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Abstract

The glucuronide prodrug of doxorubicin, DOX-GA3, can be selectively activated in tumors by extracellular human (3-glucuronidase,
resulting in a better therapeutic index than doxorubicin. DOX-GA3, however, is rapidly excreted by the kidney. We hypothesized that slow
release of DOX-GA3 from its methylester, DOX-mGA3, by esterase activity in blood would result in improved circulation half-life (¢,,,)
of DOX-GA3. DOX-mGA3 was synthesized more efficiently with an overall yield of 60% as compared to 37% in the case of DOX-GA3.
We showed that DOX-mGA3 was enzymatically converted to DOX-GA3 with a 1/, of approximately 0.5 min in mouse plasma to 2.5 h in
human plasma, which was in agreement with differences in esterase activity between species. DOX-mGA3, similar to DOX-GA3, was at
least 37-fold less potent than the parent drug doxorubicin in growth inhibition of four different human malignant cell lines in vitro.
Incubation of OVCAR-3 cells with DOX-mGA3 in combination with an excess of human B-glucuronidase (0.05 U mL™") resulted in a
similar growth inhibition to that of doxorubicin. Intravenous administration of DOX-mGA3 in FMa-bearing mice resulted in an area under
the concentration versus time curve (AUC) of DOX-GA3 in tumor and most normal tissues that was 2.5- to 3-fold higher than after the
same dose of DOX-GA3 itself. In tumor tissue, this was accompanied by a 2.7-fold increase in the AUC of doxorubicin from DOX-mGA3
than from DOX-GA3. In conclusion, an advantage of DOX-mGA3 over DOX-GA3 is that this prodrug can be produced with a higher
yield. Another important advantage is the improved pharmacokinetics of the lipophilic DOX-mGA3 as compared to that of the hydrophilic
DOX-GA3. This effect may even be more pronounced in man, because of the lower plasma esterase activity than measured in mice.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction fact, such metabolites could be useful as prodrugs. These

naturally occurring glucuronide prodrugs are less toxic

An important metabolic route in the liver is the genera-
tion of drug glucuronides, which are biologically or che-
mically less reactive and exhibit higher polarity and
excretability than the corresponding parent aglycones. In

Abbreviations: AUC, area under the concentration versus time curve;
BNNP, bis(4-nitrophenyl)phosphate; BSA, bovine serum albumin; DMSO,
dimethyl sulphoxide; HPLC, high-performance liquid chromatography;
MTD, maximum tolerated dose; PBS, phosphate-buffered saline;
PpNPAcp-nitrophenyl acetate
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than their parent compounds due to increased hydrophili-
city, resulting in decreased cellular uptake [1]. They can be
selectively activated in the tumor by [(-glucuronidase,
which is released in necrotic tumor areas. An example
of a naturally occurring glucuronide prodrug is the meta-
bolite of aniline mustard. Efficacy of treatment with aniline
mustard has directly been related to the level of B-glucur-
onidase in mouse tumors [2]. A clinical trial of aniline
mustard in patients with advanced cancer has shown a
relation between (-glucuronidase activity in aspirate and
imprint preparations of tumor cells, which was assessed by
a cytochemical technique, and patient’s response [3].
Success of that trial was limited, since very high tissue
levels of B-glucuronidase were required. The need for
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these very high levels might be attributed to slow activation
of the aniline mustard glucuronide by the enzyme. Syn-
thetic glucuronide prodrugs that are more efficiently
hydrolyzed have been developed for enzyme prodrug
therapy (for review see [4]).

We have synthesized glucuronide prodrugs of daunor-
ubicin and doxorubicin, designated daunorubicin-GA3
(DNR-GA3) and doxorubicin-GA3 (DOX-GA3), respec-
tively [5], which contain a self-eliminating p-aminobenzy-
loxycarbonyl spacer. Both prodrugs can be completely
converted to doxorubicin by human B-glucuronidase in
vitro and they were shown to be relatively non-toxic in
vivo. The maximum tolerated dose (MTD) of DOX-GA3 in
tumor-bearing nude mice, based on the occurrence of 10%
weight loss, was approximately 500 mg kg~ i.v., compared
to 8 mg kg ' for doxorubicin [6]. Administration of glu-
curonide prodrugs, including DOX-GA3, to nude mice
bearing human ovarian cancer xenografts at half of the
MTD has resulted in concentrations of the parent drug in
plasma that were significantly lower, while the concentra-
tions of the parent drug in tumor tissue were higher than
after administration of the parent drug itself [6—8]. The
increased concentration of the parent drug in tumor tissue
after prodrug administration is beneficial as it enhances the
therapeutic effect [7,9—11]. The increased efficacy was
specifically observed in larger tumors containing a higher
proportion of necrotic areas.

A disadvantage of hydrophilic glucuronide prodrugs is
their rapid elimination by the kidneys. In earlier experi-
ments in tumor-bearing nude mice, DOX-GA3 had com-
pletely disappeared from plasma within 4 h after i.v.
administration of 250 mgkg ™' of the prodrug [6]. The
rapid elimination of glucuronide prodrugs poses a major
problem for their use in cancer treatment, as this means that
very high doses are required. We hypothesized that a
methyl ester of DOX-GA3, DOX-mGA3, would be more
lipophilic than DOX-GA3 and of better use in enzyme
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prodrug therapy. The methyl ester of other methylated
glucuronide prodrugs has been reported to be hydrolyzed
by carboxylesterases [12,13]. When administered in vivo,
the methyl group of DOX-mGA3 might be removed by
carboxylesterase activity in plasma to yield the original
DOX-GA3 prodrug, which could in turn be activated by
human B-glucuronidase (Fig. 1). We hypothesized that
slow release of DOX-GA3 after administration of DOX-
mGA3 might result in improved pharmacokinetics of the
glucuronide prodrug in vivo. Therefore, the use of the
lipophilic DOX-mGA3, which can be considered a pro-
prodrug, might allow lower doses to be administered to
achieve the same therapeutic effect.

Another disadvantage of glucuronide prodrugs, espe-
cially those based on doxorubicin, is the relatively ineffi-
cient synthesis [14-16]. A maximum yield of no more than
37% of DOX-GA3 can be obtained as final product, which
can be explained as follows. The precursor of DOX-GA3
having the glucuronic acid group protected as methyl ester
and tri-acetate, has to be hydrolyzed under strong basic con-
ditions. In this basic reaction mixture, however, extensive
side-product formation takes place due to base lability of
doxorubicin. This step accounts for the main reduction in
the yield of DOX-GA3. We anticipated that the production
of DOX-mGA3 (Fig. 2) should result in a much higher
yield. The hydrolysis of only the tri-acetate, and not the
methyl group, in the last step of the synthesis could be per-
formed under less basic conditions for a shorter time period
and, therefore, would result in less side-product formation.

In the present study, we synthesized DOX-mGA3. We
investigated its stability and the antiproliferative effects of
DOX-mGA3 in vitro and compared the data with the results
obtained with DOX-GA3. We analyzed the conversion of
DOX-mGA3 into DOX-GA3 by esterase activity in plasma
of mice, rats and humans and subsequent hydrolysis to
doxorubicin. We also determined whether DOX-mGA3
could be converted into DOX-GA3 and doxorubicin in vivo.
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Fig. 1. The methyl glucuronate prodrug will be hydrolyzed first to liberate its glucuronide by esterases. The formed acid should be further cleaved by B-
glucuronidase and spontaneous release of CO, to the drug-spacer molecule (a). The electron-releasing free amino-group will trigger the 1,6-elimination process
and second molecule of CO, resulting in release of the parent antracycline and iminoquinone methide (b) transition state that is rapidly hydrolyzed to the non-

toxic 4-aminobenzyl alcohol (c).
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a) DPPA, Et;N, at room temperature for 18 hr, b) at 80 °C for 3 hr, ¢) HoAc/H,O/THF 1:1:1, at room
temperature for 2 hr, d) 4-nitrophenyl chloroformate, pyridine, THF , at room temperature for 3 hr, e) Et;N,
DMF, at room temperature for 16 hr, f) NaOMe, MeOH, at 0°C for 1 hr.

Fig. 2. The synthesis of the methylated glucuronide prodrugs of doxorubicin, DOX-mGA3. For details see Section 2.

2. Materials and methods

2.1. Synthesis of N-[4-(doxorubicin-N-carbonyl-
oxymethyl)phenyl] O-(methyl-O-f-glucuronyl) carbamate
(DOX-mGA3)

The synthesis of the protected glucuronide prodrug of
doxorubicin (Fig. 2) was performed using the same meth-
odology as described by Leenders et al. [16]. Methyl-2,3,4-
tri-o-acetyl D-glucuronic acid (1) was obtained as
described [17]. The 3-glucuronyl carbamate spacer moiety
was prepared from TBDMS protected 4-hydroxymethyl-
benzoic acid (2) by the modified Curtius reaction [16]. The
resulting protected pro-moiety (3) was coupled to the
anthracycline after deprotection of the benzyl alcohol
functionality and transformation to the active carbonate
(4) using 4-nitrophenyl chloroformate. The resulting tri-
acetylated prodrugs (5) were deacetylated as described
below to obtain the methyl ester prodrug, DOX-mGA3.

An 0.1 N solution of NaOMe in methanol (1.9 mL,
0.21 mmol) at 0 °C was added to a solution of 5 [16]
(225 mg, 0.21 mmol) in anhydrous mixture of methanol
(50 mL) and tetrahydrofuran (10 mL), and the deep blue
solution was stirred for 1 h under argon. Thereafter, the
solution was neutralized by the addition of the H" form of
Dowex 50 WX2 cation-exchange resin. Filtration followed
by evaporation under reduced pressure resulted in a crude
residue, which was purified with column chromatography
(SiO, MeOH/CH,Cl,, 1/10), giving DOX-mGA3 as
amorphous red solid (117 mg, 0.126 mmol), mp 172-
174 °C. The overall yield was 60%. Anal. calc. for
C43H46N2021'1.5H203 C, 54]5, H, 518, N, 2.94. Found:
C,53.97; H, 5.48; N, 3.16. NMR [300 MHz, (CD3),S0)] §
1.12 (2H,d,J=17.0 Hz,5'-Me), 1.45 (1H, dd, J=12.7 Hz, J
=3.9Hz, 2'-H), 1.83 (1H, dt, J = 12.7 Hz, J = 3.5 Hz,
2'.«-H),2.09 (1H, dd, J= 14.4 Hz, J= 5.7 Hz, 8’ ..-H), 2.20
(1H,d, J=3.5Hz, J= 149 Hz, 8 .-H), 291 (1H, d, J =

18.8 Hz 10.,-H), 2.99 (1H, d, J = 18.8 Hz 10,,-H), 3.14—
3.50 (4H, m, 3-H, Gluc2,3,4,-H), 3.66 (2H, s, CO,Me)
3.70 (1H, m, 4-H), 3.88 (1H, d, J = 9.7 Hz, Gluc5-H), 3.97
(3H, 5, 4-OMe), 4.12 (1H, m, 5'-H), 4.57 (2H, d, J= 6.1 Hz,
9-CH,OH), 4.70 (1H, d, J = 5.7 Hz, 4-OH), 4.85 (1H, d, J
= 6.1 Hz, OH), 4.87 (2H, s, ArCH,-), 492 (1H, t, J =
4.4 Hz,7-H),5.21 (1H,d,J=2.6 Hz, 1-H"), 5.33 (1H,d, J =
4.4 Hz, OH), 5.42 (3H, m, Gluc1-H, OH, 9-OH), 6.84 (1H,
d, J=7.9 Hz, 3-NH-), 7.24 (2H, d, J = 8.4 Hz, Ar3,5-H),
741 (2H, d, J = 8.4 Hz, Ar2,6-H), 7.63 (1H, t, J = 4.8 Hz,
3-H),7.89 (2H, d, J = 4.4 Hz,1,2-H), 9.36 (1H, bs, ArNH-),
9.97 (1H, bs, 11-OH), 10.12 (1H, bs, 6-OH).

2.2. In vitro characteristics of DOX-mGA3

A stock solution of DOX-mGA3 (7.5 mM) was prepared
in DMSO. The purity and stability of DOX-mGA3
(10 M) was determined in phosphate-buffered saline
(PBS)/0.1% bovine serum albumin (BSA) at pH 7.4 at
37 °C. Samples (20 pL) were taken at different time
points. Analysis with reversed-phase HPLC was performed
as described in the next section.

The hydrophilicity of DOX-mGA3 was analyzed by
determination of the octanol/PBS partition coefficient.
DOX-GA3 and doxorubicin were used as control drugs.
Doxorubicin was derived from Pharmacia & Upjohn. The
(pro)drugs were dissolved in 1 mL of octanol to a con-
centration of 10 pM, and then, 1 mL of PBS was added.
The mixture was incubated for 3 h at 37 °C under con-
tinuous rigorous shaking (300 rpm). Aliquots of 100 L of
both phases were collected and diluted in 1 mL of metha-
nol. The ratio of (pro)drug in octanol and PBS was
determined by measuring the fluorescence of both phases
(excitation wavelength 480 nm and emission wavelength
of 580 nm; Perkin Elmer 3000). The octanol/PBS partition
coefficient was calculated after subtraction of the back-
ground from octanol and PBS.



2276 M. de Graaf et al./Biochemical Pharmacology 68 (2004) 2273-2281

The hydrolysis of the methyl group of DOX-mGA3
(10 M) in human, mouse and rat plasma was analyzed.
Samples (20 pL) were taken at different time points and
prepared for HPLC analysis. As a control, the hydrolysis of
DOX-mGA3 (6 pnM) by 3 units of carboxylesterase of
porcine liver (Sigma—Aldrich) was checked in 100 pL
of PBS/0.1% BSA after incubation at 37 °C for 45 min.

In order to demonstrate that DOX-mGA3 is not a good
substrate for human recombinant (3-glucuronidase, DOX-
mGA3 (100 uM in PBS) was diluted in PBS/0.1% BSA
with human B-glucuronidase (10 pg mL ™) to a final con-
centration of 10 wM. At different time points, samples
(20 pL) were taken and prepared for HPLC analysis. For
measurement of the half-life of the hydrolysis of DOX-GA3
generated from DOX-mGA3, DOX-mGA3 was diluted in
mouse plasma (100 wM) and incubated for 30 min at 37 °C.
This mixture was then incubated in PBS/0.1% BSA with
human B-glucuronidase (10 wg mL™") to a final prodrug
concentration of 10 wM as described above.

2.3. HPLC analysis

Samples (20 L) were treated by the addition of 80 wL
acetonitrile in order to precipitate proteins. After incuba-
tion at —20 °C for 10 min, samples were centrifuged at
16,000 x g for 10 min. The supernatant (80 pwL) was
collected and 80 pwL of phosphate buffer (0.5 mM triethy-
lamine/20 mM sodium phosphate) was added.

The HPLC apparatus consisted of an autosampler (Mara-
thon-XT), a pump (Separations, Model 300), and a fluor-
escence detector (Jasco, Model 821-FP: excitation 480 nm;
emission 590 nm). Samples (50 wL) were loaded on a
reversed-phase column (Chromsep Cig, 2 mm x 100 mm
X 4.6 mm, 3 pm particle size). Elution was done with
eluens in an isocratic run (0.5 mM triethylamine/20 mM
sodium phosphate:acetonitrile = 3:2). Calibration of the
system was performed as previously described [18] and the
detection limit was 0.1 wM. In each cluster of runs, stan-
dards of doxorubicin, DOX-GA3 and DOX-mGA3 served
as references at the beginning and at the end of the cluster.
Control plasma and tissue samples spiked with known
concentrations of the different compounds were included
in the biodistribution experiments. No degradation was
observed and the recovery of the compounds was taken
into consideration in the analysis. The elution peaks in the
chromatogram were integrated using the Gyncosoft pro-
gram (Gynkotek, Version 5.3E).

2.4. Esterase activity assay

Human, mouse or rat plasma was incubated with 200 L
of 100 mM Tris—HCI, pH 8.0, containing 1 mM p-nitro-
phenyl acetate (pNPAc, Sigma—Aldrich), a substrate for
esterases. After mixing, the rate of conversion to p-nitro-
phenol was measured at a wavelength of 415 nm during
10 min using an ELISA plate reader (BioRad).

2.5. In vitro antiproliferative effects

The human ovarian cancer cell line OVCAR-3 [19], the
human breast cancer cell line MCF-7 [20], the human lung
cancer cell line A549 (ATCC CLL 185), and the human
colon cancer cell line WiDr (ATCC CLL 218) were grown
in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum, 50 IU mL ™! penicillin and
50 g mL ™! streptomycin (Life Technologies) in a humi-
dified atmosphere containing 5% CO, at 37 °C.

Cells were harvested and seeded in a 96-well microtiter
plate at 5000 cells per well. After 24 h, prodrug or drug was
added at different concentrations to the culture medium
with or without human B-glucuronidase (0.05 U mL™") in
triplicate. After 72 h, the wells were incubated with the cell
proliferation reagent WST-1 (Roche) for 1 h at 37 °C. The
absorbance was measured at a wavelength of 450 nm. The
antiproliferative effects were determined and expressed as
a percentage of growth of treated cells as compared to
control cell growth, which was set at 100%. The ICs, value
was expressed as the (pro)drug concentration that gave
50% cell growth inhibition.

2.6. Animals and human xenograft model

The animal experiments were performed in accordance
with the institution guidelines after approval by the Institu-
tional Animal Experimental Committee. Female NMRI
mice (Harlan) were handled under conventional condi-
tions. Specified pathogen-free conditions were used for
female athymic nude mice (Hsd: athymic nude-nu; Har-
lan).

The human ovarian cancer xenograft FMa has been
described earlier [21]. It is a poorly differentiated muci-
nous adenocarcinoma with a mean volume-doubling time
of 5.5 days. Xenografts from previous recipients were
transferred by implanting tissue fragments with a diameter
of 2-3 mm into both flanks of 8-10-week-old mice.
Tumors from previous recipients were transferred by
implanting tissue fragments with a diameter of 2-3 mm
into both flanks of 8-10-week-old mice. Upon growth,
tumors were measured twice a week by the same observer.
The tumor volume was calculated by the equation length x
width x thickness x 0.5, and expressed in mm®.

2.7. DOX-mGA3 in plasma of non-tumor-bearing mice

DOX-mGA3 was dissolved in Cremophor EL/ethanol
(1/1 v/v) at a concentration of 10 mg mL ™! and was stable
for at least 48 h as analyzed by HPLC. Immediately before
injection, one part of this solution was diluted with four
parts of 0.9% NaCl giving a concentration of DOX-mGA3
of 2mgmL™". Six mice were injected i.v. with DOX-
mGA3 or DOX-GA3 at a dose of 20 mgkg '. Blood
samples were collected with the use of heparinized glass
capillaries at different time points ranging from 1 to 60 min
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(DOX-GA3) and to 90 min (DOX-mGA3) using three mice
per time point. The samples were centrifuged at 2700 g for
10 min to separate the plasma. From the plasma, 20 nL
was prepared for analysis by HPLC.

2.8. Distribution of DOX-mGA3 and DOX-GA3 in
tumor and normal tissues

Nude mice bearing s.c. FMa xenografts with a mean
tumor volume of 300 mm® were injected i.v. with
20mgkg~' DOX-mGA3 (in Cremophor EL/ethanol/
0.9% NaCl (1/1/8, v/v)) or DOX-GA3 (in water). At
different time points ranging from 1 min to 2 h, blood,
tumors, liver, heart and kidneys were removed in groups of
three mice per time point. Blood samples were collected as
described in the previous section. To plasma 1/100 volume
of 100 mM of bis(4-nitrophenyl)phosphate (BNPP) was
added to prevent hydrolysis of DOX-mGA3 to DOX-GA3
[22]. Furthermore, 1/100 volume of 100 mM b-glucaric
acid-1,4-lactone monohydrate (saccharonolactone; Fluka)
was added to prevent hydrolysis of DOX-GA3 by B-
glucuronidase [6]. Samples were prepared for HPLC ana-
lysis as described above. After blood sampling, tumor,
liver, heart and kidney tissues were collected and imme-
diately frozen in liquid nitrogen and stored at —80 °C until
preparation for HPLC analysis. Tissue samples were pul-
verized (Mikro-Dismembrator II, B. Braun Biotech Inter-
national, Nieuwegein, The Netherlands) and diluted
(230 mg tissue/770 nL PBS containing 1 mM saccharo-
nolactone and 1 mM BNNP. The homogenate (40 wL) was
diluted in 3.3% (w/v) AgNO; (8 pL) and acetonitrile
(32 pL), shaken (15 min, room temperature), sonicated
(15 min, room temperature) and centrifuged (16,000 X
g, 10 min). To the supernatant (50 pL), 117 pL of phos-
phate buffer (0.5 mM triethylamine/20 mM sodium phos-
phate) was added. Samples were analyzed by HPLC as
described above.

Each HPLC sample was prepared in duplicate. The mean
fluorescence of each duplicate sample was used to calcu-
late the prodrug concentration in each animal at a given
time. The half-lives (#;,;) and area under the concentra-
tion versus time curves (AUCs) were calculated using
WinNonlin 1.5 (Pharsight).

3. Results
3.1. Characterization of DOX-mGA3

DOX-mGA3 was first examined for its stability in PBS/
0.1% BSA at 37 °C. DOX-mGA3 appeared to be gradually
hydrolyzed into DOX-GA3 with a #;, of approximately
10 h, while DOX-GA3 was stable for at least 24 h (data
not shown). We then calculated the the logarithm of the
octanol/PBS partition coefficient (log P) as a measure of
the hydrophilicity of the prodrug and the drug. The highly

hydrophilic DOX-GA3 had a relatively low value of —0.15
as compared to 0.52 of doxorubicin. These values were
similar to those reported before [5]. The log P of DOX-
mGA3 was 1.27 and considerably higher than that of
doxorubicin demonstrating the very lipophilic nature of
this prodrug.

We tested whether the methyl ester group of DOX-
mGA3 could be hydrolyzed by esterases in blood [23].
Therefore, we incubated DOX-mGA3 with plasma from
different species (Fig. 3A). The hydrolysis in mouse
plasma (t;,, of approximately 0.5 min) and that in rat
plasma (#;,, of approximately 1.5 min) were much faster
than that in human plasma (¢;,, of approximately 2.5 h).
The rate of hydrolysis was in agreement with the esterase
activity in plasma of the different species (Fig. 3B). By
measurement of the conversion of the substrate pNPAc, it
was demonstrated that the esterase activity in human
plasma was approximately 2.5-fold lower than that in
mouse and approximately 2-fold lower than that in rat
plasma. Of note: the assay, however, does not discriminate
for differences in catalytic rate or esterase content relevant
for DOX-mGA3 conversion between species. To confirm
that esterase activity present in blood was indeed respon-
sible for the hydrolysis of the methyl group of DOX-
mGA3, we incubated DOX-mGA3 with porcine liver
carboxylesterase at 37 °C. After 45 min, 93% of DOX-
mGA3 was converted into DOX-GA3, while the methyl
group was not removed in the absence of the enzyme (data
not shown).

In order to show that DOX-mGA3 will ultimately be
converted to doxorubicin by human (-glucuronidase, we
first incubated DOX-mGA3 in mouse plasma or PBS/0.1%
BSA for 30 min at 37 °C. After this time period, 95% of the
DOX-mGA3 was converted into DOX-GA3 in mouse
plasma (Fig. 4A), while no DOX-GA3 was generated in
PBS/0.1% BSA (Fig. 4B). Thereafter, human B-glucuro-
nidase was added. DOX-GA3 generated after incubation of
DOX-mGA3 in mouse plasma was completely hydrolyzed
to doxorubicin by this enzyme at 120 min. In PBS/0.1%
BSA, only 20% of doxorubicin from DOX-mGA3 could be
detected at 240 min after addition of 3-glucuronidase. This
finding can be explained by spontaneous generation of
DOX-GA3 as we demonstrated that DOX-mGA3 is not
highly stable in PBS/0.1% BSA. Therefore, it can be
concluded that DOX-mGA3 itself is not a good substrate
for human B-glucuronidase and that conversion into dox-
orubicin only occurs after hydrolysis of the methyl group.

3.2. In vitro antiproliferative effects

The antiproliferative effects of doxorubicin, DOX-GA3
and DOX-mGA3 were determined in four different human
malignant cell lines (Table 1). In all four cell lines IC50
values for DOX-GA3 and DOX-mGA3 were at least 37-
fold higher than that of the parent drug doxorubicin. When
OVCAR-3 cells were incubated with DOX-mGA3 in



2278 M. de Graaf et al./Biochemical Pharmacology 68 (2004) 2273-2281

Mouse plasma

6

£

E 4

g 4

E

g 2]

<

0 +
0 2 4 6 8 10

Time (min)
Rat plasma

_6 °

£

s R

L 4

E

g 2

<

0 r : *
0 2 4 6 8 10

Time (min)

Human plasma

>
)

Area (mV*min)
o =4 N ow A

0 2 4 6
(A) Time (h)
12000

£
< 8000 -
£
© 4000 -
£
=]

0 4
(B) Mouse Rat Human

Fig. 3. (A) HPLC analysis of the hydrolysis of the methyl ester bond of
DOX-mGA3 (6 uM) in mouse, rat and human plasma at 37 °C. At different
time points, samples were taken and analyzed by HPLC. Concentrations of
DOX-mGA3 and DOX-GA3 were expressed as the corresponding peak
areas (mV x min). DOX-mGA3 (4) was totally converted to DOX-GA3
(M) in plasma of all three species. (B) Esterase activity in mouse, rat and
human plasma in two separate samples per species. Plasma was diluted in
PBS and incubated with 1 mM pNPAc. Substrate conversion was measured
after 10 min. Esterase activity was expressed as the rate of pNPAc con-
version in wmol min~' mg~!. Bars, +S.D.

combination with an excess of human B-glucuronidase
(0.05 U mL™ 1), the IC50 value was comparable to that of
doxorubicin and DOX-GA3 in combination with human
B-glucuronidase (Fig. 5). This finding can be explained
by the hydrolysis of the methyl group of DOX-mGA3 in
the culture medium during the 72-h assay, whereafter
DOX-GA3 can be activated by human B-glucuronidase
to doxorubicin.
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Fig. 4. Conversion of DOX-mGA3 into doxorubicin by human B-glucur-
onidase after incubation in mouse plasma (A) or PBS/0.1% BSA (B). DOX-
mGA3 (100 wM) was first incubated in mouse plasma or PBS/0.1% BSA for
30 min. These mixtures were then diluted 10 times in PBS/0.1% BSA. After
addition of human B-glucuronidase (10 wg mL~"), samples were taken at
different time points for analysis by HPLC. The peak areas of DOX-mGA3,
DOX-GA3 and doxorubicin were expressed as a percentage of the total peak
areas. DOX-mGA3 (¢); DOX-GA3 (H); doxorubicin (A).

Table 1
Antiproliferative effects of DOX-mGA3, DOX-GA3 and doxorubicin
expressed as ICso" in human malignant cell lines

(Pro)drug A549 MCF-7 OVCAR-3 WiDr
(»M) (M) (rM) (rM)
DOX-mGA3 >50 22 7 >50
DOX-GA3 26 30 7 13
Doxorubicin 0.7 0.3 0.1 0.2

# (Pro)drug concentration that gives 50% growth in treated cells when
compared with control cell growth. The values are the mean from two
separate experiments performed in triplicate.

3.3. Pharmacokinetics of DOX-mGA3 in plasma of
non-tumor-bearing mice

The kinetics of DOX-mGA3 in comparison to that of
DOX-GA3 in blood was first tested in non-tumor-bearing
mice (Fig. 6). DOX-mGA3 or DOX-GA3 was injected i.v.
at a dose of 20 mg kg~'. Orbita punctures were taken at
different time points after injection and analyzed by HPLC
for the presence of DOX-mGA3 and DOX-GA3. Admin-
istration of DOX-mGA3 resulted in a peak concentration of

% Growth
~
o
4

2 N b5
* A =
0 T T — T y
0.001 0.01 0.1 1 10 100
HM(Pro)drug

Fig. 5. Antiproliferative effects of DOX-mGA3 in various concentrations
with or without human B-glucuronidase in OVCAR-3 cells. Treatment of
OVCAR-3 cells with doxorubicin or DOX-GA3 with or without human 3-
glucuronidase served as controls. After 72 h, cell growth was measured with
the cell proliferation reagent, WST-1, and the growth inhibitory effects were
expressed as a percentage of control cell growth. The experiment was
performed in triplicate wells. Doxorubicin (@); DOX-mGA3 (A); DOX-
GA3 ([10); DOX-mGA3 with B-glucuronidase (A); DOX-GA3 with B-
glucuronidase (). Bars, £S.D.
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Fig. 6. The concentration-time curves of DOX-mGA3 and DOX-GA3 in
plasma as a result of the i.v. administration of 20 mg kg~' DOX-mGA3 or
DOX-GA3 to groups of 3 mice each. DOX-mGA3 (#); DOX-GA3 from
DOX-mGA3 (Hl); DOX-GA3 from DOX-GA3 itself ([]). Bars, £S.D.

this prodrug of 1766 uM (¢ = 1 min) in plasma and an
elimination #;,, of 15.8 min. DOX-GA3 generation showed
a plateau phase at a plasma concentration of 103 uM
during approximately 30 min followed by an elimination
phase with a t,, of 25.3 min. The #,,, of DOX-GA3 itself
after i.v. injection at a dose of 20 mg kg~ ' was 26.1 min.

The AUC of DOX-GA3 generated from DOX-mGA3
from 1 to 60 min was 4873 nmol min~' mL™~'. This was
2.7-fold higher than the AUC of DOX-GA3 itself, which
was 1965 nmol min~' mL ™.

3.4. Biodistribution of DOX-mGA3 in
FMa-bearing mice

We next investigated whether the concentrations of
DOX-GA3 and doxorubicin in plasma and tissues of
FMa-bearing mice after i.v. administration of 20 mg kg~
1 DOX-mGA3 were higher than those after the same dose
of DOX-GA3. This information would give an indication
whether a higher antitumor efficacy might be expected
from DOX-mGA3. Plasma, tumors, liver, heart and kid-
neys were collected at 0.5, 1 and 2 h after administration of
the prodrug. In addition, plasma was collected by orbita
puncture at 1 min after prodrug administration. All sam-
ples were analyzed by HPLC for the presence of DOX-
mGA3, DOX-GA3 and doxorubicin (Fig. 7). The curves of
the plasma kinetics of DOX-GA3 generated from DOX-
mGA3 and of DOX-GA3 itself were similar in FMa-
bearing mice as compared to non-tumor-bearing mice
(Fig. 6). The AUC was calculated from the limited number
of time points available between 0.5 and 2 h. In general, the
AUC of DOX-GA3 after DOX-mGA3 in tumor and normal
tissues was 2.5- to 3-fold higher than after DOX-GA3,
except for that in liver (Table 2). The generation of

Table 2

DOX-mGA3 DOX-GA3
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Fig. 7. The concentration-time curves of: DOX-mGA3 (4), DOX-GA3
() and doxorubicin (A) as aresult of the i.v. administration of 20 mg kg’1
DOX-mGA3; DOX-GA3 ([]) and doxorubicin (A) as a result of the i.v.
administration of 20 mg kg’1 DOX-GA3 in plasma, tumors, liver, heart,
and kidney of FMa-bearing mice. Groups consisted of three mice each.
Doxorubicin was not detectable in plasma after administration of the given
dose of DOX-mGA3 or DOX-GA3 at any time. Bars, +S.D.

doxorubicin was most pronounced in tumor tissue, in
which the AUC of doxorubicin was 50% of that of
DOX-GA3 (Tables 2 and 3). Of interest, the administration
of DOX-mGA3 resulted in a 2.7-fold higher AUC of
doxorubicin in tumor tissue when compared to the AUC
after DOX-GA3 administration.

The ratio between doxorubicin concentrations after
DOX-mGA3 and DOX-GA3 administration in FMa tumor
tissue increased from almost 1 at 0.5 h after injection to
approximately 5 at 2 h (Fig. 8). In normal mouse tissues,
the ratio was approximately 1 at all time points except for a
higher ratio in heart and kidney at the earliest time point of
0.5 h.

AUC? of DOX-GA3 in plasma and tissues of FMa-bearing nude mice after i.v. administration of 20 mg kg~' DOX-GA3 or DOX-mGA3

Liver (nmol min™" gfl) Heart (nmol min ™" g") Kidney (nmol min~! g")

Treatment Plasma (nmol min~' mL™")  Tumor (nmol min~" g’])
DOX-mGA3 427.5 44.8
DOX-GA3 59.7 15.3

29.0 100.3
12.0 33.4

* AUC from 0.5 h until 2 h.
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Table 3

AUC? of doxorubicin in tissues of FMa-bearing nude mice after i.v. administration of 20 mg kg~' DOX-GA3 or DOX-mGA3

-1 _—1

Treatment Tumor (nmol min™ g~ ) Liver (nmol min~" g’]) Heart (nmol min~! gfl) Kidney (nmol min~" g’])
DOX-mGA3 21.6 65.4 7.8 20.6
DOX-GA3 8.1 101.9 4.5 17.5

& AUC from 0.5 h until 2 h.
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Fig. 8. Ratio of doxorubicin (DOX) concentrations obtained after DOX-
mGA3 and DOX-GA3 administration (20 mg kg™ ' i.v.) in mouse plasma,
normal tissue and FMa tumor tissue at 0.5, 1 and 2 h after injection. The
ratio was calculated by dividing the doxorubicin concentration obtained
after DOX-mGA3 administration by the doxorubicin concentration after
DOX-GA3 administration.

4. Discussion

DOX-GA3 is a prodrug with a higher therapeutic
index than doxorubicin as shown in human ovarian cancer
xenografts, because of tumor-selective activation by [3-
glucuronidase [6]. The production process of DOX-GA3,
however, is very inefficient. The advantage of the synthesis
of DOX-mGA3 instead of DOX-GA3 is that in the last
deprotection step only the tri-acetate, and not the methyl
group, has to be chemically removed. We showed that
under less basic conditions for a shorter time period the
overall yield of DOX-mGA3 was 60%. For comparison,
we have previously reported that complete deprotection
yielded 37% of DOX-GA3 [16].

We anticipated that the methyl group of the methylated
glucuronide prodrug could be enzymatically removed by
esterase activity in blood. Indeed, we showed that DOX-
mGA3 was completely hydrolyzed to DOX-GA3 in plasma
at a rate dependent on the level of esterase activity. We
demonstrated that DOX-mGA3 was not a substrate for
human [(-glucuronidase. After removal of the methyl
group by esterases for formation of DOX-GA3, complete
conversion to doxorubicin could be achieved by human
[-glucuronidase. Moreover, the antiproliferative effect of
DOX-mGA3 in the presence of B-glucuronidase was simi-
lar to that of doxorubicin in OVCAR-3 cells in vitro.

We hypothesized that the administration of lipophilic
DOX-mGA3 would result in a prolonged circulation of
DOX-GA3 in mice as compared to direct administration
of the hydrophilic DOX-GA3. Despite the high esterase
activity in mouse plasma, we were able to show a 2.7-fold
increase of the plasma AUC of DOX-GA3 from DOX-

mGA3 as compared to the AUC after administration of
DOX-GA3 itself in non-tumor-bearing mice as well as in
tumor-bearing nude mice. The level of DOX-GA3 gener-
ated from DOX-mGA3 showed a plateau phase of approxi-
mately 30 min followed by the elimination phase. The
duration of the plateau phase might seem to be long
considering the very short conversion #;,, of 0.5 min that
was measured in mouse plasma in vitro. The peak con-
centration of DOX-mGA3 of 1766.4 M in vivo, however,
was considerably higher than the 6 uM used in the in vitro
assay. The slower conversion of DOX-mGA3 in vivo might
be attributed to the saturation of the esterases in plasma.
Indeed, we have observed a longer conversion #;,, of 5 min
at a concentration of DOX-mGA3 of 800 M in mouse
plasma in vitro (data not shown). Another possible expla-
nation for the 30-min plateau phase observed in mice will
be the rapid uptake of the lipophilic DOX-mGA3 in tissues,
whereafter conversion to DOX-GA3 will result in the
release of the prodrug in the circulation. The pharmaco-
kinetic behaviour of DOX-mGA3 might even be more
favorable in man considering the much lower conversion
t1» of DOX-mGA3 of approximately 2.5 h that we mea-
sured in human plasma in vitro (Fig. 3).

In tumor tissue, an increased AUC of DOX-GA3 was
reached after administration of DOX-mGA3 as compared
to that after administration of DOX-GA3. The AUC of
doxorubicin was 50% of the DOX-GA3 AUC in tumor
tissue, most probably as a result of the presence of extra-
cellular B-glucuronidase. Therefore, DOX-mGA3 might
be expected to give a better tumor growth inhibition than
DOX-GA3 at the same dose. In contrast, the higher con-
centration of DOX-GA3 after the administration of DOX-
mGA3 did not lead to a substantially increased concentra-
tion of doxorubicin in normal tissues, in which extracel-
lular B-glucuronidase should be absent (Table 3). Since
doxorubicin generation in heart tissue after DOX-mGA3 as
well as after DOX-GA3 [6] was proportionally lower than
that in tumor tissue, we expect that this prodrug will be less
cardiotoxic than is normally associated with doxorubicin
treatment.

Treatment with DOX-mGA3 is hampered by its low
solubility precluding effective doses to be administered.
The lipophilic DOX-mGA3 is not soluble in aqueous
solutions such as water, phosphate buffer or ethanol. A
solution of DOX-mGA3 could be prepared in Cremophor
EL/ethanol (1:1) at a concentration of 10 mg mL ™! and
further diluted in 0.9% NaCl to 2 mg mL~". In the clinic,
some drugs have to be given as a solution in Cremophor
EL. For example, administration of paclitaxel in Cremo-
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phor EL is a feasible approach when precautions are taken
to prevent hypersensitivity reactions [24]. The highest dose
of DOX-mGA3 that could be given in a single injection
i.v. to mice was 20 mg kg '. For comparison, we have
previously shown that DOX-GA3 gave good tumor growth
inhibition in FMa-bearing nude mice at a dose of
250 mg kg~ ' [6]. Even considering the fact that a 2.7-fold
higher concentration of doxorubicin can be reached in
tumor tissue after DOX-mGA3 than after the same dose
of DOX-GA3, efforts should be taken to formulate the
prodrug in different solvents.

In conclusion, in vivo administration of DOX-mGA3 led
to improved pharmacokinetics of this prodrug and 2.7-fold
higher doxorubicin concentrations in tumor tissue as com-
pared to administration of DOX-GA3 itself. Therefore,
better antitumor effects might be expected from a lower
dose of DOX-mGA3 than from DOX-GA3. Furthermore,
the synthesis of DOX-mGA3 is much more efficient
than that of DOX-GA3. The therapeutic usefulness of
DOX-mGA3, however, should be improved aiming at
better solubility in clinically suitable solvents.
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