18,19). It is hypothesized that the biological prevention 
activity is related to the progestational component of 
the OCP.    

 
Animal models are developed to reconcile 

biologic phenomena between species (20) and allow for 
extrapolation of knowledge from one species to another, 
usually animal to human. Humans are difficult to study 
as experimental models because of ethical limitations, 
cost limitations, and lack of volunteers. Institutional 
Review Boards (IRB) has limited the scope of 
chemoprevention trials because the targeted population 
does not have cancer and thus the tolerance for side-
effects is less than if cancer were present. Development 
of an animal model to mimic a human disease allows 
experimentation in a strictly controlled laboratory 
environment, in which experimental subjects can be 
manipulated in ways that can never be done in humans. 
Animal models are ideal for developing strategies based 
on mechanistic understanding of how these agents or 
interventions work. By understanding mechanisms of 
action, we can not only develop better strategies for 
intervention, but also target the most appropriate 
population. The non-human primate model is ideal for 
developing strategies because of the genetic similarity 
between monkey and humans, such as hormone 
regulation and menstrual cycle, which are lacking in 
small animal models such as the chicken and rodent. 

 
Multi-targeted therapies or combination of 

retinoids and hormonal therapies, including OCP, may 
have an advantage in cancer chemoprevention because 
they may combine different mechanisms of prevention 
with a synergistic effect. This is the first study to combine 4-
HPR and OCP in chemoprevention of ovarian cancer in vivo. 
Our results will provide important information for human 
trials. 
  
3. MATERIAL AND METHOD 

 
3.1. Monkeys 
 Sixteen female adult (age) Macacca mulatta 
(rhesus macaques) were used in the study as 
previously described (21). Monkeys used in this study 
were culled from the specific pathogen free rhesus 
colony because they developed herpes-B-
indeterminate status, they were poor breeders, or they 
had chronic diarrhea. The monkeys were prevented 
from eating for 12 hr before surgery. Anesthesia was 
induced with an intramuscular injection of tiletamine 

HCl/zolazepam HCl (Telazol; Fort Dodge 
Laboratories, Inc., Fort Dodge, IA). The monkey was 
sedated, removed from the cage and intubated, and 
anesthesia was maintained on 2–2.5% isoflurane gas 
with oxygen. After each initial procedure, monkeys 

were maintained in separate housing and were fed the 
drug in a flavored treat. Menses were recorded daily, 
and progesterone levels were measured 2 weeks apart 
to evaluate ovulatory status.  

 Monkeys were given 35 mg 4-HPR/day, OCP 
0.2 mg norethindrone/0.07 mg of ethinyl estradiol/day, 
combination of 4-HPR+OCP, or no medication for three 
months as previously reported (21). Laparotomy was 
performed before and after drug administration, and 
ovarian biopsy specimens were obtained. Doses of 4-
HPR and OCP were calculated by allometric scaling, 
which calculates a dose based on both weight and basal 
metabolic rate (21). This is derived from the equation 

, where Y is the resting animal’s energy 
output in kcal/24 h (also termed the minimum energy 
cost), K is a constant based on core temperature, which 
is specific for each species, and W is mass in kilograms. 
Doses were calculated for a 7 kg monkey.  
 
3.2. Immunohistochemistry (IHC) 
 Paraffin-embedded monkey slides were 
deparaffininzed in xylene, rehydrated through graded 
alcohols to water, then incubated for 10 min in PBS. 
The slides were blocked for 30 min with 3% horse 
serum diluted in PBS, the sections were then blotted 
and incubated with primary antibody of RARs and 
RXRs, ERα, β, and PR (Santa Cruse) for 1 hr at room 
temperature. For immunoperoxidase staining, the 
avidin-biotin-peroxidase complex (ABC) technique was 
used (Vector Laboratories). For this technique, the 
endogenous peroxidase was inactivated by incubation 
for 30 min in 0.015% peroxide in methanol, then 
rehydrated for 10 min in PBS. The slides were then 
incubated with biotinylated horse antibody to the 
appropriate species, depending on the primary antibody, 
for 1 hr at room temperature, washed in PBS, then 
incubated with ABC for 30 min at room temperature. 
The slides were then washed and the peroxidase 
reaction developed with diaminobenzidine and 
peroxide. The slides were then washed in water, 
counterstained with hemotoxylin, mounted in Aqua-
mount, and evaluated on a light microscopy. 
Appropriate positive and negative antibodies and tissues 
were included in each assay as controls.  
 
3.3. Real-Time Quantitative RT-PCR 

Real time Q RT-PCR was performed utilizing 
the 7700 Sequence Detector (Applied Biosystems, CA). 
Specific quantitative assays for RARα, β, γ, and 
RXRα, β, γ were developed using Primer Express 
software (Applied Biosystems). Total RNA was 
extracted from monkey ovary by Tri-reagent. The RT-
PCR resulting data were analyzed using SDS software 
(Applied Biosystems). The final data were normalized 
to GAPDH (housekeeping gene) and are presented as 
the molecules of transcript/molecules of GADPH x 
100 (% GAPDH). For this type of analysis, it is 
critical that the housekeeping gene does not change 
across experimental conditions. Calculate ∆Ct for 
each gene by Excel according to the equations 
as: ∆Ct = Cttreatment condition - Ctcontrol 
condition. 2^(- ∆∆Ct) = Fold Change, which “Ct” 
means: the cycle at which the reaction crossed the 
threshold. If fold change > 1.0, the gene is up-regulated
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Figure 1. Immunohistochemical staining of retinoid receptors in control group (J465). Monkeys received no medication for three 
months. Left panel was stained for RAR receptors, and right panel was stained for RXR receptors.  
 
relative to the control (equal to 1). If fold change is <1.0, 
the gene is down-regulated relative to the control. 
 
3.4. In situ Cell Death Detection 

Paraffin-embedded monkey slides were 
deparaffininzed in xylene, rehydrated through graded alcohols 
to water, then incubated for 10 min in PBS. The slides were 
then labeled with In situ Cell Death Detection kit (Boehringer 
Mannheim). Briefly, the slides were incubated in 0.5 % triton 
X100 for 10 min, then washed, and followed by proteinase K 
digestion in 37oC for 15 min. Following this incubation, 0.3 
U/µl TDT and 20 mM biotinylated dUTP in TDT buffer was 
applied to the slides and incubated for 1 hr at 37oC. Counter 
staining was done using Avidin-Biotin-peroxidase Complex. 
 
3.4. Statistical Analysis  

Results of immunohistochemical analysis were 
semi-quantitatively scored as 0 (no staining), 1+ (weak 
staining), 2+ moderate staining), or 3+ (strong staining). The 
results were ordered using a rank sum test. The equality of the 
population was tested with Kruschal Wallis and Chi Square 
where appropriate. Histograms were prepared to visually 
evaluate differences between groups. 
 
4. RESULTS 
 
4.1. Comparing RARs and RXRs Expression and 
Induction by 4-HPR, OCP and Combination in vivo 
 The expression of RARs and RXRs were examined 
in tissue sections. RXRα and RXRγ were found to be 
consistently present in all monkeys (Figure 1, Table 1). 

Treatment with 4-HPR alone consistently increased RXRα  
expression from a 1+ to 2+ expression. RXRγ  expression was 
increased from 1+ to 2+ in 2/3 monkeys but decreased 
expression in one monkey from 1+ to 0 (Figure 2 and Table 2). 
Treatment of OCP alone had little effect on retinoid receptors 
expression (Figure 3 and Table 3) except for a modest decrease 
in RARα in two-thirds of monkeys from 1+ to 0. The 
combination of 4-HPR and OCP increased 
RXRα  significantly, p=0.04 (Figure 4, and Table 4). The 
combination of 4-HPR and OCP also modulated 4 of the 
retinoid receptors RARα, RARβ,  RARγ,  and RXRα 
expression. RARβ increased consistently (p=0.01). 
RXRα expression increased in three-fourths of monkeys 
from 1+ to 3+ (1 monkey) 1+ to 2+ (2 monkeys) and did 
not change in one monkey (2+). The retinoid receptor 
RXRγ  was found to be increased in 2 monkeys treated with 
4-HPR alone and 1 monkey treated with the combination of 
4-HPR and OCP (Tables 2 and 4) and increased in 1 
monkey treated with the combination.  
 

4.2. Hormone Receptor Expression and Induction by 
OCP and Combination of 4-HPR and OCP in vivo  

Hormone receptors ERα ERβ,  and PR were 
examined in monkeys.  ERα expression was not detected in 
the monkey ovaries which were studied (not shown). PR 
expression was detected in all monkeys (Table 1), and 
treatment did not change PR expression significantly; 
however, 4-HPR treatment decreased PR expression in one 
monkey (Table 2) and OCP increased PR expression in 2 
monkeys (Table 3). 
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Table 1. Semi-quantitative assessment of immunohistochemical staining of receptor expression in control animal group. 
Control group Pre-drug J465-L Post-drug J465-R1 Pre-drug J937-L Post-drug J937-R1 Pre-drug J371-L Post-drug J371-R1 
RARα + + ++ ++ - - 
RARβ - - - - - - 
RARγ - - - - - - 
RXRα + + ++ ++ ++ ++ 
RXRβ - - - - - - 
RXRγ + + ++ + + + 
ER β + ++ ++ ++ ++ ++ 
PR ++ ++ ++ ++ ++ ++ 
EGF - - - - - - 
EGF-R ++ ++ ++ ++ ++ ++ 

  
Table 2. Semi-quantitative assessment of immunohistochemical staining of receptor expression in 4-HPR-treated animal group 

4HPR Group Pre-drug J243-L Post-drug J243-
R1/R2 

Pre-drug J753-L Post-drug J753-R2 Pre-drug J153-L Post-drug J153-
L1/L2 

RARα + ++ + + + + 
RARβ - - + ++ - - 
RARγ - - - - - - 
RXRα + ++ + ++ + ++ 
RXRβ - - - - - - 
RXRγ + ++ + - + ++ 
ER β ++ ++ + ++ +++ +++ 
PR ++ - ++ ++ ++ ++ 
EGF ++ + + - - + 
EGF-R ++ ++ ++ ++ ++ ++ 

 
Table 3. Semi-quantitative assessment of immunohistochemical staining of receptor expression in OCP-treated animal group 

OCP group Pre-drug J261-L Post-drug J261-R1 Pre-drug J269-L Post-drug J269-R2 Pre-drug L976-L Post-drug L976-R1 
RARα + - + - + + 
RARβ - - + - - - 
RARγ - - - - - - 
RXRα ++ ++ + + ++ ++ 
RXRβ - - - - - - 
RXRγ ++ - + + + ++ 
ER β + ++ ++ +++ ++ +++ 
PR ++ ++ + ++ + ++ 
EGF - - - - - - 
EGF-R ++ ++ ++ ++ ++ ++ 

 
Table 4. Semi-quantitative assessment of immunohistochemical staining of receptor expression in combination treatment animal group 

Combin 
group 

Pre-drug 
J511-L 

Post-drug 
J511-R1 

Pre-drug 
L783-L 

Post-drug 
L783-R2 

Pre-drug 
L581-L 

Post-drug 
L581-R2 

Pre-drug L809-L Post-drug L809-R2 

RARα - ++ - - + + + ++ 
RARβ - ++ - + _ ++ - ++ 
RARγ - + - + - - - - 
RXRα + +++ + ++ ++ + + ++ 
RXRβ - - - - - - + + 
RXRγ +++ ++ + + ++ ++ + ++ 
ER β ++ ++++ ++ ++++ +++ +++ ++ +++ 
PR ++ + + - + ++ ++ - 
EGF - - ++ +++ - + - ++ 
EGF-R ++ ++ ++ ++ ++ ++ + ++ 

 
The result from combination group was shown in Table 
4. ERβ were found to be expressed in untreated and 
treated monkeys (Figure 5, Table 1). The control group 
and the 4-HPR group had no change in ERβ expression 
(p = 1.0), ERβ showed an increase in expression in the 
OCP group (Figure 3 and Table 3) and in the 
combination of 4-HPR and OCP (Figure 4 and Table 4) 
(p = 0.01).  P53 and p21 were not expressed and did not 
change between groups except for minimal expression in 
one or two samples (data not shown). EGF and EGF-R 
expression, the epidermal growth factor receptor, 
approached significant expression in the combination 
group with a p value of 0.09. 

 

 
4.3. Modulation of Retinoid Receptors Expression 
Detected by Real Time Q RT-PCR 

Real-time Q RT-PCR results showed 4-HPR and 
the OCP/4-HPR combination treatment increased 4 out of 6 
retinoid receptors expression, RARα, β, γ, and RXRα (Figure 
6).  The real-time PCR results are consistent with the IHC 
result. However, RXR β and γ expression were decreased by 
exposure to 4-HPR, RXR γ expression was increased in two-
thirds of monkeys and decreased in 1 monkey by IHC 
(Figure 6 and Tables 2 and 4). OCP treatment increased 
RXRα  and decreased RARα expression which were also 
similar to the IHC result (Figure 6 and Table 3). 4-HPR 
modulated RARα, β, γ, and RXRα  receptor expression;  OCP 
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Figure 2. Immunohistochemistry staining of retinoid receptors in 4-HPR treatment group (J243). This group of monkey received 
35 mg 4HPR/day for three months. Left panel was stained for RAR receptors, and right panel was stained for RXR receptors. 
The receptors expression was examined before and after 4-HPR treatment. 
 

 
 
Figure 3. Immunohistochemistry staining of retinoid receptors in OCP treatment group (J261). Monkeys received OCP 0.2 mg 
norethindrone/0.07 mg of ethinyl estradiol/day. Left panel was stained for RAR receptors, and right panel was stained for RXR 
receptors. The receptor expression was examined before and after OCP treatment.
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Figure 4. Immunohistochemistry staining of retinoid receptors in combination of 4-HPR and OCP treatment group (J511). Left 
panel was stained for RAR receptors, and right panel was stained for RXR receptors. The receptor expression was examined 
before and after combination of 4-HPR and OCP treatment. 

 

Figure 5. Immunohistochemistry staining of ERβ before and after treatments. Left panel was prior to treatment, and right panel 
was after treatment.  
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Figure 6. The total RNA was extracted from monkey ovaries and real time Q RT-PCR were analyzed for expression of retinoid 
receptors. The result represented the fold changes. If fold change > 1.0, the gene is up-regulated relative to the control (equal to 
1). If fold change is <1.0, the gene is down-regulated relative to the control. 
 

 
 
 
Figure 7. In-situ apoptosis staining in 4-HPR and combination treatment animal group. Apoptosis could not be detected in 
ovarian epithelial. Apoptosis was detected after 4-HPR and combination of 4-HPR and OCP treatment. Apoptotic cell staining 
was stronger in the combination-treated group than that in the 4-HPR-treated group. 
 
increased RXRα expression; the combination of the two 
treatments did not show any synergistic or additive effects.  
 
4.4. Apoptosis  Induction by 4-HPR and Combination of 
4-HPR and OCP in vivo 

4-HPR at the equivalent human dose of 
200mg/day concentration induced apoptosis in monkey 

ovaries in vivo using in-situ cell death detection kit staining  
(Figure 7). 
 
5. DISCUSSION 
 

   This is the first report on the combination of 
retinoid and OCP induced modulation of retinoid 
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receptors in vivo detected by both IHC and real-time Q RT-
PCR. A prior human study in oral pre-malignant and cancer 
of the head and neck showed induction of RARβ by 4-HPR 
(15, 16) which is consistent with our findings.  It is also the 
first report on the induction of apoptosis in vivo using 4-
HPR at 200mg/day. 

 
 Epidemiologic and laboratory data suggest that 

retinoids may have a role as preventive or therapeutic 
agents for ovarian cancer (4-5, 12-14). It has been 
proposed that the anticarcinogenic and antitumor effects 
of retinoids are the result of retinoid-induced changes in 
cell growth and differentiation caused by changes in the 
expression of specific genes, such as oncogenes, growth 
factors, and growth factor receptors. Retinoids exert their 
effects on gene expression by activating a signal 
transduction pathway in which nuclear retinoid receptors 
play a pivotal role (9-15). Nuclear retinoid receptors are 
the proximate mediators of many of the effects of 
retinoids on gene expression; therefore, it is plausible to 
assume that changes in their expression and function may 
cause aberrations in the response of cells to retinoids and 
thereby alter the regulation of cell growth, differentiation, 
and expression of the transformed phenotype.   

 
Oral contraceptives (OCP) are well known in 

their ability to prevent ovarian cancer. Much of the 
preventive effect is thought to correspond to apoptosis 
induction, a process that removes cells at risk of 
undergoing subsequent malignant transformation.  This 
hypothesis is supported by the observation that 
apoptosis is induced in up to 25% of cells in the ovarian 
epithelium in cynamolgus monkeys receiving 
levonorgestrel as a single agent (22).  In the macaque 
setting, the level of apoptosis is associated with 
progestin-related changes in TGF-β isoforms; i.e., a 
decrease in TGF-β1 accompanied by an increase in 
TGF-β2/3.  In the human setting, additional support for 
the activity of progestin is provided by an analysis of 
data from the Cancer and Steroid Hormone Study 
(CASH) (23), showing a dose-response relationship.  Data 
from the CASH Study suggests that ovarian cancer risk 
reduction increases with exposure to progestins of higher 
potency even for a short duration (24). Dose-response is a 
question that needs to be further explored in preclinical 
settings.  Historically, there has been wide variation in 
OCP formulations from the 1960's particularly with 
regard to androgenicity of the progesterone component, 
but such changes over time did not appear to affect the 
ovarian cancer risk reduction associated with oral 
contraceptives (25, 26). The result from our study 
showed OCP can induce RXRα as well as ER 
expression, RXRα could form herterodimer with the ER 
receptor to regulate gene expression. The preventive 
capabilities are unclear in high risk women with one 
study showing a benefit and one study showing an 
increased risk of breast cancer. For women at no 
additional risk of breast cancer over the general 
population, it is an appealing alternative for prevention: 
however, it is unlikely that a woman is at substantial 
risk of ovarian cancer without being at risk for breast 
cancer. 

This study suggests that the combination of 4-HPR 
and OCP may increase the modulation of epithelial cell 
growth through both the retinoid receptor RXRα and 
through the ERβ receptor. The retinoid receptors are 
thought to be associated with the activity of the retinoid. 
A prior study (27, 28) explored the fluorescence 
signatures of these drugs on the monkey ovary and 
found that 4-HPR increased the expression of FAD and 
OCP decreased the expression NADH associated 
emission, while the combination had an additive but not 
synergistic effect. In fact, the combination had a 
decrease in its effect on both the increased FAD and 
decreased NADH associated signature suggesting that 
the combination had less effect than each drug 
individually. These cofactors of the electron chain are 
strongly associated with the energy potential of tissue. 
This study suggests that the combination had more 
effect on markers associated with growth inhibition and 
apoptosis.  A study with colon cancer cells showed that 
upregulation of ERβ was associated with inhibition of 
proliferation in colon cancer cells. A possible 
mechanism by which ERβ over-expression inhibits 
proliferation is by modulation of key regulators of the 
cell cycle; there was a decrease in cyclin E and an 
increase in the cdk inhibitor p21CIP1. Flow cytometry 
blocked the G1-S phase progression induced by ERβ 
over-expression. ERβ modulation is intriguing and bears 
further study. 

 
6. CONCLUSION 
 

This study evaluates the potential for using the 
Rhesus monkey as a model for ovarian cancer 
chemoprevention by using combination of 4-HPR and OCP. 
It also serves as an initial evaluation of potential 
intermediate biomarkers for ovarian cancer chemoprevention 
trials using these drugs. The results of this monkey study 
suggest that the combination of 4-HPR and OCP up-
regulated  4 out of 6 retinoid receptors and ERβ expression, 
providing a potential mechanism for the effect of these drugs 
on the ovary. Although numbers of animals were extremely 
small, this pilot trial supports further study of potential 
intermediate biomarkers in the Rhesus monkey as a model 
for human ovarian chemoprevention studies. 
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Ovarian cancer has a high rate of recurrence and subsequent mortality following chemotherapy despite 

intense efforts to improve treatment outcomes. Recent trials have suggested that retinoids, especially 

4-(N-hydroxyphenyl) retinamide (4-HPR),  play an important role as a chemopreventive agent and are 

currently being used in clinical trials for ovarian cancer chemoprevention as well as treatment.  This 

study examines the mechanism of its activity in premalignant and cancer cells.  We investigated the 

modulation of gene expression by 4-HPR in immortalized ovarian surface epithelial (IOSE) cells and 

ovarian cancer (OVCA433) cells with DNA microarray. Real time RT-PCR and western blotting were 

used to confirm the microarray results and metabolic changes were examined with optical fluorescence 

spectroscopy. 4-HPR resulted in an up-regulation of expression of pro-apoptotic genes and 

mitochondrial uncoupling protein in OVCA433 cells and modulation of the RXR receptors in IOSE 

cells, and down-regulation of mutant BRCA genes in both IOSE and OVCA433 cells. 4HPR had a 

larger effect on the redox in the 433 cells compared to IOSE. These findings suggest that 4-HPR acts 

through different mechanisms in premalignant ovarian surface cells and cancer cells, with a preventive 

effect in premalignant cells and a treatment effect in cancer cells. 
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Introduction 

Epithelial ovarian cancer is the leading cause of death from the gynecologic cancers.1 In 

2003, an estimated 25,400 women were diagnosed with ovarian cancer, and 14,300 women died 

from the disease.1  It is most commonly diagnosed in Stage III or IV where the mortality rate is 

70% or greater. 2  Currently, there is no generally accepted screening test in which sensitive and 

reliable biomarkers can be used to identify women destined to develop ovarian cancer. Although 

initial treatment for ovarian cancer has an excellent response rate, the recurrence rate is high 

following chemotherapy and drug resistance is a common problem. Better strategies for 

prevention and treatment of ovarian cancer are thus strongly warranted. 

  Retinoids have been intensively investigated as chemopreventive agents and have been 

shown to inhibit ovarian carcinogenesis based on both laboratory data and clinical trials. 3-7  The 

potential of the synthetic retinoid 4-HPR to prevent ovarian cancer was recognized in a large 

Italian breast cancer chemoprevention clinical trial. 5-7  Patients on the 4-HPR arm demonstrated 

a decreased incidence of ovarian cancer 7, with 6 patients developing ovarian cancer in the 

control group for the duration of drug ingestion but none in the 4-HPR group (p=0.0327) 6. After 

cessation of the clinical trial, 6 patients in the 4-HPR group developed ovarian cancer compared 

to 4 in the control arm (p=0.7563). 6  This difference was not statistically significant suggesting 

that the effect of the retinoid was not durable. 6  The mechanism of action of 4-HPR’s cancer 

chemoprevention is unclear. It may act partly through modulation of gene expression via retinoid 

receptors although modulation of retinoid receptors is still controversial. 8-14  Retinoid receptors 

are members of the steroid hormone receptor superfamily. Two types of receptors have been 

identified: retinoic acid receptors (RARs) and retinoid X receptors (RXRs). Each type includes 

three subtypes with distinct amino- and carboxyl-terminal domains. The RARs bind to all-trans-
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retinoic acid (ATRA) and 9-cis-retinoic acid (9cRA), a natural retinoic acid isomer, whereas the 

RXRs bind only to 9cRA. 15-18  RARs can form heterodimers with RXRs and bind to retinoic 

acid response elements (RARE), specific DNA sequences that are characterized by direct repeats 

of (A/G)GGTCA separated by two or five nucleotides that act as ligand-dependent 

transcriptional regulators for retinoic acid-responsive genes. Some investigators hypothesize that 

both all-trans retinoic acid (ATRA) and 4-HPR bind to retinoic acid response element (RARE) 

and regulate gene expression (Zou and Lotan unpublished data). 19, 20 

DNA microarray is widely used in identifying gene expression in normal and cancer 

cells, and in evaluating molecular changes before and after treatment with drugs. 21-24 Use of 

array technology allows simultaneous evaluation of expression of many (up to thousands) genes. 

The challenge of such a powerful technique is to develop rigorous, quantitative methods for 

interpretation of such a wealth of data to identify the expression profile providing maximal 

biologic information.  

Techniques based on quantitative optical fluorescence spectroscopy have shown promise 

to improve detection of epithelial lesions in the colon, cervix, bladder, head and neck, esophagus 

and other epithelial surfaces. 25-28  Certain molecules within a cell can be excited using light in 

the visible and UV range. This principle can be used to optically interrogate endogenous 

fluorophores with quasi monochromatic excitation light. Natural intra cellular fluorophores 

include electron carriers nicotinamide adenine dinucleotide (NADH) and flavin adenine 

dinucleotide (FAD) and the aromatic amino acids tryptophan, tyrosine and phenylalanine, as well 

as structural proteins, each of which have a characteristic wavelength for excitation with an 

associated characteristic emission. 29  In particular, FAD and NADH can provide an estimate of 

mitochondrial metabolic activity through an estimate of cellular redox. 30  Fluorescence 
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spectroscopy of endogenous fluorophores has been used as a marker for both early detection and 

chemoprevention. 31-33  

Identification of biomarkers is important to detect abnormal cells so that invasive cancer 

can be prevented through chemoprevention. Furthermore, intermediate end point biomarkers are 

valuable in timely evaluation of the drug efficacy during chemoprevention trials. However, 

potentially useful biomarkers for evaluating ovarian cancer and 4-HPR’s effect on the ovary are 

currently limited. To identify biomarkers in response to 4-HPR treatment and to investigate the 

mechanism of its action in ovarian cancer treatment and/or prevention, we used the in vitro 

model of normal cells (IOSE cells) and ovarian cancer OVCA433 cells. Ovarian surface 

epithelial (OSE) cells originated from ovarian epithelial carcinomas in which women with a 

strong family history of ovarian carcinomas or with a mutation in one of the two known cancer 

suppressor genes – BRCA1 and BRCA2. 34, 35  Since OSE cells are thought to be the site of 

origin of epithelial ovarian cancer, these cells are important to study their molecular and cellular 

properties compared to ovarian cancer cells to enhance our understanding of malignancy in 

ovarian cancer. 

We compared changes in gene expression from treatment with 4-HPR in normal and 

malignant ovarian cells by microarray and examined 4HPR action in the context of growth 

inhibition, apoptosis induction, and mitochondrial permeability transition changes. The gene 

expression changes were verified further by real-time RT-PCR and Western blot while the 

metabolic status was evaluated with fluorescence spectroscopy. 
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MATERIALS AND METHODS 

Cell Lines and Retinoids   

Immortalized ovarian surface epithelial cells (IOSE) and ovarian cancer OVCA433 cells 

were grown as previously described. 8  The cells were incubated for 3 days with 4-HPR with 

different concentration of 4-HPR (1, 5 and 10 µM). Control cultures contained DMSO. N-(4-

hydroxyphenyl) retinamide (4-HPR) was purchased from the Sigma Chemical Co. (St. Louis, 

MO), dissolved in dimethylsulfoxide (DMSO) at stock solutions of 10-2M, and stored in an 

atmosphere of N2 at -80o C.   

     

RNA Preparation and Microarray 

Total RNA was extracted as previously described. 8  We used DNA chip technology to 

identify gene expression in the Genomics Core Laboratory at the University of Texas Health 

Sciences Center. The cDNA chips (Agilent Technologies, Palo Alto, CA) with 8,000 human 

cDNA’s, which had dual-labeled cDNA hybridization for use in high density cDNA microarrays.  

IOSE and OVCA433 cells were treated with 1 µM 4-HPR for 3 days. The RNA samples were 

evaluated for degradation and DNA contamination on an Agilent 2100 Bioanalyser (Agilent) 

using a RNA 6000 NanoKit.  RNA from the control and the treated cells were submitted for 

comparison to each microarray chip.  These RNA's were used with a Micromax TSA Labeling 

Kit (Perkin Elmer Life Sciences, Boston, MA) and Cyanine-3 or Cyanine-5 dyes. The 

recommended wash and labeling procedures for the Perkin Elmer TSA kit were followed except 

for increasing the post Cyanine 5 Tyramide labeling washes to 10 min each. The washed chips 

were read on a ScanArray Lite (Perkin Elmer) and the digital image output analyzed using their 

software (QuantArray). The resulting values were then compiled using either Excel or File 

Maker Pro macros written for the Microarray Core Laboratory. 
  
 Page 6 of 25 



 Int J Cancer  

Effect of 4-HPR on Cell Proliferation in Monolayer Cultures 

IOSE and OVCA433 cells were placed in 96-well plates at 105 cells per well and grown 

for 24 hrs. The cells were incubated for 5 days with 4-HPR in 1, 5, and 10 µM concentrations. 

Growth inhibition was determined using the crystal violet method as previously described 8. All 

experiments were performed in triplicate and the mean ± standard deviations calculated. 

 

Analysis of Apoptosis Induced by 4-HPR 

Terminal deoxynucleotidyl transferase (TdT)-mediated fluorescein-deoxyuridine-

triphosphate (dUTP) nick-end labeling (TUNEL) assay was used (8). Flow cytometry used a 

FACScan flow cytometer (Epics Profile, Coulter Corp., Hialeah, FL) with a 15 mW Argon laser 

used for excitation at 488 nm.  Fluorescence was measured at 570 nm. Computer analysis of the 

data provided information on the percentage of apoptotic cells. All experiments were performed 

in triplicate and the mean ± standard deviations calculated. 

 

Caspase 3 Activity Assay and Protein Analysis 

The cells were plated in 96-well tissue culture plates at densities ranging from 0.5-1 x 105 

cells per well and treated with 4-HPR in 1, 5, and 10 µM concentrations for 12, 24, 48, and 72 

hours. Control cultures and treated cultures contained the same amount of DMSO.  The method 

for analysis of Caspase 3 activity as previously described 8. 

 

Mitochondrial Permeability Transition (MPT) Assay 

IOSE and OVCA433 cells were treated with 4-HPR in 1, 5, and 10 µM concentrations for 

3 days to determine the time of maximal mitochondrial permeability transition. Cells were 

washed and resuspended in 40 nM MitoFluor medium, then incubated at 37oC for 30-45 min. 
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Cells were visualized under the fluorescence microscope at 490 nm excitation, 576 nm emission.  

A field of 20-30 cells was chosen using a photo amplifier to measure light intensity. Once the 

time of maximal mitochondrial permeability was determined, the remainder of the experiments 

were carried out using the pre-determined times of incubation.    

    

Western Analysis of p53, p21, and p16 Gene Expression Modulated by 4-HPR 

Genes showing alterations in expression by 4-HPR (> 2 fold increase or >2-fold 

decrease) were validated by real-time Q-RT-PCR or Western blotting.  Nuclear and cytoplasmic 

protein extracts were prepared as previously described 8.  

 

Real time Q RT-PCR Analysis for mRNA Expression of RARs and BRCA Genes 

Real time Q RT-PCR performed in the University of Arizona Core facility by utilizing 

the 7700 sequence detector (Applied Biosystems, Foster City, CA) with a similar protocol as 

previously described. 8. 

 

Optical Spectroscopic Analysis of Redox Ratio FAD/(FAD+NADH) 

Fluorescence emission was measured on IOSE cells and OVCA433 cells. Cells were 

treated with 1 µM, 5 µM, or 10 µM 4-HPR 24 hr before fluorescence measurements, described 

previously.  36   

Results 

Expression of Genes Altered by 4-HPR in IOSE and OVCA433 Cells Detected by Microarray 

Microarray analysis was performed using total RNA purified from treated and untreated 

cells. The expression of genes modulated by 4-HPR was evaluated. Genes with a change of 
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expression >2 fold were recorded in Table 1a and b. In IOSE cells, there was up-regulation of 

apoptotic related genes and differentiation genes, as well as genes on chromosome 3 and 9. 

Cancer cells showed up-regulation of fewer genes associated with apoptosis and showed similar 

effects on up-regulation of the anti-oncogene segment on chromosome 9. Mitochondrial, NAD, 

NADH, and NADPH genes were modulated by 4-HPR in both IOSE and OVCA433 cells (Table 

2). 

 

Growth Inhibition and Apoptosis Induction by 4-HPR in Ovarian Cell Lines 

IOSE and OVCA433 cells treated with different concentrations of 4-HPR, the growth 

inhibitory effect were compared in monolayer culture. Increasing the concentration of 4-HPR 

resulted in dose-dependent growth inhibition (Fig 1).  

 

Apoptosis Induction by 4HPR in Ovarian Cells  

Apoptosis induction in IOSE and OVCA433 cells were analyzed by TdT-labeling and 

flow cytometry after 3 days of treatment. Results showed 4-HPR apoptosis induction was dose-

dependent (Fig 2). Cell cycle analysis demonstrated that 4-HPR increased the percentage of cells 

in the G1 phase in OVCA433 cells, also in a dose-dependent manner (Fig 2).  

 

Effect of 4-HPR on Caspase 3 Activity and Caspase 3 and 9 Protein Expression 

Caspase 3 activity is a central mediator of apoptosis. Caspase 3 activity was measured in 

IOSE and OVCA433 cells at different time points with different concentration of 4-HPR. 

Caspase 3 enzyme activity was slightly increased at day 3 in the different concentration groups 

in OVCA433 cells (Fig 3a), which correlated with maximal apoptosis and growth inhibition in 
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these cells. However, Caspase 3 and Caspase 9 protein were not changed by 4-HPR in either 

IOSE or OVCA433 cells (Fig 3a and b). 

 

Effect of 4-HPR on Mitochondrial Permeability Transition (MPT) 

Mitochondrial permeability transition (MPT) changes are associated with mitochondrial 

mediated apoptosis.  To investigate the mechanism of 4-HPR induced apoptosis in ovarian 

cancer cells, experiments were carried out to investigate the effect of 4-HPR in mitochondrial 

potential in IOSE and OVCA433 cells. 4-HPR decreased mitochondrial inner-membrane 

potential, which increased MPT in IOSE and OVCA433 cells (Fig 4). An inverse relationship in 

mitochondrial potential correlated in a dose-dependent manner with the increase in apoptosis and 

growth inhibition by 4-HPR in IOSE and OVCA433 cells (Figs 1 and 4), suggesting that these 

activities were mediated by changes in the mitochondrial membrane. 

 

Expression of Apoptosis-associated Genes Modulated by 4-HPR 

The effect of 4-HPR on the expression of the apoptosis-associated genes p53, p21, p16 

and Rb were examined along with BRCA genes with Western blot and real-time PCR method. 

The expression of these genes was detected in both IOSE and OVCA433 cells (Fig 5). 4-HPR 

increased expression after 3 days of treatment in a dose-dependent manner in OVCA433 cells 

(Fig 5), which correlated with the microarray results, showing an increase in human p53 binding 

protein mRNA in these cells (Table 1a). 

 

4-HPR Modulating Rtinoid Receptors and BRCA Genes Detected by Q RT-PCR 

Microarray data showed that retinoid receptors were modulated by 4-HPR. Some receptors 

were induced by 4-HPR and others were suppressed by 4-HPR. We verified the effect of 4-HPR 
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on receptor expression and induction by Q RT-PCR. RARs were not significantly changed by 4-

HPR in either cell line (data not shown); however, RXRs were modulated by 4-HPR in IOSE 

cells. 4-HPR increased RXRα and RXRβ expression and decreased RXRγ expression in IOSE 

cells (Fig 6a). The expression of RARs and RXRs were not altered by 4-HPR in cancer cells (Fig 

6a).  

BRCA1 and BRCA2 gene expression were decreased by 4-HPR in both IOSE and 

OVCA433 cells (Fig 6b). Real time RT-PCR result was consistent with microarray analysis 

(Table 1b and Fig 6b). 

 

Redox Ratio Changed by 4-HPR Detected by Optical Spectroscopic Analysis 

As shown in Fig 7a, the IOSE cell line exhibited a highly variable redox related 

fluorescence ratio compared to the OVCA433 cell line in which the estimated redox increased in 

a linear fashion.  The OVCA433 cells demonstrated a strong sensitivity to 4-HPR treatment and 

Fig 7a illustrates that dose dependence as a linear increase with a slope of 0.0059 / µM 4-HPR 

(p<0.001).  An increased redox ratio suggests less oxidative metabolism indicating the cells may 

be entering quiescence.  When considering the relative ratios to untreated cells, as shown in the 

Fig 7b, the OVCA433 cells had a higher value at each drug dosage.  At higher concentrations of 

4-HPR the redox related fluorescence ratio increased for the IOSE cells but never reached the 

level of the OVCA433 cells.  This is consistent with the result that the IOSE cell line was 

variable in response to 4-HPR treatment.   

 

Discussion 
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endpoint (cancer development) may take many years and may be difficult to detect precisely. 

Large numbers of patients would have to be entered into such a trial to reach statistically 

significant conclusions. Using biomarkers that reliably predict progression and differentiation, a 

study can be completed with fewer patients in a reasonable length of time. 37, 38  Unfortunately, 

only a limited number of potentially useful biomarkers for chemoprevention studies in ovarian 

cancer have been described. 39-48  

An Italian trial that evaluated 4-HPR for prevention of secondary breast cancers 

demonstrated a decreased incidence of ovarian cancer in women receiving 4-HPR, suggesting 

that retinoids prevented the development of ovarian cancer. 5-7 After cessation of 4-HPR 

treatment, new ovarian cancers occurred in the treatment group, suggesting that this prevention 

was not durable 7. Experimental studies have demonstrated that retinoids can affect human 

ovarian cancer cell growth by inhibiting proliferation and inducing apoptosis 4, 11-13, which are 

thought to be important mechanisms in cancer prevention, as well as in cancer treatment. 

However, the detailed mechanism of retinoid activity, including 4-HPR, in cancer 

chemoprevention has remained unclear. We have used DNA microarray to examine genes whose 

expression is modulated by 4-HPR in immortalized normal ovarian epithelial and ovarian cancer 

cells. The results are verified by real-time RT-PCR and western blot to further strengthen our 

conclusions.  

P53, a tumor suppressor protein and transcription factor, is deleted or altered in many 

human cancers. P53 binds to DNA of cell cycle related genes to induce G1 arrest and allows 

cells to repair DNA damage or undergo apoptosis if DNA damage is too large for repair.  P53 

binds to DNA in response to DNA damage, a process that is redox sensitive and is inhibited by 

oxidizing conditions.  Mutation of the p53 protein decreases DNA binding and inhibits activity 

in induction of apoptosis of genetically altered cells. 49 In our study, microarray data 
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demonstrated that 4-HPR increases human p53 binding protein mRNA expression and Rb 

binding protein in both normal and cancer cells (Table 1a), and p53/Rb expression were found in 

both IOSE and ovarian cancer cells. However, Western blot analysis showed p53 expression 

increased in OVCA433 cells only. In OVCA433 cells, p53 as well as downstream  p21 and p16 

proteins increase in a dose-dependent manner, suggesting the cells carry wild-type p53 (Fig 5). 

The concentration of 1 µM 4-HPR was chosen in microarray study and western analysis because 

most of clinical trials used this concentration.5-7 A concentration of 1 µM is approximately 

equivalent to the plasma concentration when a dose of 200mg/day is administered. However, our 

results suggested that this dose may not be effective for ovarian cancer prevention. Although 

microarray results showed increasing gene expression, there were few changes at the protein 

level (table 1 and fig 5).  

In OSE cells however, immortalized IOSE cells with catalytic subunit of telomerase 

(hTERT) and a SV40 Large T antigen inactivity of the p53/Rb pathway, the expression of p53 

were detected but diminished when the temperature increased to 39oC for 5 and 7 days 50, 

supporting our findings. In downstream genes, p21 expression showed increased expression with 

the higher temperature but p16 expression was not changed by temperature. 50  The hTERT and a 

SV40 Large T antigen affected not only expression of p53, but also p16 in OSE cells. 50  4-HPR 

treatment increased p21 expression in IOSE cells but the expression of p53 and p16 were not 

changed by 4-HPR, further confirming that the large T antigen affects p53 expression and thus is 

not modulated by 4-HPR (Fig. 5). This is a limitation of this cell line. However, primary cell 

cultures give highly variable results, limiting their usefulness.   

p53/Rb mediates the action of 4-HPR on ovarian cancer cells which carry a functional or 

wild type p53. Up-regulation of p53, p21, and other downstream genes may be one of the 

mechanisms of retinoid-response in ovarian cancer cells, as is seen in other cell lines. 51, 52  A 
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previous study has reported 52 that ovarian cancer cell lines that are sensitive to retinoic acid have 

a higher expression of p53, p27, p21, and p16 compared to the retinoid resistant lines 52, which 

are concordant with our data. In OVCA433, which is sensitive to 4-HPR, there is an increase in 

p53, p21, and p16 expression in a dose-dependent manner, which correlates with growth 

inhibition and apoptosis. In early cancers, wild type p53 may still be present because p53 

mutations may be a late event in carcinogenesis, specifically in ovarian cancer, suggesting one of 

the major effects of 4-HPR may require an intact p53 gene. This would also suggest that 4-HPR 

may be more active as a preventive agent rather than a treatment agent if a p53 mutation has 

occurred.  

There is thought to be a role for nuclear retinoid receptors in mediating the retinoid 

regulation of growth, apoptosis, and gene expression. 15-18  RAR and RXR expression have 

different patterns in different tissues and organs. Retinoid treatment increased certain RAR 

mRNA levels in several normal and cancer cell lines 9-14 including several ovarian cancer cell 

lines. 4, 11, 12, 19, 20, 53  However, 4-HPR modulation of expression of retinoid receptors in ovarian 

cancer is still controversial. In this study, 4-HPR increased RXRα and RXRβ expression and 

decreased RXRγ expression in IOSE cells. Formelli’s group reported that RARβ basal level 

expression and induction by 4-HPR play an important role in mediating 4-HPR response in 

ovarian cancer cells. 53  The over expressing RARα clone and RARβ clone increased the tumor-

suppressive effect in ovarian tumors. 53  They also found that the most sensitive cell lines had 

RARβ expression and the highest levels of RARα and RARγ expression.4  Moreover, ATRA 

inhibited ovarian cancer cell growth through RARα and RXRα 54, 55, with RXRα playing a 

critical role in mediating the growth inhibition in ovarian cancer cells. 54  In this study, the RXRs 

were regulated by 4-HPR in IOSE, but not in ovarian cancer cells, suggesting ovarian 

carcinogenesis may block some of the receptor expression and induction, and further study on 
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blocking these receptors to evaluate whether the effect of 4-HPR is altered will be forthcoming. 

Retinoids, particularly 4-HPR, have been shown to increase aerobic glycolysis by 

increasing mitochondrial permeability to the co-enzymes NADH and FAD, as well as activity of 

the electron transport chain characterized by an increase in reactive oxygen species and 

cytochrome oxidase. 56, 57  There has been an increased interest in mitochondrial function in both 

normal and cancer cells; in particular, the mitochondria may be the site of induction of apoptosis 

by many preventive agents. 4-HPR induces a change in the mitochondrial permeability of the 

membrane permeability transition 57-59, which we hypothesize is one of the mechanisms of its 

suppressive activity in growth inhibition. Permeability of the mitochondrial inner membrane is 

increased by thiol agents and oxidative stress-inducing agents and is thought to be dependent on 

the opening of a non-selective pore 58; intracellular redox potential increased along with 

increases in 4-HPR induced growth inhibition and apoptosis. 59  A shift towards a more oxidized 

condition increases membrane permeability, while the opposite occurs with reducing agents. 

Change in mitochondrial permeability allows cytochrome c to be released into the cytosol and is 

thought to initiate the Caspase system, ultimately with activation of Caspase 3 activity. 58, 60  

Caspase 3 activity was investigated in this study because it is a pivotal step in both Caspase 9 

and mitochondrial-induced apoptosis.  We could not detect any significant change in Caspase 

genes after treatment with 4-HPR in our microarray and western analysis. Other Caspase genes 

besides Caspase 3 and 9 may be involved in 4-HPR induced apoptosis in ovarian cells and this 

requires further investigation. 

The redox ratio of a cell defines the level of free radicals divided by the level of anti-

oxidants. It is an indirect measure of the cells metabolic activity and functional ability of the 

electron transport chain. An increase in the ratio suggests a reduced metabolic activity under 

normoxic conditions. It is hypothesized that chemopreventive treatments reduce growth rate and 
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induce apoptosis which should result in reduced metabolic activity and an increased redox ratio. 

32 The availability of free radical versus anti-oxidants within a cell can be measured by 

determining the ratio of FAD versus FADH2 or NAD versus NADH. NADH is fluorescent but its 

oxidized complement NAD is only minimally fluorescent. On the other hand, FADH2 is 

minimally fluorescent while FAD is fluorescent. Because both fluorophores are oxidized in the 

electron transport chain, measuring changes in the fluorescence intensity related to FAD serves 

as an estimate of changes in NAD. Given that the fluorescence from NADH and FAD can be 

measured non-invasively, a measure approximating the redox ratio can be obtained in vitro on 

cell cultures without the need for fixation and staining and chemical preparation.  This may be an 

important non-invasive biomarker for the activity of chemopreventive agents in vivo. 

Our results suggest the optically approximated redox status of the cells provides evidence 

of differences between the responses to 4-HPR treatment in the two ovarian cell lines.  The IOSE 

cells exhibited a higher redox ratio that did not significantly increase with 4-HPR treatment 

while the redox ratio estimated from the OVCA433 cells increased in a dose dependant manner. 

The BRCA family of genes regulates apoptosis and often has germ-line mutations in 

familial breast and ovarian cancer. 34, 35  4-HPR down-regulated BRCA1 in the IOSE cells and 

decreased BRCA2 gene expression in OVCA433 cells detected by both microarray and real-time 

RT-PCR (Tables 1b and 3b). Both BRCA1 and BRCA2 function as tumor suppressor genes in 

the breast and ovary. 34, 35, 61  IOSE cells used in the study are thought to carry a BRCA mutation 

and originated from a woman with a strong family history of ovarian cancer 34, 61, The ovarian 

cancer cells OVCA433 had altered expression of BRCA genes, moreover, the expression of 

BRCA2 transcript in-frame exon 12 deletion (BRCA2∆12) mRNA was also reported in these 

cells by Ho, et al. 61  4-HPR could directly affect mutant BRCA gene to suppress the ovarian 

carcinogenesis, which is a very important finding in this study and has significant implications 
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for BRCA-related cancer prevention and merits further study. 

Our study suggests that 4-HPR may be active in ovarian cancer cells through growth 

inhibition and apoptosis induction which is mediated by multiple mechanisms. We use both 

ovarian cancer cells and immortalized normal ovarian epithelium cells in the study. The IOSE 

cells represent a cell that has been immortalized as a premalignant cell. Although a true 

premalignant model in the ovary is still unclear, immortalized cells have been used from lung, 

cervical, and other cell lines to mimic premalignant cells. 8, 50 In immortalized normal ovarian 

cells, 4-HPR regulated RXR receptor pathways which increased RXRα and RXRβ expression 

and decreased RXRγ expression as well as down-regulating the anti-apoptotic genes ras and 

cyclin-dependent kinase and up-regulating the pro-apoptotic pathways p53 and BCL, although 

Western blot did not confirm an increase in p53 protein. However, in OVCA433 cells, 4-HPR 

mediated mitochondrial permeability and induced the pro-apoptotic p53 and downstream 

pathway. Early changes that have not undergone p53 mutations, for example, may have a 

response to 4-HPR with induction of the p53 pathway, while cells that have undergone p53 

mutations may not be as responsive to drugs such as 4-HPR. Using biomarkers, such as RXR 

receptors and p53 up-regulation and downstream protein production as well as fluorescence 

spectroscopy, to evaluate patient response may be helpful to monitoring 4-HPR or other 

chemopreventive agents’ activity as a preventive agent for ovarian cancer. Hence, this drug 

merits further study in the ovary, both as a preventive agent and as an agent which might aid in 

preventing future recurrences. 

Natural and synthetic retinoids have been used in many different types of cancers for 

prevention and treatment.  However, the mechanism is still not well studied and the suitable 

concentration of 4-HPR and/or retinoid has not been determined. 62-64   Negative trials were 

reported for bladder cancer and cervical cancer. 61, 64  A key result from our previous in vitro 
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studies suggested the concentration is important when applying retinoids to different cell types,  

correlating with different concentrations for various cell populations in vivo, i.e. normal and high 

risk patients as well as cancer patients need to use specifics concentrations. 8, 63, 65-67 Most of the 

clinical trials for prevention use the dose of 200 mg/day based on a breast cancer 

chemoprevention trial. 68 Compared with the bladder, cervix, and ovary, the breast is fat tissue 

that stores retinoids; consequently, the local concentration of 4-HPR in the breast is conceivably 

higher than that in other organs and this local concentration varies from organ to organ. 

Therefore, it is imperative that the concentration of 4-HPR in different type of cancer needs to be 

studied carefully before initiating a clinical trial. 
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Figure Legends 

Fig 1.  Effect of 4-HPR on growth and apoptosis in OVCA433 and IOSE cells.  Cells were grown 

in the absence (control) or presence of 4-HPR in concentrations of 1, 5, 10 µM.  Growth 

inhibition assay were performed with crystal violet on day 5. The percentage of growth inhibition 

was calculated, as described in Materials and Methods. The data was presented as the mean ± SE 

of triplicate determinations.  

Fig 2.  Effect of 4-HPR on apoptosis induction in OVCA433 and IOSE cells. Cells were treated 

with the indicated 4-HPR concentrations for 3 days. The cells were then stained with fluorescein-

labeled dUTP to label DNA fragments by the TUNEL method, as described in Materials and 

Methods.  The percentage of apoptosis cell population and DNA contents, including cell cycle, 

were calculated. 

Fig 3.   Effect of 4-HPR on Caspase 3 Activity in OVCA433 and IOSE cells. Cells were grown in 

96-well plate with absence (control) or presence of 4-HPR in concentrations of 1, 5, and 10 µM 

for 12, 24, 48 and 72 hrs and incubated in Caspase 3 buffer, as described previously in Materials 

and Methods. The plates were read at 400 nm excitation, 505 nm emission using a fluorescence 

plate reader immediately after adding Caspase 3 fluorescent substrate conjugate. The Western blot 

on Caspase 3 and 9 expression shown in the upper right corner were treated with same 

concentration of 4-HPR for 3 days. 

Fig 4.  Effect of 4-HPR on Mitochondrial Permeability Transition in IOSE and OVCA433 cells.  

Cells were treated with 4-HPR in concentrations of 1, 5, and 10 µM for 3 days and resuspended in 

40 nM MitoFluor™ medium. Cells were visualized under the fluorescence microscope at 490 nm 

excitation, 516 nm emission.  A field of 20-30 cells was chosen using a spectrophotometer to 

measure light intensity.  
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Fig 5.  Effect of 4-HPR on p53, p21, and other protein levels in IOSE and OVCA433 cells.  

Nuclear proteins were extracted from cells treated with 1 µM 4-HPR for 3 days. Thirty 

microgram/lane of nuclear proteins were subjected to SDS-PAGE.  The p53, p21, p16, and Rb 

proteins were identified by blotting with monoclonal antibodies. Immunoreactive bands were 

visualized using the enhanced chemiluminescence method described in Materials and Methods. 

The blots were stripped and reblotted to mouse anti-β-actin antibody for assessment of loading in 

each lane.  

Fig 6.  a. Estimated fluorescence redox ratios are presented from the OVCA433 and IOSE cells 

with increasing concentrations of 4-HPR.  Standard error bars are shown and the value above 

each bar represents the number of times the treatment group was measured.  b. Comparisons 

relative redox fluorescence ratio between the control and treatment measurements for both cell 

lines. The mean ratios for the treatment groups are normalized to the control group’s mean ratio.   

Table 1.  Microarray analysis of all genes induced by retinoid (greater than 2-fold changes). 

Ovarian cells were grown in 10% FBS and DMEM/F12 medium treated with 1 µM of 4-HPR. 

Total RNA was purified and microarray was analyzed.  The genes up- and down- regulated by 4-

HPR were reported.  

Table 2.  Microarray analysis of all genes related to NADH and NAD modulated by 4-HPR.  

Table 3.  Expression of RXR receptors and BRCA in ovarian cell lines determined by real-time 

RT-PCR analysis.  IOSE and OVCA433 cells were grown in 10% FBS and DMEM/F12 medium 

treated with 1 µM of 4-HPR for 3 days. The cells were then harvested and the total RNA was 

extracted and analyzed by real time RT-PCR. The number represented the fold changes. If fold 

change > 1.0, the gene is up-regulated relative to the control (equal to 1). If fold change is <1.0, 

the gene is down-regulated relative to the control. 

  
 Page 25 of 25 



Photochemistry and Photobiology, 2005, 81: 125–134

Endogenous Fluorescence Spectroscopy of Cell Suspensions for
Chemopreventive Drug Monitoring{

Nathaniel D. Kirkpatrick1, Changping Zou2, Molly A. Brewer1,2, William R. Brands2,
Rebekah A. Drezek3 and Urs Utzinger*1,2

1Division of Biomedical Engineering, University of Arizona, Tucson, AZ
2Department of Obstetrics and Gynecology, University of Arizona, Tucson, AZ
3Department of Bioengineering, Rice University, Houston, TX

Received 6 August 2004; accepted 27 October 2004

ABSTRACT

Cancer chemopreventive agents such as N-4-(hydroxyphenyl)-
retinamide (4HPR) are thought to prevent cancers by suppress-
ing growth or inducing apoptosis in precancerous cells.
Mechanisms by which these drugs affect cells are often not
known, and themeans tomonitor their effects is not available. In
this study endogenous fluorescence spectroscopy was used to
measuremetabolic changes in response to treatment with 4HPR
in ovarian and bladder cancer cell lines. Fluorescence signals
consistent with nicotinamide adenine dinucleotide (NADH),
flavin adenine dinucleotide (FAD) and tryptophan were mea-
sured to monitor cellular activity through redox status and
protein content. Cells were treated with varying concentrations
of 4HPR and measured in a stable environment with a sensitive
fluorescence spectrometer. Results suggest that redox signal of
all cells changed in a similar dose-dependantmanner but started
at different baseline levels. Redox signal changes depended
primarily on changes consistent with NADH fluorescence,
whereas the FAD fluorescence remained relatively constant.
Similarly, tryptophan fluorescence decreased with increased
drug treatment, suggesting a decrease in protein production.
Given that each cell line has been shown to have a different
apoptotic response to 4HPR, fluorescence redox values along
with changes in tryptophan fluorescence may be a response as
well as an endpoint marker for chemopreventive drugs.

INTRODUCTION AND BACKGROUND

Fluorescence spectroscopy can be used to measure endogenous

fluorescence in various systems. It has been applied in vitro to

characterize cell cultures, ex vivo to assess tissue biopsies and in
vivo to measure tissue (1–4). Over the last decade many promising

applications for autofluorescence spectroscopy have been reported

mainly in the area of minimally invasive disease diagnosis and also

in drug monitoring (5,6). By measuring endogenous signals, no

additional dyes or contrast agents are necessary to determine the

native characteristics of tissues in vivo. When considering an auto-

fluorescence signal from tissue, all the contributing fluorophores

and chromophores must be accounted for because excitation,

emission and absorption spectra overlap. Signals corresponding to

aromatic amino acids, structural proteins, metabolic cofactors and

blood products are known to produce a fluorescence signature in

bulk tissue samples. Some of these signatures arise from intra-

cellular structures and can provide information about the metabolic

statewithin the sampled cells. Landmark studies have established ex-

perimental links between cellular autofluorescence and metabolic

changes (7–9). This study takes advantage of such alterations in

fluorescence emission from epithelial cancer cell lines to monitor

metabolic responses in the presence of N-4-(hydroxyphenyl)retina-
mide (4HPR).

If cells are measured in suspension, there are little effects of

absorption and morphology on fluorescence emission. The sole con-

tributors are intracellular fluorophores. In the case of endogenous

fluorescence, there are several key fluorophores that correlate

specifically with cellular activity including reduced nicotinamide

adenine dinucleotide (NADH), reduced nicotinamide adenine

dinucleotide phosphate (NADPH) and flavin adenine dinucleotide

(FAD). Although NADH and NADPH are distributed throughout

the cytosol, studies have shown that the predominant fluorescence

signal originates from the mitochondria, consistent with NADH

fluorescence (10–12). This article will refer to NAD(P)H fluores-

cence as NADH fluorescence, attributed mainly to the mitochondrial

NADH concentrations. NADH and FAD are metabolic cofactors

that act as electron donors and acceptors in the electron transport

chain of the mitochondria. Electrons are transported down the chain,

providing the necessary energy to generate a proton gradient and the

corresponding adenosine triphosphate production. When oxidized,

NADH and FADH2 (reduced FAD) release electrons, and then

NADþand FAD return to their reduced forms by accepting electrons

by way of the citric acid cycle (13). Of particular optical interest is

the reduced NADH, which exhibits a strong fluorescence signal with

a maximum at 350 nm excitation and 450 nm emission, whereas the

oxidized form, NADþ, does not elicit fluorescence (14). Conversely,

the oxidized FAD fluoresces at a maximum at 450 nm excitation and

535 nm emission, whereas FADH2 fluorescence is minimal. It has
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been shown that flavin fluorescence is predominantly attributed to

electron transfer flavoprotein and lipoamide dehydrogenase,

a molecule that associates with FADH2 (15). In this article

fluorescence consistent with flavin fluorescence will be referred in

general as FAD-related signal.

As a cell changes its metabolic activity, the balance between

NADH and NADþ shifts correspondingly as the reduction–

oxidation (redox) state of the cell fluctuates. Similarly, the com-

plementary pair of FADH2 and FAD forms a redox potential that

deviates depending on cellular metabolism. To determine the redox

potential of sampled cells in vivo using fluorescence signals, an

ideal approach would be to compare the NADþ concentration to the

total concentration of NADþ and NADH or use the FAD and

FADH2 concentrations correspondingly. However, because only

NADH and FAD exhibit significant fluorescence signals, the redox

potential can be estimated through a ratio of the peak emission

values from these molecules assuming their concentrations are

inversely linked to the nonfluorescing counterparts.

Among aromatic amino acids, tryptophan contributes to most of

the observed intrinsic fluorescence signal (14). In cell suspensions

signals attributed to tryptophan typically exhibit fluorescence

intensities orders of magnitude greater than those from other endo-

genous fluorophores. Although not typically a focus in spectroscopic

studies, tryptophan-related fluorescence can serve as an additional

marker for monitoring cellular status (1) and has demonstrated

different signal intensities in metastatic and nonmetastatic cells (16).

It can be hypothesized that cellular protein production can be

estimated with tryptophan-related fluorescence signals.

In this study, fluorescence spectra resulting from the combination

of tryptophan, NADH and FAD were analyzed to characterize

cellular response in vitro to a chemopreventive drug treatment

regimen. 4HPR, a vitamin A derivative, is a known chemo-

preventive agent in head and neck, bladder, ovary and other

epithelial cancers but its mechanisms are not fully understood (17–

22). Although 4HPR targets nuclear retinoic acid receptors, it has

also been shown to exhibit apoptotic effects independent of receptor

mediation (17,23). One hypothesis is that 4HPR modulates the

mitochondria and the electron transport chain, releasing reactive

oxygen species and initiating apoptosis (24). Changes in the

mitochondrial permeability affect the electron transport chain and

subsequently alter the balance between reduced and oxidized state of

molecules. As described previously, fluorescence spectroscopy can

be used to monitor molecular concentrations, which reflect the redox

state of the cell (6) because NADH and FAD are directly linked to

mitochondrial activity and cellular metabolism. The inclusion of

FAD-related fluorescence in a redox calculation increases the

precision of the metabolic state estimation compared with analyzing

changes of NADH-related signals alone (25). We conducted

spectroscopic studies on four different epithelial cancer cell lines

with the goal to determine fluorescence properties and redox states

as well as the dose response between established epithelial cell lines.

MATERIALS AND METHODS

Epithelial cell suspension. Two ovarian cancer cell lines, OVCA 420 (420)
and OVCA 433 (433) (26) (M.D. Anderson Cancer Center, Houston, TX, G.
Mills laboratory), along with two bladder cancer cell lines, UM-UC-6 (U6)
(27) (M.D.AndersonCancer Center, HBGrossmanLaboratory) andT24 (28)
(AmericanTypeCulture Collection,Manassas, VA),were used for this study.
These cell lines were studied because of their hypothesized susceptibility to
4HPR. The T24 cells have a p53 mutation, and the U6 cells have a wild-type
p53 gene (29,30). Previous experiments suggest that T24 epithelial cells are
less sensitive to 4HPR treatments compared with the U6 cells. The epithelial

cell lines were cultured until they had reached approximately 53106 cells per
culture dish in a mixture of 90% volume Dulbecco modified Eagle medium
(Invitrogen, GIBCO, Grand Island, NY) and 10% fetal bovine serum
(Mediatech Inc., Herndon, VA) at 378C in a humidified atmosphere of 95%
air and 5% CO2. 4HPR was purchased from Sigma Chemical Co. (St. Louis,
MO), dissolved in dimethylsulfoxide (DMSO) (Sigma) at stock solutions
of 10�2 M and stored in an atmosphere of N2 at�808C.

Exposure of cell cultures to a 4HPR drug regimen over time results in an
increasing number of nonviable cells. To measure live cells during the
initiation of apoptosis, they were measured 24 h after treatment before any
significant cell death had occurred. Although previous studies have shown
that 3 days of treatment produces maximal apoptosis, initiation of apoptosis
occurs within the first 24 h. All cell lines were exposed to three concentrations
of 4HPR (1, 5 and 10 lM) for 24 h, and the control group received only the
vehicle DMSO. The cells were trypsinized, washed in Dulbecco phosphate-
buffered saline (DPBS) (Mediatech Inc.) and resuspended in DPBS and
5% glucose (EMD Chemicals, Gibbstown, NJ). The cell concentration was
determined manually in a standard manner with a hemocytometer and light
microscope and readjusted to achieve a concentration of 1.5 3 106 cells
per mL for each measurement. After preparation, the cell suspensions
were placed on ice, awaiting measurement. For spectroscopic readings the
temperature was increased and maintained at 378C in a temperature-
controlled sample chamber because fluorescence efficiency as well as
metabolism are affected by temperature (14). During spectroscopic
examination, the suspension was constantly stirred (approximately 10 rps)
with a micro stir bar to ensure a uniform cell concentration in the chamber.

Fluorescence spectroscopy. Thefluorescence properties of this suspension
were measured in a standard 1 cm path length quartz cuvette using a double
excitation emission fluorometer (Fluorolog 3-22, JYHoriba, Edison, NJ). For
each spectroscopic experiment, excitation and emission wavelengths were
varied to obtain fluorescence data matrices. Excitation wavelengths varied
from 270 to 600 nm in increments of 10 nm while collecting emission data
from a range starting 20 nm above the excitationwavelength and extending to
20 nm less than twice the excitationwavelengthwith 700 nm as themaximum
measured emission wavelength. A full measurement took about 15 min to
complete. A background scan was performed using the same batch of DPBS–
5% glucose media in which the cells were suspended.

Cell viability. Several factors could have affected cell viability besides
drug treatment. First, the motion created by the stir bar and the stir bar itself
may both cause cellular injury. Second, cell suspensions were measured as
quickly as possible, but the time required for a measurement could lead to
cell death once they were removed from the incubator. After spectroscopic
interrogation, cell viability was evaluated with a manual viability count
after addition of 0.2% volume Trypan Blue (Sigma) and DPBS. Additional
cell viability assessments of cells before and after measurement on the first
several experiments were conducted to test whether the measurement
conditions were inducing cell injury and death.

Data preprocessing. All the data assembly and basic analysis were
completed in Matlab (Mathworks, Natick, MA). Data were corrected for the
excitation source’s power and the wavelength-dependent detector efficiency
with manufacturer-supplied correction factors. All data were background
subtracted for both the fluorescence of the medium as well as detector
background. Spectra from each measurement were assembled into an
excitation/emission matrix (EEM). Average fluorescence emission was
extracted from EEM and compared between the groups at emission peaks
consistent with NADH, FAD and tryptophan. The intensity values
corresponding to FAD were calculated from the emission spectra at kex 5
450 nm as an average of the emission wavelengths spanning the 530–
540 nm emission range. The NADH-related fluorescence intensity values
were determined from the emission spectra at kex5350 nm as an average of
emission wavelengths ranging from 445 to 455 nm. Tryptophan-related
signal was calculated from the emission spectra at kex 5 280 nm by
determining the average fluorescence emission at wavelengths ranging from
320 to 340 nm. The redox ratio was computed on the basis of the NADH-
and FAD-related signals using the following equation:

REDOXratio ¼
FADIntensity

FADIntensity þ NADHIntensity

ð1Þ

Statistical methods. Multiple linear regression was applied to the data
with generalized linear model fitting to evaluate dose dependence and to
statistically determine differences between the cell lines. All statistical
modeling was completed with JMP Software (SAS, Cary, NC). Multiple
tests were performed starting with a rich model fit with all possible
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interactions and progressively reducing the model by removing non-
significant parameters. The full model had the form:

Redox ¼ a433;420;U6;T24 þ b433;420;U6;T24C4HPR; ð2Þ

where

a433 ¼ a0; a420 ¼ a0 þ Da420; aU6 ¼ a0 þ DaU6; aT24 ¼ a0 þ DaT24

and

b433 ¼ b0; b420 ¼ b0 þ Db420; bU6 ¼ b0 þ DbU6; bT24 ¼ b0 þ DbT24;

with the 433 cell line used as the reference for the model. The intercept
a terms represent the initial contribution from each cell line with no treat-
ment, and the b coefficients describe the contributions that varied with the
concentration of the drug 4HPR (C4HPR). The Da and Db terms refer to cell
line differences in baselines and slopes (interactions), respectively.
Statistically, a0, b0, and the D variables were compared with zero to evaluate
each parameter’s significance in themodel. Insignificant terms were removed
until the simplest model explained the data. Similar models were fit for the
NADH-, FAD- and tryptophan-associated values, with the given response
variable replacing redox ratio in the model. NADH-, FAD- and tryptophan-
related signals can be affected by cell concentration in the sampled
populations, whereas the redox ratio is less sensitive to these fluctuations.
The appropriateness of each linear model was assessed by ensuring that
residuals from the fit displayed equal variation and did not show a trend.

Dynamic range measurements. On a subset of 4HPR-treated cell
suspensions, a series of additional experiments was performed to drive
the cells into maximal and minimal fluorescence emission. In brief, two
chemicals were used to either increase or decrease the redox potential of the
cells, as described previously by Eng et al. (12). To drive the NADH-related
fluorescence signal to its maximum, 4 mM sodium cyanide (NaCN) (BD
Biosciences, San Jose, CA) was added to the cell suspension. NaCN affects
the mitochondrial transport by blocking the transfer of electrons from the
electron donors. This maximizes mitochondrial NADH concentration and
a corresponding maximal fluorescence signal because the oxidation of
NADH is prohibited. To minimize NADH-related fluorescence signals,
66.7 lM carbonyl cyanide m-chloro phenyl hydrazone (CCCP) (BD
Biosciences), a mitochondrial uncoupler, was used. CCCP increases
exchange through mitochondrial membrane, releasing NADH to the cytosol
and thus allowing NADH to be rapidly oxidized. Previously, these methods
were used to study the effects on the NADH signal (12). We also observed
FAD-related dynamics. Because the fluorescence generated by FAD occurs
in its oxidized state, an increase of the FAD-related signal hypothetically
corresponds to CCCP addition, whereas a decrease would result from the
addition of NaCN. These biologic range measurements followed immedi-
ately after a full excitation/emission scan on a subset of 433 and T24 cell
suspensions. NaCN was added, and three emission spectra at kex5280 nm,
kex 5 350 nm and kex 5 450 nm were collected rapidly (,1 min). After
5 min of exposure to NaCN, another set of measurements was performed
at those wavelengths. A similar experiment was conducted using CCCP.

Cell cycle analysis. For comparison with the optical data, changes in cell
cycle due to 4HPR treatment were determined using cell cycle analysis with
propidium iodide (PI) staining. In brief, cells were grown and treated with
1, 5 and 10 lM 4HPR for 24 h, as described previously in Epithelial Cell
Suspension. Cells were fixed in 4% paraformaldehyde (pH 7.4) at room
temperature then washed and incubated in 70% ethanol containing 1% HCl
at�208C for 10 min. Next, cells were stained in 500 lL of PI–ribonuclease
A solution in the dark for 30 min at room temperature and analyzed by flow
cytometry using a FACScan flow cytometer (BD Biosciences). Fluores-
cence was excited at 488 nm, and emission was collected through
a bandpass filter (585/42 nm). Data were preprocessed using Cellquest
Pro. (BD Biosciences) and analyzed using ModFit LT (Verity Software,
Topsham, ME). Results of interest were the proportion of cells in G1 (Gap 1
phase), S (Synthesis phase) and G2 (Gap 2 phase) phases of the cell cycle.

RESULTS

Fluorescence data of cell suspension

Fluorescence data from multiple, independently grown batches of

the four different cancer cell lines were obtained and analyzed.

Results presented in this study are based on seven batches of 420

ovarian cancer cell line experiments, five batches of the 433 ovarian

cancer cell line, four batches of the U6 bladder cancer cell line and

four batches of the T24 bladder cancer cell line. A measurement

session consisted of a series of four measurements of the same batch

of cultured cells treated at the four different drug concentrations

(control, 1, 5 and 10 lM). Data from one control group of the U6

cell line were excluded because of experimental error.

An average EEM from all five 433 cell line measurements is

illustrated in Fig. 1. The ordinate of the EEM corresponds to the

excitation wavelengths and abscissa corresponds to the emission

wavelengths. Fluorescence intensities in calibrated but arbitrary

units are given in a gray scale with the lightest level corresponding to

the strongest emission. EEM provide quantitative fluorescence

information analogous to a contour map, with peaks qualitatively

corresponding to fluorescencemaximums and valleys corresponding

to low fluorescence or absorption. The average fluorescence emis-

sion of the 433 cell line shows a large peak located at 280/340 nm

(excitation/emission) consistent with tryptophan fluorescence and

a smaller peak at 350/450 nm consistent with NADH fluorescence as

shown in Fig. 1A. Because of the substantially larger fluorescence

signal from tryptophan, many of the more subtle fluorescence peaks

are masked when looking at a full EEM scale. A subset of the EEM

shown in Fig. 1B provides a more sensitive view of the NADH- and

FAD-related signal. The NADH-associated peak at 350/450 nm is

prominent, but a peak at 450/535 nm consistent with FAD fluores-

cence becomes visible. Water Raman scattering from the PBS and

glucose media was removed when the background was subtracted.

The PBS and glucose media exhibited minimal autofluorescence, on

average less than 1% of the maximal cell fluorescence signal.

Besides minimal background signal, another important experi-

mental condition was to maintain cell viability during measure-

ment. Cells remained viable through the experimental procedure as

shown in Table 1. Typically, the viability exceeded 90%, which is

an acceptable value in a normal population of cultured cells. Cell

viability values before and after measurement showed little or no

difference (data not shown), confirming that the measurement

conditions did not affect cell viability.

Redox ratio

The fluorescence redox ratio was calculated to approximate the

metabolic status of the cell suspensions. Figure 2 shows the redox

ratios of the four cell lines and four drug concentrations with mean

and standard errors. As shown in Fig. 2A, the 433 cell line ex-

hibited an increase in the redox ratio as the drug concentration

increased. Results from our linear model show a 0.006 increase per

micromole of 4HPR (b433, Table 2). The 433 cell line was chosen

as the reference cell line in the multiple regression model and is the

only one depicted because there was no evidence of difference

between the rate of increased redox ratio in any of the cell lines

(F3,715 1.08, P5 0.364, Extra Sum of Squares F-test). These data
suggest that the drug affects each cell line through a similar

mechanism. Further examination of the redox state in the control

group (Fig. 2B) revealed that the T24 cells generally had a lower

metabolic status than the 433 cells (higher redox ratio), whereas the

420 cells had the highest baseline metabolic status (aT24 and a420,
respectively, Table 2). However, the predicted baseline value of the

U6 cells in our linear model was not statistically different from that

of the 433 cells (aU6, Table 2). These baseline redox values may
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provide information regarding cell line sensitivity to chemo-

preventive drug treatment and initiation of apoptosis.

Fluorophore contributions

To understand the individual contributions of NADH and FAD to

the redox ratio, fluorescence data were specifically evaluated for

both fluorophores. Figure 3A illustrates average emission spectra

at 350 nm excitation for the 433 cell line. With increasing drug

concentration, an intensity decrease is observed. There is also

a redshift of the fluorescence slope at 400 nm emission wavelength

and minimal intensity decrease at 550 nm. This redshift may be

because of changes in the mitochondrial electrochemical environ-

ment. An FAD-related shoulder is observed at 530 nm that does

Figure 1. Average excitation/emission
matrices (EEM) for the 433 control cells.
A: A full EEM is shown with a prominent
peak at 280/340 nm associated with
tryptophan (T) and a smaller peak
consistent with NADH (N) at 350/450
nm. B: By excluding the strong fluores-
cence peak of tryptophan, the same data
seen in Fig. 1A reveal a peak at 450/530
nm associated with FAD (F) along with
the NADH peak. Some additional auto-
fluorescence is present at higher wave-
lengths but the origins are unknown.
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not change. The NADH-related intensity was extracted between

445 and 455 nm and showed the largest signal decrease that was

the least affected by spectral shape changes. Figure 3B illustrates

that NADH-related signal decreased as the 4HPR concentration

increased (b433 5�2.843 104 au per lM of 4HPR, Table 3). As

was the case for the redox analysis, there were no significant

interactions between cell lines (F3,715 0.25, P5 0.861, Extra Sum

of Squares F-test). Thus, the slope of the 433 cell line in Fig. 3B

represents the NADH decrease for all the cell lines. Statistically

significant differences between cell lines were observed (Table 3,

Fig. 3C), with the 420 and U6 cell lines exhibiting larger NADH-

related contributions compared with the 433 cell line. All the

parameter estimates for the linear model are shown in Table 3, with

comparisons made to the 433 cell line. Baseline NADH-related

values were similar between the T24 cell line and the 433 cell line,

as suggested by the nonsignificant aT24 estimate in Table 3, unlike

the redox parameter, which indicated a similarity between 433 cells

and U6 cells.

Compared with the significant decrease in NADH-related signal,

the FAD-related signal exhibited minimal change at each treatment

level, as illustrated in Fig. 4A,B. Figure 4A shows no perceivable

change in spectral shape at 450 nm excitation, the emission spectra

used to extract the FAD-related signal between 530 and 540 nm

emission. Figure 4B shows there was no significant increase or

decrease in the peak FAD-related signal in the 433 cell line as

4HPR dose increased (b433, P 5 0.463, Table 4). Interaction

between cell lines was minimal (F3,71 5 0.44, P 5 0.725, Extra

Sum of Squares F-test), but baseline FAD-related signal for the

control groups differed (Fig. 4C). The FAD-related signal for the

420 cell line was not significantly different from the 433 cell line.

As shown in Table 4, the bladder cancer cell lines had higher

predicted baseline values than the ovarian cancer cell lines, but the

statistical analysis showed significance only for the predicted

baseline of the U6 cells (aU6).
Tryptophan variation was also analyzed to investigate changes in

protein-related fluorescence. Figure 5A shows representative

average fluorescence emission spectra at 280 nm excitation for

the 433 cell line. Fluorescence intensity decreased with increased

drug dose, and no spectral shape change can be discerned. A

tryptophan-related signal was extracted at the emission peak

between 320 and 340 nm. Initially, it was hypothesized that the

tryptophan signal correlated with the number of sampled cells and

should be treated as a covariate in the linear model to remove

potential variability in sample size. However, despite similar cell

concentrations, we found that the tryptophan-related signal

decreased (b433 5�7.70 3 106 au per lM 4HPR, Table 5) with

increased 4HPR concentration, as seen for the 433 cell line (Fig.

5B), suggesting that these changes may correlate with a decrease in

protein synthesis in the cells treated with 4HPR. As with the other

extracted parameters, this decrease was independent of cell line,

with interaction terms not explaining additional variation (F3,71 5

0.034, P5 0.992, Extra Sum of Squares F-test). Tryptophan levels

were similar for the U6 and T24 cell lines in the control groups,

Table 1. Average postmeasurement cell viabilities with standard
deviations for the four different drug concentrations and the four different
cell lines

Treatment 420 Cell line 433 Cell line T24 Cell line U6 Cell line

Control 91.4 6 5.9% 90.9 6 7.6% 79.4 6 20.0% 89.9 6 7.1%
1 lM 4HPR 91.3 6 6.3% 92.8 6 4.6% 86.4 6 3.8% 89.3 6 7.1%
5 lM 4HPR 91.2 6 5.1% 91.4 6 5.3% 92.0 6 2.3% 93.1 6 3.7%
10 lM 4HPR 91.2 6 6.1% 91.0 6 3.9% 90.2 6 4.0% 91.1 6 6.9%

Figure 2. A: Mean redox ratios with their standard errors are graphed for
the 433 cell line. The numbers on each bar represent the sample size for
every cell line. The ‘‘C’’ stands for the control group, and it was treated as
a 4HPR concentration of zero for the statistical models. With increasing
drug concentration, the redox ratio linearly increases corresponding to
a decrease in metabolic state in the cells. This linear increase was similar for
all the measured cell lines. B: For each cell line the mean redox ratio is
plotted along with the standard error bar for the control group. The T24
cells exhibit a higher redox ratio, whereas the 420 cells demonstrate the
lowest redox state. An asterisk (*) denotes a significant difference (P ,
0.05) of the predicted intercepts of the multiple regression model compared
with the predicted reference cell line intercept (433 cells).

Table 2. Redox parameter estimates from multiple regression fit of
a simple model with no interactions. a433 and b433 represent the 433 cell
line intercept and redox slope, respectively. a420, aU6 and aT24 are estimates
for the intercept of the 420, U6 and T24 cell lines. P values for the 433
intercept and slope are low because they are compared with zero making
them the reference values for the other cell lines

Redox estimate F1,74 P value

a433 0.104 169 ,0.0001
b433 0.006 43.5 ,0.0001
a420 0.075 9.87 0.0024
aU6 0.108 0.173 0.68
aT24 0.148 16.9 0.0003
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with the ovarian cancer cell lines manifesting lower fluorescence

intensity (Fig. 5C). A summary of the statistics for the tryptophan

model is shown in Table 5. The tryptophan-related signal from the

bladder cells can be statistically differentiated from that of the 433

cells. The 420 cells are not statistically different from the 433 cells.

Effects of metabolic blocker and mitochondrial uncoupler

Because metabolic blockers and mitochondrial uncouplers provide

a good estimate for the dynamic range of the sampled cells

fluorescence emission, an additional set of measurements were

completed on one batch of 433 cells as well as two batches of T24

cells. Figure 6 illustrates fluorescence spectra at 350 nm excitation

before and after the addition of NaCN. The NADH-related signal

in the 433, 5 lM treated cells immediately increased after adding

NaCN, and over a period of 5 min, the intensity increased by

125%. This increase was the largest observed in all measurements.

To illustrate the combined effect of CCCP and 4HPR, spectra

from T24 cell lines treated with 5 and 10 lM 4HPR are shown in

Fig. 7. Figure 7A shows a sharp signal decrease when CCCP

was added to the 5 lM treated cells, and after 5 min the NADH-

related signal was decreased by 26%. In this cell line the depletion

of NADH-related emission leads to an observed fluorescence

shoulder at wavelengths consistent with FAD emission (535 nm),

indicating that the relative FAD contribution to the spectral shape

increased. Figure 7B depicts the same cell line treated with the

highest dose of 4HPR before and after the addition of CCCP. A

dramatic depletion of NADH manifests itself in an FAD-dominant

spectrum of the pre-CCCP cells, suggesting a dysfunctional state of

the cells. However, an NADH pool still exists, as seen in the

decrease after CCCP addition, which shifts the emission maximum

to 530 nm. On average, regardless of the 4HPR dose, after

introducing NaCN, the NADH peak signal strongly increased

(79.7% 6 30%), and the peak signal decreased by a substantial

amount (36.8% 6 9.59%) after CCCP treatment. These data

suggest that the fluorescence values used to estimate NADH signal

after each 4HPR treatment were neither the minimal nor maximal

NADH-related fluorescence that could be achieved by the cells.

When examining the FAD-related fluorescence from the 450 nm

emission spectra for the same set of experiments, little change was

seen, which was inconsistent with the expected decrease and

increase after the addition of NaCN and CCCP, respectively.

Regardless of the 4HPR concentration, after treatment with CCCP,

the FAD-related signal, on average, slightly increased (8.57 6

5.90%), whereas the signal after NaCN also increased (5.51 6

7.15%). It was assumed that the mitochondrial agents NaCN and

CCCP would have the opposite effect on the FAD-related signal

than on the NADH-related signals, but our data indicate that the

Figure 3. A: Average emission spectra excited at 350 nm are plotted for each
treatment group with the 450 nm peak corresponding to the data in Fig. 3B.
With increased drug concentration thepeak intensity decreases anda redshift at
400 nm can be observed. At 530 nm, the fluorescence intensity does not
decrease in a similar pattern as at 450 nm. B: The changes in mean NADH-
associated fluorescence are graphed for the 433 cell line with standard error
bars and sample size indicators. The ‘‘C’’ stands for the control group, and it
was treated as a 4HPR concentration of zero for the statistical models. There
was a linear decrease in the NADH signal with no significant difference
in decrease between cell lines. C: The NADH-associated fluorescence is
compared between cell lines for the control groups with significant differences
(P , 0.05) of the predicted intercepts from the multiple regression model in
relation to the reference cell line (433 cells) indicated with an asterisk (*).

Table 3. NADH-related fluorescence signal parameter estimates from
multiple regression fit of a simple model with no interactions. a433 and b433
represent the 433 cell line intercept and NADH slope, respectively. a420, aU6
and aT24 are estimates for the intercept of the 420, U6 and T24 cell lines

NADH estimate F1,74 P value

a433 6.59 3 105 9230 ,0.0001
b433 2.83 3 104 7.55 0.0075
a420 9.29 3 105 4.46 0.038
aU6 1.02 3 106 0.173 0.024
aT24 7.16 3 105 0.202 0.65
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FAD-related signal is unaffected by these agents as was found for

the 4HPR treatment (Table 4, Fig. 4B).

Cell cycle analysis

To verify whether the optical changes observed in cell suspensions

correlated with traditional cell cycle assays, we measured the

changes in cell cycle 24 h after treatment, a similar time point to the

spectroscopic measurements, using a flow cytometry cell cycle

analysis with PI staining. Changes in the cell cycle can be used as

early indicators of growth inhibition and apoptosis. Data presented

in this study were measured on one batch of cells for each cell line.

Figure 8 illustrates cell cycle distributions for the T24 and U6 cells

at each treatment level. The S phase decreased with increased

treatment, and this decrease was more substantial in the U6 cells

than in the T24 cells. Correspondingly, the G1 phase increased

with increased 4HPR concentration. A decrease in the S phase and

an increase in the G1 phase is consistent with growth inhibition and

an early sign of apoptosis. At 10 lM 4HPR concentration, the

S phase for both cell lines was practically nonexistent at 0% for

the U6 cells and 10.1% for the T24 cells, indicating substantial ef-

fects induced by 4HPR. Results from the 433 and 420 cell cycle

measurements also showed similar trends, with substantial de-

crease in the S phase and increase in the G1 phase with increased

4HPR treatment (data not shown).

DISCUSSION

For each cell line, it was observed that redox ratio increased

at a similar rate with increased 4HPR concentration. A lower

metabolic status of the cell is consistent with a higher redox ratio

and one thought is that less metabolically active cells are less likely

to undergo apoptosis (31). Although all the cell lines responded

with similar changes in the redox ratio, their absolute redox state

differed at each level of drug concentration. Our findings are in

agreement with parallel studies examining molecular markers

for mitochondrial membrane potential, caspase activity, growth

inhibition and gene expression (32). Those studies suggest that, in

the bladder cancer cell lines, the U6 cells are more sensitive to

4HPR than the T24 cells in apoptosis and growth inhibition.

Although cells with the wild-type (U6) and mutated p53 tumor-

suppressor gene (T24) can both mediate apoptosis (33), the p53

mutation might factor into the decrease in sensitivity to 4HPR

treatment. In addition, the results from cell cycle analysis suggested

that the cell cycle was altered by 4HPR treatment with increasing

G1 phase and decreasing S phase of the cell cycle in all the cell

lines. An increase in the G1 and a decrease in the S phase indicates

cell cycle arrest and is an early marker for apoptosis. The U6 cell

line demonstrated a larger decrease in the S phase, particularly at

Figure 4. A: Average emission spectra excited at 450 nm are shown for
each treatment group. The 530 nm peak is analogous to the data depicted in
Fig. 4B. Spectral line shape as well as intensity does not seem to depend on
drug concentration. B: FAD-associated fluorescence of the 433 cells
remained unchanged with a higher drug concentration and the same trend
was observed in the other cell lines. Mean FAD-associated fluorescence
signal is graphed with corresponding standard error bars. The control group
is denoted by ‘‘C’’ and was treated as a 4HPR concentration of zero. The
numbers on each bar represent the sample size for every cell line. C: FAD-
associated fluorescence varied among the control groups for each cell line.
An asterisk (*) indicates a significant difference (P , 0.05) between the
predicted intercepts of the cell lines and the intercept of the 433 cell line in
the multiple regression model.

Table 4. FAD-related fluorescence signal parameter estimates from
multiple regression fit of a simple model with no interactions. a433 and b433
represent the 433 cell line intercept and FAD slope, respectively. a420, aU6
and aT24 are estimates for the intercept of the 420, U6 and T24 cell lines

FAD estimate F1,74 P value

a433 9.51 3 104 65.8 ,0.0001
b433 985 0.545 0.46
a420 8.58 3 104 0.476 0.49
aU6 1.29 3 105 4.52 0.037
aT24 1.20 3 105 2.55 0.11
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low 4HPR concentrations, suggesting a higher sensitivity to 4HPR

and supporting differences observed in the optical data. Results

from the cell cycle studies also showed a decrease in the S phase

for the ovarian cancer cell lines after 4HPR treatment. These

changes in the cell cycle suggested that both ovarian cell lines also

undergo growth arrest and early apoptosis after 24 h of 4HPR

treatment, consistent with sensitivity to the drug. These results are

consistent with apoptosis and growth-inhibition data collected in

our laboratory, highlighting a sensitivity difference between

the T24 and U6 cells while suggesting 4HPR induces growth

inhibition and apoptosis in all the cell lines. After several days of

drug treatment at low drug concentration (1 lM), the T24 cells

undergo less growth inhibition and apoptosis than the U6, 420 and

433 cells. Optically, we found that the T24 cells had the highest

redox states and the U6, 420 and 433 cells had lower redox states,

which correlated with their sensitivity to 4HPR treatment.

When examining the main source of 4HPR-induced change

within the estimated redox ratio, the NADH-related signal dem-

onstrated the greatest amount of change, decreasing over the

treatment groups, whereas the FAD-related signal remained at

a relatively constant level. However, both NADH- and FAD-

related signals varied between the cell lines, supporting a biological

variance. Although FAD-related fluorescence may not be affected

by drug treatment, these data suggest ratiometric calculations based

on FAD and NADH data provide a normalized redox estimate, cor-

recting for cell type heterogeneities. NADH-related fluorescence

Figure 5. A: Average emission spectra excited at 280 nm are shown
for each treatment group. The 340 nm peak is homologous to the data
illustrated in Fig. 5B. Fluorescence intensity seems to depend on drug
concentration, and spectral line shape indicates that a single fluorophore is
involved. B: Tryptophan-associated fluorescence decreased with an increase
in 4HPR concentration for the 433 cell line, and this decrease was found to
be consistent with changes in the other cell lines. The mean fluorescence
signal is plotted with standard error bars and sample size indicators. The
‘‘C’’ represents the control group, and it was treated as zero drug
concentration for the statistical models. C: In the control group, differences
of the predicted intercepts of the multiple regression model were detected
between cell lines. Significant differences in predicted intercepts (P, 0.05)
compared with the 433 cell line are represented with an asterisk (*).

Table 5. Tryptophan (TRY)-related fluorescence signal parameter
estimates from multiple regression fit of a simple model with no
interactions. a433 and b433 represent the 433 cell line intercept and
tryptophan slope, respectively. a420, aU6 and aT24 are estimates for the
intercept of the 420, U6 and T24 cell lines

TRY estimate F1,74 P value

a433 2.08 3 108 105 ,0.0001
b433 7.70 3 106 11.1 0.0013
a420 2.45 3 108 2.4 0.12
aU6 2.69 3 108 4.94 0.029
aT24 2.68 3 108 4.94 0.029

Figure 6. The emission spectra at 350 nm excitation after the addition of
NaCN to one sample of 5 lM 4HPR-treated 433 cells are shown. An
increase in fluorescence was immediately observed, reaching an even
higher level after 5 min.
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changes explain drug activity, but the baseline redox estimate

seems to be necessary to predict cell susceptibility to 4HPR

treatment.

Similarly, the NADH-related signal was strongly affected by

CCCP and NaCN treatment, whereas the FAD-related signal

remained unaffected. Similar results have been reported by Huang

et al. in myocytes, where the NADH signal was principally af-

fected by mitochondrial blockers and uncouplers, whereas the

FAD-related signal only changed 12% and�3%, respectively (15).

In general, these findings suggest that FAD-related fluorescence is

not a dynamic component of the redox estimate but serves as

a reference level in calculating the ratio. We also observed that the

CCCP addition seems to affect the existing NADH pool regardless

of the previously administrated 4HPR treatment. This is further

supported by the results from our experiments with NaCN addition.

Tryptophan-related fluorescence also decreased with 4HPR

treatment, suggesting an additional fluorophore that may change

with altered cellular function. This change in tryptophan signal

could be due to changes in protein synthesis or protein degradation,

or both. Similar findings have been reported by Pradhan et al. (16).
Further studies are warranted to better understand how tryptophan

levels may be altered in relation to metabolic changes; these

changes may have both diagnostic and prognostic potential.

This study has shown that a noninvasive optical method can be

used to sensitively monitor cellular metabolism in response to a

chemopreventive drug treatment. Of particular interest, the redox

ratio increased at a similar rate for each cell line, with the drug-

induced changes mainly affecting NADH- and tryptophan-related

fluorescence, whereas FAD-related fluorescence only varied at the

baseline level between cell lines. In general, we have shown that

spectroscopy of endogenous fluorophores is a complementary tool

for drug–response studies and in this specific case could be a

biomarker for apoptosis with the potential to be expanded to in vivo
applications of monitoring the response to a chemopreventive agent.

Endogenous fluorescence spectroscopy has been extensively

evaluated as a biomarker for carcinogenesis, and results on living

tissue models suggested an increase of NADH-related fluorescence

and a statistically insignificant change in FAD-related fluorescence

in dysplastic epithelial tissue (34). In this study we have shown that

our method of detecting quiescence is based on opposite effects in

the cells’ fluorescence signature and that this technology can serve

as a sensitive marker not only for detection but also for treatment of

carcinogenesis.

Figure 7. Emission spectra at 350 nm excitation of two samples of T24
cells as shown. A: A representative sample of the 5 lM 4HPR-treatment
group after the addition of CCCP shows a rapid decrease in fluorescence
that leveled off after 5 min of exposure. A fluorescence shoulder consistent
with FAD fluorescence can be easily observed at 530 nm after 5 min
because of the large decrease in NADH-related fluorescence. B: The spectra
for the 10 lM treatment group of T24 cells exhibits an FAD shoulder before
treatment, indicating a depletion of the NADH pool because of 4HPR
treatment. After 5 min CCCP treatment distinctly decreases NADH-related
fluorescence even further.

Figure 8. The percent of cells in different cell cycle stages at each
treatment level are depicted for the T24 and U6 bladder cancer cell lines.
The ‘‘C’’ treatment level refers to the control group that did not receive
4HPR. In both cell lines the cell cycle distribution is affected with increased
drug concentration. An initial cell cycle change at 1 lM is more noticeable
in the U6 cells than the T24 cells.
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Abstract
To reduce the incidence and mortality associated with

invasive cancers, the Intraepithelial Neoplasia (IEN) Task
Force recommends that carcinogenesis be viewed as a dis-
ease that requires treatment. This publication outlines the
current knowledge of IEN of the ovary and reviews chemo-
prevention possibilities for ovarian cancer. Ovarian cancer
has the highest mortality of all of the gynecological cancers
and is the fourth leading cause of death from cancer in
women. The IEN Task Force has defined precancer as a
noninvasive lesion that has genetic abnormalities, loss of
cellular control functions, and some phenotypic character-
istics of invasive cancer with a substantial likelihood of
developing invasive cancer. The IEN Task Force recom-
mends targeting moderate to severe dysplasia for new IEN
treatment agents in clinical trials. Ovarian cancer does not
have a clear preinvasive lesion yet merits considerable study
for new prevention strategies because of the high mortality
associated with ovarian cancer. There is a great unmet
clinical need for treatments that can prevent ovarian cancer
by providing nonsurgical options that treat the entire epi-
thelial layer. New prevention strategies hold significant
promise to reduce the mortality from ovarian cancer.

Introduction
Carcinogenesis must be viewed as a disease and disequi-

librium that requires treatment to dramatically reduce the inci-
dence and mortality associated with invasive cancers. The IEN2

Task Force has defined precancer as a noninvasive lesion that
has genetic abnormalities, loss of cellular control functions,
some phenotypic characteristics of invasive cancer, and predicts
a substantial likelihood of developing invasive cancer. In dem-
onstrating effectiveness and patient benefit of new IEN treat-
ment agents in clinical trials, the IEN Task Force recommends
targeting moderate to severe dysplasia, which is close in stage of
progression to invasive cancer and thus substantially elevates
the risk of developing cancer.

Epithelial ovarian cancer has the highest mortality rate of
any of the gynecological cancers; the 5-year survival is no more
than 30% despite aggressive treatment. Seventy percent of these
cancers are diagnosed with widespread intra-abdominal disease
or distant metastases, which partially accounts for the poor
prognosis associated with ovarian cancer. Although up to 90%
of stage IA tumors and 70% of stage II tumors can be cured by
current management, the cure rate drops below 30% for Stage
III and IV tumors. Even ovarian cancer limited to the pelvis has
a 5-year survival of only 50% (1). This dismal overall prognosis
for women with ovarian cancer results from an inability to
detect ovarian cancers at an early, curable stage, from the lack
of effective therapy for advanced disease, and from our incom-
plete understanding of both the early changes in the ovary that
predate the development of cancer and the initiators of these
changes. Although radical surgery, radiation therapy where ap-
propriate, and new methods of chemotherapy have improved
survival times, cure rates have stayed essentially the same over
the last 20 years. Thus, early intervention with chemopreventive
agents merits serious consideration as a desirable alternative to
suboptimal treatment of invasive disease.

Cancer chemoprevention is a rapidly growing area of re-
search because of the possibility to prevent disease and to
restore cancer-suppressing cellular functions. Chemopreven-
tives are micronutrients or medications that prevent or delay
cancer in at-risk populations. Fundamental elements for chemo-
prevention studies include (a) a suitable cohort of patients with
sufficient incidence to establish an acceptable risk:benefit ratio;
(b) appropriate agents that are safe and whose use is supported
by both epidemiological and mechanistic data; and (c) measur-
able biomarkers that are likely to be affected by the agent and
whose modulation is predictive of the postulated chemopreven-
tive activity (2). Biomarkers are important because they can be
used in lieu of following patients prospectively until a cancer
occurs, if they indicate a protective response to a chemopreven-
tive agent. Several criteria must be met for biomarkers to be
useful: (a) they are relevant to the development of neoplasia
either phenotypically (proliferation, angiogenesis, or nuclear
morphometry) or mechanistically (molecular markers); (b) they
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are modulated by chemopreventive agent; and (c) they should
predict a decrease in carcinogenesis (3).

Epidemiology
High Epidemiological Risk. The etiology of ovarian

cancer remains unknown; low prevalence rates, low participa-
tion rates, small sample sizes, and potential bias in the selection
of control groups have limited the interpretation of results from
epidemiological studies. However, multiple epidemiological
studies agree that an increased risk of epithelial ovarian cancer
has been linked to advancing age, family history of breast or
ovarian cancer, and frequency of ovulation (4–15). Reproduc-
tive factors have been extensively studied, but interpreting these
results has been complicated by the intercorrelation of repro-
ductive characteristics (4–15). Despite these limitations, several
factors related to ovulation have been consistently associated
with increased or decreased risk of developing ovarian cancer.
Risk is increased with uninterrupted ovulation (nulliparity),
larger number of lifetime ovulatory cycles (early age at men-
arche and late age at menopause), and possibly hyperovulation
(fertility drugs), whereas risk is reduced by factors that suppress
ovulation [pregnancy, breast feeding, and OCP use (4–15)].

High-Risk Population
High Genetic Risk. Premenopausal women with a fam-

ily history of breast and/or ovarian cancer constitute an impor-
tant high-risk group and are excellent candidates for prevention
strategies. Although only 10% of ovarian cancers are attributa-
ble to germ-line mutations, this high-risk population is an ideal
patient population to target for preliminary chemoprevention
studies because of the higher prevalence of ovarian cancer as
compared with that seen in the general population. Women from
a cohort of high-risk families carrying the BRCA1 mutation
were observed to have an approximately 40–60% risk of de-
veloping ovarian cancer and an 85% chance of developing
breast cancer (15). Multiple methods of calculating risk are
available. The Parmigiani method (16) uses Bayes theorem and
calculates likelihood ratios. The probability of a mutation in the
general population is 0.04%–0.20%, with part of the variation
attributable to the ethnic mix of the population. A family history
of breast and/or ovarian cancer determines the risk calculation in
a particular patient. High-risk family histories with an elevated
risk of developing ovarian cancer include �2 breast cancers and
1 or more cases of ovarian cancer at any age, �3 cases of breast
cancer before age 50 years, sister pairs with cancers less than
age 50 years, cases of breast cancer occurring at or before age
40 years, Ashkenazi Jewish descent (which carries a 2% or
greater risk of mutation; Ref. 17), or 1 or more cases of breast/
ovarian cancer.

The ideal design for a chemoprevention trial includes a
high-risk population with an identifiable and easily accessible
preinvasive lesion (e.g., IEN), a safe and effective chemopre-
ventive agent, and surrogate end point biomarkers that have
been validated as markers of regression of such lesions. For
ovarian cancer chemoprevention trials, the targeted population
should include high-risk women with a strong family history of
breast/ovarian cancer, with or without a BRCA mutation, or
with Ashkenazi Jewish descent. Although there is as yet no

identifiable preinvasive lesion of ovarian cancer (18), there is
strong evidence for one based on the increased numbers of
inclusion cysts and areas of proliferation noted in the ovaries of
high-risk women seen in some studies (19); thus, this has the
potential for use as a biomarker.

Pathology
IEN in the Ovary. We hypothesize that there is an IEN

precursor to ovarian cancer; however, the natural history of
ovarian cancer and the location of the ovary have made it
difficult to characterize precursor lesions. The ovary is not
routinely biopsied because of the inaccessibility of the ovary in
its i.p. location and concern about the effect on fertility that
might result from biopsy. Scully (20) has qualitatively described
early histological changes in the ovary, whereas Deligdesch et
al. (21, 22) have described them quantitatively with the use of
nuclear texture analysis. These studies support the concept that
ovarian cancer behaves in a similar manner to other epithelial
cancers with an identifiable precursor. Other authors (23, 24)
have described a pathological process in the ovary consistent
with the IEN seen in other organ systems that occurred adjacent
to existing cancers. Although progression from IEN to cancer
has not yet been validated, there is accumulating evidence
including a chain of underlying molecular events that supports
the ovarian IEN concept.

The cell of origin of epithelial ovarian cancer remains
controversial, although most investigators think it is the OSE
cell. Many ovarian cancers are thought to arise from OSE
cell-lined inclusion cysts (see Fig. 1); these small, subsurface
cysts are hypothesized to arise from involution of ovarian sur-
face epithelium at ovulation (20), but some inclusion cysts are
thought to antecede ovulation because they are often present in
fetal and juvenile ovaries (25). Small collections of malignant
cells contiguous with normal ovarian epithelium suggestive of
an IEN but not involving underlying tissues can be found in: (a)
ovaries removed from women who eventually develop primary
peritoneal carcinomatosis (19); (b) high-risk women who un-
dergo prophylactic oophorectomy (19), particularly those with
the BRCA1 mutations (24); and (c) in areas adjacent to stage I
cancers that show a transition from malignant to normal epithe-
lium (23, 24). However, a characteristic histological precursor
lesion for ovarian cancer is not apparent in all prophylactic
oophorectomy specimens (26–29). Whether these contradictory
findings are due to differences in patient populations or differ-
ences in pathological techniques is not clear. However, these
findings underscore the discrepancies present in our understand-
ing of IEN of the ovary and suggest that the ovarian surface
epithelium is probably the precursor for most epithelial ovarian
cancers. OSE cells differ from peritoneal mesothelial cells be-
cause they overlie the ovarian stroma and are in close contact
with the hormones secreted by the ovary. The chronic repair
after ovulation and/or the influence of ovarian hormones are
thought to increase the propensity of the OSE cells to undergo
tumorigenesis and may account for the higher incidence of
ovarian cancer compared with primary peritoneal cancer.

The molecular mechanisms leading to the initiation and
progression of ovarian cancer remain elusive, partly because of
the ovary’s location and the consequent difficulty in identifying
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early or precursor lesions. In contrast, analysis of colon, cervix,
and head and neck cancers have resulted in a rapidly emerging
understanding of the genetic events underlying the initiation and
progression of these diseases and of the biological events that
result from these genetic changes.

As with all cancers, ovarian cancer is a consequence of
either germ-line or acquired somatic changes in genetic func-
tion. The acquired changes in gene expression or function can
result from mutations or epigenetic alterations such as changes
in methylation. Therefore, one important challenge is to link the
genotypic changes that occur in ovarian cancer cells to the
phenotypic and biological changes observed in human tumors
and cell lines.

Although the association between ovulation and ovarian
cancer is well accepted, little is known about the underlying
biological mechanisms of this association. Ovulation is thought
to be important for the development of inclusion cysts from
which ovarian cancers may arise. In addition, ovulation, and
particularly the high estrogen associated with ovulation, may
provide a stimulus for proliferation of ovarian surface epithe-
lium. Ovaries removed prophylactically from women with a
strong family history of ovarian cancer demonstrate increased
frequency of occult carcinomas, epithelial hyperplasia and aty-
pia, and increased stromal activity (30). Epithelial hyperplasia
and increased number of crypts (which are deep indentations of
the ovary covered with surface epithelial cells) with an associ-
ated increase in proliferation may contribute to tumorigenesis by
increasing the risk that a genetic alteration will occur.

OSE cells are generally quiescent but proliferate after ovu-
lation to repair the defect created by the release of an oocyte
from a mature follicle. Increased proliferation may contribute to
the accumulation of genetic defects in the OSE cells. Further-
more, growth factors produced during wound healing may pro-
mote the survival of OSE cells with accumulated mutations.
Alternatively, ovulation may be important for the development
of inclusion cysts from which ovarian cancers may arise. En-
trapment of ovarian epithelium in the stroma of the ovary may
disrupt the normal relationship between the ovarian surface
epithelium and the underlying stroma. Disruption of normal
epithelial stromal interactions can increase mutation rates, di-
rectly contributing to ovarian cancer development. Furthermore,
growth factors normally produced by the ovarian epithelium that
would diffuse into the large potential space of the peritoneal
cavity may be present at higher levels in the microenvironment
of entrapped ovarian epithelium. Finally, ovarian epithelium in
the stroma may be exposed to higher concentrations of paracrine
growth factors produced by the stroma or to higher hormone
levels than are present on the surface of the ovary. In support of
the concept of increased ovulation conferring increased risk are
the pathobiological data that show a strong correlation between
the lifetime number of ovulations and the frequency of p53
mutations (19, 30). One biological hypothesis is that ovulation
may result in genomic instability that occurs as a result of the
repeated turnover of cells that renders cells sensitive to the high
levels of gonadotropins or gonadotropin-releasing factors pres-
ent postmenopausally.

Fig. 1 Normal ovarian struc-
tures. a, primary follicle; b, sec-
ondary follicle; c, tertiary follicle;
d, ovulatory follicle; e, hemor-
rhagic cyst; f, corpus luteum;
g, corpus albicans; h, ovarian ar-
tery and vein; i, medulla; j, inclu-
sion cyst.
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Animal Models
A reliable animal model is invaluable in providing optimal

flexibility for examining mechanistic, dose-response relation-
ships and comparative efficacy. Ovarian chemoprevention stud-
ies of specific molecular targets could be accomplished with
greater efficiency if an accepted rodent model of ovarian cancer
were available. Under current circumstances, the opportunity to
test the many hypotheses being generated by a growing list of
potential agents with activity against targets implicated by the
new molecular technologies is limited. Research to evaluate
several candidate rodent models is being supported by the
National Cancer Institute and its Mouse Consortium, and there
has been investigation of both syngeneic models (31) by inject-
ing malignant cells or by transfecting epithelial cells with on-
cogenes (32) to simulate development of a tumorigenic pheno-
type with variable success. In the meantime, the most widely
accepted animal model for ovarian cancer prevention is the
domestic white Leghorn chicken (33). Although investigators at
The University of Texas M. D. Anderson Cancer Center (Hous-
ton, TX) are performing primate studies because of their close
similarity to humans, the absence of tumor formation is a
drawback, and little is known about primate ovarian carcino-
genesis. The chicken, however, has an extremely high rate of
Müllerian cancer, of which 30–50% are oviductal in origin. The
spontaneous rate of ovarian cancers was approximately 19% in
hens ranging from age 2–7 years (33). The potential utility of
immunohistochemical markers in the chicken has been investi-
gated to further develop the chicken (Gallus domesticus) as a
model for spontaneous ovarian carcinoma. Antibodies used to
characterize human tumors that were cross-reactive in chicken
carcinomas included cytokeratin AE1/AE3, pan-cytokeratin,
EGFR, HER-2, Lewis Y, carcinoembryonic antigen, TAG 72,
proliferating cell nuclear antigen, p27, and TGF-� (34). Anti-
bodies that were not cross-reactive included CA125, Ki67,
Muc-1, and Muc-2. Oviductal cancers were not differentiated
from ovarian cancers, which could limit the applicability of
these markers. However, the white leghorn chicken model has
considerable merit and is being investigated as a model for
chemoprevention with the University of Illinois collaborating
with Duke University.

Advantages of the chicken model include a high incidence
of epithelial cancers. Disadvantages include a high incidence of
oviductal cancers and lower correlation with humans than in
primates. A study of progestin and 4-HPR in the chicken model
is currently in progress. It will be interesting to see if marker
modulation in this system corresponds to observations in hu-
mans and in cynomolgus macaques.

TKIs. Although the role of the EGFR family in ovarian
carcinogenesis is not fully documented, it has been appreciated
for some time that growth regulation and differentiation, in
response to these receptors in normal ovarian surface epithe-
lium, follow a complex system of interactions that are tissue
specific. EGFR, along with the other three members of this
receptor family (HER-2, HER-3, and HER-4), is detected im-
munohistochemically in normal OSE cells at low or moderate
intensity (35, 36). Under normal conditions, epidermal growth
factor, TGF-�, and amphiregulin provide growth-stimulatory

signals to EGFR, and growth inhibition is mediated by TGF-�
autocrine feedback (36).

Expression of the various EGFRs in ovarian cancer has
been studied extensively by immunohistochemistry. Abnormal
expression implying abnormal signaling through EGFR path-
ways is a common finding in ovarian malignancy. In contrast to
the levels observed in normal ovarian surface epithelium, EGFR
may be overexpressed in 50–70% of ovarian cancers (37–40).
HER-2 is intensely expressed in approximately 10–20% of
ovarian cancers and moderately expressed in another 20–40%
more cases (41). Because of heterodimer formation among
EGFR family members, multiplex expression of certain recep-
tors may be of particular biological relevance. For instance,
coexpression of EGFR and HER-2 has been reported in 30–50%
of some case series (38, 39). Although intense expression of
EGFR and HER-2 is not seen in normal cells and appears to
confer a negative prognosis in malignancy, conflicting results
regarding prognostic implications are found in the literature.
This confusion should resolve as the understanding of EGFR
dysregulation in ovarian cancer is updated. For instance, EGFR
overexpression is reported to be associated with serous histol-
ogy (40), and amphiregulin expression is reported to be associ-
ated with mucinous histology (42). These observations suggest
that histological heterogeneity of ovarian cancer may contribute
to the complexity of interpreting the results of growth factor
pathway analysis.

A model of the expression patterns underlying EGFR dys-
regulation has been developed on the basis of EGFR-mediated
signals in human ovarian cancer cell lines (43). In brief, the
major observation is that coexpression of EGFR and HER-2
facilitates transactivation by epidermal growth factor and pro-
duces a strong mitogenic signal. Coexpression of Her-2 gene
product and EGFR was present in 68% of ovarian cancers (44).
Two other observations include: (a) heregulin activates HER-4,
either on its own or with HER-3; and (b) HER-3 and HER-4 do
not cross-react with EGFR and HER-2 after stimulation with
heregulin. Activation of the EGFR and HER-2 heterodimer may
be the predominant growth-stimulatory signal in ovarian epithe-
lium, as suggested by the commonly observed overexpression of
these two receptors in ovarian cancer (45). If unattenuated, it is
plausible that this signal could be a critical driving force in
ovarian carcinogenesis. This hypothesis is the basis for testing
the potential usefulness of TKIs for preventing the abnormal
proliferation of ovarian epithelium that is postulated to precede
malignant transformation (see ”New Agents“).

COX-2 Expression. Abnormal COX-2 expression is
found in ovarian cancer. Matsumoto et al. (46) have reported a
series of 28 ovarian carcinomas, of which 79% were positive for
COX-2 expression overall, with 61% strongly positive and 18%
weakly positive. In contrast, COX-2 expression was not found
in the surface epithelium or inclusion cysts of the uninvolved
ovaries in this series (46). In these samples, COX-2 expression
was correlated with vascular endothelial growth factor expres-
sion. Ovarian cancer cell lines that express COX-2 include
SKOV3, CAOV3, and OVCAR3, all of which undergo growth
suppression by a COX-2 inhibitor in vitro (47).

PI3K. PI3K represents a node in a pathway downstream
to the proliferation signals originating from the EGFR family.
The potential importance of PI3K in the malignant process is
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suggested by its position in signal transduction between EGFR
and AKT2, which has been identified as another site of onco-
gene abnormality in ovarian cancer (48). PI3K has become a
focus of attention because amplification of PI3K activity is
observed in approximately 40% of ovarian tumors confined to
the subset of tumors with serous histology (49, 50). PTEN
mutations predominate in endometrioid ovarian cancers. In ad-
dition to increased proliferation, decreased apoptosis is also
found in association with increased PI3K activity (51). Ampli-
fication of PI3K activity is observed in several ovarian cancer
cell lines, including OVCAR3. Mechanistic studies have shown
that enzyme activity of PI3K is reduced more than 80% by
specific inhibitor LY294002 (52). LY294002 causes a dose-
dependent reduction in growth of OVCAR3 cells in culture and
reduces tumor burden in nude mice inoculated with OVCAR3
(52).

Agents
Well-known agents are being considered for use in reduc-

ing the risk of developing ovarian cancer. One of these is the
OCP. The OCP reduces the risk of developing ovarian cancer
with odds ratios ranging from 0.25 to 0.8 (12–14, 53–55). Its
protective effect is independent of study design (case-control or
cohort study) and study population (population based or hospital
based). The reduction in risk appears to persist for up to 10 or
more years after discontinuation of OCP. Based on epidemio-
logical findings and assuming a lifetime protective effect and
similar protection by all formulations of OCP, it is estimated
that more than half of all ovarian cancers in the United States
could be prevented by the use of OCP for at least 4 years (53,
54). A recent case control study (56) that compared high-dose
OCP with mid-dose OCP showed greater protection from the
high-dose OCP. Both progestin and estrogen concentrations are
higher in the high-dose pill, but the greater protective effect is
attributed to the progestin component. There have not been
studies comparing the mid-dose pill with the low-dose pill, but
it would be important to determine the effectiveness of the
low-dose pill. In monkey studies using both progestins and OCP
(57), the progestin arm had more apoptosis of the OSE cells than
the OCP arm, suggesting that progestin may be the active
component in the OCP, although variances were large, and
median values were used because of the large variability. A
reanalysis of the data from the cancer and steroid hormone study
(58), which examined the strength of OCP components taken by
390 women diagnosed with ovarian cancer compared with con-
trols, found the greatest reduction in ovarian cancer risk asso-
ciated with the highest progestin potency. In addition to this
information, a recent report has explored the relationship be-
tween progestin, TGF-� expression, and apoptosis in the ovar-
ian epithelium of cynomolgus macaques. Exposure to progestin
changed the expression of TGF-�, lowering TGF�-1 with a
corresponding increase in TGF-�2/3, correlating closely with
induction of substantial apoptosis in the ovarian epithelium (59).
Consequently, the progesterone receptor is a prime candidate as
a preventive target. Definitive mechanistic and clinically based
studies are of great importance in refining the opportunity to
specify a role for progestins, agent/dose/schedule, in ovarian
cancer risk management. This body of evidence makes the OCP

(and potentially the progestin component) an excellent candi-
date chemopreventive agent for ovarian cancer, although more
needs to be learned about the mechanism of its protective effect.

Use of the OCP for 5 years decreases the risk of ovarian
cancer by 50% (53–55) but reduces the number of ovulatory
cycles by approximately 15 percent. Consequently, there is not
a linear correlation between the duration of OCP use and the
impact on ovarian oncogenesis, suggesting that more complex
mechanisms other than just ovulation suppression may be at
work in the chemopreventive activity of OCP. Inhibition of
gonadotropin release from the pituitary, one of the effects of
OCP use, or other unknown effects of estrogens and progestins
may also play a role in this chemopreventive activity.

Retinoids. As with OCP, the antineoplastic effect of
4-HPR is not completely understood. In the laboratory, the
activity of retinoids in ovarian cancer has been studied in
various ways. In four different ovarian cancer cell lines, 4-HPR
was the most effective at suppressing growth compared with
all-trans-RA, 9-cis-RA, and 13-cis-RA (60). Studied in more
detail in cell line OVCAR3, 4-HPR was found to weakly acti-
vate only RAR�, with induction of apoptosis appearing to occur
independent of retinoid receptors. This result is consistent with
the classification of 4-HPR as a receptor-independent apoptotic
retinoid. In addition to retinoid receptors, several other targets
have been suggested to mediate their effect. They include the
destruction of the mitochondrial membrane by reactive oxygen
species and stabilization of the Rb2/p120 protein that mediates
retinoid induced growth arrest (61).

Epidemiological and laboratory data suggest that retinoids
may have a role as preventive or therapeutic agents for ovarian
cancer (58, 62, 63). Fenretinide or 4-HPR has few side effects
compared with other vitamin A derivatives and is currently
being used in chemoprevention studies of other organ sites,
including lung, head and neck, cervix, and bladder. Experimen-
tal studies have demonstrated that retinoids can affect human
ovarian cancer cell growth by inhibiting proliferation and in-
ducing apoptosis (58, 62); preliminary data from our laboratory
show that 4-HPR induces apoptosis in immortalized OSE cells
and in normal OSE cells (64). Some cells respond to 2 �M/ml
4-HPR, which might be achievable by oral administration, but
others require as high as 10 �M/ml to have an effect. The 10
�M/ml dose would not be achievable by an oral dose because of
side effects, particularly skin and ophthalmic effects (nyctaglia).
Because epithelial ovarian cancer is thought to arise from a
neoplastic process that results from a series of mutations in the
OSE cells, the probability of developing a neoplasm would
decrease if premalignant or genetically altered cells were elim-
inated by apoptosis.

In Italy, a randomized trial for the prevention of breast
cancer has provided preliminary evidence that retinoids, specif-
ically 4-HPR, may prevent or delay the development of ovarian
cancer (63). After surgical treatment for breast cancer, 2972
patients were assigned to treatment with 4-HPR (1422) or pla-
cebo (1427) to prevent development of new primary breast
cancers. After a median follow-up of 51.9 months, no overall
difference in the development of new primary breast cancers
was evident; however, there was a significant difference in the
numbers of ovarian cancers that developed. During the treat-
ment period, six new cases of ovarian cancer were diagnosed in
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the placebo group versus none in the 4-HPR group (P �
0.0162). After cessation of treatment, there were four additional
cancers in the control group and six in the 4-HPR group,
suggesting that the effect was not durable. There was also a
difference in the characteristics between groups: the control
group was more likely to have a BRCA mutation than the
4-HPR group, which suggests that the difference may be due to
the BRCA status rather than drug effect (65). However, when
combined with the cell work, there is the suggestion that reti-
noids may have chemopreventive activity in the ovary but may
need to be administered for long periods of time or to have a
different dosing developed so that higher doeses could be
achieved without toxicity.

Some low-toxicity retinoids, known as heteroarotinoids,
share the receptor-independent apoptotic profile of 4-HPR and
may be candidates for development as chemopreventive agents
(61). In addition to this group of retinoids, AHPN/CD437, a
conformationally restricted retinoid engineered to bind selec-
tively to RAR�, also shares the apoptotic profile of 4-HPR. In
ovarian tumor cell cultures, exposure to AHPN was associated
with increased expression of BAX and decreased expression of
Bcl-2 (66, 67). Agent development for ovarian risk reduction
will benefit from mechanistic studies of apoptotic induction by
4-HPR and functionally similar compounds such as AHPN.
Retinoids that suppress both growth and survival of abnormal
cells hold more promise as chemopreventive agents. Prioritizing
retinoids for ovarian cancer prevention will ultimately depend
on the overall interrelationship among antiproliferative, differ-
entiating, and apoptotic properties of these compounds.

Although there are still too little data to definitively guide
chemopreventive studies, there is compelling evidence that as
many as 50% of ovarian cancers may be prevented with OCP,
and possibly even more may be prevented if a combination of
the active ingredients (presumably progesterone) and a vitamin
A derivative could be combined for use in high-risk women.
Likewise, a similar reduction might be obtained if the active
component of OCP could be administered to low-risk women,
the group that develops 90% of the ovarian cancers.

Biomarkers
Biomarkers need to be identified that are predictive of drug

or micronutrient activity and pharmacodynamics because the
modulation and utility of particular biomarkers will depend on
the drug-specific mechanism of action and conditions of use for
any given agent. At the current time, little is known about
effective biomarkers for drug activity in ovarian cancer chemo-
prevention. Markers of proliferation and apoptosis are key bi-
omarkers in prevention. Apoptosis is hypothesized to be one of
the major mechanisms by which cells with genetic alterations
are eliminated (68). In a pivotal trial, primates were treated for
2 years with OCP, estrogen, progestin, or placebo (69). After
this period, ovaries were removed, and their surface epithelia
were assessed for apoptosis. OCP and progestin significantly
increased apoptosis in OSE cells from 5% (baseline) to 25%,
whereas estrogen had no effect. If OCP increased the rate of
apoptosis in epithelial cells from human ovaries, as they have
been found to do in primate ovaries, apoptotic elimination of
aberrant cells might be one of the mechanisms underlying the

chemopreventive effects of OCP. In the primate, the high rate of
apoptosis (25%) also indicates that either a very large proportion
of OSE cells had underlying genetic abnormalities or a number
of NOE cells underwent apoptosis in response to components of
the OCP. This 25% frequency of apoptosis in the primates
appears particularly high when it is considered that it represents
a “snapshot” in time and that many cells may already have
undergone apoptosis and been cleared from the system. One
possible explanation may be the use of a Triphasil pill that has
the highest concentration of the progestin in the third week.
These monkeys were sacrificed in the third week of their
OCP use.

In cell culture, different retinoids (including 4-HPR and
all-trans-RA) inhibit proliferation and induce apoptosis in a
number of tumor cell types [including ovarian cancer cell lines
(57, 70–74)]. In at least some cell lineages, 4-HPR is more
effective than other retinoids at inducing apoptosis (57) and can
induce apoptosis in cells resistant to conventional retinoids.
However, the mechanism by which 4-HPR and other retinoids
induce growth inhibition and apoptosis is unclear. Most, but not
all, studies indicate a correlation between RAR� expression or
the ability to induce its expression and the ability of 4-HPR to
induce growth inhibition and apoptosis (70–72). However, in
ovarian cancer cells, 4-HPR effect appears to be receptor inde-
pendent (61). Induction of reactive oxygen species is another
proposed mechanism (74) of 4-HPR, but there are no data
available on OSE cells or ovarian cancer cells. These biomark-
ers of retinoid activity warrant further exploration.

Growth Factor Specific. TGF-� is another potential bi-
omarker of chemoprevention. It can induce growth arrest and
apoptosis of ovarian cancer cell lines, as well as ovarian cancer
cells isolated directly from patients (73, 74). In several cell
types, including ovarian stroma, steroid hormones can increase
TGF-� production and activation (75–79). Whether TGF-�, in
concert with retinoids or steroids, induces apoptosis in ovarian
epithelial cells in vitro or, more importantly, in vivo remains to
be assessed. A recent histochemical evaluation of the primate
ovary from primates receiving either progestin alone or the
Triphasil OCP found an increase in expression of TGF-�2, but
not TGF-�1, suggesting that TGF-�2 may be modulated by
OCP, serving as a marker of progestin activity (59). Thus,
TGF-� and its receptors definitely merit exploration. Other
potential biomarkers include proliferative markers, such as
Ki67, which are currently being used to evaluate the antiprolif-
erative effects of progesterone.

Stromal cells may play an important role in epithelial
carcinogenesis. Both types of cells contribute to the extracellular
matrix (80), and stromal cells may influence some of the pre-
malignant changes that occur in the epithelial cells (81). Epi-
thelial ovarian cells express both cytokeratin and vimentin,
suggesting a dual phenotype consistent with a multipotential
stem cell origin. These epithelial cells produce both epithelial
and mesenchymal components of extracellular matrix in tissue
culture, which is consistent with their dual phenotype (80).
KGF, a mesenchymal growth factor that mediates epithelial-
stromal interaction, has been recently studied as a factor in early
carcinogenesis (82). Fresh NOE cells, but not stromal cells,
were found to highly express KGF, which subsequently growth-
stimulated NOE cells in an autocrine manner (83). HGF and its
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receptor, Met, have also been studied. HGF and KGF, as well as
Kit ligand, have been found to interact and promote NOE cell
growth and growth factor expression, suggesting that these may
play a role in the growth stimulation that accompanies the
carcinogenic process (84). Wong et al. (85) found that NOE
cells from women without a family history of ovarian cancer
down-regulated the HGF receptor with increasing passage,
whereas the NOE cells from women with a family history of
ovarian cancer did not, suggesting that HGF may be a growth
regulator, particularly in cells destined to develop cancers (85).
Telomerase may be an additional marker warranting both study
and targeting. These biomarkers need further study to under-
stand their role in modulating growth and to determine which
growth modulators might be a target for prevention.

Optical Spectroscopy
One of the more exciting prospects for an early marker of

ovarian cancer is optical spectroscopic signatures. In the last
decade, substantial research has lead to useful optical methods
of diagnosing early cancers (86–92). Fluorescence spectroscopy
is being used to detect cancers noninvasively in many organ
systems using a probe that can interrogate the tissue. The system
utilizes redox potential (ratio), which is calculated by (FAD/
(FAD � NADH) and is, in part, a measure of the relative
hypoxia of the tissue (93). FAD and NAD(P) are reduced in the
citric acid cycle (anaerobic glycolysis) to FADH and NAD(P)H,
which are used as coenzymes in the electron transport chain. In
tumors, these coenzymes will accumulate in their reduced states
(NADH and FADH) and produce a unique fluorescence signa-
ture (NADH high, FAD low) as a result of alterations in blood
flow, decreases in tissue pH, and abnormalities in mitochondria
and in transport of electron carrier molecules into the mitochon-
dria (93, 94), where the electron transport chain functions. In a
pilot study (95), patterns of fluorescence called excitation/emis-
sion matrices differed between normal ovaries and areas of
invasive cancer and thus are promising for early detection of
ovarian cancer. As anticipated, redox potentials were 50% lower
in the cancer than in the normal ovary with peaks at 350 nm
(excitation) and 460 nm (emission), representing both collagen
and NADH. Even more exciting, however, was our recent
primate study of fluorescence spectroscopy as a marker for drug
activity in the ovary (96). Unlike cancer, where redox potentials
are reduced, redox potentials were increased in response to both
OCP and 4-HPR. Changes in fluorescence signatures were hy-
pothesized to be due to a decrease in NAD(P)H and an increase
in FAD in response to the drugs. 4-HPR had the least effect on
the fluorescence signature of NAD(P)H and the greatest effect
on the area corresponding to FAD, in contrast to OCP, suggest-
ing that each agent has a unique effect on cellular metabolism.
These agents also produced an increase in the redox-related
potential of the target organ, suggesting that hypoxia was less
extensive and that the system was more quiescent. Thus, optical
spectroscopic signatures may serve as an early marker of drug
activity.

Cell culture data (97) show that retinoids can induce ap-
optosis or inhibit growth in both normal and immortalized OSE
cells. Cell studies measuring fluorescence emission compared
with percentage of apoptosis and growth inhibition showed that

both apoptosis and growth inhibition correlated with redox ratio
(P � 0.0274), FAD fluorescence intensity correlated with ap-
optosis (P 	 0.001), and NAD(P)H fluorescence intensity cor-
related with cell survival (P � 0.04; Ref. 68).

New Agents
Given the preponderance of evidence that OCP and/or

retinoids have a role to play in ovarian cancer prevention, an
initial consideration for the development of new agents would
be optimizing the effect of these two categories of agents on
ovarian cancer risk reduction. In general, recent progress in
pharmacological intervention has been achieved by identifying a
specific target that is critical to a pathological process. Disrup-
tion of a critical pathological signal by eliminating target func-
tion can be the key to disease prevention as well as disease
control. Evidence reviewed above suggests that OCPs disrupt a
critical pathway in early ovarian carcinogenesis in a substantial
proportion of women at risk, but a specific target has not been
clearly identified. A recent study supports the theory that the
progesterone component of OCPs is responsible for reducing
ovarian cancer risk.

In addition to the targets suggested by the observation of
ovarian cancer risk reduction associated with the use of OCP or
4-HPR, the molecular analysis of malignant ovarian tumors has
identified other candidate prevention targets. Selected onco-
genes, growth factors, and signal transduction pathways are
connected with ovarian carcinogenesis. The focus on targets
related to the EGFR family, P13K, and COX2 is guided not only
by preclinical studies but also by the presumption that relatively
nontoxic oral agents in these categories are either available or
about to become available.

TKIs. TKIs are of interest to ovarian cancer prevention
because of their effect on the activation of EGFRs. In general,
the dose-limiting toxicities for TKIs are skin rash and/or diar-
rhea. In the prevention setting, it may be possible to identify
conditions of use that will avoid these toxicities. Alternatively,
if preclinical concepts of prevention are demonstrated with
compounds like these, it may be possible to identify less toxic
versions of these agents that reduce cancer risk. Beyond EGFR-
selective agents, there are TKIs in development with a different
range of activity. For instance, CI-1033 is a potent inhibitor of
kinase activity across the entire EGFR family. Agents selective
for HER-2 are also in development.

Examples of TKIs that are of theoretical interest for testing
in ovarian cancer prevention studies are ZD1839 (Iressa),
OSI774, and PKI-166 (98, 99). As a pyrolopyrimidine, PKI-166
is structurally different, but like ZD1839 and OSI774, targets
EGFR. All of these agents have been used in clinical trials and
could be studied in model systems to generate preclinical data
relevant to ovarian cancer prevention. EGFR, HER-2, and
HER-4 all have a tyrosine kinase domain that can be activated
when particular EGFR dimer-ligand complexes are formed. As
members of a structural class of compounds known as quin-
azolines, ZD1839 and OSI774 are structurally similar and se-
lectively deactivate the tyrosine kinase of EGFR. These agents
might be particularly useful if it could be demonstrated that an
EGFR-selective drug deactivates abnormal EGFR/HER-2 het-
erodimer expression in ovarian epithelium. In breast cancer cells
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that overexpress HER-2, blocking transmodulation through
EGFR with an EGFR-specific TKI is known to halt growth
(100).

PI3K Inhibition. Because of the position downstream to
the proliferation signals originating from the EGFR family,
agents targeting PI3K might have chemopreventive activity on
the basis of an antiproliferative effect. P13K inhibitors have not
reached clinical trials, so future use of agents in this class for
chemoprevention awaits their further pharmacological develop-
ment.

COX-2 Inhibition. Another target of chemopreventive
interest is COX-2 (101). COX-2 is an inducible enzyme of
inflammation, mediating the conversion of arachidonic acid to
prostaglandins. Attention has been called to the role that inflam-
mation might play in ovarian carcinogenesis (102). It remains to
be seen whether COX-2 inhibitors can be used to modulate
COX-2 expression in ovarian epithelium and whether such
modulation has a role early in carcinogenesis. As with the other
agents mentioned in this review, it would be helpful to have a
valid animal model of ovarian carcinogenesis to use in the
development of preclinical data.

Clinical Trials
There are currently ongoing trials of both high low- and

high-risk women for investigating chemopreventive agents in
the ovary. Fox Chase Cancer Center has a trial using 4-HPR in
high-risk women undergoing oophorectomy. The University of
Texas M. D. Anderson Cancer Center and the University of
Arizona have chemoprevention trials in both low- and high-risk
women using OCPs and 4-HPR alone and in combination for
women undergoing oophorectomy. This is early exploratory
work, and findings from these trials will serve as templates for
additional trials. Markers that are elucidated as a result of these
trials will help determine which are the best biomarkers for drug
activity. Following the results of these and other trials that may
be starting in the next decade, larger randomized prospective
trials will be important to determine the true preventive activity
of these and other agents.

Discussion
Of the four criteria given in the opening definition of IEN,

the most difficult to pinpoint in ovarian cancer is the abnormal
phenotype. Although access to early ovarian neoplasia is limited
by anatomical circumstance, there may, in fact, be biological
reasons why an understanding of ovarian IEN is elusive. Ovar-
ian cancer has been described as diseases (37), and, in fact, more
than 40 histological entities contribute to the WHO classifica-
tion of epithelial tumor types. Heterogeneity in ovarian cancer
histology suggests a corresponding complexity in IEN. Also, it
is recognized that malignant cells with a specific and identifying
molecular fingerprint are not always histologically unidentifi-
able in seemingly normal epithelium adjacent to tumor (34).
Given these observations, it may ultimately be necessary to rely
on the genetic and consequent functional abnormalities to iden-
tify the precursor population of cells that gives rise to invasive
ovarian cancer. In addition to the spectroscopic technique de-
scribed above, genomic and proteomic methods are now being
developed that may facilitate the definition of localized precur-

sors of ovarian cancer (103). The possibility of analyzing pro-
teins characteristic of cancer risk and shed from ovarian IEN
into serum (104–107) appears to offer an attractive alternative
to the direct assessment of the ovarian epithelium by microlapa-
rotomy for examination by spectroscopy or biopsy and subse-
quent microdissection.
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Abstract
Objective: The objective of this study was to explore
whether a nonhuman primate model could be developed to
test drugs for the prevention of ovarian cancer.

Methods: Nineteen adult female Rhesus macaques
were given fenretinide (4HPR), oral contraceptives
(OCP), the combination (4HPR � OCP), or no
medication for 3 months. Exploratory laparotomy was
done pre- and postdrug to assess intermediary
biomarkers of neoplastic phenotype, proliferation,
response pathways, and growth-regulatory and metabolic
markers. Fluorescence emission spectra were plotted for
each group pre- and postdrug and means were overlaid
on these plots and normalized. Fluorescence intensities
were compared using the 2-tailed Student t test, (P �
0.1–0.01).

Results: All monkeys tolerated drugs and surgeries
without difficulty. Histochemical markers showed no
significant trend. However, fluorescence spectroscopy
showed increased intensity at 450 nm excitation, 550 nm
emission correlating with increased FAD presence. The
4HPR group (P � 0.01) showed higher intensity than the
OCP group (P � 0.05–0.07) when compared with the
controls. Decreased emission was seen at 350 nm
excitation, 450 nm emission correlating with decreased
NAD(P)H presence. The OCP group showed the largest
change (P < 0.01), and the control group showed the
smallest change.

Conclusions: The nonhuman primate is an excellent
model to test drug effect on the ovarian surface
epithelium and merits additional study. Fluorescence

spectroscopy was the most sensitive marker for drug
activity and the apparent increase in NAD and FAD in
the 4HPR group is consistent with the effect of 4HPR
observed in cell culture. The differences between the
OCP and the 4HPR groups suggest a different
mechanism of activity of these drugs.

Introduction
Epithelial ovarian cancer has the highest mortality rate of any
of the gynecological cancers, with a 5-year survival rate of 30%
or less, despite aggressive treatment. Seventy percent of these
cancers are diagnosed with widespread intra-abdominal disease
or distant metastases, which accounts for the dismal prognosis
for ovarian cancer. Even ovarian cancer limited to the pelvis has
a 5-year survival rate of only 50% (1). Thus, cancer prevention
merits at least as much attention as does treatment of disease
that has already occurred. Cancer chemoprevention is a rapidly
growing area of research because of the difficulties in treating
advanced cancers. Chemoprevention refers to the administra-
tion of chemical agents that prevent or delay cancer in normal
or undiseased people. Necessary elements for chemoprevention
studies include appropriate agents that are safe and which have
both epidemiological and mechanistic data that support their
use; a suitable cohort with adequate incidence of disease and in
which the risk:benefit ratio is acceptable; and measurable bi-
omarkers that are likely to be affected by the agent and whose
modulation supports the postulated chemopreventive activity
(2). Biomarkers are important because they are relevant to the
development of neoplasia, either phenotypically (proliferation,
angiogenesis, or nuclear morphometry) or mechanistically (mo-
lecular markers), they are likely to be required for a response to
the chemopreventive agent, or they are relevant to carcinogen-
esis (3).

Two drugs that have received attention as agents that can
prevent ovarian cancer are OCPs3 and retinoids. There are
multiple epidemiological studies that show that OCP use of at
least 5 years’ duration is associated with a 50% or greater
reduction in the odds of developing ovarian cancer (4–8). The
mechanism of this prevention is unclear; ovulation suppression
may be one factor, but other mechanisms are hypothesized. A
single prospective study showed that OCP and progesterone
increased the rate of apoptosis of ovarian surface epithelial cells
in primates (9). Premenopausal women with a family history of
breast cancer, ovarian cancer, or both are excellent candidates
for prevention strategies; however, in premenopausal women
the potential teratogenicity of retinoids is a concern (10). Epi-
demiological and laboratory data suggest that retinoids may
have a role as preventive or therapeutic agents for ovarian
cancer (11–12). 4-HPR has the fewest side effects of the vita-
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min-A derivatives and is currently being used in chemopreven-
tion studies in other organ sites including lung, head and neck,
cervix, and bladder. Preliminary results from the 2972 women
in the Italian randomized chemoprevention trial for prevention
of secondary breast cancers suggest that retinoids have preven-
tive activity against ovarian cancer (12). Ovarian cancer devel-
oped in six women in the placebo arm, but there were no
cancers in the 4HPR arm. Although this response was not
durable, it suggested retinoid activity in the ovary. Experimen-
tal studies have demonstrated that retinoids can affect human
ovarian cancer cell growth by inhibiting proliferation and in-
ducing apoptosis (13–15). Preliminary data from our laboratory
shows that 4HPR induces a rate of 40–95% apoptosis in im-
mortalized ovarian surface epithelial cells and 30–90% in nor-
mal ovarian surface epithelial cells,4 compared with the base-
line rate of 1–3% in untreated cells. The probability of
developing a neoplasm will decrease with increasing apoptosis.

Substantial research has been done to develop optical
methods as early diagnostic tools for cancers in the last decade
(16–19). Optical spectroscopy has the potential to decrease the
necessity for pathological diagnosis; to aid in early, near-real-
time diagnosis; and to identify abnormal areas that may not
have a visible lesion for localization of biopsy. Fluorescence
spectroscopy uses energy in the form of a light photon to
activate certain molecules within a cell; the subsequent radia-
tive relaxation of the molecule and the release of a reemission
photon is the process called fluorescence. It is an optical
method of illuminating tissue with monochromatic light and
exciting the natural fluorophores within tissue, which then
emits fluorescent light when a paired electron in an excited state
returns to a lower or ground state. Natural fluorophores in tissue
include NADH; FAD; structural proteins such as collagen,
elastin, and their cross-links; and the aromatic amino acid
tryptophan, each of which has a characteristic wavelength for
excitation with an associated characteristic emission. Fluoro-
phore concentrations change as tissue progresses from normal
to a preneoplastic state to cancer (20). Theoretically, different
changes in the fluorescent signature should occur in response to
an agent that induces quiescence or apoptosis.

It is difficult to study the ovary because its intraperitoneal
location makes access difficult; therefore, the development of
an animal model to study these drugs is appealing. Small
animal models (mice, chicken, and guinea pigs) are being
developed for ovarian cancer that are useful for understanding
basic mechanisms, but these animals differ from the human
reproductively. Primates, however, are much closer to humans
in reproductive function and anatomy, hormonal and menstrual
patterns (9, 21), and histochemistry and will be a better model
with which to develop strategies for prevention of ovarian
cancer in the future. This study describes the use of the Macaca
mulatta as a nonhuman primate model to test drugs for the
prevention of ovarian cancer.

Materials and Methods
Initially, a pilot study was done with three animals to test drug
tolerance, tolerance for two surgical procedures, and the feasi-
bility of the model. After this pilot, 19 female adult M. mulatta
were brought together for this preliminary exploratory study.
This protocol was approved by the Animal Care Use Commit-
tee at The University of Texas M.D. Anderson Cancer Center
and was conducted at the Department of Veterinary Sciences in

Bastrop, Texas, an Association for the Assessment and Accred-
itation of Laboratory Animal Care International-accredited fa-
cility, in accordance with the Guide for the Care and Use of
Laboratory Animals. Numbers were chosen based on cost and
availability of animals: five animals were initially placed in
each drug group, and four were placed in the control group.
This study was a pilot study designed to generate measurements
so that future studies could be designed with adequate numbers.

The animals were given 4HPR (five monkeys), OCP (five
monkeys), the combination of 4HPR�OCP (five monkeys), or
no medication (four monkeys) daily for 3 months. Doses of
4HPR and OCP were calculated by allometric scaling, which
calculates a dose based on both weight and basal metabolic rate
(22). This is derived from the equation Y � K(Wkg

0.75), where
Y is the resting animal’s energy output in kcal/24 h (also termed
the minimum energy cost), K is a constant based on core
temperature, which is specific for each species, and W is mass
in kilograms. Monkeys ranged in weight from 6–8 kg, but
doses were calculated for a 7 kg monkey. The OCP used was
Ortho-Novum 1/35, a medium-dose OCP known to suppress
cyst formation, which has 1 mg of norethindrone and 35 �g of
ethinyl estradiol in each pill. The 4-HPR dose was calculated in
the same manner from the human dose of 200 mg daily. The
OCP dose was 0.2 mg norethindrone/0.07 mg of ethinyl estra-
diol, and the 4HPR dose was 35 mg.

Before starting medication and after 90 days of medica-
tion, monkeys underwent laparotomy and ovarian biopsies.
Two to three 2-mm samples were taken from the left ovary at
the time of the first surgery and from the right ovary at the time
of the second surgery. Fluorescence measurements were taken
from each site before biopsy. Biopsy and healing of the ovary
was hypothesized to interfere with the spectroscopic signature
because of the increased collagen associated with healing as
well as with histochemical assessment. Thus, to avoid this bias,
one ovary was biopsied on the first surgery and the other ovary
was biopsied on the second surgery.
Biomarkers. Biomarkers chosen for this trial include markers
of neoplastic phenotype (p53), proliferative markers (Ki67),
markers of intact response pathways (estrogen, progesterone,
and nuclear retinoid receptors), or inducible growth-regulatory
molecules (TGF-� and receptors HER-2, BAX, and BCLx).
Apoptosis was evaluated with Apotag. The remainder of the
markers were either mouse or rabbit antibodies that were eval-
uated by immunohistochemistry in the standard manner. The
choice of these markers was based on previous studies (apo-
ptotic, proliferative, neoplastic, and retinoid markers), known
pathways (retinoid markers), and hypothesized mechanisms
(TGF� and receptors and p21).

Complete characterization of the fluorescence properties
of an unknown sample requires measurement of a fluorescence
EEM, with the fluorescence intensity recorded as a function of
both excitation and emission wavelengths (23). Our custom-
made system records EEMs in �1.5 min and consists of a
xenon arc lamp coupled to a scanning spectrometer that pro-
vides excitation light between 300–480 nm. A fiber optic probe
directs excitation light to the tissue and collects emitted fluo-
rescence light, which it delivers to an imaging spectrograph and
CCD camera. Fig. 1 shows the probe placed on a monkey
ovary. Fluorescence emission spectra ranging from 320–850
nm were collected sequentially at 19 excitation wavelengths
ranging from 300–480 nm. Before assembling the data into
fluorescence EEMs, system-dependent response and back-
ground signals were removed. Tissue exposure to broadband
UV radiation from this device is below the total exposure limits4 Unpublished data.
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developed by the American Conference of Governmental In-
dustrial Hygienists (ACGIH) for epithelial tissues.
Data Analysis. A visual analytic tool was developed to ex-
plore fluorescence differences grouped by monkey, drug, and
time (pre- and postdrug), and emission spectra were plotted for
each group pre- and postdrug at each excitation wavelength
measured. Means were calculated and overlaid on these plots to
view the relationship. The data were examined in two fashions:
the raw intensities were compared, and emission spectra were
normalized to a common wavelength to enhance relative spec-
tral contributions. Using this information, we compared all
fluorescence measurements between the first and second meas-
urements using the two-tailed Student t test. Ps were between
0.1 and 0.01 for this exploratory study. Areas where statistically
significant differences were observed between the first (pre-
drug) and second (postdrug) measurements were identified in
the EEM and plotted as contour lines.
Animal Care. Monkeys used in this study were culled from
the specific pathogen free rhesus colony because they devel-
oped herpes-B-indeterminate status, they were poor breeders,
or they had chronic diarrhea. The monkeys were prevented
from eating for 12 h before surgery. Anesthesia was induced
with an i.m. injection of tiletamine HCl/zolazepam HCl (Tela-
zol; Fort Dodge Laboratories, Inc., Fort Dodge, IA). When the
monkey was sedated, she was removed from the cage and
intubated, and anesthesia was maintained on 2–2.5% isoflurane
gas with oxygen. After each initial procedure, monkeys were
maintained in separate housing and were fed the drug in a
flavored treat. Menses were recorded daily, and progesterone
levels were measured 2 weeks apart to evaluate ovulatory
status.
Pathology. Biopsy specimens were fixed in 10% neutral buff-
ered formalin, embedded in paraffin, cut into 4-mm sections,
and stained with H&E for light microscopic examination. Sec-
tions were evaluated for morphological characteristics and
pathological changes.

Results
Animal Tolerance. The pilot study showed that the three
animals tolerated the drugs and two surgeries without difficulty.
Rhesus monkey ovaries are easily accessible through a midline
laparotomy incision and are 1–1.5 cm in length and 0.75–1 cm

in the other two dimensions (see Fig. 1). At the time of the
second surgery, the scar from the previous biopsy was com-
pletely healed and there was a small visible area �1 mm where
the defect had filled in. In the larger study, there was one death
of a monkey in the 4HPR group that was not related to this
study. She was a 9-year-old obese macaque with severe amy-
loidosis on necropsy.
Fluorescence Measurements. There were consistent differ-
ences in the absolute fluorescence intensities and relative con-
tributions noted between the pre- and postdrug measurements in
each drug group as well as in the controls. However, the
differences noted in the control group that were attributable to
a time effect were much smaller than those seen in the three
drug groups. Fig. 2 shows areas of significant differences
between the pre- and postdrug measurements for all 4 groups.
To the right of each graph is the P, from 0.01–0.1. Two main
areas of change can be identified. The center of the first area is
located at 450 nm excitation and 550 nm emission wavelength,
consistent with the FAD emission peak. This area of fluores-
cence intensity is increased in the three postdrug groups, which
correlates with increased FAD presence and decreased FADH.
The 4HPR group (P � 0.01) shows a larger area of difference
in pre and postdrug intensity than the OCP group (P � 0.05–
0.07), whereas the combination group is in between the 4HPR
and OCP groups. There were no differences attributable to
treatment seen in the control group in this area of the EEM. The
second area is located in the 350 nm excitation, 450 nm emis-
sion wavelength, which is consistent with the NAD(P)H emis-
sion peak. All four groups show decreases in these intensities
that correlate with a decreased NAD(P)H presence and thus an
increase in NAD(P) (the oxidized form). However, the OCP
group shows the largest change (P � 0.01), the control group
shows the smallest change (very small area of significant
change), followed by the 4HPR and OCP group; and, again, the
drug combination lies in between the 4HPR and OCP groups.
Other Biomarkers. Markers were evaluated visually in a 2 �
2 table. Missing data in the 4HPR as well as the OCP group
precluded any data analysis, inasmuch as there were only two
monkeys with histochemical marker data in the 4HPR group
and four in the OCP group because of difficulties in slide
preparation. The markers did not show consistent changes in
response to drug group, but there were trends noted in marker
expression. EGFR was consistently present, in both pre- and
postdrug measurements; Her-2, p21, and p53 were rarely pres-
ent in either group, whereas BAX was usually present in both
groups. Estrogen receptors were absent, whereas progesterone
receptors were usually present and did not change in response
to drug exposure. Two monkeys in the OCP group showed
apoptosis and TGF� declining after exposure to drug. However,
there were two monkeys that did not show either marker present
before or after drug exposure; However, if trends were actually
present, they were not large enough, given our numbers, to have
adequate power to detect a difference statistically.

Discussion
The pilot study of three monkeys was done to assess and plan
the feasibility of developing a primate model for a chemopre-
vention study. After that, we did a larger study to develop
additional expertise in administering the drugs for a longer
period of time, in multiple surgical procedures on a larger
number of animals, and in handling and processing the ovary.
The primate was chosen because of the close association with
humans, and the rhesus monkeys were chosen because of their
availability, their cost, and their ease of handling. A “before and

Fig. 1. Fast EEM probe placed on the monkey ovary at the time of laparotomy.
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after” drug study has the advantage of controlling for intraspe-
cies variation as well as variations attributable to time—things
that historical controls or separate control groups cannot ac-
count for.

Animal models are developed to reconcile biological phe-
nomena between species (24) and to allow for extrapolation of
knowledge from one species to another. Humans are difficult to
use as an experimental model because of ethical limitations,
cost limitations, and lack of volunteers. Transgenic mice are
commonly used because of their availability and cost, but, in
addition to their different reproductive physiology (21) from all
primates, their compromised immune systems cannot approx-
imate a normal host for chemoprevention. The nonhuman pri-
mate more closely approximates the human in its reproductive
physiology and thus remains an important model that needs
additional development. The cost of procuring and caring for
rhesus monkeys and their low reproductive rates, long devel-
opmental periods, and relative scarcity have limited their use
as animal models for human diseases. However, the close
genetic similarity and, thus, the high probability of producing
results that can be extrapolated to humans more than overcomes
the above limitations (25). Histochemical analysis (26) and
hormone activity (21) of the nonhuman primate ovary show
remarkable similarities to that of humans, and the microanat-
omy of all primates, both human and nonhuman, is almost
identical, which is consistent with their close phylogenetic
linkage. The fact that all animals in this study were not
“reproductively healthy” should not affect our results, and in
fact should make this study population more analogous to the
diversity seen in women, rather than the selection seen in most
breeding colonies.

Fluorescence spectroscopy is being used to noninva-
sively detect cancers in many organ systems. In this study,

we evaluated it as a marker for drug activity in the ovary.
Redox potential can be calculated by (FAD/(FAD �
NADH) and is a measure of the relative hypoxia of the tissue
(20). FAD and NAD(P) are reduced in the citric acid cycle
(anaerobic glycolysis) to FADH and NAD(P)H, which are
used as coenzymes in the electron transport chain. In tumors,
these coenzymes will accumulate in their reduced state
(NADH or FADH) with a unique fluorescence signature
(NADH, high, and FAD, low) as a result of alterations in
blood flow, decreased pH of the tissue, and abnormal mito-
chondria as well as abnormal transport of electron carrier
molecules into the mitochondria (27), where the electron
transport chain takes place. Although these coenzymes have
a unique signature, there is considerable overlap in tissue
from other fluorophores, such as structural proteins, and
reabsorption of emitted fluorescence by blood. Therefore,
results in living tissue are affected by several factors and not
these coenzymes alone. This study shows that the opposite
occurs in response to the chemopreventive agents. NAD(P)H
is reduced consistently by the drugs, and FAD is increased.
4HPR decreases NAD(P)H less than does OCP or the com-
bination of the two drugs, and it increases FAD more than
either OCP or the combination, suggesting that each agent
has a unique effect on cellular metabolism. These agents
show an increase in the redox potential of the target organ,
suggesting that less hypoxia is present and that the system is
more quiescent. Although numbers were small in this study,
variances were also small, suggesting that there is a consist-
ent effect of these drugs on the fluorescence signature of the
ovary. By measuring fluorescence from endogenous fluoro-
phores with this system, we were able to identify two areas
in the EEM that are affected by these drugs. Thus, a system
could be constructed easily to interrogate the entire ovary

Fig. 2. Results from a two-tailed
Student t test of pre- and postdrug
measurements are presented for the
control group (top left), the 4HPR
group (top right), the OCP group
(bottom left), and the combination
group (bottom right). Each graph
illustrates Ps between 0 and 0.1 at
all measured fluorescence intensi-
ties. Abscissa, the fluorescence
emission wavelength; ordinate, the
fluorescence excitation wavelength.
Ps are color coded, and a low P is
represented by a dark color, indicat-
ing an area where the drug treatment
has affected significantly the aver-
age fluorescence emission.
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and to potentially quantify the drug effect on the ovary as
well as to identify areas of occult cancer, which are thought
to be more common in BRCA1-positive women (28). The
use of fluorescence as a biomarker has a distinct advantage
over the repeat biopsy of the ovary and, with the additional
development of algorithms, could be used for an “optical
biospy,” in lieu of a tissue biopsy, to reassess biomarkers in
the original field of investigation.

Although the histochemical marker data were not defini-
tive, some data were gathered regarding the ability to test these
histochemical methods in the monkey as well as some data on
markers that are present or absent in the rhesus. One of the
hypotheses of our group and others is that both progesterone
and 4HPR induce apoptosis in the ovarian surface epithelial
cells. This may be by a direct effect on the epithelial cells or by
induction of TGF� by the stromal cells. Preliminary data from
our laboratory suggests that 4HPR and TGF� act synergisti-
cally in induction of apoptosis in normal ovarian epithelial
cells. We did not document this effect with histochemistry.
TGF�1 was the marker tested, and there is evidence from
Rodriquez (9) that TGF�1 may be decreased, whereas TGF�2
and -3 are increased. BAX and BCLx are proteins produced by
the bcl2 gene family that are thought to be modulated by
retinoids, with BAX being proapoptotic and BCLx being anti-
apoptotic. The 4HPR group did not have enough data to eval-
uate this effect on either protein. The numbers in this pilot were
not adequate to show a statistically significant drug effect in
any of the categories, if such an effect exists.

The nonhuman primate is an excellent model for investi-
gating the effects of chemopreventive agents for ovarian can-
cer. There is evidence that OCP and 4HPR have different
effects on the ovary that merit additional study. Although there
was no rationale for the sample size except cost and the avail-
ability of monkeys, the results of this study will allow us to plan
for additional animal studies with better power. In addition,
changes caused by the chemopreventive agents have the poten-
tial to be followed optically, and this may prove helpful in
assessing responses to the drugs. The clear difference in activity
in the ovary as a result of 4HPR activity suggests that this is a
drug meriting additional study in both monkeys and women.
The largest effect consistent with decreased NADH presence
was seen in the monkeys who were given OCP, the largest
effect consistent with increased FAD presence was seen in the
monkeys given 4HPR, whereas a combination of effects was
seen in the monkeys given both OCP and 4HPR. The additional
development of this nonhuman primate model for assessing
chemopreventive agents for ovarian cancer will allow us to
make significant progress in understanding how these drugs
affect the ovary and in developing rational chemoprevention
strategies for this devastating disease.
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