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Abstract We investigated the pharmacokinetics of tetra-
hydrofolates following the administration of [6S,R]-folinic
acid and 5-fluorouracil delivered i.v., i.p., and by a com-
bination of both routes in patients with colon cancer. The
concentrations of the biologically active tetrahydrofolates
([68]-folinic acid and 5-methyltetrahydrofolate) and the
relatively inert diastereomer [6R]-folinic acid were mon-
itored using a selective on-line coupled achiral-chiral high-
performance liquid chromatographic method. In plasma, a
target concentration of 5 WM active tetrahydrofolates, which
is considered necessary for an optimal synergistic effect,
could be achieved after i.v. or combined i.v. and i.p. ad-
ministration but was not reached in a patient receiving i.p.
[6S,R]-folinic acid alone. In three patients receiving i.p.
[6S,R]-folinic acid a high level of [6S]-folinic acid was
observed in ascites, suggesting that the peritoneal cavity
may act as a storage site for tetrahydrofolates after i.p.
administration. In these patients, only a trace level of the
active metabolite 5-methyltetrahydrofolate was detected in
ascites, which may indicate that tetrahydrofolate derivatives
penetrate only minimally, if at all, into the peritoneal cavity
from the central compartment. These data would indicate
that a combination of i.p. and i. v. administration may, from
the pharmacological point of view, indeed contribute to an
improved treatment of minimal residual disease persisting
in the peritoneal cavity.
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Introduction

[6S,R]-Folinic acid (5-formyltetrahydrofolate, leucovorin;
[6S,R]-LV) is a reduced folate derivative that has been used
for more than 20 years as a rescue agent for high-dose
methotrexate therapy [1]. During the last decade, several
laboratory and clinical studies have demonstrated that the
cytotoxic effect of 5-fluorouracil (5-FU) is substantially
potentiated in the presence of sufficient amounts of reduced
folates {16, 25, 34]. The biochemical rationale for this sy-
nergism is a stabilization of the ternary complex formed
between the target enzyme thymidylate syntethase, the ac-
tivated form of 5-FU, 5-fluorodeoxyuridylate (SFdUMP),
and 5,10-methylenetetrahydrofolate (5,10-methyleneTHF),
resulting in a more efficient depletion of thymidylate [8, 13,
36]. The cofactor 5,10-methyleneTHF is formed in-
tracellularly from other reduced folate derivatives. Al-
though some uncertainty exists about the target concentra-
tion of reduced folates in plasma, most in vitro studies
performed in murine or human tumor cell lines indicate that
a concentration of 3 UM is sufficient for a maximal syn-
ergistic effect [10, 14, 22]. This synergistic concept has
been studied in several clinical trials in patients with ad-
vanced colorectal [15, 17, 21, 25], breast [9, 26, 34], and
head and neck cancer [37].

Commercially available [6S,R]-LV consists of equal
amounts of the two diastercomers [6S]-LV and [6R]-LV,
whereas the stereochemical configuration at the C-6 posi-
tion of the naturally occurring folates (e.g., 5,10-methyle-
neTHF, 5-methylTHF) is always similar to that of [6S]-LV.
The first published methods for the determination of [6S]-
LV are bioassays based on the dependence of bacterial
cultures on folates as a growth factor [19, 20]. Although
such methods are sensitive, they are generally not selective
for one specific folate. Both Hamel et al. [12] and Bunni et
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Table 1 Summary of the pharmacokinetics of tetrahydrofolates (+ >5 uM Time for which the concentration of active folates, i.¢., [6S]-LV + 5-

methyl THF, exceeds the target level at 5 M)

[6R]-LV [68]-LV 5-methyl THF

Patient  Route AUC  np O Comx  AUC  #np Cl Cuax  AUC  fin Cuax  t>5uM
number  (dose)? M h)  (h) (h1m2) (uM) @My @) (I bl mr2) (M) MM h)  (h) ()] )

1 iv. (80) 297 150  0.135 19.6 1.9 093 335 74 469 80 36 4

2 133 63 0301 16.0 13.0 048  3.09 10.0 19.3 37 28 2

3 i.p. (80) 162 88 0247 10.2 6.6 103 6.03 2.0 32.0 85 20 0

4 Lpdiv. 227 60 0353 140 214 .03 3.74 86 479 41 58 6

5 (80/80) 482 118 0.165 292 351 125 227 146 701 72 50 8

2 Dose level in mg/m?

al. [6] have described more selective radioenzymatic as-
says, but the relative complexity of these methods and the
difficulty in obtaining the necessary reagents make these
assays less suitable for routine monitoring and pharmaco-
kinetics studies. High-performance liquid chromatography
(HPLC) is a widely used technique for the determination of
folates and antifolates in biological fluids. Commonly used
reversed-phase systems, however, cannot differentiate be-
tween [6S]-LV and [6R]-LV [2, 4]. Straw et al. [30] cir-
cumvented this drawback by combining an achiral HPLC
method with a bioassay to estimate the amount of [6S]-LV
in the LV peak containing both diasteriomers. More re-
cently, with the introduction of chiral HPLC columns, a
number of papers dealing with the bioanalysis of both LV
diastereomers and the major metabolic product S-me-
thylTHF have been published [7, 27, 28, 38]. Clinical
pharmacokinetics studies with oral or i.v. [6S,R]-LV have
shown a substantial difference in pharmacokinetic behavior
between the two diastereomers [18, 23, 27, 28, 31]. These
results emphasize the need for using stereoselective ana-
Iytical methods to describe the pharmacokinetic profiles.
To obtain a well-tolerated chemotherapy regimen suit-
able for the palliation of intractable ascites or for the ad-
juvant treatment of high-risk colon cancer, a weekly regi-
men consisting of both i.v. and i.p. 5-FU and {6S,R]-LV
was developed in our institute. The present pharmacoki-
netics study was undertaken to monitor whether the target
level of 5 pM active folates ([65]-LV plus 5-methylTHF)
could be achieved with this regimen. The concentrations of
[6S]-LV, 5-methylTHF, and the inactive [6R]-LV in both
plasma and ascites were determined using an on-line cou-
pled achiral-chiral HPLC system by analogy with the
method described by Wainer and Stiffin [38]. The achiral
HPLC system is used to separate [6S,R]-LV from 5-me-
thylTHF and to quantify both compounds selectively by UV
detection at 305 nm. The column effluent containing the
[6S,R]-LV peak was directed by means of a switching valve
onto a chiral bovine serum albumin column for separation
and determination of the ratio of the two diasteromers.

Materials and methods

Reagents

[6S5,RI-LV was purchased from Holland Pharmaceutical Supply BV
(Alphen aan de Rijn, The Netherlands) and S-methylTHF was obtained
from Sigma (St. Louis, USA). All other reagents were supplied by E.
Merck (Darmstadt, Germany) and were of analytical quality.

HPLC analysis

Our previously described reversed-phase HPLC method for the de-
termination of 5-methylTHF and [6S,R]-LV {35] was slightly adapted
to ensure compatibility with the secondary chiral HPLC system. In
short, the achiral HPLC system consisted of two Spectoflow SF400
pumps, a Spectroflow SF757 UV/VIS detector operating at 305 nm
(Kratos, Ramsey, USA), a Model 5140 Solvent Programmer (Kipp &
Zonen, Delft, The Netherlands), a Model 360 Autosampler (Kontron
Instruments, Basel, Switzerland) provided with a 500-pl sampie loop,
and a Model SP4270 dual-channel integrator (Spectra-Physics, San
Jose, USA). Further data analysis was performed by WINner/286
software (Spectra-Physics).

Achiral chromatographic separation was achieved on a glass
column (200x3 mm inside diameter) packed with 5-um Hypersii-
ODS material and protected by a guard column (10x3 mm) packed
with pellicular RP material (Chrompack, Middelburg, The Nether-
lands). Solvent A consisted of 25 mM potassium biphosphate buffer
adjusted to pH 3.5 with hydrochloric acid. Solvent B consisted of 10%
1-propanol in solvent A. The flow rate was maintained at 0.4 ml/min
and the column was kept at 40° C. The starting condition was 90%
solvent A and 10% solvent B. At time zero a 10-min linear gradient
from 10% to 40% solvent B was started, followed by 1 min with 40%
solvent B, 3 min at 100% solvent B, and 15 min reequilibration at 10%
solvent B before the next injection. A MUST switching valve (Sparks
Holland, Emmen, The Netherlands) provided with an 800-ui sample
loop was placed immediately after the SF757 UV detector, At a timed
event the elunate fraction containing [6S,R]-LV is switched onto a
Revolvosil BSA-7 column (150x4 mm inside diameter; Macherey
Nagel, Diiren, Germany) protected by a Revolvosil guard column
(30x4 mm) and thermostated at 40° C. The mobile phase consisted
of 0.2 M potassium phosphate buffer (pH 5.0) and was pumped at a
flow rate of 1.0 ml/min by a SF400 solvent delivery system provided
with a high-efficiency membrane pulse damper (Kratos). Detection
was performed at 285 nm using a 1000S Photo diode-array detector
(Kratos).

Sample preparation

A volume of 500 i ice-cold plasma, 50 ul ascorbic acid solution
(10 g/ and 500 pl ice-cold perchloric acid (1.5 M) was vortex-mixed
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Fig. 1 Concentration versus time curves generated for tetrahydrofo-
lates in plasma following the i.v. administration of 80 mg/m2. —O-,
[6S]-LV; —@—, [6R]-LV; —l-, 5-methylTHF

and placed on ice for 5 min. Next, the sample was centrifuged (5 min,
3000 g, 4° C) and an aliquot of 700 pl of the supernatant fluid was
vortex-mixed with 100 wl potassium acetate solution (8 M). After a
2-min incubation in ice water the sample was centrifuged (2 min,
3000 g, 4° C) and 500 ul of the supernatant fluid was mixed with 50 pl
ascorbic acid solution (100 g/1). An aliquot of 500 ul was subjected to
chromatography.

Clinical regimens of [6S,R]-LV administration

Five patients with colorectal cancer participated in this kinetics study.
Patients 1 and 2 received a 1-h i.v. infusion of 80 mg/m? [6S,R]-LV
immediately followed by an i.v. bolus injection of 400 mg/m2 5-FU.
Patient 3 received 80 mg/m?2 [6S,R]-LV and 400 mg/m? 5-FU, which
was dissolved in 2 1 dialysis fluid (Dianeal) and instilled into the
peritoneal cavity with a dwell time of 4 h. The runout time amounted to
approximately 1 h. Patients 4 and 5 received the same i.p. regimen;
however, the dialysis fluid remained in the peritoneal cavity. At 1 h
after the start of the i.p. administration, these patients also received a
1-h i.v. infusion with 80 mg/m?2 [6S,R]-LV followed by an i.v. bolus of
400 mg/m? 5-FU.

Blood (patients 1-5) and ascites (patient 3—5) samples were drawn
at various intervals between 0 and 24 h. Blood samples (5 ml) were
collected in heparinized tubes containing approximately 10 mg ascor-
bic acid. Plasma was separated by centrifugation (1500 g, 10 min) and
was stored immediately at ~20° C. Ascites (5 ml) was collected in
ethylenediaminetetraacetic acid (EDTA)-coated tubes also containing
10 mg ascorbic acid and was stored immediately at —20° C.

Pharmacokinetic analysis

The plasma area under the curve (AUC) for all folates was calculated
using the linear trapezoidal rule with extrapolation to infinity. The
terminal half-lives (tv2) were estimated from the final linear part of the
log-linear concentration-time curves, and the plasma clearnace (CI)
was calculated by the formula CI = Dose/AUC.

Results

The plasma pharmacokinetic parameters are summarized in
Table 1. Following the i.v. administration of racemic
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Fig. 2 Concentration versus time curves generated for tetrahydrofo-
lates in plasma and ascites after i.p. administration of 80 mg/m?2. -CO~,
[6S]-LV in plasma; —~A—, [6S]-LV in ascites; —@—, [6R]-LV in plasma;
—A~ [6R}-LV in ascites; —l—, 5-methylTHF in plasma

[6S,R]-LV, [6S]-LV levels declined much faster than [6R]-
LV levels. The rapid decrease in [6S]-LV levels was ac-
companied by the rapid appearance of 5-methylTHF
(Fig. 1). The target level of 5 uM active folates ([6S]-LV
plus 5-methylTHF) was exceeded for 2—4 h.

After i.p. administration, both [65]-LV and [6R]-LV
were equally well absorbed from the peritoneal cavity
(Fig. 2), with approximately 40% of the dose being re-
covered in the tap fluid after a dwell time of 4 h. During this
time the 1. p. levels remained far higher than 5 pwM, with no
substantial difference in the ratio of the diastereomers being
found. Only trace levels of 5-methylTHF were detected in
the peritoneal fluid. Almost immediately after i.p. admin-
istration, both folates emerged in plasma and the kinetic
profiles were similar to those seen after i. v. administration.
A plasma level of 5 UM active folates was not achieved
during any period within the investigated interval of 24 h.

After combined i.p. plus i.v. administration, high
plasma levels (with concentrations of active folates ex-
ceeding 5 uM) were present for a period of 6-8 h (Fig. 3).
In ascites, approximately 4—5 h after the start of the 1.p.
administration, a change in the ratio of the two diaster-
eomers was noted, with [65]-LV concentrations declining
more rapidly than [6R]-LV levels. Also after combined i.v.
plus i.p. treatment, only trace levels of 5-methylTHF were
detected in ascites.

Discussion

Both ovarian cancer and gastrointestinal malignancies tend
to spread through the peritoneal cavity, forming large
numbers of implantation metastases (“peritoneal carci-
posis”). Development of i.p. administration of cytotoxic
drugs may improve the palliative treatment of patients with
these malignancies, due to a more intensive i.p. drug ex-
posure combined with diminished systemic exposure. 5-FU
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Fig. 3 Concentration versus time curves generated for tetrahydrofo-
lates in plasma and ascites after i.p. administration of 80 mg/m?
followed by i.v. administration of 80 mg/m? after 1 h. —O—, [6S]-LV
in plasma; —A-, [65]-LV in ascites; ~@—, [6R]-LV in plasma; —&—,
[6R]-LV in ascites; —ll—, 5-methylTHF in plasma

given i.p. has been used to treat ovarian and gastrointestinal
cancer [11, 24, 29, 33], whereas the i.p. combination of
5-FU with [6S,R}-LV has been reported by Budd et al. [5]
and Arbuck et al. [3]. The latter study included data on
folate kinetics, but the dose levels used were too low to
achieve a target level of 5 UM active folates in plasma. The
present pharmacokinetics study was undertaken to increase
our insight into folate kinetics so as to substantiate the
pharmacological basis of possible future clinical studies.

The present investigation and other studies show that
independent of the route of administration, the diaster-
eomers differ substantially in their pharmacokinetic beha-
vior, with [6S]-LV being eliminated from plasma more
rapidly than [6R]-LV. These observations can be explained
by the stereoselectivity of the transport proteins and en-
zymes involved in the pathways of folate biochemistry.
{6S)-LV is transported freely into cells and metabolized to
other tetrahydrofolate derivatives, whereas [6R]-LV is a
relatively inert compound and is, for the major part, ex-
creted unchanged in the urine [28, 31]. Because the plasma
half-life of 5-methylTHF is longer than that of [6S]-LV, a
few hours after administration this compound is the most
prevalent tetrahydrofolate in plasma. Since the donating
potency of this molecule as a cofactor in 1-carbon metab-
olism is minimal, the abundant formation of this compound
can be conceived as the generation of a deposit for the
surplus of tetrahydrofolates, in particular because inter-
conversion to more active cofactors such as 5,10-methyle-
neTHF can occur rapidly when necessary [32]. Due to the
presence of such abundant amounts of 5-methylTHF, tis-
sues will be saturated and the elimination of this compound
will be determined mostly by excretion and only minimally,
if at all, by the consumption effected by its distribution and/
or metabolism.

When we used the conventional therapy with i.v. ad-
ministration of 80 mg/m2 [6S,R]-LV as a 1-h infusion, a
systemic plasma level of active folates higher than 5 P
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was obtained for a period of 2~4 h. Unfortunately, col-
lection of ascites was not possible in these patients. High
i.p. levels were attained following i. p. administration of the
same dose dissolved in 2 | dialysis fluid (approx. 75 uM
[6S]-LV. However, the target level of 5 UM in plasma was
not achieved in the patient who received i.p. folinic acid
alone, and this situation was considered undesirable since it
indicated a possibly less efficacious treatment of extra-
peritoneal disease. A combination of i. p. plus i. v. treatment
provided the desired target levels of active folates in both
plasma and ascites, which were sustained for a considerable
period.

The results obtained in the two patients who received
[6R,S]-LV by i.p. and i.v. administration and in whom the
instilled fluid remained in the peritoneal cavity illustrate
that this compartment acts as a storage pool for both dia-
stereomers and that the rate of disappearance from the i.p.
cavity of each is dictated by its elimination rate from
plasma. In ascites the ratio of [6S]-LV to [6R]-LV remained
constant until peak levels were reached in plasma (Fig. 3).
Next, the decline of i.p. [6R]-LV closely paralleled that of
[6R]-LV in plasma. Due to its higher plasma clearance the
supply of [6S]-LV in peritoneal fluid is depleted more
rapidly, although the transfer of this compound from the
peritoneal cavity appears to be rate-limiting.

After i.p. or i.v. plus i.p. administration, only trace le-
vels of 5-methylTHF were detected in ascites, indicating
that tetrahydrofolates cannot penetrate from the central
compartment into he peritoneal cavity to such an extent that
effective i. p. concentrations can be expected. Consequently,
the i.p. cavity appears to behave like a pharmacological
sanctuary, and only low levels of active folates may be
expected in ascites when [6S,R]-LV is given systemically
(i.v. or orally). This would suggest that a combination of
i.p. and i.v. administration may, from a pharmacological
point of view, indeed contribute to an improved treatment
of minimal residual disease persisting in the peritoneal
cavity.
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