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identified at various stages of tumorigenesis (7). APC3 gene muta
tions, acquired somatically in sporadic cases or by a combination of
germ-line and somatic mutations in FAP cases, predispose to adenoma
formation, an early event in the multistep process (8, 9). Mutations in
other genes, including K-ras, p53, and DCC (Deleted in Colon Can
cer), are associated with later stages of tumor progression.

Recent evidence suggests that NSAIDs may protect against cob
rectal cancer (8â€”11). Chronic aspirin use was shown to reduce the
relative risk of colon cancer in female nurses but only after many
years of use (12). Sulindac, a cycbooxygenase inhibitor, was shown to
cause regression of existing rectal adenomas in patients with FAP (13,
14). Regression is dependent on continued use of sulindac; re-growth
was demonstrated following cessation of treatment (15). Piroxicam,
administered in the diet over a 40-day period, was found to reduce
adenoma multiplicity in the C57BL/6J-APCâ€•/+ mouse (Mm
mouse), a murine model for FAP (16).

The mechanism by which NSAIDs inhibit polyp growth remains
unknown. Many investigators believe that the antitumorigenic effect
of NSAIDs in coborectal cancer and other solid tumors is related, in
part, to prostaglandin inhibition (17â€”22).Evidence in support of this
hypothesis, with specific relevance to polyp formation, includes work
by Jacoby et a!. (16), in which a continuous reduction of serum
thromboxane B2 paralleled the dose-response curve for polyp regres
sion in the Mm mouse. In humans with FAP, Rigau et a!. (15)
demonstrated that sulindac was associated both with polyp regression
and with reductions in mucosal prostaglandin E2 and 6-keto prostag
landin F1. Other investigators have found that adenomas and colorec
tab cancers overexpress COX-2 mRNA, which may lead to increased
tissue levels of prostaglandins compared to normal adjacent cobonic
epithelium (23). Sulindac and piroxicam both inhibit the enzymatic
activity of COX-2 as well as COX-l (24). Taken together, these data
suggest a relationship between decreased COX activity and polyp
regression; however, a causal relationship has not been established.

The polyp-inhibiting properties of NSAIDs may be attributable to
chemopreventive properties unrelated to COX-1 or COX-2 inhibition
(25). Sulindac increases the expression of APC mRNA and decreases
proliferation in the cobonic carcinoma cell line LIM 1215 (26). Su
lindac sulfone also inhibits proliferation and increases APC mRNA
expression in this cell line, without significantly altering prostaglandin
E2 levels. In another study, sulindac increased apoptosis of HT-29
human colon cancer cells in vitro (27). Singh et a!. (28) demonstrated
recently that piroxicam administered in the diet for 1 year reduces the
biologically active ras content of rat colon tumors induced by
azoxymethane. Although these studies do not lead to a defined mech
anistic pathway, alternate pharmacological properties apart from COX
inhibition have been demonstrated for various NSAIDs (29).

We demonstrated recently that R-FB, the non-COX-inhibiting en

3 The abbreviations used are: APC, adenomatous polyposis coli; FAP, familial ade

nomatous polyposis; NSAID, nonsteroidal anti-inflammatory drug; FB, flurbiprofen;
COX, cyclooxygenase; CMC, carboxymethylcellulose; bid., twice per day dosing; q.d.,
once per day dosing.

ABSTRACT

We used the C57B1J6J-APCâ€•thI+mouse (Miii mouse) to evaluate the
chemopreventive effects of R-flurbiprofen (R.FB), the noncyclooxygenase
inhibiting enantiomer of FB. Weanling Mitt mice were administered 6
weeks of oral treatment with R-FB using 2.5â€”25mg/kg of R-FB once per
day (q.d.), 2.5-10 mg/kg of R-FB twice per day (b.i.d.), and 5 mg/kg of
R-FB b.i.d. challenged with a high saturated fat diet. At necropsy we
determined tumor and ulcer numbers, tumor size, and plasma levels of R
and S-FB. A linear dose response was observed from 2.5 to 10 mg/kg of
R-FB, regardless of whether the drug was administered as a single or

divided dose. Reductions in tumor number were significant (P 0.02) for
doses ofR-FB from 2.5 to 25 mg/kg/day. A dose ofS mg/kg R-FB b.i.d. was
able to overcome the doubling in tumor number associated with the high
saturated fat diet. At 20 and 25 mg/kg/day R-FB, we obtained the maxi

mum response with up to 90% inhibition of total tumor number. At these
doses, however, there was toxicity and animal deaths. This toxicity was

associated with ulceration, presumably resulting from the in vivo epimer
ization ofR- to S-FB that occurs in the mouse. Thus, we evaluated the oral
pharmacokinetics of R-FB and its conversion to S-FB in wild-type mice.

These kinetics experiments revealed inversion rates of 7.3 and 11.0% for
the 2.5 and 10 mg/kg R-FB doses, respectively. S-FB administered alone
(0.5 and 2.0 mg/kg q.d.), in doses mimicking the concentrations of S-FB
associated with the R to S epimerization of the doses of R-FB used in our
experiments, had little or no antitumor efficacy (P > 0.05). Thus, we
conclude that R-FB itself, not the S-FB resulting from epimerization in the
mouse, inhibits adenoma formation in the Mm mouse. In humans, where
there is no R to S epimerization, it is possible that larger doses ofR-FB can
be used without causing cyclooxygenase inhibition and its resulting sal

cerogenicity and other side effects. To assess the effect of R-FB on estab
lished adenomas, we allowed 40 Mm mice to remain untreated until 70

days of age (the time of necropsy in the previous experiments) and then
treated them for an additional 42 days with 10 mg/kg R-FB q.d. or 5 mg/kg
R-FB b.i.d.. Both drug-treated groups demonstrated tumor numbers sig
nificantly less than that of the vehicle control (P < 0.01). Our results
suggest that prophylaxis and treatment trials ofR-FB should he extended

to humans.

INTRODUCTION

Colorectal cancer is among the leading causes of cancer morbidity
and mortality in the United States. In 1995, 140,000 new cases were
diagnosed (1), and the annual mortality rate approaches 55,000. The
pathogenesis of colorectal cancer has been characterized as a multi
step process that begins with increased proliferation (2, 3) and/or
decreased apoptosis (4â€”6)of colorectal epithelial cells, followed by
adenoma formation and dysplasia, invasion, and ultimately, metasta
sis. Alterations of tumor suppressor genes and oncogenes have been
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PROPHYLAXIS AND TREATMENT OF INTESTINAL ADENOMAS

antiomer of the NSAID FB, reduced colonocyte proliferation in
healthy rats (29). R-FB did not appear to inhibit the COX-l or COX-2
isoenzymes at the doses used in that study (30). Mucosal prosta
glandin levels were not measured in that study; however, the small
bowel ulcer score served as a surrogate biomarker of mucosal pros
taglandin inhibition. As anticipated, R-FB was not ulcerogenic, in
contrast with the COX-inhibiting S-enantiomer. We concluded that
the antiproliferative properties of R-FB, without the toxicity associ
ated with COX inhibition, could make R-FB a safer chemopreventive
agent. To test this hypothesis, the Jacoby laboratory administered
R-FB (>99% enantiomeric excess) in food (36 ppm) to weanling Mm
mice, following the same protocol used to test piroxicam (16). Tumor
count in the treated animals was suppressed by 85% compared to the
concurrent controls (31). At 1â€”2h after the terminal feeding of these
animals, the levels of R-FB and S-FE were measured, and it was found
that there had been an average of 21% R- to S-FB epimerization in the
mice. This finding complicated the interpretation of the experiment
relative to the active drug species. Because the chemopreventive
effects of piroxicam are attributed to its COX-inhibiting properties,
these same properties of S-FB could be responsible for the chemo
prevention seen upon administration of R-FB; however, this is un
likely at the equivalent of such a low dose of S-FB (â€”7ppm, 20% of
36 ppm).

Here we present a systematic study of the pharmacodynamics and
pharmacokinetics of R-FB in Mm mice (32â€”34)obtained from The
Jackson Laboratory. We administered the drug in individual oral
doses by adapting the original protocol (16) followed by evaluation of
tumor number, tumor size, intestinal ulceration, and plasma levels of
both enantiomers at 2 h after the final dose and just before necropsy.
Based on the dose/response relationship of R- and S-FE, we report that
R-FB itself is effective in reducing tumor multiplicity in a dose
dependent fashion,. and that the mechanism of polyp inhibition is
probably not related to COX inhibition. As a treatment model of
established adenomas, we withheld therapy until 70 days of age
(equivalent to vehicle controls in the above experiments), followed by
42 days of treatment at 10 mg/kg as a single or divided dose. Both
treatments significantly reduced the polyp number and size compared
with vehicle controls. The results were essentially the same as for
30-day weanlings treated for 42 days. Thus, the number of established
adenomas was reduced in established polyposis.

MATERIALS AND METHODS

Animals. All animals, female C57BU6J-APC'@â€•'/+,homozygous controls,
and C57BLJ6J mice were obtained from Jackson Labs (Bar Harbor, ME). The
animals were kept in the Loma Linda Animal Care Facility in a room with a
12-h light-dark cycle and controlled humidity and temperature. They were
allowed tap water and pelleted chow (AIN-93G, Dyets, Bethlehem, PA; unless
otherwise stated) ad libitum.

Chemicals. Rac, R- and S-FB (>99% enantiomenc excess) were gener
ously provided by Sepracor, Inc. (Marlborough, MA). All other chemicals
were reagent grade or better.

Drug Preparation. FB enantiomers for feeding experiments were prepared
in either of two ways, depending on the vehicle used:

(a) The drug was dissolved in 10 ml of 100% ethanol, diluted to 1 liter with

water, and then stirred into 1kg of powdered Teklad 4% mouse/rat diet (Harlan
Teklad, Bartonville, IL). The preparation was mixed vigorously for 20 mm.
The paste was then placed into a meat grinder and extruded in spaghetti-like
strands of about 3-mm diameter. The food was dried by lyophilization for

approximately 18 h.
(b) Powdered drug was blended into powdered AIN-93G diet with a

hand-held electric mixer and used without further treatment. Drug adminis
tered in food was placed in clear glass food jars with a wire mesh column lid

assembly and a 1.25-inch diameter opening.
For the oral gavage experiments, FB enantiomers were suspended in 1%

CMC by homogenization with a tissue homogenizer and heating (15 mm at
60Â°C).The amount of drug prepared for each experiment was calculated based
on a dose volume of 1.0 ml/0.3 kg and the mg/kg/day dose of drug to be
administered. CMC ( I %) was used as the vehicle control.

Pharmacokinetics. The pharmacokinetics of R- and S-FB at high and low
doses, similar to those used in the chemoprevention studies, were examined. At
each dose, 21 mice (C57BL/6J) of approximately 30 days of age were used.
Mice were administered a single dose of either 2.5 or 10 mg/kg of R-FB or 2.5
or 5 mg/kg of S-FB suspended in 1%CMC. At each of seven time points (0.5,
1, 1.5, 2, 4, 8, and 24 h), three animals were anesthetized (50 mg/kg ketamine
and 10 mg/kg xylazine), and the heart was exposed by thoracotomy. Cardiac
puncture was performed using a heparinized syringe. Blood was collected and

centrifuged to obtain plasma; the plasma was evaluated for the levels of the
two enantiomers. The plasma was analyzed as described below.

Treatment of Miii Mice with FB Enantiomers. Mm mice 26â€”32days of
age were randomized into treatment and control groups for each experiment by

the Monte Carlo method. To simplify treatment and necropsy schedules, Mitt
mice, 29â€”32days of age upon arrival, were designated as 30 days of age, and

treatment was begun the next day. Mitt mice, 26â€”28 days of age upon arrival,

were designated 27 days of age, and treatment was begun 3 days after arrival.
Mice were treated with drug or vehicle control for 42 days before necropsy and

evaluation. Drug administered p.o. was given at about 9 am. daily. bid. doses

were given at 12-h intervals, at about 8 am. and 8 p.m. In the treatment model
protocol, all animals were kept untreated until 70 days of age and then treated
for 42 days as described above.

Necropsy and Tumor and Ulcer Count. At necropsy, the mice were
anesthetized by an i.p. injection of a mixture of 50 mg/kg ketamine and 10

mg/kg xylazine, followed by exsanguination via cardiac puncture. The hema
tocrit was determined, and 500 p3 of blood were set aside on ice for determi
nation of plasma drug levels (see below). A blood sample (50â€”100 xl) was

added to 200 @xlof PCR prep solution (10 mMNaCI, 3 mMMgCl2,and 29 mM
Tris-HC1, pH 7.4) for PCR analysis (see below). The intestines were removed,

and the small bowel between the stomach and the cecum was obtained. Three
sections of the small bowel were used for determination of tumor number.

These sections were the 4 cm just below the stomach, the 4 cm just above the
cecum, and the middle 4 cm. These sections were opened longitudinally,

washed with PBS (137 mM NaCI, 3 mM KCI, 4 mM Na2HPO4, and 1.5 mM
KH,P04, pH 7.1) and placed inner(mucosal) surface up on bibulous paper.
The entire large bowel was removed (excluding distal sigmoid and rectum),
opened. washed, and placed on bibulous paper as described above. Samples
were placed in 10% formalin for approximately 24 h, and then the formalin
was replaced with 70% ethanol. The tumors were counted independently by

two unbiased and blinded observers. Immediately before counting, intestinal
tissue sections were stained with 0.05% methylene blue in PBS for approxi
mately 10 mm. Sections were then viewed under an Olympus SZH dark-field
stereomicroscope with a X 1 objective at a constant magnification (â€”X20).

After tumor identification, the tumor diameter was obtained by measuring the
tumor at its widest point. Measurements were taken using an eyepiece reticle

that was standardized to a stage micrometer. Tumor areas were calculated
under the assumption that all tumors were perfect circles. Total tumor area, as
reported, is the average of the sums of the areas of the tumors for each animal.
Average tumor area is the average of the individual tumor areas for any given

animal. The tumor number reported is the average of the total number of

tumors counted for each individual animal by the two observers. Analysis of

the data obtained from both observers revealed no significant interobserver
variance. Ulcers were identified as a nonraised area, void of any villi, thus
exposing the underlying mucosa, and encircled by tightly bound abnormal

villi. The ulcer number reported is the average of the total number of ulcers
counted for each individual animal by the two observers.

Analysis of Drug Plasma Levels. Plasma taken 2 h after the final drug
dose was used for determination of plasma drug levels. Plasma was obtained
by centrifugation (13,000 X g for 5 mm) of the 500 p1 of blood collected at

necropsy. Twenty ,xl of 2 M HCI were added to 100 @xlof plasma. This was

mixed on a vortex mixer for 30 s; then 2.0 ml of ice-cold hexane:ether (4:1)
were added, followed by vortex mixing for 3 mm. The organic and aqueous
layers were separated by centrifugation. An aliquot (1 .5 ml) of the organic

layer was air-dried in a fume hood. This residue was dissolved in 150 @xlof

hexane:isopropanol:acetic acid (97:3:0.5) of which 100 @xlwere used for high
performance liquid chromatography analysis. Analysis was conducted on a
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Drug levelsc@.tg/ml(meanÂ±SD)
PDiet

fat and dose % inversion Hematocrit@ body Tumor number vs. its own
mg/kg/dayâ€• Experiment n@' R-FB S-FB (mean Â±SD) % weight g (mean Â±SD) controlâ€• %decreaseHigh

SaturatedVehicle
IA 10 N/Ae N/A N/A 35.8 Â±5.6 5.0 Â±1.2 36.4 Â±9.5 N/AN/A36

ppm lB 10 56.9 Â±25.3 14.2 Â±6.6 18.6 Â±7.12 38.9 Â±1.7 5.5 Â±1.4 36.1 Â±15.21Low
SaturatedVehicle

2A 13 N/A N/A N/A 31.9 Â±4.2 8.8 Â±1.5 19.7 Â±11.5 N/AN/A36
ppm 2B 12 15.3 Â±4.0 3.8 Â±0.9 20.2 Â±2.4 34.7 Â±5.1 8.6 Â±1.8 20.3 Â±11.5â€”38

R-FB 2C 13 63.7 Â±10.1 7.6 Â±1.7 10.6 Â±1.6 36.0 Â±4.7 8.2 Â±1.5 5.6 Â±3.9 0.000272High
SaturatedVehicle

3A 12 N/A N/A N/A 34.7 Â±2.7 6.2 Â±1.6 36.2 Â±11.8 N/AN/A10
R-FB (5 bid.) 3B 12 38.9 Â±12.7 5.3 Â±2.7 11.7 Â±2.4 34.8 Â±4.0 4.8 Â±1.8 17.4 Â±8.0 0.000252a

j@the dose is expressed as ppm, then the drug was administered in the diet.
b n, number of animals used inexperiment.C

Drug levels were determined in plasma collected 2 h after the final dose.

It was determined from statistical analysis of the vehicle control groups that these groups could not be combined to allow for direct overall analysis and comparison of allthetreatment
groups. As a result of this, treatment groups were only compared statistically to other treatment groups within the sameexperiment.e

N/A, not applicable.

PROPHYLAXIS AND TREATMENT OF INTESTINAL ADENOMAS

Table1 Effectofsaturatedfat and R-FBon tumornumberin the C57B116J-APCâ€•/+Mouse
At approximately 30 days of age, Mm mice were randomized into groups for the three experiments shown. The mice were fed either a high or low saturated fat diet for 42 days.

Over the same time period, the mice were also administered R-FB at 36 ppm in the food or by gavage at 8 mg/kg/day or 10 mg/kg/day (5 mg/kg bid.). At the end of the treatment,
the mice were euthanized, and the plasma drug levels and hematocrits were determined. The intestines were removed and examined by observers blinded to treatment to determine
tumor count.

@tg/mland 14.2 Â±6.6 p.g/ml, respectively; those supplied with the
low saturated fat diet had levels of 15.3 Â±4.0 @tg/mlR-FB and
3.8 Â±0.9 p@g/miS-FB, respectively (Table 1). There was more
inversion of R-FB to S-FE in the animals treated via food (â€”19and
â€”20%)than animals who received drug by gavage (â€”11%; Table 1).
Mice fed the high saturated fat diet had approximately twice as many
tumors in the vehicle control group when compared to vehicle animals
fed the low saturated fat diet (Table 1). Treatment with R-FB admin
istered either p.o. or via the food had no effect on hematocrit or
change in body weight (Table 1).

Effect of R-FB Administered p.o. to Miii Mice. Once per day,
administration of R-FB over a range of doses resulted in a significant
reduction in the number of intestinal tumors at all dose bevels (Table
2). Animals administered 2.5 mg/kg/day R-FB had a 41% reduction in
tumor number (P < 0.05), the 5-mg/kg/day group had a 55% reduc
tion, and the 10-mg/kg/day group had a 70% reduction (for both latter
doses P < 0.01 compared to control). Treatment with 10 mg/kg/day
ofR-FB significantly reduced tumor number as compared to treatment
with 2.5 and 5 mg/kg/day R-FB (P < 0.01 and P < 0.05, respective
ly). A linear dose response was exhibited over this dose range (Fig. 1).
Linear regression analysis of this data gave a calculated ED50 of 4.4
mg/kg for R-FB. There were also linear increases in plasma levels of

R- and S-FB with increased doses of R- or S-FB measured 2 h after the
last dose was administered (Table 2). The amount of inversion of
R-FB increased slightly over this dose range, with 6.9% observed at
2.5 mg/kg/day and 10.3% observed at 10 mg/kg/day R-FB. Mm mice
were also treated with 25 mg/kg/day R-FB p.o. once each day (q.d.).
This treatment led to a significant reduction in tumors (80%,
P < 0.01; Table 2); however, it also led to deaths during treatment (4
of 12 animals). The plasma levels of R- and S-FE exhibited a higher
percentage of inversion of R to S inversion (16.6%) than was seen at
lower doses (Table 2). None of these treatments with R-FB had a
significant effect on hematocrit or change in body weight when
compared to their respective controls (Table 3)â€¢4

b.i.d. Dosing. The efficacyof twice per day dosingof R-FB was
evaluated in Mitt mice treated at three dose levels; 2.5 mg/kg b.i.d.
(5-mg/kg/day total dose), 5 mg/kg b.i.d. (10-mg/kg/day total dose),

4 It was determined from statistical analysis of the vehicle control groups that these

groups could not be combined to allow for direct overall analysis and comparison of all
of the treatmentgroups.As a result of this, treatmentgroupswere only compared
statistically to other treatment groups within the same experiment.
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Beckman System Gold chromatography system (126 pump and 166 single
wavelength UV detector) controlled by System Gold software (version 5.1)
running on a PC-compatible computer. The dissolved plasma residue was

applied to a S,S-Whelk-O 1 column (4.6 X 250 mm), which was eluted with
hexane:isopropanol:acetic acid (97:3:0.5) at 1 mI/mm for 15 mm and chro
matographically monitored at 254 nm. Standard curves were obtained by
adding rac-FB to 200 p3 of mouse whole blood over the range of 1â€”40@xg/ml
of blood. The plasma was analyzed as described above.

PCR Analysis. After necropsy, the genotype of each mouse was confirmed
by allele-specific PCR using the method of Jacoby et a!. (16). Three animals
supplied by Jackson Labs designated as Mm mice were found by PCR to be
wild-type and were excluded from analysis. These animals were understand
ably free of intestinal polyps.

Statistical Analysis. Descriptive statistics were applied to find the mean
and median values for the variables in the data. Next, statistical data analysis
was done using the Kruskal-Wallis test with a multiple-comparison procedure

that incorporates the adjustment for the level of significance (35) and the
Mann-Whitney test. The analysis was performed using z 2.4 for P < 0.01
and z = 2.1 for P < 0.05. The multiple-comparison inequality was also
adjusted for the number of ties to ensure a conservative result. Analyses were
conducted using StatView 4.5 (Abacus Concepts, Inc.. Berkeley, CA) and
Microsoft Excel (Microsoft Corp. Seattle, WA) on a Power Macintosh (Apple
Computer, Inc., Cupertino, CA).

RESULTS

Effect of R-FB Administered in Food to Mm Mice. When R-FB
was administered in the food at 36 ppm to Mitt mice, no effect was
found on tumor number when compared to controls (Table 1). Our
experiment, as opposed to Jacoby's (16), used Teklad chow, referred
to here as high saturated fat diet (4.2% fat, 2.4% saturated fat). This
experiment was repeated using the type of food that had been used by
Jacoby (Dyets AIN-93G chow, 7% fat, â€”1% saturated fat) referred to
here as low saturated fat diet. Again, there was no difference in the
number of tumors found in the treated animals versus the control
animals (Table 1). A group of Mm mice was administered R-FB p.o.
at a 8 mg/kg/day, a dose calculated to be roughly equivalent to that
administered via food at 36 ppm. The 8-mg p.o. treatment gave a
significant (P < 0.01) reduction in tumor number (Table 1). The
plasma levels of R- and S-FB were determined 2 h after final dose or
exposure to food. The animals receiving the p.o. treatment had higher
plasma levels of drug (63.7 Â±10. 1 @tg/mlfor R and 7.6 Â±1.7 .tg/ml
for S) than either group given R-FB via food. Animals receiving R-FB
in the high saturated fat diet had R- and S-FB levels of 56.9 Â±25.3
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Drug levelsâ€•@xg/mlDose

mg/kg/dayNo.
of

animalsNo.
of

deathsVehiclegroup(mean

Â±SD)%
inversion

(mean Â±SD)Tumor
number

(mean Â±SD)P
vs. its own
controlâ€•%decreaseR-FBS-FB2.5

R-FB100414.5 Â±4.8c 11 Â±0.56.9 Â±1.712.2 Â±5.00.02415
R-FB100429.0 Â±6.9 2.5 Â±1.37.7 Â±2.19.2 Â±3.40.00195510
R-FB90446.1 Â±20.lc 5.2 Â±3.010.3 Â±2.56.2 Â±2.60.00057025
R-FB84567.4 Â±13.4 13.7 Â±4.416.6 Â±2.54.4 Â±4.00.0006805

R-FB (2.5 bid.)120622.2 Â±6.0 2.7 Â±0.61 1.3 Â±3.613.1 Â±I1.50.0135810
R-FB (5 bid.)120546.9 Â±6.3 6.5 Â±0.712.4 Â±2.27.0 Â±5.70.00036820
R-FB (10 bid.)75639.9 Â±6.8 6.0 Â±1.113.1 Â±1.23.3 Â±2.40.0031900.5
S-FB12060.0 Â±0.0 3.1 Â±0.70.0 Â±0.024.6 Â±16.30.5834222

S-FBI 1160.0 Â±0.0 10.6 Â±2.30.0 Â±0.014.9 Â±14.30.056453VC@4d90N/AC
N/AN/A20.6 Â±7.7N/AN/AVC-5120N/A
N/AN/A22. 1 Â±9.5N/AN/AVC-6110N/A
N/AN/A31.5 Â±15.0N/AN/A

At approximately 30 days of age, Mm mice were randomized into groups for thethreeexperiments
shown. The mice were fed a low saturated fat diet for 42 days. The micewereadministered
R-FB p.o. at the doses shown over the 42 days. At the end of thetreatment.the

mice were weighed and then euthanized, and the hematocrits were determined.Micehaving
the same vehicle group were run in the same experiment and were comparedonlyto

the other groups in that experiment. The hematocrits and change in body weightarereported
as meanÂ±SD.Vehicle

Hematocrit@ bodyweightDose
mg/kg/day group (%)g2.5

R-FB 4 35.8 Â±2.1 6.5 Â±1.45
R-FB 4 34.6 Â±3.9 6.0 Â±I.410

R-FB 4 34.9 Â±3.6 5.6 Â±1.725
R-FB 5 27.3 Â±4.1 3.8 Â±1.25

R-FB (2.5 bid.) 6 34.8 Â±3.1â€• 4.8 Â±1.610
R-FB (5 bid.) 5 30.0 Â±3.7 4.4 Â±1.7

20 R-FB (10 bid.) 6 25.1 Â±4.7â€• 3.2 Â±1.90.5
S-FB 6 32.3 Â±6.1 4.2 Â±1.225-FB

6 34.7Â±4.1â€•5.2Â±2.0VC-4
32.1 Â±5.9 5.2 Â±1.7VC-5
3 1.3 Â±5.3 4.9 Â±I.3VC-6
23.7 Â±9.4 4.2 Â±1.9a

p < 0.01 for increase versus its vehicle.

PROPHYLAXIS AND TREATMENT OF INTESTINAL ADENOMAS

Table 2 Drug levels and tumor numberfor C57BU6J-APCâ€•@â€•/+mice treated with various doses ofR. and S-FB administered p.o.

Mm mice of approximately 30 days of age were randomized into groups for the three experiments shown. The mice were fed a low saturated fat diet for 42 days. Over the same
time period, the mice were also administered R-FB p.o. at the doses shown. Following the treatment period, the mice were euthanized, and the plasma drug levels were determined.
The intestines were removed and examined by observers blinded to treatment to determine tumor count. Mice having the same vehicle group were run in the same experiment and were
compared only to the other groups in that experiment.

a Drug levels were determined in plasma collected 2 h after final dose.
b It was determined from statistical analysis of the vehicle control groups that these groups could not be combined to allow for direct overall analysis and comparison of all the

treatment groups. As a result of this, treatment groups were only compared statistically to other treatment groups within the same experiment.
C Indicates that fewer animals were used for drug level determination than the other data, 8 animals each for 2.5 and 10 mg/kg R-FB.

d VC, vehicle control.
e N/A, not applicable.

crit or change in body weight compared to controls or to other dosages
of R-FB given in the same experiment (Table 3). Treatment with 2.5
mg/kg b.i.d. (5-mg/kg/day total dose) exhibited a significantly
(P < 0.01) higher hematocrit than vehicle control or 10 mg/kg b.i.d.
(20-mg/kg/day total dose; Table 3).

The highest b.i.d. dose, 10 mg/kg b.i.d. (20-mg/kg/day total dose),
was the most effective in reducing tumor number (90%, P < 0.01;
Table 2 and Fig. I). This dose also proved to be toxic with 5 of 12
deaths during treatment. The ulcer count was determined at both 10
mg/kg b.i.d. (20-mg/kg/day total dose) and 2.5 mg/kg b.i.d. (5-mgi
kg/day total dose; Table 4). The former dose (20-mg/kg/day total
dose) had significantly more ulcers (8.5 Â±2.5; P < 0.01) than any
other groups in that experiment (Table 4). The hematocrit for the b.i.d.
(20-mg/kg/day total dose) group was also significantly lower than that
of the other treatment groups but was not significantly different from
its vehicle control group (Table 4). The terminal drug levels for 10
mg/kg b.i.d. (20-mg/kg/day total dose) were 39.9 Â±6.8 jtg/ml and
6.0 Â± 1.1 p@g/mlfor the R- and S-enantiomers, respectively (see
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Fig. 1. Tumor reductions for all treatments. Treatments are expressed as the total daily
dose of R-FB. For administered S-FB, the doses shown are the ones calculated using
AUCR:AUCS (2â€”8h) as discussed in â€œResults.â€•The solid and dashed lines for R-FB are
from linear regression analysis of the high and low doses ofR-FB. â€¢.administered R-FB;
0, administered S-FB.

and 10 mg/kg b.i.d. (20-mg/kg/day total dose). Each treatment gave
significantly fewer tumors than the vehicle-treated animals (Table 2).
The two lower doses were equally as effective as the respective
once-per-day dose (Table 2); the 5-mg/kg/day total dose of R-FB
reduced the tumor number 55% when administered q.d. and 58%
when administered b.i.d. compared to controls (P < 0.01 for q.d. and
P < 0.05 for b.i.d.), whereas the 10-mg/kg/day total dose reduced the
tumor count 70% when administered q.d. and 68% when administered
b.i.d. compared to controls (both P < 0.01). Plasma drug levels,
measured 2 h after the final dose, were again linear for 2.5 mg/kg
b.i.d. (5-mg/kg/day total dose) and 5 mg/kg b.i.d. (10-mg/kg/day total
dose). The levels of R-FB were 22.2 and 46.9 p.g/ml for the 5-mg/
kg/day total and the 10-mg/kg/day total dose, respectively, whereas
the corresponding bevels of the S-enantiomer were 2.7 and 6.5 @tg/ml
respectively. These drug bevels are similar to those seen for the
corresponding once-per-day dosing (Table 2). Five mg/kg b.i.d. (10-
mg/kg/day total dose) treatment had no significant effect on hemato

30.0

Table 3 Hematocrit and body weight changes for various R- and S-PB treatment
groups of C57BU6J-APCâ€•/+ Mice

b The hematocrit for 20 R-FR (10 bid.) is significantly lower (P < 0.01) than those
of 5 R-FB (2.5 bid.), 0.5 S-FB, and 2 S-FB.
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Table4 Comparisonof theeffectsof R-and S-FBon ulcerformationand hematocrit
in C57BU6J-APCâ€•/+ Mice

Mm mice of approximately 30 days of age were randomized into groups. The mice
were fed a low saturated fat diet for 42 days. R-FB was administered at the doses shown
forthe42 daysof theexperiment.At theendof thetreatment,themicewereeuthanized.
and the hematocrits and ulcer number were determined. The intestines were removed and
examined by observers blinded to treatment to determine ulcer count. Mice having the
same vehicle group were run in the same experiment and were compared only to the other
groups in that experiment. The number of animals for each group and the experiment to
which the treatment belongs is reported in Table 2.

Dosing mg/kg/dayHematocrit (%)Ulcer
numberâ€•

(mean Â±SD)5

R-FB (2.5 bid.)
20 R-FB (10 bid.)34.8

Â±31b
25.1 Â±47C0.08

Â±0.29
8.5 Â±26d0.5

S-FB32.3 Â±6.10.17 Â±0.392
S-FB34.7 Â±41b0.89Vehicle23.7

Â±9.40.0 Â±0.010
R-FB(5 bid.)

25 R-FB30.0
Â±3.7

27.3 Â±4.11.04
Â±l.l2e

2.81 Â±2.63â€•Vehicle31.3
Â±5.30.04 Â±0.1410

R-FB34.9 Â±3.60.56 Â±0.68Vehicle32.1
Â±5.90.0 Â±0.0

Drug levels@zg/ml(mean
Â±SD)No.

ofNo. of% inversionTumor numberUlcernumberâ€•animalsdeaths

0
0
0i@s

body weight g

7.8 Â±2.1
7.4 Â±2.1
7.9 Â±2.2Hematocrit

%

32.8 Â±5.0â€•
32.1 Â±3.3â€•
15.3 Â±6.3R-FB

S-FB

42.1 Â±7.6 4.7 Â±0.8
57.7 Â±12.0 9.1 Â±3.1

N/Ae N/A(mean

Â±SD)

10.2 Â±2.0
13.4 Â±2.7

N/A(mean

Â±SD)

12.0 Â±7.1c
4.2 Â±33c.d

28.5 Â±12.2(mean

Â±SD)

0.08 Â±0.3
o.s Â±0.8
0.0 Â±0.0

PROPHYLAXIS AND TREATMENT OF INTESTINAL ADENOMAS

counted in the animals treated with 2 mg/kg/day of S-FB did not
resolve statistically from any of these treatment groups nor from
controls (P = 0.056 versus controls).

Treatment in the Presence of High Saturated Fat Diet. Mm
mice were administered 5 mg/kg b.i.d. (10-mg/kg/day total) R-FB
while fed the high saturated fat diet (Teklad, see â€œMaterialsand
Methodsâ€•). This treatment led to a significant reduction in tumors
(52%, P < 0.01; Table 1). However, it was not as effective as when
the animals were fed the bow saturated fat diet (68% reduction,
P < 0.01; Table 2). The plasma bevels of R- and S-FB were
38.9 Â±12.7 @ag/mland 5.3 Â±2.7 ,.@g/m1,respectively, with 11.7%

inversion.
Treatment Model. Mm mice were administered 10 mg/kg/day of

R-FB as a single dose (10 mg/kg q.d.) or a divided dose (5 mg/kg
b.i.d.) beginning at age 70 days in order that adenomas would have
developed to the extent that is found at necropsy in routine experi
ments (historical controls vary between 20 and 32 lesions). Both
treatments led to a significant (P < 0.01) reduction in tumor number
[12.0 lesions (58% reduction) for b.i.d. doses and 4.2 lesions (85%
reduction) for q.d. doses] compared to vehicle control (28.5 lesions;
Table 5). The difference in tumor number between the two treated
groups was statistically significant (P < 0.01). Interestingly, single
dose treatment for 42 days begun at 70 days of age resulted in
significantly fewer lesions than the same dose for the same duration
begun at 30 days of age (Table 6).

The size of the tumors (diameter in millimeters) was measured in
this experiment. If asymmetrical, as was the case about 10% of the
time, the tumor was measured across its largest dimension. Both q.d.
and b.i.d. treatments led to a decrease in the average area of the tumors
(P < 0.01). Average tumor areas for the 5-mg/kg b.i.d. and 10-mg/kg
q.d. treatments with R-FB were reduced by 58 and 77%, respectively
(Table 6). These reductions were both statistically significant
(P < 0.01). Because there were reductions in both the number of
tumors and in the average area of the tumors, the effect on total tumor
area was quite dramatic. The reduction in total tumor area by treat
ment with 5 mg/kg b.i.d. was 87% and with 10 mg/kg q.i.d. was 97%
(Table 6). The difference between the two treatments, however, was
also statistically significant (P < 0.01; Table 6 and Fig. 2).

Hematocrits for the treatment groups were also significantly
(P < 0.01) greater than the vehicle controls. Delaying treatment by 40
days resulted in a superior outcome overall (Table 6), and neither dose
proved to be significantly ulcerogenic (Table 5).

Pharmacokinetics of FB in C57BL/6J Mice. Both enantiomers of
FB were administered individually at a high and a low dose to
evaluate their pharmacokinetics (Table 7 and Fig. 3). R-FB was not
absorbed in a linear fashion as indicated by the AUCs (Table 7). The

a In the cases where the SD is larger than the mean, this is due to a large number of
samplesin whichthe ulcercountwaszero.

b@ < 0.01 for increase versus vehicle.

C Significantly lower (P < 0.01) than the other treatment groups in this experiment.

d Significantly (P < 0.01) higher than all other groups in this experiment.

e p .< o.os for increase versus vehicle.

below, â€œPharmacokineticsof FB in C57BLI6J Miceâ€•).The amount of
R-to-S inversion observed was similar to the other b.i.d. groups (13%).

Contribution of S-FB to Activity. Given the inversion of R- to
S-FB in mice, it was necessary to evaluate the effect of an â€œequiva
lentâ€•exposure dose of S-FB on tumor number in Mm mice. S-FB
administered p.o. at 0.5 mg/kg/day and 2 mg/kg/day reduced tumors
by 22% (P = 0.5834) and 53% (P = 0.0564), respectively (Table 2
and Fig. 1). The terminal drug level of S-FB was 10.6 Â±2.3 @.ag/ml,
measured at 2 h after the final dose of 2 mg/kg/day. The concentration
of S-FB resulting from S-FB administered at 0.5 mg/kg/day (3.1 Â±0.7
j.tg/ml) was greater than the concentrations of S-FB resulting from

R-FB given at 2.5 mg/kg/day, 2.5 mg/kg b.i.d. (5-mg/kg/day total
dose), and 5 mg/kg/day. Each of these doses of R-FB significantly
reduced the tumor count (Table 2). There was no epimenzation of
S-FB to R-FB in the S-FB-treated animals.

In the experiment in which S-FB was administered (experiment 6,
vehicle group VC-6; Table 2), R-FB was administered to two other
groups of Mm mice: 2.5 mg/kg b.i.d. (5-mg/kg/day total) and 10
mg/kg b.i.d. (20-mg/kg/day total). These two treatments significantly

reduced the tumor number in Mm mice when compared to 0.5 mgi
kg/day S-FB alone (P < 0.05 and P < 0.01, respectively). The higher
R-FB dose of 10 mg/kg b.i.d. (20-mg/kg/day total) also significantly
(P < 0.01) reduced tumor number compared to the lower R-FB dose
of 2.5 mg/kg b.i.d. (5-mg/kg/day total). The number of adenomas

Table 5 Drug levels, tumor number, and ulcer numberfor C57BU6J-APCâ€•@â€•/+mice treated with R-FB administered p.o. from 70 to 112 days ofage: Treatment model

Mm mice were randomized into groups when they were approximately 30 days of age. The mice were fed a low saturated fat diet for 40 days before treatment was begun as well
during the 42-day treatment period. For treatment, the mice were administered R-FB p.o. at 10 mg/kg/day either in a single or divided dose. At the end of the treatment, the mice were
euthanized, and the plasma drug levels and hematocrits were determined. The intestines were removed and examined by observers blinded to treatment to determine tumor and ulcer
count.

Dosing mg/kg/day

10 R-FB (5 bid.) 13
1OR-FBq.d. 13
Control _@3

a In the cases where the SD is larger than the mean, this is due to a large number of samples in which the ulcer count was zero.

b p < 0.01 for increase versus vehicle.

C p < 0.01 for decrease versus vehicle.

d p < 0.01 decrease versus 10 R-FB (5 bid.).
e N/A, not applicable.
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Table6 Comparisonoftotal tumornumber,area, andpercentageofdecreasefor the treatmentsin the â€œTreatmentModelâ€•(112-day)versus72-dayexperimentsAt
approximately 30 days of age. Mm mice were randomized into groups. The mice were fed a low saturated fat for the entire period of the experiments. In one experiment,themice

were left untreated until 70 days of age before treatment was begun. In the other two experiments, the treatment began at 30 days of age. For treatment, the mice wereadministeredR-FB
p.o. at 10 mg/kg/day either in a single or divided dose for 42 days. At the end of the treatment. the mice were euthanized, and the intestines were removed and examinedbyobservers

blinded to treatment to determine tumor count and tumor area. The area was calculated from the tumor diameter measured across the largest dimension, if the tumorwasasymmetrical.
Average tumor is the average of the area of individual tumors in each animal. Total tumor area is the average of the sum of the tumor areas for each individualanimal.Treatment

Total tumor Average tumor area Total tumor area Total area P
mg/kg/day no. % decrease mm2 (mean Â±SD) % decrease mm2 (mean Â±SD) % decrease vs.vehicle1

12-day10
R-FB (5 bid.) 12.0 Â±7.1 58 0.62 Â±0.43 58 5.73 Â±3.51 870.0110
R-FB q.d. 4.2 Â±3.3 85 0.35 Â±0.36 77 1.26 Â±1.15 970.01Control

28.5 Â±12.2 1.49 Â±0.54 42.5 Â±27.472-day10

R-FB (5 bid.) 7.0 Â±5.7 68 0.23 Â±0.20 57 1.46 Â±1.31 870.01Control
22.1 Â±9.5 0.53 Â±0.15 11.5 Â±5.610

R-FB q.d. 6.2 Â±2.6 70 0.47 Â±0.53 25 2.46 Â±2.52 820.01Control
20.6 Â±7.7 0.63 Â±0.36 13.3 Â±11.2

Table 7 Pharmacokinetics of two doses of each R- andS-PBFor

each drug dose, 21 C57BL/6J mice ofapproximately 30 days ofage were giventhedose
ofR- or S-FB shown. At 0.5, 1, 1.5, 2, 4, 8, and 24 h, three mice at each dosewereeuthanized,

and the blood was collected and analyzed for drug plasma levels. Druglevelsversus
time were analyzed to determine the pharmacokinetic parametersreported.FB

dose(mg/kg)lOR

2.5R 552.55t1,@R

(8â€”24h) 5.305.63t112S
(8â€”24h) 7.31 9.01 6.424.61AUCR

653.61241.77AUC5
119.27 33.49 215.87131.83CUFR

0.020.01CUF5
0.08 0.07 0.020.02Cm@R

52.2016.90Cm@,,,S
8.002.20t,,,.,@R
4.004.00tmj
4.008.00%

inversion(AUC)2â€”8hâ€• 11.04 7.30
%inversion(AUC)â€• 15.4312.17AUCR/AUCS

2-8 h 6.609.95AUCR/AUCS
5.487.22bid.

(0, 12h)CssfllaX2R
64.6323.65CssiTLaX2S
11.463.08tm@2R
14.0012.50tm@2S
16.0020.00C55min21(
19.578.14cssmin2s'@
5.012.18AUCR

(bid.) 1043.95378.08AUCs
(bid.) 181.19 51.85

%absorption'@

C'.

E

I
80

70
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in the treatment experiments (0.5 and 2 mg/kg/day) were calculated to
be maximally equivalent to 5.0 and 19.9 mg/kg/day of administered
R-FB.

The b.i.d. dosing was mathematically modeled to better understand
the repeated dose-plasma kinetics and exposure to the ulcerogenic
S-FB. For 10 mg/kg b.i.d. (20-mg/kg/day total dose) of R-FB, the
AUC of the S-FB enantiomer increased 1.52-fold compared to the
single dose and 1.55 times for 2.5 mg/kg b.i.d. (5-mg/kg/day total
dose) R-FB (Table 7 and Fig. 4). The C@5maxof 64.6 and 11.46 pg/mi
was reached at 14 and 16 h for the R- and S-enantiomers, respectively,
when the 10-mg/kg b.i.d. (20-mg/kg/day total dose) R-FB dose was
modeled (Table 7). These data correlate very well with those observed
for the single dose of 25 mg/kg/day R-FB (67.4 and 13.7 @.ag/mifor the
R- and S-enantiomers, respectively). The lower dose of R-FB (2.5
mg/kg) showed a C5@max of 23.65 and 3.08 @.tg/mlat 12.5 and 20 h

40

30

20

10

0

Fig. 2. Effect on total tumor area in Mm mice with established adenomas (70 days of
age) by two treatment regimens of R-FB for 42 days (treatment model). Treatments
administered are indicated. Total tumor area reported is the average of the total area for
each individual animal. Bars, SD. Statistical significance between groups is indicated by
the P under the left-hand comer of the lines between the groups.

ratio of the AUCR5 (AUCs for R-FB) for 10 and 2.5 mg/kg R-FB was
2.7 (a ratio of 4 would be expected if absorption were linear).

The drug levels in experimental animals were evaluated at 2 h after
the final dose. The pharmacokinetics in wild-type mice (Table 7)
demonstrate that the levels of R-FB remain relatively constant over
the period of 0.5â€”4h (Fig. 3). The Cm,,,@R5(the maximum concen
trations reached by R-FB) at the doses of 2.5 and 10 mg/kg R-FB were
16.9 and 52.2 pg/mi, respectively (Tables 7); these values are similar
to the drug levels for these same doses in the treatment experiments
(14.5 and 46.9 @.tg/mi;Table 2).

The inversion percentage was calculated by the AUC in the interval
from 2â€”8h to avoid the initial distribution and elimination phases of
the kinetics. This was necessary because the apparent elimination
half-lives of the R- and S-enantiomers are not the same (Table 7); this
difference increases the apparent concentration of the S-enantiomer
and yields apparently lower inversion ratios. For 10 mg/kg R-FB, the
percentage of inversion from 0.5â€”24h was 15.4%, and the percentage
of inversion from 2â€”8h was 11.0%. This value of 11.0% is in good
agreement with the observation of 10.3% inversion at the 2-h time
point in the 10-mg/kg/day treatment experiment (Table 2). This same
approach was valid for 2.5 mg/kg R-FB, with an even greater apparent
difference of 12.2% for the 0.5â€”24h range compared to 7.3% for the
2â€”8h range (6.9% observed; Table 2). Thus, using the AUCR:AUCS
(AUCS-FB)ratio at 2â€”8h (Table7), the dosesof S-FBadministered

93.6 (4) 71.8 (8) 83.1 (2) 98.1 (0.5)

a The inversion percentage was calculated by AUC {% inversion = [AUCs/

(AUCR + AUC5)] X 100) in the interval of 2â€”8h to avoid initial distribution and
elimination phases.

b Calculated based on AUC. % inversion = [AUCS/(AUCR + AUCs)J X 100.
C The minimum concentration steady state for both R- and S-FB occurs at 12 h.

d The drug absorption was calculated using the Wagner-Nelson method. Numbers in

parentheses, time of maximum absorption.
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PROPHYLAXIS AND TREATMENT OF INTESTINAL ADENOMA5

where C@is the plasma concentration of drug at time T, K is the
constant calculated from the data, and j'@ Cdt is the area under the
plasma concentration versus time curve from 0 to T.

DISCUSSION

Pharmacodynamics of Adenoma Inhibition. Following our dis
covery that R-FB, the non-COX-inhibiting enantiomer of FB, inhibits
cobonocyte proliferation in the crypts of Lieberkuhn in the rat without
causing gastrointestinal ulceration (29), we began pharmacological
studies of this substance to determine its effect on adenoma formation.
The Jacoby laboratory demonstrated that adenoma formation in the
Mm mouse was reduced by 85% when the mice received 36 ppm
R-FB in their diet over a 6-week treatment period (16, 3 1). We
conducted a pilot study using Mm mice supplied by The Jackson
Laboratory, fed a high saturated fat diet to which R-FB (36 ppm) was
added to the diet in the treatment group. We found that the tumor
incidence almost doubled (36.4 versus 18.8) on the high saturated fat
diet (Table 1) while R-FB treatment failed to suppress adenoma
formation. We repeated the feeding experiment using the low sate
rated fat chow used by Jacoby et a!. (16, 31). In this experiment, we
were also unable to inhibit adenoma formation. The reason for the
failure of the feeding experiments is not known. Possibilities include
different methods of mixing drug into the food and some genetic drift
occurring between mice used in the Jacoby laboratory and those

obtained from Jackson Labs.
To use conventional pharmacokinetics, drug was administered by

oral gavage. Variations in food intake at different times during the day
and variations in food intake between different individual animals
make pharmacokinetics meaningless. Using oral gavage, we were able

to demonstrate a linear dose-response relationship over the range of
2.5â€”10mg/kg R-FB q.d. All treated groups separated statistically from
their control groups; the 10-mg/kg/day treatment group separated
statistically from the 2.5- and 5-mg/kg/day treatment groups. The 2.5-
and 5-mg/kg/day groups did not separate statistically. The percentage
of tumor inhibition at the three doses were 41, 55, and 70%, respec
tively (Table 2 and Fig. 1). The ED50 was 4.4 mg/kg/day. At 25
mg/kg/day, adenoma multiplicity was reduced by 80%, but serious
toxicity was observed with 4 of 12 treated animals dying during the
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0 5 10 15 20 25
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0.1
10 15
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Fig. 3. Pharmacokinetics of R- and S-FB. â€¢,plasma levels of R-FB; 0, S-FB. A.
time/concentration curve for 2.5 mg/kg R-FB. B, time/concentration curve for 10 mg/kg
R-FB and for 2.5 and 5 mg/kg S-FB. The circles represent the levels of R-FB (â€¢)and S-FB
(0) from administration of R-FB (10 mg/kg). [1, 2.5 mg/kg; i@,5 mg/kg S-FB. The solid
lines follow 10 mg/kg R-FB and 2.5 mg/kg S-FB administered. The short dashed line
follows 5 mg/kg S-FB administered. The long dashed line follows S-FB resulting from 10
mg/kg R-FB administered. Bars. SD. The concentrations at 24 h for 2.5 and 5 mg/kg S-FB
were extrapolated from plasma levels of 2.5 and 10 mg/kg R-FB single doses, respec
tively.

for the R- and S-enantiomers, respectively, when modeled for b.i.d.
dosing. When compared to the experimental plasma levels of 5
mg/kg/day, the plasma drug levels were very similar (29.0 @tg/mlR
and 2.5 @tg/mlS). There is a small error involved in the model because
the apparent half-lives of the R- and S-enantiomers are not the same.
Because after the second b.i.d. dose plasma levels reached C@@max,
the modeling was done only for two doses at 12-h intervals; the
second dose represents the steady state.

Drug absorption was calculated using the Wagner-Nelson method

(36) using the equation below. The maximum absorption of 93.6% for
10 mg/kg R-FB was reached at 4 h. The lower dose (2.5 mg/kg R-FB)
was absorbed to the extent of 71.8% at 8 h. The S-FE was absorbed
more rapidly; 5 mg/kg S-FB and 2.5 mg/kg S-FB were absorbed to the
extent of 83.1% at 2 h and 98.1% at 0.5 h, respectively.

fT
CT K X j Cdt

0

Fig. 4. Modeled pharmacokinetics for bid. dosing of R-FB. Plasma levels of R-FB are
represented by filled symbols; plasma levels of S-FB are represented by open symbols.
Plasma levels of R- and S-FB from 10 mg/kg bid. (20-mg/kg/day total dose) R-FB are
represented by squares with solid lines. The plasma levels of R- and S-FB for 2.5 mg/kg
bid. (5-mg/kg/day total dose) R-FB are represented by circles with dashed lines.
Modeling is addressed in â€œResults.â€•
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PROPHYLAXIS AND TREATMENT OF INTESTINAL ADENOMAS

6-week treatment period with low hematocrits. This toxicity was
associated with 16.6% inversion to the COX-inhibiting S-FB and
resultant gastrointestinal ulceration (Tables 2 and 4).

In an effort to improve the therapeutic ratio of R-FB, we evaluated
b.i.d. treatments of 2.5, 5, and 10 mg/kg (5-, 10-, and 20-mg/kg total
daily dose). Again we observed a linear dose response over this range
with tumor inhibition essentially identical to that of the single doses
(i.e., 2.5 mg/kg b.i.d. 5 mg/kg q.d. and 5 mg/kg b.i.d. = 10 mg/kg
q.d.; Fig. 1). The plasma levels of R-FB 2 h after the final dose were
very similar for both b.i.d.- and q.d.-dosed animals. At 5.0 mg/kg q.d.,

the plasma level of R-FB was 29 Â±7 tag/mi, whereas at 2.5 mg/kg
b.i.d., the level was 22.2 Â±6 @.tg/ml.The plasma levels of S-enanti
omers in these two groups were identical (2.5 Â±1.3 versus 2.7 Â±0.6).
Thus, the hope of reducing ulcerogenicity with divided dosing was not
achieved. There were essentially no intestinal ulcers observed in
animals treated with 8 mg/kg or less of R-FB q.d., the range over
which we demonstrated a linear dose-response relationship. b.i.d.
dosing was more ulcerogenic (Table 4) than the equivalent q.d.
dosing. This was apparent from comparisons of 5 mg/kg b.i.d. and 10
mg/kg q.d. as well as comparison of 10 mg/kg b.i.d. and 25 mg/kg q.d.
Given the q.d. and b.i.d. pharmacokinetics, this would appear to be
due to the extended exposure of drug to the mucosa (see below,
â€œPharmacokineticsof R-FB in the Mm Mouseâ€•).For example, the
AUC5 for 10 mg/kg given q.d. is 119 compared to 181 when this dose
is divided (Table 7), and the AUCR5 are 653 and 1044, respectively,
indicating increased exposure to both the enantiomers. It was not
possible to apply statistical tests for differences in ulcer numbers
because data were derived from three different cohorts.4 Nevertheless,
b.i.d. dosing appeared to at least double the number of ulcers (Table
4). Another toxicity comparison that can be made is that 10 mg/kg
b.i.d. resulted in 5 of 12 deaths during treatment, and 25 mg q.d.
resulted in 4 of 12 deaths during treatment; the similar death rates may
reflect similar degrees of ulcerogenicity. Unquestionably the toxicity
reflected in increased mortality, reduced body weights, more ulcers,
and highly significant blood boss therefrom might also have effected
a decrease in the reduction of tumor size and multiplicity. When one
evaluates the dose-response curves (Fig. 1), the abrupt change in slope
for the higher doses of R-FB of 20 and 25 mg/kg suggests that one is
not achieving greater tumor-reducing activity with increased toxicity.
Thus, the slope change would appear to be associated with significant
inhibition of COX activity leading to ulcerogenicity. At the same
time, in our earlier antiprobiferative studies (37) in the rat where there

is no inversion of R- to S-FB, there is no evidence of ulcerogenicity
or other toxicity. It is important to recall that the R to S epimerization
does not occur or is minimal in both humans and rats (38). Conse
quently, if the observed toxicity is associated with the COX-inhibiting
S-FB, it should not occur in either of these species.

Pharmacokinetics of R-FB in the Mi,, Mouse. Table 7 and Figs.
3, A and B, and 4 summarize the single dose and multidose pharma
cokinetics of R-FB at 2.5 and 10 mg/kg/day and S-FB at 2.5 and 5
mg/kg/day in the wild-type mouse. The mouse exhibits epimerization

of the R-enantiomer between 12.1 and 15.4% based on the ratio of
AUCs of the two enantiomers. Using this data, we dissected out the
effect of R-FB alone on tumor reduction, as explained below (see
â€œContributionof the S-Enantiomer to Adenoma Inhibition).

Between the two doses of 2.5 and 10 mg/kg/day, the absorption of
drug is not linear as evaluated by AUC. The AUCRfor the 10-mg dose
was only 2.7 times that of the 2.5-mg dose, rather than 4.0. During
single-dose treatment, the plasma levels of R-FB are relatively con
stant between 0.5 and 4 h. The inversion percentage was calculated
from the interval between 2 and 8 h to avoid the initial distribution
phase (Table 7), which would have given an artificially low concen
tration of S-FB and thereby an apparent higher inversion ratio. Using

AUCR:AUCS (2â€”8h), the S-FB doses of 0.5 and 2 mg/kg/day are
equivalent to 5 and 19.9 mg/kg/day of R-FB (Table 7).

By observing the modeled plasma bevel profiles for both 2.5 mg/kg
b.i.d. (5-mg/kg/day total dose) and 10 mg/kg b.i.d (20-mg/kg/day total
dose) administration of R-FB, it is apparent that the animals were
continuously exposed to a relatively high concentration of S-FE (Fig.
4). This correlates well with the observed toxicity (ulcer formation)
and death. The number ofdeaths for 10 mg/kg bid. and 25 mg/kg q.d.
R-FB were similar (five and four deaths, respectively) with a 2-fold
difference in ulcer number. Also, the exposure of 0.5 mg/kg S-FE
correlates well with the low ulcer number for 5 mg/kg R-FB
(0.17 Â±0.4 versus 0.08 Â±0.3 ulcers; Table 4). On the other hand, 2
mg/kg of S-FE (0.5 Â±0.9 ulcers) caused significantly fewer ulcers
than the number caused by treatment with 20 mg/kg R-FB (8.5 Â±2.6).

These results are consistent with our earlier demonstration that at high
S-FE doses (6.3 mg/kg), R-FB exacerbates the ulcerogenicity of the
5-enantiomer in the rat (37). This is true despite the fact that R-FB
alone is not ulcerogenic nor does it inhibit the healing of established
ulcers (37).

Contribution of the S-Enantiomer to Adenoma Inhibition. To
assess the contributions of the 5-enantiomer to the inhibition of
adenoma formation, we examined the effect of S-FE alone at 0.5 and
2.0 mg/kg/day in the Mm model (Table 2 and Fig. 1). These doses
closely approximate the concentration of S-FE in the plasma com
partment of the animals treated with 5 and 20 mg/kg/day R-FE,
respectively (Table 2). The lower dose of S-FE was not effective in
adenoma suppression (15%; P = 0.58); therefore, we conclude that
the observed 55% inhibition of adenomas in animals treated with 5
mg/kg/day R-FE cannot be attributed to the activity of S-FE (Table 2).
The 2.0-mg/kg dose of S-FE (approximating the S-FE component of
the 20-mg/kg treatment with R-FE) showed borderline efficacy
(P = 0.0564). Treatment with R-FB at 10 mg/kg b.i.d. (20-mg/kg/day
total dose) afforded a 90% inhibition of adenoma formation, which
cannot be attributed entirely to the R-to-S inversion. The COX
inhibiting S-FE given at 2.0 mg/kg/day, although effective in reducing
adenomas, was ulcerogenic and may have accounted for the 1 of 12
death that occurred during treatment (Table 2). From these data (Table
2 and Fig. 1), we concluded that the two enantiomers R-FE and S-FE
are roughly equally effective in tumor suppression, with 2 mg/kg S-FE
and 2.5 mg/kg of R-FB in the Mitt mouse being equally effective.
Thus R-FE, a non-COX-inhibiting compound, is an effective chemo
preventive in the Mitt mouse. The only caveat to this statement is the
possibility that S-FE may be providing some necessary enhancement
to the chemopreventive activity of R-FE.

Effect of High Saturated Fat. In our first set of experiments, we
were unable to show that the added challenge of high saturated fat
(Table 1) could be overcome by feeding R-FE at 36 ppm. We were
interested in the increased tumorigenicity associated with the high
saturated fat diet; therefore, we repeated the experiment using treat
ment by oral gavage. Treatment with 5 mg/kg b.i.d. of R-FE reduced
adenoma multiplicity by 52% (P < 0.01) in mice fed the high fat diet
(Table 1). This dose resulted in a 68% reduction in adenoma forma
tion in the mice fed the low saturated fat diet (Table 2). Thus, R-FE
was effective even under the stress of a high saturated fat diet, where
there is a 2-fold increase in adenoma number in the controls.

Treatment Model. We were successful not only in preventing
adenomas in young mice but also in reversing adenoma formation in
animals with advanced adenomatous disease. At 70 days of age,
untreated animals were observed to have between 20 and 32 adeno
mas (average tumor area, 0.53 to 0.63 mm2). Both 10-mg/kg/day
treatment protocols led not only to a significant reduction in tumor
number (Table 5) as compared to the 112-day controls but also to a
reduction in the average total area and total tumor area (Fig. 2 and
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Table 6). Indeed, the treated animals showed an even greater effect in
the q.d. dose groups (85% decrease in tumor number; Tables 5 and 6)
than animals whose 42-day treatment was begun at day 30 (70%
decrease). This was not true of the b.i.d. dosing group. Although the
average tumor size in the treatment model was very similar for all
treatment groups (Table 6), the total tumor areas of the treatment
groups were decreased by 87 and 97% for the b.i.d. and q.d. treatment
groups, respectively (Fig. 2). These data suggest that dosing once a
day is a superior treatment regime despite the short t,,2 (5â€”6h) in the
plasma compartment, and also that delayed treatment of adenomatous
disease is as effective as early treatment. Both treatments produced a

significant (P < 0.01) improvement in hematocrit when compared to
controls (32% versus I5%), probably because of reduced adenoma
related occult hemorrhage (Table 5).

Conclusions. We emphasize our finding that oral gavage resulted
in inhibition of adenoma formation, whereas administering FE in food

was not as reliable. Although many investigators study potential
chemopreventive agents by adding them to food, dosing by oral
gavage is a more accurate simulation of the model for humans, in
which there is definitive scheduling of doses.

Our data strongly suggest that R-FE may be effective in preventing
adenoma formation and causing adenoma regression in man. R-FE
does not inhibit the healing of established ulcers in rodents (37),

which suggests that it may be a safer alternative than the COX
inhibiting NSAIDs, such as sulindac (13â€”15).Moreover, R-FB has a
proven record of safety in humans; it has been administered chroni
cally to hundreds of thousands of patients as 50% of the dose of
rac-FB. Human clinical trials are indicated to establish its efficacy in
human disease.
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