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ABSTRACT Recently, the attention has shifted from the anabolic pathway of
5-FU. New approaches have been taken by modulating the catabolism
of the fluoropyrimidine. Through the catabolic pathway, 5-FU is first
reduced to 5-fluoro-5,6-dihydrouracil, which was discovered recently

rimidine has been the focus of extensive preclinical and clinical investiga- to Impalr the an.tlt.umor effect of the parent compound (5). 5-Fluoro-
tion. Dihydropyrimidine dehydrogenase catalyzes the rate-limiting step in 5,6-dihydrouracil is then I.atf-:‘r Co.nverted tBAL, an end product that
the catabolism of 5-FU and rapidly degrades 60-90% of the drug. An has been found neurotoxic in animal models (6-8). More than 70% of
irreversible inactivating inhibitor of this enzyme, 5-ethynyluracil (EU), @ given dose of 5-FU is rapidly catabolized; DPD is the limiting
markedly improves the antitumor effect of 5-FU in animal models. Early enzyme of the drug elimination, and10% of the drug is excreted
clinical studies have shown a substantial alteration of the systemic dispo- unchanged in the urine (9). DPD catalyzes the NADPH-dependent
sition of 5-FU with an increase in 5-FU terminal half-life and have also reduction of 5-FU as well as that of its two natural substrates thymine
indicated that EU allows safe oral administration of 5-FU by improving  gnqd uracil, which are converted to the corresponding 5,6-dihydropy-
the oral bioavailability of the fluoropyrimidine, which is otherwise too rimidines (10). DPD activity is found in most of the tissues, particu-
\?Vri:]"’g'ocwénd unpredictable for a drug with such a limited therapeutic !arly liver, intesFinaI mucosa, kidney: and sgveral tumors (11). An
We evaluated the effect of EU on the metabolism of 5-FU in mice "MVErse c_0|frelat|on has been_§h_own In certalr_l tumors be_tweer_1 enzy-
bearing colon 38 tumors using'°F nuclear magnetic resonance spectros- ma_t'c_ aCt'V'_ty ahd 5'_'_:U sensitivity (12). A pa_“em_F_’OpU'at'O” W'th f"‘
copy. Ex vivo measurements of tissue extracts from liver, kidney, and d€ficiency in this critical enzyme has been identified. The adminis-
tumor indicated a >95% elimination of a-fluoro- B-ureidopropionic acid  tration of standard doses of 5-FU to these patients results in severe
and a-fluoro- B-alanine signals in the tissues of mice that received 2 mg/kg toxicity associated with minimal catabolism and a prolonged 5-FU
of EU before administration of 5-FU. The spectra also showed an in- half-life, up to 10-fold longer (13). An irreversible inhibitor of DPD,
creased formation of fluoronucleotides in both normal and tumor tissues, EU (Eniluracil, GW776) has been introduced recently at the preclin-
a prolonged presence of 5-FU, and the accumulation of 5-fluorouridine jca| and clinical level (14-17). EU is a mechanism-based inactivator
that otherwise is undetectable, particularly in normal tissues. Then vivo ¢ i enzyme. Preclinical studies to modulate the antitumor activity
NMR experiments on_colon 38 tumors Conf'rmeq these _fmghngs,.showmg of 5-FU in rats bearing Ward colorectal carcinoma showed improved
a complete elimination of the a-fluoro-B-ureidopropionic acid and . .
therapy and therapeutic index for 5-FU, even compared with other

a-fluoro- B-alanine signals in tumors treated with EU and a dramatic . - . .
formation and accumulation of 5-fluorouridine mono-, di-, and triphos-  '€gimens containing more established modulators such as leucovorin

phates and 5-fluorouridine. Thus, by inactivating dihydropyrimidine de- ~@nd N-(phosphonoacetyl)-aspartic acid (16). Clinical studies have

hydrogenase, EU prolonged the half-life for 5-FU, almost completely indicated significant changes in the systemic disposition of 5-FU, with

eliminated its catabolism for 4—6 h, which led to an increased accumula- a dramatic change to its terminal half-life that increased to 4.5 h after

tion of 5-fluorouridine mono-, di-, and triphosphates in both normal and  a 10-mg/n% oral dose with 2 mg/mof EU (17). Variability of DPD

tumor tissues. activity, particularly at the level of the intestinal mucosa, with con-
sequent changes in clearance, has been associated with the erratic
bioavailability of 5-FU after oral administration (18). The adminis-

INTRODUCTION tration of EU significantly increased and stabilized the bioavailability

of the fluoropyrimidine (72-128%), enabling a safe oral administra-

Biochemical modulation of 5-fluorouracil (5-FU) has been used over the
past 20 years to improve the therapeutic efficacy of this antineoplastic
agent. Recently, modulation of the catabolic pathway of this fluoropy-

The biochemical modulation of 5-Flby several agents, including © ) ‘
methotrexate, leucovoriny-(phosphonoacetyl)-aspartic acid, and o Of the drug in cancer patients (17).

levamisole has been, for the past 1520 years, a major element ofiS Study characterizes the effect of EU on 5-FU metabolism in
clinical investigation, particularly for the treatment of gastrointestin@°'mal and neoplastic tissues usiti§-NMR spectroscopy measure-

malignancies (1-3). These drug regimens were either based on std}tsin vivo on mice bearing colon 38 tumors aed vivoon liver,
lizing the ternary complex with thymidylate synthase, therefore alf-'dney' and tumor tissue extracts.

fecting its inhibition, or in favoring the formation of fluoronucleotides

with subsequent increased incorporation into RNA. Despite all MATERIALS AND METHODS

these attempts, the response rate remains in the 20—-30% range, aBd

th val i tient ith tastatic di - | d rugs and Chemicals.5-FU, 50 mg/ml solution formulated for clinical
€ survival In patients with me as_ & I_C ISease IS only mo esMe, was purchased from Pharmacia (Kalamazoo, MI). EU was a generous gift
affected by any of these drug combinations (4).

from Dr. T. Spector (Glaxo Wellcome), and sodium pentobarbital was obtained
from Butler Co. (Columbus, OH). All other chemicals were purchased from
Received 5/4/98; accepted 10/28/98. Aldrich (Milwaukee, WI) and Sigma Chemical Co. (St. Louis, MO).

The costs of publication of this article were defrayed in part by the payment of page 19r_NMR Experiments. C57/BL6 mice, 6—8 weeks of age, were obtained

charges. This article must therefore be hereby magdrtisemenin accordance with . . . P
18 U.S.C. Section 1734 solely to indicate this fact. from the National Cancer Institute (Bethesda, MD) and received s.c. injections

1 present address: 5216 Old Chapel Hill Road, Durham, NC 27707. in both flanks with a brei of colon 38 tumor. At the estimated tumor weight of
2To whom requests for reprints should be addressed. Phone: (203) 785-4549; R200-500 mg, the mice received 5-FU-based chemotherapy treatment followed
(203) 785-7670; E-mail: PizzorG@maspo3.mas.yale.edu. by °F-NMR measurements (19).

3The abbreviations used are: 5-FU, 5-fluorouracBAE, a-fluoro-g-alanine; DPD, : . . L .
dihydropyrimidine dehydrogenase; NMR, nuclear magnetic resonance; EU, 5—ethyny|u—'vIICe with tumor implants were divided into two treatment groups. Both

racil; FUPA, a-fluoro-B-ureidopropionic acid; FUrd, 5-fluorouridine; FNuct, 5-fluorouri- tréatment groups received a single dose of 200 mg/kg of 5-FU in normal saline
dine mono-, di- and triphosphates; TCA, trichloroacetic acid. injected i.p. This dosage of 200 mg/kg of 5-FU compared with 100 mg/kg used
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for the pharmacokinetic studies was purposely selected to achieve a greatédMR identification of 5-FU metabolites FUPAFAL, FUrd, and 5-fluoro-
sensitivity, particularly in then vivo determinations, and to follow more in UMP were determined on standard solutions of these chemical species pre-
detail changes in the metabolism and in the accumulation of the genergpaded at concentrations of 5wrand pH 7.0 (19).

fluorinated species. The first treatment group received only 5-FU, whereas @he 5-FU peak in thén vivo and ex vivo**F-NMR measurements was
second treatment group also received an i.p. dose of 2 mg/kg of EU dilutedd&fierenced at O ppm. The following spectral ranges were used for the integra-
saline 30 min before 5-FU administration. tion of peaks in theex vivo measurements+6.6 > FNuct > +4.0,

For theex vivomeasurements, tumor, kidney, and liver tissues were hat4.0 > FUrd > +3.0 +1.3> 5-FU > —1.7,-18.5> FUPA > —19.2 and
vested at 30, 60, 120, 240, and 360 min after 5-FU administration and thed9.2 > FUPA > —20.6. Spectra were phased, baseline corrected, and
frozen immediately in liquid nitrogen. Tissues were then homogenized in tvitegrated over the spectral ranges defined above using the processing software
volumes of 15% TCA and centrifuged at 1080g for 15 min, and supernatant Felix95. The integrals were used to calculate the relative ratios of metabolites
was removed. To neutralize the tissue samples, TCA supernatants wereasd fluoronucleotides in mice treated with 5-FU and the combination 5-FU
tracted with a 45:55 trioctylamine:freon solution. The aqueous layer was thelus EU.
removed, lyophilized to near dryness, and dissolved in 50Tms buffer; the Plasma Pharmacokinetics of 5-FU.The pharmacokinetics of 5-FU in the
pH was adjusted to 7.0 with 1 mNaOH. The samples were then placed inpresence or absence of EU was determined in C57/BL6 mice. 5-FU was
5-mm NMR tubes, and BD was added to achieve a final concentration of 90%dministered at 100 mg/kg i.p. in the presence ofH§FU (20 pCi/mouse).
solute and 10% BD (19). EU at the dose of 2 mg/kg preceded the administration of 5-FU by 30 min. At

%F-NMR spectroscopy was performed on the tissue extracts using the5, 10, 20, 30, 60, 120, 240, and 360 min after the administration of the
Yale-490 and Bruker AM-500 MHz spectrometers operating at 460 and 47a@diolabeled dose of 5-FU, 3Q@ of blood were collected from two animals
MHz, respectively, for fluorine. A 5-mi®F/*H/?H NMR probe, manufactured for each group using heparinized Natelson pipettes. The plasma was separated
by Cryomagnet Systems, Inc. (Indianapolis, IN), was used for all offhex by centrifugation at 100 g for 10 min, deproteinized with two volumes of
vivo NMR measurements. Broadband decoupling was used for all experimeb®6 TCA, and extracted with trioctylamine:freon as described previously. The
to eliminate H-F couplings and to improve resolution and signal:noise (S:N) @@ncentration of 5-FU was determined after separation from the other radio-
the spectra. active species present in the extracted samples using an HPLC method de-

Spectral parameters for tA&-NMR ex vivotissue extract samples were asscribed previously (21). Briefly, plasma was mixed with @2i00f 1 m sodium
follows: probe temperature, 25°C; sweep width, 30 kHz; number of scarasetate (pH 4.8) and 200l of a 200 mg/ml solution of sodium sulfate. Five
4096; repetitive delay of 1.0 s; pulse width, 14; and 4096 time domain ml of n-propanol:ether solution (16:84 v/v) was added, and after the extraction,
points for each Fourier Induction Decay. the agueous phase was adjusted to neutral pH by addimgHLSO,. The

In vivo *°F-NMR experiments were conducted on a 4.7 T, 30 cm-wide bogamples were separated on a C18 Microsorb column eluted with 50 m
Bruker spectrometer operating at 188.55 MHz for fluorine. To optiritiaévo ~ K,HPOQ, buffer (pH 3.0). The collected peaks monitored by UV absorbance at
1%F-NMR measurements, the, Bf 5-FU was measured at a concentration o254 nm were then measured for radioactivity.

20 mm in whole blood using an inversion recovery experiment at 300 MHz. A The pharmacokinetic analysis has been conducted using a software package
value of T, of 1.2 s was obtained for 5-FU; based on this value, a repetition réf@r the analysis of nonlinear models PCNONLIN 4.2 (ClinTrials, Lexington,

of 1.0 s was selected for multiple averatf&-NMR measurements in mice KY) and standard pharmacokinetic equations.

(19).

For thein vivo experiments, a probe was specifically designed to accorlu-iESULTS
modate a mouse with its tumor positioned in the active regiba @ cm-

diameter coil placed in the center of the 30 cm-bore magnet. The coil can bes_\j pharmacokinetics. The pharmacokinetics of 5-FU in C57/
g .
tzuonoei la&?_':q?écshiitit\?eltheAﬂuSIrs'géWF%tLe;? nan\;:vzsanirg) zhiiﬁi}zis?;ti 4BL6 mice was evaluated in the absence of EU or after the adminis-
' - 1eSP y.- AP 15 used, ttr)ation of 2 mg/kg of EU 30 min before the i.p. injection of 100 mg/kg

to a 45° pulse width and which was determined on a 5-FU phantom where A ) .
a 30us pulse translated to a flip angle of 90°. Adl vivo **F-NMR spectra of 5-FU. As shown in Fig. 1 and Table 1, EU caused a dramatic

were acquired with 1024 transients, repetition time of 1.0 s, 2048 time poinfd1ange in 5-FU systemic disposition. THg,, was prolonged by
and a sweep width of 25 kHz. 4-fold to 42 min, the area under the curve increased almost 7-fold, and

For everyin vivo study, acquisition parameters were set o on a vial the total clearance declined more than 6-fold in mice pretreated with
containing 20 ml of 5 m 5-FU in aqueous solution. The phantom was used t8 mg/kg of EU. All of these pharmacokinetic parameters are in
reference 5-FU at 0 ppm. After determining the resonance frequency of 5-FA§reement with an earlier preclinical report (15).
the transmitter frequency was offsetlO ppm from this value to place the
transmitter in the center of interest between 5-FU (0 ppm) and its catabolite
FBAL (-19 ppm). Initial shimming on the phantom was accomplished by using
the *°F coil as an'H receiver coil, thereby using thiéd signal.

Mice were anesthetized with sodium pentobarbital (35 mg/kg i.p.) for the 1
2-2.5 h acquisition period (20) and then received injections with a 200-mg/kg ]
i.p. dose of 5-FU in the presence or in the absence of EU 2 mg/kg administered . |
30 min before the fluoropyrimidine. The animals were then positioned in the A
probe with the tumor on the flank of the mouse placed consistently in the acti@
region of the coil. The probe with the mouse was then immediately placed ‘g‘:
the magnet and tuned to the frequency f, and then shimming was S 591
performed until a linewidth of 50—60 Hz was achieved. After the probe wa
tuned and matched to théF frequency, NMR acquisition was begun, and"”
spectra were collected every 20 min for up to 2-2.5 h.

In vivo and ex vivo *®F-NMR spectra were processed using the NMR
software Felix 95 (MSI, San Diego, CA) on a SGI Indy workstatibmvivo
andex vivo'*F-NMR spectra were zero filled to 4096 and 8192 data points,

25+

respectively, and phased manually with zero order phase placed dfiRhe 0 : - A .
resonance of 5-FU and first order phase on the outer resonant peaks of the © 60 120 180 240 300 360
spectra. Baseline points for a third order polynomial baseline correction were Time (min)

empirically Chosen and range.d over the entire sweep quth of the spectra. Th%ig. 1. Plasma concentratiorersustime profile of 5-FU in mice after 5-FU (100
phase a.nd bas.ellne Corr.ectlon values were then applied to the subsedw@ilg) administration in the absence or presence of EU (2 mg/kg). Each time point
sequential Fourier Induction Decays. represents the mean value from three to four mke5-FU alone M, 5-FU+EU.
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Table 1 Pharmacokinetic parameters of 5-FU (100 mg/kg) after EU administration increase in FUrd, and a doubling in the relative amount of FNuct.
Later time points reveal the progressive disappearance of 5-FU and

(2 mg/kg) in C57/BL6 mice

Concentration of 5-FU was determined after HPLC separation from the other radjo; . . L .
active species present in the extracted plasma samples as described in “MaterialsEaHJd' Ieavmg the FNuct as the Only fluorinated derivative present in

Methods.” Determination of the pharmacokinetic parameters was conducted using Hger.

NONLIN 4.2 software (ClinTrials, Lexington, KY) and standard pharmacokinetic equa- A similar phenomenon is seen in kidney extracts (Table 3), where

tions.

FBAL and FUPA account for-85% of the fluorinated species at 60

5-FU 5-FU/EU and 120 min after the administration of 5-FU alone. With the regimen
?Uc(r?qi;; 24 (ngmi/h) ﬁf 1 Zéf g containing EU, the two catabolites are not detected, and we observed
CL& (miih) 89+ 8 14+ 1 the formation and accumulation of FUrd and FNuct that represent
vd (ml) 24+3 11+2 almost 50% of the total after 60 min and increase to 80% 6 h after

5-FU administration. The remarkably high levels of 5-FU, at this late
time point, confirm the substantial renal elimination of unchanged

1o _ 10 5-FU. This is shown in patients to be60% of the administered 5-FU
Ex Vivo “F-NMR Experiments. ~“F-NMR measurements were yg5e compared witk'5% in the absence of EU (22).

made on the tissue and tumor extracts from C57/BL6 mice bearinganother significant point is the difference between the two regi-

colon 38 tumor treated with 5-FU and the combination 5-FU/EU. Th@ens seen in plasma extracts (data not shown). In the case of 5-FU
samples represent only the acid-soluble fraction obtained after TGfyne we recorded the presence of 5-FBAE, and FUPA rapidly
precipitation and do not include the fluorinated species incorporatgdcreasing within 60 min below the limit of detection of this meth-
into nucleic acids. . _ _ odology (10-15um). With the combination regimen, we observed
Fig. 2a shows the™F-NMR spectrum of liver tissue extract ob-qny 5-Fy signal, which was present for up to 4 h after drug admin-
tained 60 min after i.p. administration of 5-FU. In mice treated Witl ation.
5-FU alone, the only species present, besides 5-FU at 0 ppm, are thene analysis of colon 38 tumor tissue extracts is summarized in Fig.
two main catabolites FAL and FUPA that represent80% of the 3 ang Table 4. 5-FU alone resulted in the almost equal accumulation
total fluorinated derivatives. No signal foR)-5-fluoro-5,6-dihydrou- ot 5.Fy FUPA BAL, and FNuct, 60 min after the administration of

racil at —32 ppm was detected in this spectrum as well as in thge grug (Fig. ), followed at 120 min (Table 4) by an increased
spectra of other tissue extracts, clearly indicating that the opening of

the ring with the formation of FUPA is faster than the hydrogenation
of 5-FU. At 120 min (Table 2), we observed the expected decrease in Table 2 Effect of EU on 5-FU metabolism in liver tissue extracts
the level of 5-FU. The catabolites represent close to 95% of the totalrhe values are expressed as percentageSD) of fluorine signal derived from

fluorinated forms. When 5-FU is combined with EU. the Spectruriﬁtegrals of peaks obtained froRiFNMR spectra of liver extracts from mice treated with
' 200 mg/kg of 5-FU alone and EU (2 mg/kg) preceding by 30 min 5-FU (200 mg/kg). Each

(Fig. 2b) 'nd'cated a SUbSt&_mt_'al presen_ce _Of f_luoronUdeOt'_dﬁrﬁe point represents the mean of four to seven determinations conducted on different
(FNuct), which are below the limit of detection in mice treated witkissue extracts. Pulse parameters are reported in “Materials and Methods.”

& CL, clearance.

5-FU alone, and also a signal at 3.5 ppm corresponding to FUrd. The FNuct FUrd FU FUPA BAL
rela_tl_ve low concentration 5-f|uqrodeoxynucleotldes_ and the likely;  5.q0 ND? ND 11+5 54+ 17 35+ 13
position of their signal in the region of fluoronucleotides preclude a2 h 5-Fu ND ND 74 35+5 58+ 12
distinct determination of these fluorinated derivatives. The other no-1 E g"ﬁgigg g;f 1(1) lgfg g‘g‘f (135 k“g “g
ticeable difference between the two regimens is the absence of FUP/i h5-FU+EU 79+ 8 10+4 11+3 ND ND
and FBAL when EU is preadministered with the 5-FU. At 120 min_6 h 5-FU+EU 97+ 2 ND 3+2 ND ND

(Table 2), we observed a reduction in the level of 5-FU, a modest®ND, not detectable.

Fig. 2. Ex vivo'°F-NMR spectra of liver tissue
extract at 60 min after 5-FU (200 mg/kg) adminis-
tration in the absence or presence of EU (2 mg/kg
modulationa, 5-FU alonep, 5-FU+EU. 5-FU and
other fluorinated metabolite resonances are identi
fied as follows: 0 ppm, 5-FU;-17.5 ppm, FUPA,
—19 ppm, BAL; 3.6 ppm, FUrd; and multiplet at
5.1 ppm, FNuct. Spectra were taken on a Brukel|
AM-500 NMR with the following spectral param-
eters: transmitter frequency, 470 MHz; sweep
width, 30 kHz; pulse width, 14us; relaxation de-
lay, 1.0 s; and number of scans, 4096.

WWMM

6.0 0.0 -6.0 -12.0 -18.0 6.0 0.0 -6.0 -12.0 -18.0
ppm ppm
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Table 3 Modulation of EU on 5-FU metabolism in kidney Variations have been observed in the accumulation of fluorinated

The values are expressed as percentageSDY) of fluorine signal derived from derivatives among different animals, and we found it mostly related to
integrals of peaks obtained frohfFNMR spectra of kidney extracts from mice treated

with 200 mg/kg of 5-FU alone and EU (2 mglkg) preceding by 30 min 5-FU (200 mg,kgghe size of the tumor. Animals with particularly large tumors (750—

Each time point represents the mean of four to seven determinations conducted1@00 mg) resulted in weaker spectra, likely because of a larger
different tissue extracts. Pulse parameters are reported in “Materials and Methods.” hacrotic portion of the tumor, which lowers drug accumulation and

FNuct FUrd FU FUPA BAL metabolism.
1 h5-FU ND? ND 11+7 46+7  43+12 In the *°F-NMR stack plot of 5-FU alone (Fig.&}, initially we
2h5-FU ND ND 14+ 5 »xs  51x17 noticed a single peak at 0 ppm, representing 5-FU that continues to
1h5FU+EU  29+12  16+5 55+ 18 ND ND ) . ; ! S
2 h5-FU+EU 56+ 8 7+3  37+8 ND ND increase in amplitude up to 60 min after 5-FU injection, followed
4 h 5-FU+EU 66+ 8 ND 34+ 7 ND ND by a steady decrease. The signal corresponding to FNuct (4-5
6h5-FUYEU 8011 ND 20=5 ND ND ppm) starts to be visible at 40 min and continues to increase up to
#ND, not detectable.

120 min from the time of the 5-FU injection. The peaks represent-
ing the catabolites FUPA{17.5 ppm) and BAL (—19 ppm) can

formation of FNuct that represents more than one-third of the ﬂuot?_e_gtetoefcﬁ%ar:ﬁ]r 40 min and maximize in intensity at the final time

inated derivatives and only a slight decrease in 5-FU level becausengf:or 5-FU/EU combination regimen (Fig. 4b), the peak representing

tumor trapping (23, 24) . - . 5-FU reaches its maximum after 20 min and remains almost constant
When 5-FU was injected i.p. after administration of EU, we ob- . . : . . . )
over time up to the final time point. The formation of FNuct is rapidly

served a dramatic decrease of the signals for the catabolic SPecies, &\ od at the first time point (20 min) and progressively increases

significant accumulation of FNuct, and a substantial amount of FUrm, %mplitude, reaching its maximum at the last time point recorded. A

~25% of the fluorinated species. Because all tissues were treated an . g . .
. ; T . .small signal for FUrd is present at 60 and 80 min, and its presence at
extracted similarly, even if an exact quantitation is not possible wi

this analytical approach, we can unequivocally affirm that the admir%a-ter points is likely to be masked by a wide FNuct signal. No signal

istration of EU results in a 2—3-fold increase in the accumulation of

5-FU and in the formation of FNuct in colon 38 tumors compared with Tapie 4 Changes in 5-FU metabolism in colon 38 tumors after EU administration

5-FU as a single agent. The presence of 5-FU and FUrd progressivelyhe values are expressed as percentageS8D() of fluorine signal derived from

decreases over time, but both species are still detectable after @ntggrals of peaks obtained froffFNMR spectra of colon 38 tumor extracts from mice

EN b h d . fl . d deri . fter 2 h f treated with 200 mg/kg of 5-FU alone and EU (2 mg/kg) preceding by 30 min 5-FU (200
uct ec_or_ne t _e predominant fluorinate erivatives after rot%;/kg). Each time point represents the mean of four to seven determinations conducted

5-FU administration and represent 80—90% of the total after 4—6 dn different tissue extracts. Pulse parameters are reported in “Materials and Methods.”

In Vivo **F-NMR Experiments. *°F NMR spectroscopy was per-

FNuct Furd FU FUPA BAL
formedin vivo on C57/BL6 mice bearing colon 38 tumors using the™; 1,5 ¢ 17+ 7 ND? 20+ 10  23+8 31+ 9
same doses of 5-FU and EU used for thevitro experiments. 2 h5-FU 36= 10 ND 24+ 9 19+ 6 22+ 7
Fig. 4 shows thén vivo *°F NMR stack plots of murine tumors ~1hSFUTEU 83211 26=7 42215 ND ND
. h5-FU+EU 44+ 6 28+8  32x11 ND ND
treated with 5-FU and 5-FU/EU. Each stack plot shows seven sequery , s.ry+EU 78+ 6 11+4 11+ 3 ND ND
tial spectra acquired at tHéF resonance frequency of 188.55 MHz at 6 h 5-FU+EU 90+ 7 7*3 3x2 ND ND

intervals of 20 min beginning 20 min after 5-FU administration. *ND, not detectable.

Fig. 3. Ex vivo **F-NMR spectra of colon 38
tumor tissue extracts at 60 min after 5-FU (200
mg/kg) administration in the absence or presence o
EU (2 mg/kg) modulation.a, 5-FU alone; b,
5-FU+EU. 5-FU and other fluorinated metabolite
resonances are identified as follows: 0 ppm, 5-FU;
—17.5 ppm, FUPA;—19 ppm, BAL; 3.6 ppm,
FUrd; and a multiplet at 5.1 ppm, FNuct. Spectra
were taken on a Bruker AM-500 NMR with spec-
tral parameters: transmitter frequency, 470 MHz;
sweep width, 30 kHz; pulse width, 1ds; relax-
ation delay, 1.0 s; and number of scans, 4096.

6.0 0.0
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a. b.

W 140 min
Fig. 4. Sequentiain vivo °F-NMR spectra ac-

/\/\/\—\J\\AWJ"\/\WN 120 min
quired from colon 38 tumors implanted in the flank

of C57/BL6 mice at 20-min intervals after 5-FU 100 min
(200 mg/kg) administration in the absence or pres
ence of EU (2 mg/kg) modulation. Stack plots:

5-FU alone; and, 5-FU+EU. Spectra were taken .
on a Bruker 4.7 T, 30 cm-bore NMR with the 80 min
following spectral parameters: transmitter fre-
quency, 188.55 MHz; sweep width, 25 kHz; pulse

[T

width 15 us; relaxation delay, 1.0 s; and number of 60 min
scans, 1024.
WMJ\NM -
20 min
6.0 0.0 -6.0 -12.0 -18.0 -24.0 6.0 0.0 =6.0 ~I12.0 -18.0 -24.0
ppm ppm

was detected in the catabolite region froml7.5 to —19 ppm, well as with the combination regimen. The time necessary for 5-FU to

representing FUPA and@AL, respectively. reach its maximum concentration in tumors is variable among animals
and ranges from 50 to 70 min after administration of the drug alone
DISCUSSION and increased to 80—100 min with the combination EU/5-FU.

_ o ) _ _ Because of the delayed peak of 5-FU in tumors and the relatively
~ The metabolism of 5-FU after administration of the irreversiblgnhort acquisition time (2-2.5 h) for thie vivo procedure, an accurate
inhibitor of DPD, EU, is greatly affected both at the catabolic as Wegletermination of the,,, for 5-FU was not possible. However, it can
as at the anabolic level, resulting in an increase of the systenyg estimated to be-45 min for the single-agent regimen and over 2 h
disposition of the fluoropyrimidine. EU suppressed the catabolism gf; the drug combination. Both values represent a 3—4-fold increase
5-FU in normal and tumor tissues with consequent elevation in thger the plasma pharmacokinetic parameter, confirming a drug con-
formation of FNuct and FUrd. The same effect was observed 'nc@ntrating effect in tumors (19, 23, 24).
similar *°F-NMR study on isolated rat liver (25). In liver and kidney, - Tpis intratumoral trapping of 5-FU has been described in other
the atljln;lnlsrt]ratlon of 5-FU aloge r%s.ults oply in tlk:ellpre's;]ence of tIa‘?(‘g\)erimental tumor models and clinical studies in patients, indicating
signais ort € p‘?“e“t compoundan its main catabolites; owever,_gw orrelation with a higher rate of response to the chemotherapeutic
anabolic derivatives remain undetected. The effect of EU modulatlpg imen (23, 24). This phenomenon, together with an active anabo-
on the act!vation ant_j accumulatiqn of 5".:U anabolites appegrs_tolll;)s of the (Jirug becomes even mor’e critical at low concentrations.
prevalent in tumor tissue to confirm an increased therapeutic Indﬁ)éduced catabolism with increased FNuct formation and tumor trap-
observed in different animal models, mice and rats, used during the . . .

. S : INg could partially explain the more favorable therapeutic index of
preclinical development of the combination regimen (15, 16, 26). Ttﬁe modulation

prolonged presence of 5-FU in kidney, up to 6 h after the adminis- . . .
tration of the drug with EU, confirms the shift from mainly metabo- The reduced formation oR)-5-fiuoro-5,6-dihydrouracil appears to be

lism mediated by DPD to renal elimination of the unchanged quor(?—nOther reason for the improved thgrgpeutic index of this new _biochem-
pyrimidine. A recent clinical study of the combination has indicated'§a Modulation regimen. The addition of this early catabolite to a

correlation between systemic clearance of 5-FU and creatinine cIe%'rEU/ EU .regim.en significantly _reduged thg .the.rapeutic efficacy and
ance after both i.v. and oral administration (17). caused slightly increased gastrointestinal toxicity in a rat model (5). It has

Because of a limited analytical sensitivity, most of theivo NMR been postulated that by inactivating DPD, the elevation in uracil and
experiments presented here were performed at relatively high dosethypine concentrations could also contribute to an improved therapeutic
5-FU, 200 mg/kg, which correspond to the maximum tolerated dokrlex (5). A study that reports the effect of EU on the antitumor activity
for 5-FU alone. However, lower doses of 25 and 50 mg/kg resulted @ tegafur, an oral prodrug of 5-FU, and UFT, where the same drug is
a very similar drug distribution and metabolism in experiments cofombined with uracil in a 4:1 molar ratio, indicates that the combination
ducted on tissue extracts. With the lower dosages of 5-FU, similar@btegafur with EU has a better therapeutic activity and less toxicity than
the ones used for preclinical studies, the higher metabolic activationfk plus UFT, suggesting a prejudicial effect of very high levels of uracil
the presence of EU results in a sufficient FNuct accumulation in tumigr 5-FU antineoplastic activity (27).
to maintain the antimetabolic effect but results in a limited exposureFinally, the reduced formation of 5-FU catabolites, particularly
and accumulation in normal tissues, ensuring safety of administratioBAL, has been linked to a decreased neurotoxic effect of 5-FU in
and reduced host toxicity (data not shown). dogs and resulted only in a minor gastrointestinal effect in animals

Both ourex vivoandin vivo data show a prolonged and elevatedreated with EU (8). BAL and apparently other by-products of its
presence of free 5-FU in tumor tissue confirming the “trapping eatabolism have been associated with severe neurotoxicity in dogs and
fect.” This phenomenon is present in mice treated with 5-FU alone eats (6, 7, 28). This manifestation of 5-FU toxicity also represents a
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serious side effect in humans, particularly associated with a prolongéd Baccanari, D. P., Davis, S. T., Knick, V. C., and Spector, T. 5-Ethynyluracil

B ; ; ; f ; (776C85): a potent modulator of the pharmacokinetics and antitumor efficacy of
infusion of the drug with consequent accumulation of its catabolites S-fluorouracil, Proc. Natl. Acad. Sci. US/80: 11064—11068, 1993,

(29-31). A recent study has indicated that boBAE and B-alanine, 16. cao, S., Rustum, Y. M., and Spector, T. 5-Ethynyluracil (776C85): modulation of
the final catabolite of uracil degradation, interfere wigraminobu- 5-fluorouracil efficacy and therapeutic index in rats bearing advanced colorectal

. . . carcinoma. Cancer Re$4: 1507-1510, 1994.
ty“C acid re-uptake at the level of the GAT-2 tranSporter n rat%?. Baker, S. D., Khor, S. P., Adjei, A. A., Doucette, M., Spector, T., Donehower, R. C.,

possibly elucidating an important mechanism responsible for the Grochow, L. B., Sartorius, S. E., Noe, D. A., Hohneker, J. A., and Rowinsky, E. K.
neurotoxic effect of 5-FU (32)_ Pharmacokinetic, oral bioavailability, and safety study of fluorouracil in patients

S . . treated with 776C85, an inactivator of dihydropyrimidine dehydrogenase. J. Clin.
In summary, EU inhibition of 5-FU catabolism results in the almost  gncol. 14: 3085-3096, 1996. yeropy yeres

complete elimination of FUPA and AL in normal and tumor 18. Spector, T., Harrington, J. A., and Porter, D. J. 5-Ethynyluracil (776C85): inactivation
tissues. Consequently, accumulation of FNuct and FUrd occurs in of dihydropyrimidine dehydrogenase vivo. Biochem. Pharmacol6: 2243-2248,

. . Rk X 1993.
liver, kidney, and colon 38 tumor tissues, and prolongation of 5-F$. Holiand, S. K., Bergman, A. M., Zhao, Y-m., Adams, E. R., and Pizzomo, G.
half-life is observed in plasma and tumor tissues. 19F-NMR monitoring ofin vivo tumor metabolism after biochemical modulation of

5-fluorouracil by the uridine phosphorylase inhibitor 5-benzylacyclouridine. Magn.
Res. Med. 38: 907-916, 1997.
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