Cancer Chemother Pharmacol (2002) 50: 360-366
DOI 10.1007/s00280-002-0505-8

ORIGINAL ARTICLE

Roy Noy - Zvi Ben-Zvi - Miri Elezra - Fabio Candotti
Harry Ford Jr - John C. Morris - Victor E. Marquez
David G. Johns - Riad Agbaria

Pharmacokinetics and organ distribution of N-methanocarbathymidine,
a novel thymidine analog, in mice bearing tumors transduced with the
herpes simplex thymidine kinase gene

Received: 23 May 2002 / Accepted: 8 July 2002 / Published online: 20 September 2002

© Springer-Verlag 2002

Abstract Purpose: The conformationally rigid nucleo-
side, N-methanocarbathymidine [(N)-MCT] exerts a
potent antiproliferative effect both in vitro and in vivo
against murine colon cancer cells (MC38) expressing the
herpes simplex virus thymidine kinase gene (MC38/
HSV-tk). Metabolic studies have revealed that high
levels of (N)-MCT triphosphate accumulate in trans-
duced cells and are incorporated into DNA, resulting in
cell death. The objective of the present study was to
assess the pharmacokinetic profile of (N)-MCT in
C57BL/6 mice bearing nontransduced MC38 and
MC38/HSV-tk tumors. Methods: Male black C57BL/6
mice bearing subcutaneous tumors derived from wild-
type and HSV-tk-transduced MC38 murine colon cancer
cells in the left and right flank, respectively, were treated
1.p. with radiolabeled (N)-MCT (100 mg/kg). Mice were
killed at each of the predetermined times after drug
administration. Blood, urine, tumors and various organs
and tissues were obtained for measurement of drug
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levels. Results: Plasma and tissue concentrations of
(N)-MCT peaked at 0.25-0.5 h. The major pharmac-
okinetic parameters calculated for (N)-MCT in plasma
were: T, 4.7 h, AUC 147 pg-h/ml, CL 0.69 1/kg per h.
The penetration of (N)-MCT into brain and testes was
slow. Between 4 and 24 h after drug administration, the
levels of (N)-MCT measured in HSV-tk-expressing
tumors were significantly higher than in wildtype
tumors. HPLC analysis of methanolic extracts of plasma
and urine obtained at various times after drug admin-
istration revealed no (N)-MCT metabolites in the
plasma, and the compound was secreted unchanged in
the urine. Conclusions: After i.p. injection into mice,
(N)-MCT was rapidly absorbed and distributed in all
organs examined. No drug metabolites were detectable
in plasma and the compound was secreted unchanged
in urine. These results are essential for the future
development and in postulating the most efficient use
of (N)-MCT in the HSV-tk enzyme prodrug system
for gene therapy approaches for the treatment of
cancer.
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Introduction

In the last decade, the use of enzyme-prodrug or “‘sui-
cide” gene therapy for the treatment of cancer using the
herpes simplex virus-1 thymidine kinase (HSV-tk)/
ganciclovir (GCV) system has been extensively investi-
gated both in vitro and in vivo [5, 12, 13, 33]. This ap-
proach confers selective chemosensitivity on the tumor
cells as a result of the effective and specific intracellular
conversion of a nontoxic prodrug (GCV) into a highly
toxic metabolite in cells into which the HSV-tk gene has
been transferred. Thus far, the antiherpetic compounds
that have demonstrated tumoricidal activity in HSV-tk-
transduced tumor cells are the guanosine (Guo) analogs,



ganciclovir (9-[(1,3-dihydroxy-2-propoxy)-methyl]
guanine, GCV), acyclovir (9-[(2-hydroxyethoxy)
methyl]guanine, ACV) and more recently, penciclovir
(9-[2-hydroxy-1-(hydroxymethyl)-ethoxymethyl]guanine,
PCV) [2, 23]. Among these, GCV is the most widely used
prodrug for this approach. In HSV-tk-transduced cells,
GCV is rapidly phosphorylated to GCV monophos-
phate by the viral-tk enzyme. The resultant monophos-
phate is further phosphorylated to the di- and
triphosphates by cellular kinases. GCV triphosphate
(GCV-TP), the ultimate metabolite, inhibits cellular
DNA polymerases and DNA synthesis leading to cell
death [1, 2, 15, 16, 19, 31].

One of the major limitations in “‘suicide” gene ther-
apy is the relatively limited number of prodrugs avail-
able. Recently, Marquez et al. [21] synthesized a new
class of conformationally locked nucleoside analogs
based on a rigid bicyclo[3.1.0]hexane template. De-
pending on the relative position of the base and hy-
droxymethyl group on this template, the resulting
nucleosides have fixed conformations in either the North
or South hemisphere of the pseudorotational cycle.
Several of these compounds show potent antiviral ac-
tivity against herpes viruses including herpes simplex 1
(HSV-1) and 2 (HSV-2) and human cytomegalovirus
(HCMV). One of these compounds, N-methanocarbat-
hymidine [(N)-MCT; (1R,2S5,4S,5S)-1-(hydroxymethyl)-
2-hydroxy-4-(5-methyl-2,4(1 H,3 H)-dioxopyrimidin-1-yl)
bicyclo[3.1.0]hexane; Fig. 1], has shown particularly
striking antiherpetic activity in plaque-reduction assays.

Studies in our laboratory have shown that (N)-MCT
effectively inhibits the proliferation of HSV-tk-trans-
duced tumor cells in vitro and in vivo with no effects on
tumor cells lacking the HSV-tk gene [24]. Metabolic
studies have revealed that high levels of (N)-MCT tri-
phosphate [(N)-MCT-TP] accumulate in the HSV-tk-
expressing cells and this compound is incorporated into
DNA, resulting in cell death [24]. While the antitumor
effects of (N)-MCT on HSV-tk-transduced tumor cells
in vitro and in vivo have been studied, there is little
information on the pharmacokinetics and metabolic
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Fig. 1. Chemical structures of N-methanocarbathymidine [(N)-
MCT] and thymidine (dThd)
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activation of (N)-MCT in mice bearing tumors. Such
data are important for a better understanding of the
efficacy and toxicity of (N)-MCT in these animal mod-
els. The principal objectives of this study were to assess
the pharmacokinetics, and tumor and organ distribution
of (N)-MCT and its metabolites in mice bearing MC38
and MC38/HSV-tk tumors.

Materials and methods

Chemicals

(N)-MCT was synthesized as described by Marquez et al. [21].
[Methyl-*H]-(N)-MCT (1.7 Ci/mmol) was obtained from Moravek
Biochemicals (Brea, Calif.). Other nucleoside and nucleotide stan-
dards were purchased from Sigma Chemical Company (St. Louis,
Mo.). Soluene-350 was purchased from Packard BioScience
Company (Groningen, The Netherlands). All other chemicals and
reagents were of the highest quality obtainable.

Tumor cell line

The 3-methylcholanthrene-induced murine colon adenocarcinoma
(MC38) cell line was a gift from S.A. Rosenberg (NCI, NIH), and
was derived from C57BL/6 mice as described by Restifo et al. [26].
All cell lines were grown in DMEM supplemented with 10% heat-
inactivated fetal calf plasma, 50 IU/ml penicillin, 50 pg/ml strep-
tomycin and 2 mM L-glutamine. Cells were maintained at 37°Cin a
humidified atmosphere of 95% air and 5% CO,. Murine colon
adenocarcinoma cells transduced with the HSV-tk gene (MC38/
HSV-tk) were generated by transduction of the parental cell lines
with supernatant from PA317-STK cells [22] and subsequent G418
selection (Geneticin; Life Technologies, Grand Island, N.Y.; 1 mg/
ml for 3 weeks), followed by subcloning by limiting dilution.

Subcutaneous tumor implantation

All animal care and experiments were performed in accordance
with the guidelines of the Animal Care and Use Committee of the
Ben-Gurion University of the Negev. Male black mice C57BL/6, at
6-8 weeks of age, were subcutaneously inoculated with 25x10° cells
of wildtype MC38 and MC38/HSV-tk into the left and right flank,
respectively. The tumors were allowed to grow for 10 days. The
mice were then treated intraperitoneally (i.p.) with PH]-(N)-MCT,
100 mg/kg, containing 400 pCi of labeled drug. Six mice were Kkil-
led at each of the predetermined time-points (0.25, 0.5, 1, 2, 4, 12,
and 24 h) following drug administration. Blood, urine, and the
following organs and tissues including brain, heart, lungs, spleen,
liver, stomach, small intestine, large intestine, kidney, testes, stri-
ated muscle, MC38 tumor and MC38/HSV-tk tumor were obtained
and stored at —70°C until drug analyses were performed.

Quantification of (N)-MCT in tissues

To determine total (N)-MCT levels in murine tissues, 100-250 mg
of each tissue was dissected and 1 ml Soluene 350 was added.
Samples were shaken at 37°C until complete solubilization of tissue
was achieved. The radioactivity was determined by liquid scintil-
lation counting (TRI-CARB 2100TR, Packard). The level of
(N)-MCT in each tissue was then calculated by using the specific
activity of the [PH]-(N)-MCT administered.

Reverse-phase HPLC analysis of (N)-MCT in plasma and urine

To assess (N)-MCT metabolites in plasma and urine samples,
100 pl plasma or urine was mixed with 150 pl 100% methanol and
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heated for 3 min at 95°C. The mixture was then cleared by
centrifugation for 10 min at 12,000 g. The supernatant was col-
lected, evaporated under nitrogen and the residue was reconstituted
in 150 pl deionized water. The (N)-MCT metabolites were analyzed
by reverse-phase HPLC using a Beckman Ultrasphere ODS column
(250x4.6 mm, S5-um particle size) eluted isocratically with 5%
methanol in distilled water at a flow rate of 2 ml/min. Fractions
were collected at 1-min intervals and their radioactivity was de-
termined. The retention time of (N)-MCT was 23 min. Under these
HPLC conditions, the limit of detection for (N)-MCT was 10 ng/
ml. (N)-MCT was separated with high resolution from endogenous
ribonucleosides and deoxribonucleosides as demonstrated with
authentic standards.

Pharmacokinetic analysis

The data for (N)-MCT concentration in plasma were analyzed
using a two-compartment open model, and drug half-life (T;),),
clearance (CL), volume of distribution (Vd), area under the
concentration-time curve (AUC) and mean residence time (MRT)
were calculated using ModKine software (Biosoft, Cambridge, UK).

Statistical analysis

Student’s ¢-test was used for statistical analysis and differences were
considered significant for P values < 0.05.

Results
Pharmacokinetics of (N)-MCT

Mice with bilaterally implanted subcutaneous flank tu-
mors were used to evaluate the plasma pharmacokinetics
of our novel thymidine analog. The time-concentration
curves in plasma of (N)-MCT, administered as a single
(100 mg/kg) i.p. injection showed a biexponential de-
cline (Fig. 2). (N)-MCT reached a peak concentration in
plasma (Cmax) of approximately 120 pg/ml 30 min after
drug administration. The AUC for (N)-MCT was
147 pg-h/ml, while the T;, and plasma clearance (CL)
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Fig. 2. Plasma concentration-time curves of (N)-MCT in mice
bearing MC38 and MC38/HSV-tk tumors. Mice bearing HSV-tk-
transduced and nontransduced tumors were injected i.p. with
PH]J(N)-MCT, 100 mg/kg, 400 uCi. At the time-points indicated,
animals were killed, blood was collected and plasma radioactivity
was determined as described in Materials and methods. Values are
means + SEM (n=6)

were 4.7 h and 0.690 I/h per kg, respectively. Other
relevant pharmacokinetic parameters of (N)-MCT are
listed in Table 1.

Tissue distribution of (N)-MCT

Tissue levels of (N)-MCT were measured at different
times after a single i.p. dose of (N)-MCT (100 mg/kg)
administered to mice bearing nontransduced and HSV-
tk-expressing tumors. The data are displayed in Fig. 3.
The levels of (N)-MCT were determined by measuring
the total radioactivity in tissue extracts. In all organs
studied, the concentrations of (N)-MCT reached peak
levels (Cmax) between 15 and 30 min (Tmax) after ad-
ministration of the drug, and then rapidly declined
within the first 2 h (Table 2, Fig. 3), followed by a
slower decline over 24 h. The highest concentrations of
(N)-MCT were found in kidney, spleen and liver, while
the lowest concentrations were found in testes and brain.
The highest AUC levels for (N)-MCT in the various
tissues were found (in descending order) in the kidney,
large intestine, and small intestine (Table 2).

Distribution of (N)-MCT in tumors

The levels of total (N)-MCT radioactivity were deter-
mined in nontransduced and HSV-tk-transduced tumors
from mice at different times after drug administration.
As shown in Fig. 4, the levels of (N)-MCT in HSV-tk-
transduced tumors were significantly higher than those
in nontransduced tumors between 4 and 24 h after drug
administration. The Cmax values for total (N)-MCT
radioactivity in nontransduced and HSV-tk-transduced
tumors were similar (approximately 55 pg/g tumor), and
were achieved within 15 min after drug injection. In
contrast, the AUC values for (N)-MCT in the HSV-tk
tumors were significantly higher (nearly twofold) than in
the nontransduced tumors (Table 3).

Reverse-phase HPLC analysis of (N)-MCT in plasma
and urine

To determine whether (N)-MCT had significant metab-
olism in the vascular compartment, plasma and urine
samples were collected from mice at different times after
drug injection. Methanolic extracts of samples were
prepared and analyzed by reverse-phase HPLC as

Table 1. Plasma pharmacokinetic parameters for (N)-MCT in
tumor-bearing mice. Values are means+SEM (n=6)

Ty 20 (h) 0.20£0.01
Ty (h) 4.71£0.62
CL (I/h/kg) 0.69+0.17
Vd (I/kg) 0.32+0.1
AUC, g (ugh/ml) 147412
MRT (h) 74+1.1
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Table 2. Cmax, Tmax and AUC of (N)-MCT in murine tissues.
Values are means+SEM (n=16)

Tissue Cmax Tmax AUC
(ng/g tissue) (h) (hg'h/g)
Kidneys 276 +15 0.25 327+ 14
Spleen 138+9 0.25 151+3
Liver 128 +9 0.25 142+5
Small intestine 110+£15 0.50 157+12
Heart 86+9 0.50 124+6
Lung 86+5 0.25 114+2
Muscle 81+7 0.50 128 +3
Large intestine 73+1 0.25 467+42
Stomach 54+4 0.25 94+ 10
Testes 45+9 0.25 119+3
Brain 4+0.3 0.50 17+1

described above. The profiles of *H-radioactivity from
HPLC analysis of plasma or urine collected from (N)-
MCT-treated mice indicated that all the radioactivity
was accounted for by the parent drug (N)-MCT (Fig. 5)
indicating that little or no metabolism occurred in the
circulation.

Discussion

The present study was undertaken with the following
objectives: (1) to determine the pharmacokinetic pa-
rameters following i.p. administration of (N)-MCT and
(2) to measure tumor and organ distribution of
(N)-MCT in an animal model.
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Fig. 4. Distribution of (N)-MCT in MC38 and MC38/HSV-tk
tumors in mice. MC38 and MC38/HSV-tk tumors were implanted
in mice as described in Materials and methods. Drug levels were
determined after a single i.p. injection of (N)-MCT, 100 mg/kg,
400 pCi. Values are means+SEM (n=6). *P<0.05 versus non-
transduced MC38 tumors

Recently, we have demonstrated that equivalent
doses of (N)-MCT and GCV in mice can significantly
inhibit tumor growth of subcutaneously implanted

Table 3. Cmax and Tmax of (N)-MCT in murine HSV-tk-trans-
duced and nontransduced tumors. Values are means + SEM (n=06)

Tumor Cmax Tmax AUC
(ng/g tissue) (h) (ngh/g)

MC38 55+10 0.25 134415

MC38/HSV-tk 52+10 0.25 219+39

MC38 murine colon cancer cells transduced with the
HSV-tk gene [24]. (N)-MCT and GCV have no effect,
however, on tumor growth of wildtype tumors. Fur-
thermore, we have found that (N)-MCT undergoes sig-
nificant phosphorylation only in HSV-tk-expressing
tumors, and that its triphosphate metabolite is generated
in high yield [24]. This would suggest that the inhibition
of tumor growth in vivo of HSV-tk-expressing MC38
tumors, like the inhibition of cell proliferation in vitro, is
due to the conversion to (N)-MCT-TP, the active me-
tabolite of (N)-MCT, which competes with dTTP for
incorporation into DNA, resulting in inhibition of DNA
synthesis and cell death [24], an overall mechanism
which is similar to that of GCV-TP, the active metab-
olite of GCV [1, 2, 17].

Fig. 5. Reverse-phase HPLC Plasma Urine
chromatogram of (N)-MCT in
mouse plasma and urine. Mice Plasma spiked with [H](N)-MCT | Urine spiked with [H]-(N)-MCT | 500
were injected i.p. with (N)- 40000 -
MCT, 100 mg/kg, 400 uCi. At (N)-MCT (N)-MCT 7 400
the indicated times animals 30000 - 1 300
were killed, blood and urine 20000 -
were collected and methanolic 1 200
extracts were prepared and an- 10000 - 1100
alyzed by reverse-phase HPLC, | |
as described in Materials and 0 0
methods . )
0.5 hr 1500
60000 | 0.5hr | 1550 =
] =
40000 - ] ;ggo
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= 01  o"esssneet to 2
~
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The plasma pharmacokinetic profile of (N)-MCT
administered i.p. fits a two-compartment open model
with a biphasic decline of its concentration in plasma as
the parent drug. This is similar to the pharmacokinetics
reported for GCV in humans and primates [11, 28, 29,
30]. Reverse-phase HPLC analysis of extracts of plasma
and urine obtained from mice treated with [’H]-MCT
revealed that >99% of the tritium in plasma and urine
was from unchanged (N)-MCT. Studies have shown that
the presence of a tumor in the host may induce struc-
tural and functional changes that affect drug distribu-
tion and metabolism, such as changes of metabolic
capacity of the liver (microsomal and cytosolic enzymes)
and other factors [27, 34]. Other studies have indicated
that the presence of toxic factors in the blood of tumor-
bearing animals is possibly responsible for modifications
in the host metabolic functions [8]. However, our ex-
periments demonstrated that (N)-MCT does not un-
dergo any biotransformation and is secreted unchanged
in the urine of mice bearing tumors.

Detectable levels of (N)-MCT in the HSV-tk-
expressing tumors were sustained for 24 h after drug
administration. The mean concentrations of (N)-MCT
measured between 12 and 24 h after dosing in HSV-tk
tumors were significantly higher than the corresponding
levels in nontransduced tumors. This difference may be
attributed to more efficient cellular trapping of the
phosphate metabolites of (N)-MCT, which constituted
the majority of the radioactivity, and to the high level of
incorporation of the phosphorylated drug into cellular
DNA of HSV-tk-transduced cells, as we have recently
reported [24]. Furthermore, we have shown that (N)-
MCT undergoes phosphorylation only in HSV-tk
tumors in mice bearing tumors, and the triphosphate
metabolite is generated in high yield [24]. These results
are consistent with the observation of Haberkorn et al.
[14] that the rate of uptake of GCV by HSV-tk tumor
cells in vitro is greater than by nontransfected tumor
cells. Also, greater uptake and higher concentrations of
acyclovir have been observed in tissues of mice infected
with herpes virus, compared with those of uninfected
mice [4].

The study of the distribution of (N)-MCT in normal
tissues indicates that the drug was highly excluded from
the brain and testes in which the lowest levels of (N)-
MCT were found, whereas liver and kidneys showed the
highest levels. The low levels of (N)-MCT found in
normal brain tissue would be expected, in part, due to
the effect of the blood-brain barrier. Similarly, low levels
of GCV have been detected in the brain of human
subjects following intravenous injection [20]. Despite
these low levels, regression of HSV-tk-transduced brain
tumors in response to GCV has been seen in clinical
trials [6, 7, 18, 25, 32], indicating that sufficient GCV
penetrates the blood-brain barrier to achieve adequate
therapeutic levels. Other studies have found evidence
that GCV uptake by tumor and surrounding tissue in
the brain is significantly higher than in normal brain
tissue, possibly reflecting the “‘leaky” properties of the
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blood-brain tumor barrier [18]. As is with GCV, modi-
fiers of vascular barriers of the CNS such as RMP-7 [3,
9, 10, 18, 35, 36] may be useful in practice for increasing
(N)-MCT permeability into brain tumors.

In summary, these findings demonstrate that (N)-
MCT, a new HSV-tk-activated prodrug, is rapidly
absorbed and distributed in murine tissues after a single
1.p. administration. It is efficiently phosphorylated only
in tumor cells transduced with the HSV-tk gene. Taken
together, these results will be of value in determining the
most efficient use of (N)-MCT in “suicide” gene therapy
approaches for the treatment of cancer.
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