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ABSTRACT

The metabolism of 5-fluorouracil (511) in tumors and livers of RII -1
tumor-bearing C3H mice given i.p. injections of 5FU was serially moni
tored by "F magnetic resonance spectroscopy. The levels of 5FU and
fluoronucleotide detected in the tumors after a dose of 130 mg/kg (n =
13) Â»ereless than one-third of those after 260-mg/kg 5FU (n = 14).
During the days after these doses, tumor size decreased by 24 Â±3 and
52 Â±6 SEM%, respectively. A second 130-mg/kg dose, given at day 7
after the first 130-mg/kg dose, resulted in still lower tumor fluorine levels
and little change in tumor size. There was a significant correlation
between the magnetic resonance spectroscopy-detected fluoronucleotide
levels and the shrinkage of tumors after the 260-mg/kg dose (r = 0.44;
P = 0.024).

In mouse liver, the degradation of 5FU to a-fluoro-/S-ureidoprobionic
acid and a-fluoro-/3-alanine after the 260-mg dose (n = 13) was slower
than after a dose of 130 mg/kg (n = 14). For the respective doses, the
half-life of 5FLI was 59 Â±7 versus 28 Â±2SEM min (P < 0.0001). There
was a negative correlation between the levels of 5FL' catabolite (a-fluoro-
/J-ureidoprobionic acid and a-fluoro-/3-alanine) in liver and fluoronucleo-
tide in tumor (r = - 0.80; P = 0.0020), which indicates that the
degradation in liver and the activation of 5FL in tumor are competing
processes.

INTRODUCTION

The antimetabolite 5FU,' used in the treatment of breast and

gastrointestinal cancers, has been administered intravenously,
intraperitoneally, orally, and by continuous infusion. The most
commonly used schedules use daily or weekly bolus 5FU doses
or constant infusion of up to 30 mg/kg per day (1). The
biochemical mechanisms of action of this fluoropyrimidine have
been extensively studied (1-3). The drug must be converted to
fluoronucleosides and fluoronucleotides to exert its effect. In
the form of 5-fluorouridine triphosphate it can be incorporated
into RNA leading to interference with the maturation of nuclear
RNA, and as 5-fluoro-2'-deoxyuridine-5'-monophosphate it

can inhibit thymidylate synthetase and subsequently DNA syn
thesis. Inactivation of 5FU proceeds by reduction of the pyrim-
idine ring and then hydrolysis to FUPA, which is subsequently
degraded to the nontoxic FBAL. The degradation steps to
FUH2, FUPA, and FBAL are mediated by the enzymes dihy-
drouracil dihydrogenase, dihydropyrimidase, and ureidopro-
pionase, respectively. Detoxification (catabolism) of 5FU oc
curs in all tissues, but tumor tissue contains very small amounts
of the mediator dihydrouracil dehydrogenase (4). The activity
of this enzyme is most intense in the liver, which therefore
plays an important role in 5FU degradation and elimination
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(1, 2). In vivo I9F MRS has been used to monitor the uptake
and metabolism of 5FU in tumors (5-9) and liver (5, 10-12).

To study the mechanism of the metabolic activation of 5FU,
C3H mice with s.c. RIF-1 tumors were treated with either a
single high dose of 5FU (260 mg/kg, i.p.) or 2 fractions of 130
mg/kg i.p., the second 5FU dose at day 7 after the first dose.
For 2 h after administration, the levels of 5FU and its metab
olites Â¡nthe tumors were monitored serially using 'gF MRS.

To evaluate possible relationships between the observed fluorine
metabolite levels in tumor and liver, I9F MRS was also used to

monitor the metabolism of 5FU in the liver. The important
question addressed is to what extent metabolic 1VFMRS studies

of 5FU can be predictive of treatment efficacy.

MATERIALS AND METHODS

Tumor Model. Female C3H/HeN (Charles River. Wilmington, MA)
mice. 8 weeks old, were given s.c. injections of IO5RIF-1 cells into the
right flank. The radiation-induced fibrosarcoma cell line (RIF-1) was
obtained from Dr. F. Kallman at Stanford University and maintained
by the protocol of Twentyman et al. (13). At 3 weeks after inoculation,
the tumors ranged in size from 500 to 1500 mm' and had a volume

doubling time of 4.5 days.
Chemotherapy. Tumor-bearing mice were divided into 5 groups and

received i.p. 5FU doses of 65, 130. or 260 mg/kg (Table 1). All mice
survived the 65- and 130-mg doses. The 260-mg dose, while correspond

ing to administration of 5FU at the 50% lethal dose, caused no
mortality within the first 8 days after administration. The impact of
fractionation of 5FU chemotherapy was also studied (group IV). Using
"F MRS, the uptake and metabolic conversions of 5FU in either tumor

or liver were monitored serially for 2 h. The serial liver measurements
were followed by a single MRS measurement of the tumor (groups II
and V).

Assessment of Tumor Response. Tumor volumes were calculated
from 3 orthogonal diameter measurements with a caliper [tumor vol
ume in mm' = jr/6 (X x Y x Z)] taken before the igF spectra and 3

times a week thereafter. The percentual shrinkage of tumor volume to
the smallest size, generally reached at 5 to 7 days after treatment, was
used as a measure of tumor response.

MR Spectroscopy. Unanesthetized mice were immobilized in centri
fuge tubes from which the tumors protruded. Tumor was isolated by a
grounded Faraday shield (14) and observed with a 20-mm-diameter
double-tuned solenoidal coil ("F at 188 MHz) in a 4.7-T/40-cm hori
zontal bore General Electric Chemical Shift Imaging system. A single-
tuned surface coil of 17-mm diameter was used to observe the liver.
For liver measurements, the mice were immobilized by anesthesia
(ketamine, 120 mg/kg; acepromazine malÃ©ate,2.4 mg/kg).

The time for injecting the 5FU, mounting the mouse, tuning, and
shimming took 15 Â±4 SD min. At that point, the acquisition of 6
sequential WF spectra was initiated, using 2400 transients at 0.5-s

intervals, 512 data points with quadrature detection, and a spectral
width of 24 kHz (20 min scan time per spectrum). The pulse widths
used for measuring tumor and liver correspond to pulse angles of 45Â°
in the solenoid coil (tumor) and 90Â°in the center of the plane of the

surface coil (liver). Small reference samples of sodium fluoride solution
were axially positioned at approximately 9 mm from the centers of the
solenoidal and surface coils. Since the liver is by far the most active
organ in the degradation of 5FU (1, 2), it may be assumed that the
levels of 5FU and its metabolites in other tissues arc relatively low. Our
liver spectra therefore include few signals from adjacent tissues.
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5FU METABOLISM IN TUMORS AND LIVER

Table 1 Summary of treatment groups and "F MRS examinations

Treatment
group1II111*IVVVI5FU

dose i.p. Tumor bearing
(mg/kg)(yes/no)2602602602.130r13065YYNYYYTotal

no. of "F MRS examina-

micelions1413713145Tumor

seriallvLiver
seriallv.tumor"Liver

seriallyTumor
seriallv(twice)Liver

serially,turLiver
seriallynor"

NaF

" One additional MRS measurement of the tumor after 2 h of serial acquisition

of liver spectra.
* The control group.
' Two injections of 130 mg/kg each: second dose after 7 days.

Analysis of "F Spectra. Typically free induction decay signals of 512
data points were zero-filled to 4096 and Fourier transformed after
applying a line broadening of 40 Hz. Peaks in "F spectra were fitted

to Lorentzian curves with a Simplex algorithm. Ratios of fluorine
signals to NaF were then calculated from the areas of these fitted
curves. In order to obtain values relating to the concentrations of MR
visible fluorine in the tumors, each peak ratio was divided by the volume
of the tumor at the time of the examination. That is, "tumor fluorine
level" obtained from the "F MR spectra is defined as:

[Area"F MR-signal (metabolite)]/

[Area 19FMR-signal (reference) x tumor volume].

Statistics. Group means have been represented with SEM. Differ
ences in group means were analyzed by Student's / test (2-tailed,

independent samples). Changes in tumor volume, however, were ana
lyzed by the t test difference method (2-tailed, dependent samples).

RESULTS

Treatment with 260-mg/kg 5FU induced regression of tu
mors to 48 Â±6% (groups I and II; P< 0.0001) of pretreatment
volume (1099 Â±110 mm1). A 5FU dose of 130 mg/kg induced

a decrease in volume of 24 Â±3% (groups IV and V; P < 0.0001),
whereas tumor size before treatment was 950 Â±66 mm1. In

each treatment group, the smallest tumor volume was generally
reached at 5 to 7 days after administration of the drug. In group
IV. the second 130-mg/kg dose of 5FU, administered at day 7
after the first dose, induced a further shrinkage of only 16 Â±
4% of the volume at day 7 (P < 0.01), resulting in a smallest
tumor volume of 64 + 5% ofthat prior to the first fraction.

5FU Metabolism of RIF-1 Tumor. Serial '"F spectra of a RIF-
1 tumor after i.p. administration of 260-mg/kg 5FU are shown
in Fig. 1. The resonances are 5FU (0 ppm) and Fnuc (4.8 ppm),
and the external reference NaF preassigned at 49.5 ppm from
the 5FU peak. The catabolic intermediate FUH2 (â€”32.4ppm)

and fluoronucleosides (3.8 ppm) were never detected. In the
subsequent 20-min acquisitions, there were a concomitant de
crease in 5FU and increase in Fnuc. Although the 5FU was
continually detected up to 85 min after the drug administration,
there was no further increase in the level of Fnuc after the third
MR acquisition (65 min after administration). Fluorine metab
olite levels, in arbitrary units (percentage of the reference NaF
signal per cm1 tumor volume), are presented in Table 2. The

value for 5FU represents the highest 5FU level obtained from
the first or second "F spectrum of each tumor. Fnuc refers to
the plateau Fnuc level reached after the first hour of I9F MR

acquisition and FUPA + FBAL, the sum of the generally poorly
resolved tumor FUPA and FBAL signals, which showed no
change with time, is an average of all acquisitions of each
tumor. The levels of FUPA (-17.3 ppm) and FBAL (-19.0

ppm) in the tumors after 5FU doses of 260 or 130 mg/kg varied

125 min

105 min

85 min

65 min

45 min

25 min

60

"T"1

40 20 -20 ppm

Fig. I.Sequential "F MR spectra of a 1080-mm1 RIF-1 tumor during the first
2 h after i.p. injection of 5FL1 (260 mg/kg). For each 20-min acquisition, the
mean post-treatment time is indicated. Chemical shifts are indicated in ppm.

considerably between different mice (compare Figs. 1 and 2).
Included in Table 2 are the Fnuc and FUPA + FBAL levels of
tumors measured during the third hour after administration, of
those tumor-bearing mice whose liver metabolism was moni
tored first (groups II and V). The Fnuc level after the 260-mg
dose is significantly lower than the initial level of 5FU (38 Â±6
versus 114 Â±26; P < 0.0001).

The second column in Table 2 shows that the first fraction
of 5FU (130 mg/kg) resulted in lower levels of 5FU and Fnuc
in tumors than the 260-mg dose (5FU: 35 Â±7 versus 114 Â±26;
P< 0.01 and Fnuc: 10 Â±3 versus 38 Â±6; P < 0.001). Figure 2
shows a series of tumor spectra measured after a 5FU dose of
130 mg/kg. In this particular tumor, the 5FU peak was a
multiplet and did not disappear within 2 h. This phenomenon,
the trapping of 5FU observed in approximately 15% of either
130- or 260-mg/kg 5FU-treated mice, showed no significant

Table 2 MRS determined tumor fluorine levels during the first hours after each5FL' treatment (arbitrary units Â±SEM)

SPITFnuc*
FUPA -I-FBAL'Single

dose of
260 mg-5FU/
kg (groupI)114

Â±26
38Â±6f

127Â±39CFirst

dose of
130-mg
5FU/kg

(groupIV)35

Â±7
10Â±3*270

Â±60rfSecond

dose of
130-mg 5FU/
kg (groupIV)10

Â±4
0

573 Â±2127

" The lev
* The lev
' Include
J Include
' The lev

I at 25 min after administration of 5FU.
I during the second and third hour after administration of 5FU.
group II.
group V.

1during the first through third hour after administration of 5FU.
I Â±57 prior to the second injection.
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5FU METABOLISM IN TUMORS AND LIVER

FUPA
FBAL.

NaF

125min

105min

85 min

65 min

45 min

25min
l
60 20 -20 ppm

Fig. 2. Sequential "F MR spectra of a 630-mm3 RIF-I tumor during the first
2 h after i.p. injection of 5FU (130 mg/kg). For each 20-min acquisition, the
mean post-treatment time is indicated.

correlation with RIF-1 tumor response and has been discussed
elsewhere (8). Fnuc did not show up, and intense FUPA and
FBAL peaks were seen. However, the mean level of FUPA +
FBAL at the 130-mg dose was not significantly different from
that after the higher dose (270 Â±60 versus 127 Â±39 a.u., P >
0.05). Following the second fraction of 130 mg 5FU/kg, given
at day 7 after the first dose, even less 5FU than after the first
dose (10 Â±4 versus 35 Â±7; P < 0.02) and no Fnuc were
detected. Interestingly, the level of FUPA + FBAL after the
second dose does not differ from that after the first dose (P >
0.05) but is significantly higher than the FUPA + FBAL level
after the single 260-mg dose (P < 0.01). However, as noted in
Table 2, the FUPA + FBAL level prior to the second 5FU
fraction (i.e., at day 7 after the first fraction) was still 210 + 57
a.u. The increase in FUPA + FBAL level due to the second
dose did not significantly differ from those after the first 130-
mg dose or the single 260-mg dose. Whereas in the RIF-1
tumors FUPA + FBAL could still be detected at day 7 after
treatment, 5FU and Fnuc were never detected after day 2.

5FU Metabolism in Liver. Figure 3 shows the series of
sequential "F spectra of the liver in tumor-bearing mice that

received different doses of 5FU. Each of the spectra measured
at 25 through 205 min after a dose of 260 mg/kg (Fig. 3, left)
shows the NaF reference at 49.5 ppm from 5FU, Fnuc (at 4.8
ppm), 5FU, FUPA (-17.3 ppm), and FBAL (-19.0 ppm).
Also, in the liver, fluoronucleosides (3.8 ppm) and FUH2
(â€”32.4ppm) were never detected. Since after the sixth MR

spectrum the drop in the 5FU peak, the fast increase in FBAL,
and the slower increases in Fnuc and FUPA have become less
noticeable, the 5FU metabolism of the liver was generally
monitored for only 2 h (6 sequential spectra, as in the tumors).
The changes in the levels of 5FU and its metabolites are shown
in Fig. 4, in which the arbitrary units are peak areas expressed
in percentages of the area of NaF reference peak. The decay in

FBAL

NaF

F8Â»L

^45 ~Â»- /WV^^-^W V^^^^v-45

â€¢â€¢25 (flÃ¬n -*â€”-j-^-v^s>̂^^^^~-^v-v-'V,,â€ž^Ã„â€”^xâ€”25

65

245

5 min

-25 ppm -25 ppm -25 ppm

Fig. 3. Sequential "F MR spectra of the liver region of tumor-bearing C3H mice during the first 2 h after Â¡.p.injection of 260 (left). 130 (middle), and 65-mg/kg
5FU (right). For each 20-min acquisition, the mean post-treatment time is indicated.
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Fig. 4. Peak areas of 5FI' and its metabolites in the liver region of: A. control

mice (group 111).B. (group II). and C. (group V) tumor-bearing mice after i.p.
injection of: A and H. 260-mg/kg 5FL': and C 130-mg/kg 5FU. as a function of

time. Peak areas in arbitrary units (percentage of NaF reference signal); D. 5FU'
â€¢Fnuc; O. Fl PA; â€¢.FBAL. Bars, SEM.

the 5FU peak after the high 5FU dose fits the monoexponential
function

5FU(r) = 5FU(0) exp (-kt)

where 5FU(0) equals 198 Â±16 SEM and k equals 0.0118 Â±
0.0014 SEM/min (group II, Fig. 4B). At the time of the sixth
spectrum the catabolites of 5FU (FUPA and FBAL) have
increased by only 40% of the initially detected 5FU. Fig. 4A

shows the same pattern of changes, including the appearance
of a small Fnuc peak, for mice without tumors (group III). As
in the other treatment groups, the drop in 5FU fits monoex
ponential decay more closely than biexponential decay or other
functions [the "Statgraphics" program (STSC Inc., Rockville

MD) was used for regression analysis]; 5FU(0) = 222 Â±46
SEM and A= 0.0130 Â±0.0037 SEM/min. The above data yield
5FU half-lives of 59 Â±7 and 53 Â±15 SEM min for tumor-
bearing mice (group II) and controls (group III), respectively.

After a lower 5FU dose (130 mg/kg), the drop in liver 5FU
signal is more rapid (Fig. 3, second series of spectra; Fig. 4C).
Again, 5FU decays monoexponentially. and 5FU(0) equals 98
Â±7 a.u., A equals 0.0250 Â±0.0017/min. and t,,. of 5FU equals
28 Â±2 min (group V). Fig. 4C makes clear that with this half-
dose the degradation of 5FU to FUPA and FBAL is more
efficient. At the time of the sixth MR spectrum (125 min), the
FBAL peak has become as intense as the 5FU peak was at t =
25 min. Note that with this dose the level of catabolic inter
mediate FUPA maximizes at 85 min after administration. The
spectrum on the right side of Fig. 3 illustrates that at a further
reduced dose (65 mg/kg), the degradation process of 5FU in
liver is even faster and apparently more complete: 5FU disap
pears [/.. of 5FU = 23 Â±4 min (group VI)], no Fnuc is formed,
and FUPA peaks at 45 min. There wasn't any MRS detectable

5FU, Fnuc, FUPA, or FBAL left in the liver on day 3 after
administration of 65, 130, or 260 mg/kg 5FU.

Previously we demonstrated a close correlation between 31P

MRS determined tissue pH and the chemical shift difference
between the 5FU and Fnuc peaks, yielding the expression pH
= 6.11 Â±0.22 a (5FU-Fnuc) (8). As shown in Fig. 5, in each

treatment group (excluding group VI, in which no Fnuc was
detected), the difference in chemical shift, <5(5FU-Fnuc), de
creases during the 2 h of MRS monitoring of liver. The drops
from around 4.85 ppm (pooled average: 4.85 Â±0.02) at 25 min
after i.p. injection of 5FU to 4.68 Â±0.05 (group II), 4.64 Â±
0.08 (group III), and 4.50 Â±0.09 (group V) are all highly
significant (P < 0.0001). Using the above expression, this
translates into a slight, though highly significant, acidification
of the liver from pH 7.18 Â±0.01 SEM to 7.14 Â±0.01 (II). 7.13
Â±0.02 (III), and 7.10 Â±0.02 (V). Fig. 6 (260 mg/kg. control)
clearly illustrates the phenomenon. The 2 5FU peaks at 4.8 and
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"5 4.5

Ãˆ
5
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25 45 65 85 105 125 min

time after i.p. injection of 5FU
Fig. 5. Chemical shift difference between the 5Ft' and Fnuc peaks in the liver

spectra of the tumor-bearing mice (group II. ir) and controls (group III. *) treated
with a dose of 260-mg/kg 5FU and of the tumor-bearing mice treated with 130-
mg/kg SFl' (group V. O). as a function of time. Bars, SEM.
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5FU METABOLISM IN TIMORS AND I.IVTR

-5 ppm

Fig. 6. Regional plot (rom sequence of liver spectra of a control mouse during
the lirsi 2 h alter i.p. injection of 260-mg/kg 5FI . For each 20-min acquisition
the mean post-treatment time is indicated.

4.2 ppm suggest the existence of 2 pools of cellular environ
ments, one of pH 7.17 and the other, pH 7.03. Since generally
the shift in the 5FU peak was small and resembled one gradually
moving peak rather than a transition from one pool to another.
5FU was entered in the curve-fitting program as a single peak

yielding one peak area and one (mean) chemical shift value.

DISCUSSION

Treatment with 130-mg/kg 5FU caused significantly less
reduction in tumor si/e than the 260-mg/kg dose (24 Â±3 versus

52 Â±6; P < 0.001). The lower dose also results in lower levels
of 5FU and Fnuc detected in the tumors (5FU: 35 Â±7 versus
114 Â±26; P< 0.01 and Fnuc: 10 Â±3 versus 38 Â±6; P< 0.001 ).
For the 260-mg/kg dose (groups I and II), a linear regression
plot of the MRS-detected tumor Fnuc level on the 5FU-induced
decrease in tumor volume is shown in Fig. 7 (/â€¢= 0.44. P =

0.024). The distribution of the data points suggests that in
tumors with Fnuc levels of 40 a.u. and higher, volume decreases
of at least 30rr may be expected.

The detection of lower levels of 5FU in the RIF-1 tumors
after the lower 5FU doses was predictable. In Walker carcino-

sarcoma, similar observations have been made (6). Less
straightforward is the observation of lower tumor 5FU levels
after the second 130-mg/kg dose than after the first 130-mg/
kg dose. At the time of the second fraction, the "P MRS

determined tumor phosphate levels were similar to those prior
to the first fraction, whereas tumor pH had increased from 7.18
Â±0.02 to 7.28 Â±0.03 (P < 0.02).4 The pH increases did not

correlate significantly with the shrinkage of the tumors, con
firming that therapy-induced pH increases are not related to

the sensitivity of tumors (15, 16). However, the possibility that
our elevated pH values are related to an increased fraction of
necrotic tumor tissue (17-19) could explain the reduced uptake
and activation of 5FU per unit of tumor volume after the second

11*. E. Sijens and Y. liming, unpublished observations.

dose. An alternative explanation for the MRS detection of
steady-state Fnuc levels after the higher 5FLJ dose only, is that
in that case the cytotoxic interactions of 5-fluoro-2'-deoxyuri-
dine-5'-monophosphate and 5-fluorouridine triphosphate with

thymidylate synthetase and RNA may have become rate limit
ing. That the 260-mg/kg dose did not cause a higher level of

tumor FBAL than the lower dose treatments could be due to a
saturation of the capacity of the liver to detoxify 5FU (see
below).

Regression analysis of the mouse liver MRS measurements
revealed that at each dose 5FL; decays monoexponentially,
according to a first-order reaction (the catabolism of 5FU to
FUH2, FUPA, and FBAL). However, the presence of "F MRS
detectable Fnuc in 5FU-treated perfused liver, demonstrated by

Cabanac et al. (20), indicates that at least a part of the Fnuc
detected in our liver spectra after the 130- and 260-mg/kg doses

was produced in the liver rather than in the surrounding tissues.
Apparently, the accuracy of our data was not sufficient for a
second exponential function, which is the anabolic decay of
5FU (5FU â€”Â»Fnuc), to show up in our regression analysis. The
5FU half-lives of 28 Â±2 and 59 Â±7 min at the lower and

higher doses, respectively, are comparable to the values of 5 to
17 min (12), 18 to 25 min (l 1), and 8 to 75 min (10) measured
in human liver. The total level of MRS-detected fluorine com

pound (the sum of the peak areas of 5FU, FUPA, FBAL, and
Fnuc) did not change significantly during the 2 h of liver
monitoring (Table 3). This indicates that there was no net
washout of fluorine. The liver can therefore be described as a
closed system in which the anabolic reaction (5FU â€”Â»Fnuc) is
much slower than the catabolism (5FU â€”FUH2 â€”FUPA â€”Â»
FBAL). The absence of MRS detectable FUH2 in tumor and
liver indicates that the dihydrouracil dehydrogenase-mediated
reduction of 5FU to FUH2 is the rate-limiting step in the
conversion of 5FU to FUPA. The calculated 5FU levels at t =
0 (the time of i.p. injection) for the 260-mg/kg dose in controls
and tumor-bearing mice are twice that of the 130-mg/kg dose,

as expected (222 Â±46 and 198 Â±16 versus 98 Â±7 a.u.). At the
higher dose, 5FU decays considerably more slowly than at the
130-mg/kg dose (260 mg/kg, controls: /.., = 53 Â±15: 260 mg/
kg: /,: = 59 Â±7; 130 mg/kg: t., = 28 Â±2 min). This direct

evidence of a saturation of the catabolic activity of the liver is
in agreement with the analyses of human body fluids, which
indicated a saturated turnover and clearance of 5FU at higher
5FU doses (21-26). The levels of FBAL reached in each treat

ment group at 125 min were similar (260 mg/kg: controls, 52
Â±18; 260 mg/kg: 57 Â±7: 130 mg/kg: 47 Â±6 a.u.). The 260-

mg/kg doses did not result in higher levels of the intermediate
FUPA than the lower 5FU dose (Fig. 4), indicating that the
reduction of 5FU (5FU â€”Â»FUH2), which is the limited capacity

of the catabolic mediator dihydrouracil dihydrogenase (see pre
vious paragraph), is the rate-limiting step in the catabolism of
5FU (5FU -Â»FUH2 -Â»FUPA -Â»FBAL).

The '"F MRS-derived initial liver pH value of 7.18 (at t = 25
min) is similar to the "P MRS-derived control liver pH values

of others (27-29). The slight though highly significant acidifi

cation of the liver (0.04 to 0.08 pH units in the various treat
ment groups) after i.p. injection of 5FU is comparable to the
0.06 pH decrease (P < 0.005) observed in liver after acute
ethanol intervention (30). To our knowledge, this is the first
report of chemotherapy-induced decreases in liver pH. De

creases in liver pH observed after administration of fructose
(29, 31) and induction of hypoxia (32) have been associated
with anaerobic glycolysis and the formation of lactic acid. Since
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5FI METABOLISM IN TIMORS AND LIVER

Fig. 7. Linear regression plots of the cor
relations ol the Iunior l-'nuc level detected dur

ing Ihe second and third hour alier administra
tion of 260-mg/kg 5FI (groups I and II). with
the volume decrease ol the lumor (left) and the
catabolito level in liver (Fi:PA + FB.M.) at
125 min after injection (group II. t'ixht). The
90'. confidence limits in slope and intercept

are indicated.

I

â€¢â€¢â€¢â€¢Â§!â€¢

tumor Fnuc level (a.u.) 5FU catabolites in liver (a.u.

the reduction of 5FU to FUH2 is an active process in which
NADPH is converted to NADP+, here the reported pH de

creases might reflect an enhanced anaerobic glycolytic activity
to meet increased demands for ATP.

A significant linear correlation was found between the liver
catabolite level at 2 h after administration of 260-mg/kg 5FU
and the subsequently detected level of Fnuc in the RIF-I tumors
(Fig. 7: r = -0.80. P = 0.0020). Note that the arbitrary units

used in liver and tumor are not equivalent since different MR
probes and standards were used. The correlation indicates that
there is a competition between the inactivation of 5FU to FUPA
and FBAL in the liver and its activation to Fnuc in the tumor.
The apparent influence of the liver on the tumor fluorine
metabolite levels is not accompanied by any impact of the
presence of tumor on liver function as appears from the close
similarity between Fig. 4. A and B. This probably reflects the
larger pool size of the liver compared with tumors and other
tissues (1.2).

We conclude that it might be feasible to assess the effective
ness of 5FU against tumors by monitoring the uptake and
metabolism of 5FU in the liver. Although in this work the
applied 5FU doses were high, the development of new protec
tive agents such as uridine and growth factors will likely increase
the maximum tolerated dose and the clinical relevance of our
data. The possibility to assess and predict tumor response by
monitoring liver might be particularly useful in tumors that are
too small to be measurable with MRS.

Table 3 Total MR detected fluorine levels in liver after ailminiwation of
indicated ffl doses (arbitrary units Â±SE.M)

Time25

45
65
85

105
125Control

liver.
260 mg/kg
(groupIII)190

Â±49
172 Â±48
135Â±20
146 Â±39
147 Â±42
148 Â±39Liver

of tumor-bearingmouse260

mg/kg
(groupII)185Â±

12
164 Â±5
158 Â±8
157 Â±7
155 Â±7
155Â±7130

mg/kg
(groupV)89

Â±589
Â±7

93 Â±8
87 Â±7
87 Â±7
78 Â±61

â€¢>13.141389

ACKNOWLEDGMENTS

The authors thank Diane DiBattistc, Tony Majors, and Linda Jones
for their assistance.

REFERENCES
C'habner. B. A. Pharmacological Principles of Cancer Treatment, pp. 183-

200. Philadelphia: Saunders. 1982.
Pinedo. H. M., and Peters. G. F. J. Fluorouracil: biochemistry and pharma
cology. J. Clin. Oncol.. 6: 1653-1664. 1988.
Ardalan. B.. and Glazcr. R. An update on the biochemistry ol'5-fluorouracil.

Cancer Treat. Rev.. A: 157-167. 1981.
Ho. D. H.. Townscnd. L.. Luna. M. A., and Bodey. G. P. Distribution and
inhibition of dihydrouracil dehydrogenase activities in human tissues using
5-fluorouracil as a substrate. Anticancer Res.. 6: 781-784. 1986.
Stevens. A. N.. Morris. P. G.. lies. R. A.. Sheldon. P. W.. and Griffiths. J.
R. 5-Fluorouracil metabolism monitored in riro by "F NMR. Br. J. Cancer.
SO: 113-117. 1984.
McSheehy. P. M. J.. Prior. M. J. \V.. and Griffiths. J. R. Prediction of 5-
fluorouracil cytotoxicity towards the Walker carcinoma using peak integrals
of fluoronucleotides measured by MRS in vivo. Br. J. Cancer. 60: 303-309.
1989.
Wolf. W., Presant. C. A.. Servis, K. L., EI-Tahtawy. A.. Albright. M. J.,
Barker. P. B.. Ring. R. III. Atkinson. D.. Ong. R.. King. M.. Singh. M.. Ray,
M.. Wiseman. C.. Blayney. D.. and Shani. J. Tumor trapping of 5-fluorour
acil: in vivo "F NMR spectroscopic pharmacokinetics in tumor bearing
humans and rabbits. Proc. Nati. Acad. Sci. USA. 87: 492-496. 1990.
Sijens. P. F.. Baldwin. N. J.. and Ng. T. C. Multinuclear investigation of the
metabolic response of the murine RIF-I tumor to 5-fluorouracil chemother
apy. Magnet. Reson. Med.. in press. 1991.
Presant. C. A.. Wolf. W.. Albright. M. J.. Servis. K. L.. Ring. R. 111.Atkinson.
D.. Ong. R. L.. Wiseman. C.. King. M.. Bla\ney. D.. Kennedy. P.. EI-
Tahtawy. A.. Singh. M.. and Shani. J. Human tumor fluorouracil trapping:
clinical correlations of in viro "F nuclear magnetic resonance spectroscopy
pharmacokinetics. J. Clin. Oncol.. K: 1868-1873. 1990.
Semmler. W.. Bachert-Baumann. P.. GÃ¼ckel.F.. Ermark. F.. Schlag. P..
Lorent/. W. J.. and \an Kaick. Ci. Real-time follow-up of 5-fluorouracil
metabolism in the liver of tumor patients by means of "F MR spectroscopy.
Radiology. 174: 141-145. 1990.
Wolf. W.! Albright. M. J.. Silver. M. S.. W eher. H.. Reichart, l'., and Sauer.
R. Fluorine-19 NMR spectroscopic studies of the metabolism of 5-fluorour
acil in the liver of patients undergoing chemotherapy. Magnet. Reson.
Imaging. 5: 165-169. 1987.
Glaholm. .1.. Leach. M. O.. Collins. D.. AI Jehazi. B.. Sharp. J. C.. Smith.
T. A. D.. Adach. J.. Hind. A.. McCready. V. R.. and While. H. Comparison
of 5-fluorouracil pharmacokinetics following Â¡ntraperitoneal and intravenous
administration using in vivo "F magnetic resonance spectroscopy. Br. J.
Radio!.. f>): 547-553. 1990.
Twentyman. P. R.. Brown. J. M., Gray, J. W'., Franko. A. J.. Scoles, M. A..

and Kail man. R. F. A new mouse tumor model system (RIF-I ) for comparison
of end point studies. J. Nati. Cancer Inst.. M: 595-604. 1980.
Ng. T. C.. and Gliekson. J. D. Shielded solenoidal probe for in n'ra NMR

10.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/5/1384/2446361/cr0510051384.pdf by guest on 19 M

ay 2023



5FU METABOLISM IN TUMORS AND LIVER

studies of solid lumors. Magnet. Reson. Med.. 2: 169-175. 1985.
15. Sijens, P. E., de Jong. W. H.. van Echteld. C. J. A., van der Minnen. A. C.

E., de Groot. G., Seijkens, D., van Rijssel. R. H.. Lagendijk. J. J. W., and
Neijt. J. P. '"P NMR study ofcisplatin- and doxorubicin-induced changes in
rats with a cisplatin-sensitive or -resistant inimunocylonia. NMR Bionied..
3: 124-131, 1990.

16. Ng, T. C., Majors. A. W., Vijayakumar, S.. Baldwin. N. J., Thomas, F. J.,
Koumoundouros. I.. Taylor. M. E.. Grundfest. M. F.. Mcaney. T. F., Tubbs.
R. R., and Shin. K. H. Human neoplasm pH and response to radiation
therapy: Pii MR speetroscopy studies in situ. Radiology. 170: 875-878.
1989.

17. V'aupel. P. \V.. Frinak, S.. and Richer. H. I. Heterogeneous oxygen partial

pressure and pH distribution in C3H mouse mammary adenocarcinoma.
Cancer Res.. 41: 2008-2013. 1981.

18. Oberhaensli. R. D.. Hilton-Jones. D.. Bore. P. J., Hands. L. J.. Rampling.
R. P.. and Radda. G. K. Biochemical investigation of human tumours in vivo
with phosphorus-31 magnetic resonance speetroscopy. Lancet II: 8-11. 1986.

19. Sostman, D.. Dewhirst. M.. Charles. C.. Leopold. K.. Moore. D.. Burn. R..
Tucker. A.. Harrelson. J.. and Oleson. J. Prognostic evaluation and therapy
monitoring of soft tissue sarcomas with "P MRS. In: Proceedings of (he 9th
Annual Meeting of the Society of Magnetic Resonance Medicine, New York,
p. 319. Society of Magnetic Resonance in Medicine: Berkeley. CA, 1990.

20. Cabanac. S.. Malct-Martino. M. C.. Bon. M.. Martino. R.. Ncdelec. J. F.,
and Dimicoli. .1.L. Direct "F NMR spectroscopic observation of 5-fluorour-

acil metabolism in the isolated perfused mouse liver model. NMR Biomed..
/: 113-120. 1988.

21. Finn, C., and Sadee. W. Determination of 5-fluorouracil (NSC-19893)
plasma levels in rats and man by isotope dilution-mass fragmentography.
Cancer Chemothcr. Rep.. 59: 279-286. 1975.

22. Cano. J. P.. Rigault. J. P.. Aubert. C., Carcassonne. V.. and Seitzz. J. F.
Determination of 5-fluorouracil in plasma by GC/MS using an internal
standard: applications to pharmacokinetics. Bull. Cancer, 66: 67-74. 1979.

23. Speyer. J. L.. Collins. J. M.. Dedrick. R. l... Brennan. M. F.. Buckpiii. A.

R.. I.ondcr. H.. DeVita, V. T.. and Meyers. C. E. Phase I and pharmacological
studies of 5-fluorouracil administered intraperitoneally. Cancer Res.. 40:
567-572. 1980.

24. Almersjo, O. E., Gustavsson. B. G.. RegÃ¡rdh.and Wahlen. Pharmacokinetic
studies of 5-fluorouracil after oral and intravenous administration in man.
Acta Pharmacol. Toxicol.. 4f>:329-336. 1980.

25. Boublil. J-L., Milano. Ci.. Khater. R.. Bourry. J.. Thyss. A.. Bruneton. J-N.,
RenÃ©e,Ci.. Philip. C., and Namer. M. C'ontinuous 5-day regional chemother
apy by 5-fluorouracil in colon carcinoma: pharmacokinetic evaluation. Br. J.
Cancer, 52: 15-20. 1985.

26. Hull. W. E.. Port, R. E.. Herrmann. R.. Britsch. B.. and Kunz. W. Metabolites
of 5-fluorouracil in plasma and urine, as monitored by "F nuclear magnetic

resonance speetroscopy. for patients receiving chemotherapy with or withoutmethotrcxate pretrcatmenl. C'ancer Res.. 48: 1680-1688. 1988.
27. Malloy, C".E.. Cunningham. C. C.. and Radda. G. K. The metabolic state of

the rat liver in vivo measured by 3IP NMR spcctroscopy. Biochim. Biophys.
Acta. Â«Â«5:1-11. 1986.

28. Oberhaensli. R. D.. Galloway. G. J.. Taylor. D. J.. Bore. P. J.. and Radda.
G. K. Assessment of human liver metabolism by phosphorus-31 magnetic
resonance speetroscopy. Br. J. Radiol.. 59: 695-699. 1986.

29. Terrier. F.. Vock. P.. Colling, J.. Ladebeck. R.. Reichen. J.. and Hentschel.
D. Effect of intravenous fructose on the P-31 MR spectrum of the liver: dose
response in normal volunteers. Radiology, 777: 557-563, 1989.

30. Cunningham. C. C.. Malloy. C'. R.. and Radda. Ci. K. Effect of fasting and

acute ethanol administration on the energy stale of in vivo liver as measured
by "P NMR speetroscopy. Biochim. Biophys. Acta. 885: 12-22. 1986.

31. Iles. R. A.. Griffiths, J. R., Stevens, A. N.. Gadian. D. G.. and Portcous. R.
Effects of fructose on the energy metabolism and acid-base status of the
perfused starved-rat liver: a "P nuclear magnetic resonance study. Biochem.
J.. 192: 191-202. 1980.

32. Schmidt. H. C., Gooding. C. A., and James, I. !.. In vivo "P-MR speetros
copy of the liver in the infant rabbit to study the effect of hypoxia on the
phosphorus metabolites and intracellular pH. Invest. Radiol.. 21: 156-161,
1985.

1390

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/5/1384/2446361/cr0510051384.pdf by guest on 19 M

ay 2023




