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Abstract
Purpose—To determine the correlations/discrepancies of drug stabilities between in the
homogenates of human culture cells and of human tissues.

Methods—Amino acid/dipeptide monoester prodrugs of floxuridine were chosen as the model
drugs. The stabilities (half-lives) of floxuridine prodrugs in human tissues (pancreas, liver, and
small intestine) homogenates were obtained and compared with ones in cell culture homogenates
(AcPC-1, Capan-2, and Caco-2 cells) as well as human liver microsomes. The correlations of
prodrug stability in human small bowel tissue homogenate vs. Caco-2 cell homogenate, human
liver tissue homogenate vs. human liver microsomes, and human pancreatic tissue homogenate vs.
pancreatic cell, AsPC-1 and Capan-2, homogenates were examined.

Results—The stabilities of floxuridine prodrugs in human small bowel homogenate exhibited the
great correlation to ones in Caco-2 cell homogenate (slope = 1.0–1.3, r2 = 0.79–0.98). The
stability of those prodrugs in human pancreas tissue homogenate also exhibited the good
correlations to ones in AsPC-1 and Capan-2 cells homogenates (slope = 0.5–0.8, r2 = 0.58–0.79).
However, the correlations of prodrug stabilities between in human liver tissue homogenates and in
human liver microsomes were weaker than others (slope = 1.3–1.9, r2 = 0.07–0.24).

Conclusions—The correlations of drug stabilities in cultured cell homogenates and in human
tissue homogenates were compared. Those results exhibited wide range of correlations between in
cell homogenate and in human tissue homogenate (r2 = 0.07 – 0.98). Those in vitro studies in cell
homogenates would be good tools to predict drug stabilities in vivo and to select drug candidates
for further developments. In the series of experiments, 5′-O-D-valyl-floxuridine and 5′-O-L-
phenylalanyl-L-tyrosyl-floxuridine would be selected as candidates of oral drug targeting delivery
for cancer chemotherapy due to their relatively good stabilities compared to other tested prodrugs.

INTRODUCTION
It is extremely important to understand the pharmacokinetic characteristics of drug
candidates for drug development. Learning the membrane permeabilities and the metabolic
stabilities of drug compounds would be important information to select drug candidates. The
in vitro studies of membrane permeability and metabolic stability are routinely examined at
the early discovery stage in the development of new drugs. Those in vitro experimental
systems using the preparations from human should reasonably predict in vivo in human. The
in vitro assay systems with intestinal epithelial cells such as Caco-2 cell and HT29 cell for
drug membrane permeability and with human liver microsomes and hepatocytes for drug
stability/metabolism have been widely utilized due to their convenience and cost effect (1–
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4). Human intestinal epithelial Caco-2 cell assays for drug permeability have become the
standard in the early drug discovery and development (1, 3). It is easier and faster with this
in vitro system to assess the oral absorption of drugs, to understand the mechanistic basis of
drugs, and to characterize intestinal transport mechanism including active and efflux
transporters (5, 6). To predict human pharmacokinetics of intestinal availability, human
intestinal tissues, human intestinal microsomes and Caco-2 cell homogenate are used to
determine the drug stability at the intestinal transit process (7–14).

The prediction of drug metabolism in human hepatocytes has become more accurate with
the available preparations from human. Cryopreserved human hepatocytes and human liver
microsomes are widely used to predict in vivo hepatic clearance in human (15–18). Those in
vitro experimental systems have been performed enormously as reliable and relatively faster
in vitro model systems to evaluate the pharmacokinetics of drug candidates. Cancer is a
major health problem in the world and causes one in four deaths in the United States (19).
Pancreatic cancer is the fourth highest death in male and female and has a low survival rate
(19). The therapy for pancreatic cancer is limited to surgical resection, chemotherapy and
radiation therapy because of the difficulties of early diagnosis (20–22). Chemotherapeutic
treatment causes cancer patients the adverse effects in non-tumor cells. Therefore, the
improvement of therapeutic efficacy has been a major objective. In order to increase tumor
selectivity, different approaches have been examined. Prodrug approaches, one of those
approaches, have been widely utilized to achieve that goal. Gemcitabine, irinotecan,
floxuridine, and capecitabine are prodrug forms of useful chemotherapeutic agents.
Floxuridine, 5-fluoro-2′-deoxyuridine, is an anticancer agent used clinically in the treatment
of cancers. The mechanistic pathways of floxuridine and its active metabolite 5-FU for
antitumor effect are well described (23, 24). Several groups have reported that floxuridine
exhibits 10- to 100-fold higher potency than 5-FU (25, 26). Therefore, the stabilization of
the glycosidic bond in floxuridine would lead to more efficient cancer therapy and has been
reportedly succeeded by attaching amino acid/dipeptide to 5′-position of floxuridine (13).
These prodrugs demonstrated better membrane permeability due to the good affinity to
PEPT1 transporters in monolayer cell culture studies and better chemical and enzymatic
stabilities in vitro (13, 14, 27). Moreover, the advantage of amino acid/dipeptide monoester
prodrugs of floxuridine over their parent drug to permeate AsPC-1 and Capan-2 cells and to
inhibit the growth of pancreatic cancer cells has been demonstrated (13, 28).

In the present study, in vitro models provide a well-defined environment for specific studies
in contrast to the complex host environment of an in vivo model. Monolayer cell cultures
and cell and tissue homogenates as well as microsomes have been popular in vitro models
for various studies for years. These experiments furnish a great deal of information on the
mechanism of drug permeation, metabolism and action in terms of drug targeting delivery.
However, in our knowledge, there has little information regarding the correlation between
those in vitro cells and human tissues. In this report, at the stability point of view, the in
vitro prodrug stability in human tissue homogenates was examined and compared with one
in corresponding human cell homogenates. The correlation of those drug stabilities in human
tissue and cell homogenates was compared with the corresponding drug/prodrug stabilities.
We selected floxuridine prodrugs as test compounds, which have displayed the better
membrane permeability than their parent drug, floxuridine, for this set of experiments (13,
14, 27, 29–31). The outcome of those results would give a better selection of drug
candidates for drug targeting delivery in vivo system.
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MATERIALS AND METHODS
Materials

Floxuridine was obtained from Lancaster (Windham, NH). The tert-butyloxycarbonyl (Boc)
protected amino acids Boc-L-isoleucine, Boc-L-valine, Boc-D-valine, Boc-L-phenylalanine,
Boc-L-leucine, Boc-L-phenylalanalyl-L-glycine, Boc-L-valyl-L-phenylalanine, and Boc-L-
phenylalanyl-L-tyrosine were obtained from Chem-Impex (Wood Dale, IL). Human liver
microsomes S9 were obtained from Celesis (Chicaco, IL). Human tissue samples were
provided from the Tissue Procurement Core of the University of Michigan Comprehensive
Cancer Center. Acetonitrile, high-performance liquid chromatography (HPLC) grade and
liquid chromatography-mass spectrometry (LC-MS) grade, was obtained from Fisher
Scientific (St. Louis, MO). N,N-dicyclohexylcarbodiimide (DCC), N,N-
dimethylaminopyridine (DMAP), and trifluoroacetic acid (TFA) and all other reagents and
solvents were purchased from Aldrich-Aldrich Chemical Co. (Milwaukee, WI). Cell culture
reagents were obtained from Invitrogen (Carlsbad, CA) and cell culture supplies were
obtained from Corning (Corning, NY) and Falcon (Lincoln Park, NJ). All chemicals were
either analytical or HPLC grade.

Synthesis of Floxuridine Prodrugs
The synthesis and characterization of 5′-mono amino acid and 5′-dipeptide ester prodrugs
of floxuridine have been reported previously(13, 27, 31). Amino acid and dipeptide
monoester prodrugs of floxuridine were synthesized in a similar manner. Briefly, Boc-
protected amino acids or dipeptides (1.1 mmole), DCC (1.1 mmole), and DMAP (0.1
mmole) were allowed to react with floxuridine (1 mmole) in 7 mL of dry DMF for 24 hr.
The reaction progress was monitored by TLC (ethyl acetate) and DMF was removed under
vacuum at 40°C. The residue was extracted with ethyl acetate (30 mL) and washed with
water (2 × 20 mL), and saturated NaCl (20 mL). The organic layer was dried over MgSO4
and concentrated under vacuum. The reaction yielded a mixture of 3′-amino acid/dipeptide
monoester, 5′-amino acid/dipeptide monoester, and 3′,5′-amino acid/dipeptide diester
floxuridine prodrugs. The three spots observed on TLC were separated (dichloromethane
(DCM)/methanol, 20:1) and purified using a preparative HPLC purification system.
Fractions from each spot were concentrated under vacuum separately. The Boc group was
cleaved by treating the residues with 5 mL TFA:DCM (1:1). After 4 hr, the solvent was
removed and the residues were reconstituted with water and lyophilized. The TFA salts of
amino acid prodrugs of floxuridine were obtained as white fluffy solids. The combined yield
of floxuridine prodrugs was ~60%. HPLC was used to evaluate the prodrug purity. Prodrugs
were between 90–99% pure. These prodrugs were easily separated from parent drug by
HPLC. Electrospray ionization mass spectra (ESI-MS) were obtained on a Micromass LCT
ESI-MS. The observed molecular weights of all prodrugs were found to be consistent with
that required by their structure. The structural identity of the prodrugs was then confirmed
using proton nuclear magnetic resonance spectra (1H NMR). 1H NMR spectra were obtained
on a 300 MHz Bruker DPX-300 NMR spectrometer.

Cell Culture
Caco-2 cells (passages 30–40) and Capan-2 cells (passages 50–54) from American Type
Culture Collection (Rockville, MD) were routinely maintained in DMEM and RPMI-1640
containing 10% fetal bovine serum at 5% CO2 and 90% relative humidity at 37°C,
respectively. All cells were grown in antibiotic-free media.
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Analysis of Hydrolysis; Cell homogenates
The preparation of cell homogenates has been reported previously (13). Confluent Caco-2,
Capan-2, and AsPC-1 cells were rinsed with saline twice. The cells were washed with 5 mL
of pH 7.4 phosphate buffer (10 mmol/l), lysed by ultrasonication (Micro ultrasonic cell
disrupter Model KT40, Kontes, Vineland, NJ), and were pelleted by centrifugation for 5 min
at 1,000xg. Protein amount was quantified with Bio-Rad (Hercules, CA) DC Protein Assay
using bovine serum albumin as a standard. The protein amount was adjusted to either 500
μg/mL or 1000 μg/mL and the hydrolysis reactions were carried out in 96-well plates
(Corning). Caco-2, AsPC-1, and Capan-2 cell suspensions (250 μL) were placed in triplicate
wells, the reactions started with the addition of substrate, and cells were incubated at 37°C
for 120 min. At the desired time point, sample aliquots (35 μL) were removed and added to
150 μL of acetonitrile (ACN) containing 0.1% TFA. The mixtures were filtered with a 0.45
μm filter at 1,000xg for 10 min at 4°C. The filtrate was then analyzed via reverse-phase
LCMS.

Analysis of Hydrolysis; Human Tissue Homogenates
The obtained human tissues were rinsed with saline five times. The tissues were washed
with 5 mL of pH 7.4 phosphate buffer (10 mmol/l) and lysed by homogenizer (Tissue tearor
Model 985370, Biospec Product Inc., Bartlesville, OK) and ultrasonication (Micro
ultrasonic cell disrupter Model KT40, Kontes, Vineland, NJ), and were pelleted by
centrifugation for 5 min at 1,000xg. Protein amount was quantified with Bio-Rad (Hercules,
CA) DC Protein Assay using bovine serum albumin as a standard. The protein amounts were
adjusted to 500 μg/mL and 1000 μg/mL for human pancreas and small intestine,
respectively. The hydrolysis reactions were carried out and analyzed as described above.

DATA ANALYSIS
The initial rates of hydrolysis were used to obtain the apparent first-order rate constants and
to calculate the half-lives. The apparent first-order degradation rate constants of various
floxuridine prodrugs at 37°C were determined by plotting the logarithm of prodrug
remaining as a function of time. The slopes of these plots are related to the rate constant, k,
and given by

(1)

The degradation half-lives were then calculated by the equation,

(2)

STATISTICAL ANALYSIS
Statistical significance was evaluated with GraphPad Prism v. 3.0 by performing one-way
analysis of variance with post-hoc Tukey’s test to compare means. A p value of < 0.05 was
considered significant.

LC-MS Analysis
The LC-MS analytical method of 5′-mono amino acid and 5′-dipeptide ester prodrugs of
floxuridine has been reported previously (32). The LC-MS analysis of amino acid and
dipeptide monoester prodrugs of floxuridine was modified and performed in a similar
manner. Briefly, LC-MS analysis of the uptake drug amount was performed in triplicate on
LCMS-2010EV (Shimadzu Scientific Instruments, Kyoto, Japan) equipped with an ESI
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(electrospray ionization) source. The Shimadzu LC-MS system consisting of a Shimadzu
LC-20AD pump with DGU-20A in-line vacuum degasser units, and SIL-20HT autosampler
with a Xterra MS C-18 column (5 μm, 50 × 2.1 mm) was used for the separation and the
effluent from the column was directly to the ionization source. The system was controlled by
Shimadzu LCMS solution software (version 3) to collect and process data. The mobile phase
consisted of water containing 0.1% formic acid (Solvent A) and acetonitrile containing 0.1%
formic acid (Solvent B) for floxuridine prodrugs and water containing 0.1% ammonium
hydroxide (Solvent A) and acetonitrile containing 0.1% ammonium hydroxide (Solvent B)
for floxuridine with the solvent B gradient changing from 2–90% at a rate of 25%/min
during a 12 min run. The ESI probe was operated with a detector voltage of 1.5kV, CDL
temperature of 250 °C, heat block of 200 °C, and nebulizing gas flow of 1.2 mL/min in
negative mode for 5-FdUrd and 5-FU, and in positive mode for floxuridine prodrugs. The
drying gas was N2 delivered at 0.1 MPa.

Preparative HPLC
The purification of synthesized test compounds has been reported previously (28). The
purification was performed on a Shimadzu preparative HPLC system (Shimadzu Scientific
Instruments, Kyoto, Japan). The Shimadzu preparative HPLC system consisted of two
Shimadzu pumps (model LC-8A) with Shimadzu system controller (model SCL-10A), a
Shimadzu prominence diode array (PDA) detector (model SPD-M20A) with a 10 mL
sample loop controlled by LCsolution software (version 1.23). Samples were resolved in a
Waters XBridge™ C18 reverse-phase column (5 μm, 30 × 250 mm, Milford, MA, USA) for
preparative separation. The mobile phase consisted of water containing 0.1% TFA (Solvent
A) and acetonitrile containing 0.1% TFA (Solvent B) with the solvent B gradient changing
from 5–90% at a rate of 2%/min over a 30 min run. The flow rate was 15 mL/min and the
injection volume was 0.5 mL. The detection wavelengths were 254 nm and 275 nm.

RESULTS
Floxuridine Prodrugs

The synthesis of the prodrugs and their characterization have been described in previous
reports (13, 14, 27, 31). The structures of mono amino acid and dipeptide monoester
prodrugs of floxuridine and floxuridine were shown in Figure 1.

The prodrug degradation was studied in Caco-2, AsPC-1, and Capan-2 cell homogenates, in
human liver microsomes, and in human tissue homogenates. These conditions were selected
for the targeting delivery of orally administered cancer drugs, at the oral drug absorptive
site, at the major metabolic organ in systematic circulation and first pass metabolism, and at
the cancer target site. The estimated half-lives (t1/2) were obtained from linear regression of
pseudo-first-order plots of prodrug concentration vs. time for floxuridine prodrugs and
floxuridine in all experiments. Prodrug metaobolites such as floxuridine and 5-FU were
monitored along with the disappearance in those experiments. However, mass balance was
not achieved because 5-FU was metabolized further and those metabolites beyond 5-FU
were not quantified.

Stability of Floxuridine Prodrugs in Caco-2 cell and Human Small Intestinal Tissue
Homogenates

The experiments concerning prodrug stability for oral administered drugs were performed in
Caco-2 cell and human small intestinal tissue homogenates in pH 7.4 phosphate buffer at
37°C. The half-lives of floxuridine prodrugs and their parent drug, floxuridine, in pH 7.4
buffer alone, in Caco-2 cell homogenate, and in human small intestinal tissue homogenate
are listed in Table 1. Floxuridine-3′-proline was stable in phosphate buffer, in Caco-2 cell
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homogenate, and in human small bowel tissue homogenate. 5′-O-D-valyl-floxuridine and
5′-O-L-phenylalanyl-L-tyrosyl-floxuridine were the most stable amino acid and dipeptide
monoester prodrugs of floxuridine, respectively, in Caco-2 cell and human small bowel
tissue homogenates. 5′-O-D-valyl-floxuridine was 16.1- to 11.3-fold more stable in Caco-2
and human intestinal tissue homogenates than 5′-O-L-valyl-floxuridine, respectively. The
stability of 5′-O-L-isoleucyl-floxuridine in human small bowel tissue homogenate was
reduced 13.1-fold, the biggest reduction among test compounds, when it was compared to
one in Caco-2 cell homogenate, suggesting there might be specific metabolizing enzymes in
human small intestine for 5′-O-L-isoleucyl-floxuridine. All prodrugs exhibited 1.6- to 45.6-
fold shorter half-lives in cell/tissue homogenates than in pH 7.4 phosphate buffer suggesting
enzyme-catalyzed hydrolysis. The half-lives of floxuridine prodrugs and floxuridine in
Caco-2 cell homogenate exhibited a good linear correlation (slope = 1.3, r2 = 0.73, p < 0.05)
with the half-lives of those compounds in human small intestinal tissue homogenate (Figure
2). The linear correlation of drug stabilities in those homogenates is improved without the
data of 5′-O-L-isoleucyl-floxuridine (slope = 1.0, r2 = 0.98, p < 0.05). This result suggests
that the drug stability in Caco-2 cell homogenate would predict the in vivo drug stability in
human small intestine. 5′-O-D-valyl-floxuridine, 5′-O-L-phenylalanyl-L-tyrosyl-
floxuridine, and 5′-O-L-valyl-L-phenylalanyl-floxuridine would be good candidates for
improving oral bioavailability due to their enhanced stabilities at human small intestine.

Stability of Floxuridine Prodrugs in Human Liver Microsomes and Human Liver Tissue
Homogenates

Due to the limited tumor tissue supply, four floxuridine prodrugs, 5′-O-D-valyl-floxuridine,
5′-O-L-isoleucyl-floxuridine, 5′-O-L-valyl-L-phenylalanyl-floxuridine, and 5′-O-L-
phenylalanyl-L-tyrosyl-floxuridine, were selected to determine their stabilities in human
tumor liver tissue homogenate based on their enzymatic stabilities in human liver
microsomes and human non-tumor liver tissue homogenate. For the comparison purpose, 5′-
O-L-valyl-floxuridine and floxuridine-3′-proline were selected as the optic isomer of 5′-
OD-valyl-floxuridine and a stable marker prodrug, respectively. The half-lives of tested
drugs in human liver microsomes and in human liver tissue homogenates are listed in Table
2. Floxuridine-3′-proline exhibited no significant degradation in both human liver
microsomes and human liver tissue homogenate over 2 hr. 5′-O-D-valyl-floxuridine and 5′-
O-L-phenylalanyl-L-tyrosyl-floxuridine were the most stable amino acid and dipeptide
monoester prodrugs of floxuridine, respectively, in human liver microsomes and in human
liver tissue homogenate. 5′-O-D-valyl-floxuridine in human liver microsomes was at least
37-fold more stable than in human liver tissue homogenates, while 5′-O-L-phenylalanyl-L-
tyrosyl-floxuridine showed the same stability in all tested conditions (Table 2). 5′-O-D-
valyl-floxuridine exhibited 243-fold better stability in human liver microsomes and 3- to 10-
fold better stability in human liver tissue homogenates than 5′-O-L-valyl-floxuridine, the
optical isomer of 5′-O-D-valyl-floxuridine. 5′-O-L-isoleucyl-floxuridine and 5′-O-L-valyl-
L-phenylalanyl-floxuridine exhibited 3.7- to 123- fold shorter half-lives in human liver
tissue homogenates than ones in human liver microsomes. The half-lives of 5′-O-L-
phenylalanyl-L-glycyl-floxuridine and 5′-O-L-leucyl-floxuridine in human liver
microsomes were reduced 5-fold and 4-fold in human non-tumor liver tissue homogenate.
The linear correlations of half-lives of all prodrugs tested in human liver microsomes and
human liver tissue homogenates were poor (human liver microsomes vs. human tumor liver
tissue homogenate; slope = 1.9 r 2 = 0.24, p = 0.13, human liver microsomes vs. human non-
tumor liver tissue homogenate; slope = 1.3 r2 = 0.07, p = 0.27) (Figure 3a and Figure 3b).
However, the linear correlation of half-lives of all prodrugs tested between human liver
tissue homogenates was significant (human non-tumor liver tissue homogenate vs. human
tumor liver tissue homogenate; slope = 0.6 r2 = 0.91, p < 0.01) (Figure 3c).
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This result suggests that 1) the estimated stabilities of those prodrugs in human liver
microsomes might be overestimated due to the reduction of half-lives for those tested
prodrugs in human tissue homogenates and 2) the enzymes in human tumor liver
homogenate degrades tested prodrugs quicker than ones in the homogenate of human non-
tumor liver. Floxuridine exhibited less than 0.2 min and 5.0 min half-lives in human liver
microsomes and in human non-tumor liver tissue homogenate, respectively.

Stability of Floxuridine Prodrugs in AsPC-1 Cell and Capan-2 cell homogenates and in
Human Pancreas Tissue Homogenate

The half-lives of floxuridine prodrugs and floxuridine in pancreatic cancer cell, AsPC-1 and
Capan-2 cells, homogenates and in human pancreas (non-tumor) tissue homogenate are
listed in Table 3. The half-life of 5′-O-L-isoleucyl-floxuridine in human pancreas tissue
homogenate was only significantly shorter than ones in AsPC-1 and Capan-2 cell
homogenates. The half-lives of 5′-O-L-valyl-L-phenylalanyl-floxuridine were similar
throughout three different conditions, AsPC-1 cell, Capan-2 cell, and human pancreas tissue
homogenates. Surprisingly, floxuridine exhibited good stability in human pancreas tissue
homogenate.

With exception of 5′-O-L-isoleucyl-floxuridine and 5′-O-L-valyl-L-phenylalanyl-
floxuridine, all tested prodrugs of floxuridine and floxuridine exhibited longer half-lives in
human pancreas tissue homogenate than ones in pancreatic cancer cell homogenates.
Floxuridine prodrugs, which are stable in human non-tumor pancreas tissue homogenate and
exhibit shorter half-life in cancer cell homogenates, would be ideal candidates for the
targeting delivery of pancreatic cancer chemotherapy and the improvement of therapeutic
efficacy. The half-lives of floxuridine prodrugs and floxuridine in human non-tumor
pancreas tissue homogenate exhibited good liner correlations with ones in the AsPC-1 cell
homogenate (slope = 0.8, r2 = 0.58, p < 0.05) and Capan-2 cell homogenate (slope = 0.5, r2

= 0.79, p < 0.05), respectively (Figure 4). This correlation of half-lives between in human
non-tumorous pancreas tissue homogenate and in those pancreatic cancer cell homogenates
are stronger when the points of 5′-O-L-phenylalanyl-L-glycyl-floxuridine are removed
(AsPC-1; slope = 0.9, r2 = 0.69, p < 0.05, Capan-2; slope = 0.5, r2 = 0.91, p < 0.05). Those
results suggest that the stability result in AsPC-1 cell homogenate would estimate the drug
stability in human pancreas very well and may be more revealing in vivo stability of drugs
than the one in Capan-2 cell homogenate.

DISCUSSION
In vitro models provide a well defined environment for specific studies in contrast to the
complex host environment of an in vivo model. Monolayer cell culture has been popular in
in vitro models to evaluate the membrane permeability test agents for years. These
experiments furnish a great deal of information on the mechanism of drug action and
improvements in terms of drug targeting delivery. Also, in vitro models for evaluating drug
stability/bioconversion are potentially of great value at the early stage of drug discovery and
development. Those in vitro experimental systems have been performed enormously as
reliable model systems to evaluate the pharmacokinetics of drug candidates. The fraction
absorbed, intestinal availability and hepatic availability are the most important factors to
predict oral bioavailability and pharmacokinetics. For the assessment of drug absorption,
Caco-2 cell monolayer is a convenient tool to predict the membrane permeability of drug
candidates and have been widely used to identify potential absorption problems of those
(33–35). To predict human pharmacokinetics of intestinal availability, human intestinal
tissues, human intestinal microsomes and Caco-2 cell homogenate are used to determine the
drug stability at the intestinal transit process (7–14). The prediction of drug metabolism in
human hepatocytes has become more accurate with the available preparations from human.
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Cryopreserved human hepatocytes and human liver microsomes are widely used to predict
in vivo hepatic clearance in human (15–18).

The prodrug strategies have been investigated for anti-viral and anti-cancer agents to
improve drug absorption and efficacy of drug delivery to target sites. Antiviral drugs,
valacyclovir and valgenciclovir, are commercially successful examples of amino acid ester
prodrug approaches by improving oral absorption of poorly permeable drugs and by
efficiently bioconverting prodrugs by the specific activation enzyme, valacyclovirase (36–
40). It has been reported that the carrier-mediated-transporters such as oligopeptide
transporters in the GI tract have attributed the improvement of oral bioavailability of those
antiviral prodrugs (41, 42). Oligopeptide transporters are the most attractive target in
prodrug strategies because of their broad substrate specificities and distribution throughout
the small intestine. A variety of promoieties have been examined as suitable substrates for
this carrier-mediated-transporter (43–47). Previously, we have demonstrated amino acid and
dipeptide monoester prodrugs for their suitability as substrates for the PEPT1 transporter
and for their improved membrane permeability (13, 14, 30, 31, 48, 49). Those prodrugs also
enhanced the stability against metabolic enzymes such as thymidine phosphorylase (TP),
cytidine deaminase (CDA), and dihydropyrimidine dehydrogenase (DPD) in vitro settings
(13, 30, 48, 49).

In the present study, amino acid and dipeptide monoester prodrugs of floxuridine were
selected as model prodrugs. The stability studies of amino acid/dipeptide monoester
prodrugs of floxuridine with a simple in vitro system in various cell and human tissue
homogenates have been carried out to select better candidate prodrugs for oral drug targeted
delivery in in vivo studies. The rates of disappearance for those prodrugs as well as their
parent drug, floxuridine, in cell homogenates and microsomes were compared with ones in
human tissue homogenates. This comparison might corroborate that the stability tests of
those compounds in culture cell homogenates reflect the fate of those compounds in human
tissues and in vivo. In vitro models for evaluating prodrug stability are potentially of great
value at the early stage of drug discovery and the stability results of floxuridine prodrugs in
cell homogenates showed some correlations (r2 = 0.07 – 0.79) with ones in human tissue
homogenates.

Prodrugs with unnatural form of amino acid, D-form, have been investigated and exhibited
their improved enzymatic stabilities (14, 50, 51). 5′-OD-valyl-floxuridine was the most
stable prodrug among tested prodrugs and exhibited 3- to 243-fold higher enzymatic
stability than 5′-O-L-valyl-floxuridine in all tested conditions. 5′-O-L-isoleucyl-floxuridine
was the second most stable prodrug in all three cell homogenates, Caco-2 cell, AsPC-1 cell
and Capan-2 cell, but exhibited 3- to 19-fold faster metabolism in human small bowel, non-
tumor liver and pancreas tissue homogenates. 5′-O-L-phenylalanyl-L-tyrosyl-floxuridine
exhibited relatively longer half-lives in all conditions except ones in pancreatic cancer cell
homogenates which displaying quicker metabolism (t1/2; 59.7 min in AsPC-1 cell and 42.8
min in Capan-2 cell). All tested prodrugs exhibited longer half-lives in human pancreas
tissue homogenate than in AsPC-1 cell and Capan-2 cell homogenates except 5′-O-L-
isoleucyl-floxuridine and 5′-O-L-valyl-L-phenylalanyl-floxuridine. This result suggests the
overexpression of metabolic enzymes, which associate with rapid degradation/metabolism
of drug compounds, in cancer cells (52–54). With the exception of 5′-O-L-isoleucyl-
floxuridine, the stability of floxuridine prodrugs in Caco-2 cell homogenate was similar to
one in human small intestine tissue homogenate. Those stability data exhibited the good
liner correlation (slope = 1.0 – 1.3, r2 = 0.73 – 0.98, p < 0.05), suggesting that the stability in
Caco-2 homogenate would predict the intestinal availability of test compounds well (Figure
2). The stability results of floxuridine prodrugs in human liver microsomes tended to
underestimate their stabilities in human liver tissue homogenate (Table 2 and Figure 3a–c).
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This might be that liver microsomes mainly provide the tool to study cytochrome P-450
(CYP)-mediated metabolism, while liver tissue homogenates encompass full complement of
enzymes and cofactors (55, 56). Conversely, the stability results of floxuridine prodrugs in
Capan-2 and AsPC-1 cell homogenates tended to underestimate their stability in human
pancreatic tissue homogenate (Table 3 and Figure 4).

This might be that the homogenates of pancreatic cancer cells were used instead of the
homogenates of pancreatic non-tumor cells and the expression and activity levels of
metabolic enzymes might be different between tumor cells and non-tumor cells (57, 58).
However, those in vitro stability data in cell homogenates and in liver microsomes offered
approximate the stability of test compounds in corresponding human tissue homogenates.
With gaining more knowledge in difference between human tissues and cultured cells such
as enzyme population, more accurate prediction of drug stability for in vivo would be
obtained from in vitro experiments by using the correction factor or the specifically adjusted
experimental condition with the homogenates of each cell line on in vitro study.

In conclusion, those in vitro experimental models do not resemble the complexity of in vivo.
Those simplified in vitro experiments allow the analysis of single parameters. Those in vitro
stability studies of test drugs are neither reflecting in vivo drug stability nor drug stability in
specific human tissues in vivo and, moreover, isolated tissue slices can predict in vivo
metabolism of test compounds more accurately; however, those in vitro studies would be
excellent predictive tools for saving the labor, time, and cost and for screening drug
candidates to further developments. Indeed, in those series of in vitro studies, 5′-O-D-valyl-
floxuridine and 5′-O-L-phenylalanyl-L-tyrosyl-floxuridine could be easily selected as
candidates of oral drug targeting delivery for cancer chemotherapy in in vivo studies due to
their relatively good stabilities and rapid bioconversion in cancer cell homogenates
compared to other tested prodrugs.
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Figure 1.
Structures of mono amino acid and dipeptide ester prodrugs of floxuridine
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Figure 2.
The correlation of prodrug stability (half life; t1/2) between in human small bowel
homogenate (non-tumor) and in Caco-2 cell homogenate (slope = 1.3, r2 = 0.73, p < 0.05).
The estimated drug half-lives were calculated based on disappearance of original prodrug
forms. Data are expressed as mean ± S.D., n = 3–6.
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Figure 3.
The correlations of prodrug stability (half life) a) between in human liver microsomes and in
human tumor liver tissue homogenate (slope = 1.9, r2 = 0.24, p = 0.13), b) between in
human liver microsomes and in human non-tumor liver tissue homogenate (slope = 1.3, r2 =
0.07, p = 0.27), and c) between in human non-tumor liver tissue homogenate and in human
tumor liver tissue homogenate (slope = 0.6, r2 = 0.91, p < 0.05). The estimated drug half-
lives were calculated based on disappearance of original prodrug forms. Data are expressed
as mean ± S.D., n = 3–6. Inset figures the data for short half-lives rescaled for clarity.

Tsume and Amidon Page 15

J Pharm Pharm Sci. Author manuscript; available in PMC 2013 February 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
The correlation of prodrug stability (half life; t1/2) between human pancreas tissue
homogenate (non-tumor) and pancreatic cancer cell homogenates, AsPC-1 and Capan-2 cell.
Triangles (▲) and a solid line represent the correlation (slope = 0.5, r2 = 0.58, p < 0.05) of
prodrug stability between Capan-2 cell and human pancreatic tissue homogenates.
Rectangles ( ) and a dotted line represent the correlation (slope = 0.8, r2 = 0.79, p < 0.05)
of prodrug stability between AsPC-1 cell and human pancreatic tissue homogenates. The
estimated drug half-lives were calculated based on disappearance of original prodrug forms.
Data are expressed as mean ± S.D., n = 3–6.
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Table 1

Stability of prodrugs in Caco-2 cell homogenate and human small intestinal tissue homogenate.

Prodrug
Half-lives (min)

Buffer pH 7.4 Caco-2 Cell Homogenate Human Small Bowel Tissue Homogenate

Floxuridine ND 14.3 ± 7.0 14.0 ± 4.0

5′-O-L-leucyl-floxuridine 83.2 ± 1.7b 3.3 ± 0.9 13.3 ± 2.5*

5′-O-L-valyl-floxuridine 304.0 ± 33.3b 13.7 ± 2.0 15.5 ± 1.6*

5′-O-D-valyl-floxuridine 344.9 ± 10.2a 220.4 ± 64.0 174.4 ± 64.3*

5′-O-L-isoleucyl-floxuridine 323.5 ± 1.5a 131.6 ± 48.4 10.1 ± 0.4*

5′-O-L-phenylalanyl-floxuridine 187.0 ± 19.0b 12.2 ± 0.1 4.8 ± 1.4*

5′-O-L-phenylalanyl-L-tyrosyl-floxuridine 233.9 ± 6.6b 115.2 ± 54.2 112.7 ± 53.0

5′-O-L-phenylalanyl-L-glycyl-floxuridine 132.1 ± 10.2b 2.9 ± 0.5 7.1 ± 0.3*

5′-O-L-valyl-L-phenylalanyl-floxuridine 104.7 ± 7.0b 57.6 ± 9.3 53.8 ± 1.7

Floxuridine-3′-L-proline NA NA NA

a
from Ref (14).

b
from Ref (13).

NA- no significant degradation was not observed. ND- not determined. Mean ± SD, n = 3.

*
P < 0.05 between Caco-2 cell homogenate and human small intestine tissue homogenate.
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Table 2

Stability of floxuridine prodrugs in human liver microsomes and human liver tissue homogenate.

Prodrug

Half-lives (min)

Human Liver Microsomes
Human non-Tumor Liver

Tissue Homogenate
Human Tumor Liver Tissue

Homogenate

Floxuridine < 0.2 min 5.0 ± 2.4 ND

5′-O-L-leucyl-floxuridine 0.8 ± 0.1 < 0.2 min ND

5′-O-L-valyl-floxuridine 2.9 ± 0.1 2.0 ± 0.3* 3.5 ± 0.2*∞

5′-O-D-valyl-floxuridine 705.9 ± 64.2 19.0 ± 0.2* 9.4 ± 0.5*∞

5′-O-L-isoleucyl-floxuridine 19.4 ± 7.8 5.2 ± 0.1 < 0.2 min∞

5′-O-L-phenylalanyl-floxuridine 1.3 ± 0.4 3.2 ± 1.2 ND

5′-O-L-phenylalanyl-L-tyrosyl-floxuridine 253.0 ± 36.2 358.3 ± 20.3 241.4 ± 5.1

5′-O-L-phenylalanyl-L-glycyl-floxuridine 15.9 ± 1.9 3.2 ± 0.3* ND

5′-O-L-valyl-L-phenylalanyl-floxuridine 24.7 ± 2.4 2.2 ± 0.0* < 0.2 min*∞

Floxuridine-3′-L-proline NA NA NA

NA- no significant degradation was not observed. ND- not determined. Mean ± SD, n = 3.

*
P < 0.05 between human liver microsomes and human liver tissue homogenate.

∞
P < 0.05 between human tumor liver homogenate and human non-tumor liver tissue homogenate.
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Table 3

Stability of floxuridine prodrugs in Pancreatic Cancer Cell Homogenates and Human Pancreatic Tissue
Homogenate

Prodrug

Half-lives (min)

AsPC-1 Cell Homogenate Capan-2 Cell Homogenate
Human Pancreas Tissue

Homogenate

Floxuridine 6.4 ± 3.2 17.8 ± 5.8 208.7 ± 19.4*#

5′-O-L-leucyl-floxuridine 2.0 ± 0.1a 4.7 ± 2.1b 16.8 ± 0.1*#

5′-O-L-valyl-floxuridine 18.7 ± 6.7b 5.2 ± 2.4b 42.7 ± 0.3*#

5′-O-D-valyl-floxuridine 290.9 ± 48.9a 188.3 ± 12.1 348.7 ± 64.2*#

5′-O-L-isoleucyl-floxuridine 198.0 ± 70.2b 139.9 ± 15.3b 65.9 ± 7.2*#

5′-O-L-phenylalanyl-floxuridine 11.8 ± 1.7b 3.0 ± 0.1b 21.9 ± 2.8*#

5′-O-L-phenylalanyl-L-tyrosyl-floxuridine 59.7 ± 1.4b 42.8 ± 0.0b 150.1 ± 26.9*#

5′-O-L-phenylalanyl-L-glycyl-floxuridine 10.2 ± 0.3b 4.3 ± 0.9b 142.7 ± 21.5*#

5′-O-L-valyl-L-phenylalanyl-floxuridine 51.6 ± 4.2b 56.2 ± 12.8b 53.7 ± 4.8*

Floxuridine-3′-L-proline NA NA NA

a
from Ref (14).

b
from Ref (13).

NA- no significant degradation was not observed. Mean ± SD, n = 3.

*
P < 0.05 between AsPC-1 cell homogenates and human pancreas tissue homogenate.

#
P < 0.05 between Capan-2 cell homogenates and human pancreas tissue homogenate.
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