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Abstract

Gemcitabine is a widely used chemotherapeutic drug that is administered via intravenous infusion
due to a low oral bioavailability of only 10%. This low oral bioavailability is believed to be the
result of gemcitabine’s low intestinal permeability and oral absorption, followed by significant
presystemic metabolism. In the present study, we sought to define the mechanisms of gemcitabine
intestinal permeability, the potential for saturation of intestinal uptake, and the transporter(s)
responsible for mediating the oral absorption of drug using /n situ single-pass intestinal perfusions
in mice. Concentration-dependent studies were performed for gemcitabine over 0.5 to 2000 pM,
along with studies of 5 uM gemcitabine in a sodium-containing buffer + thymidine (which can
inhibit concentrative (i.e., CNT1 and CNT3) and equilibrative (i.e., ENT1 and ENT2) nucleoside
transporters) or dilazep (which can inhibit ENT1 and ENT2), or in a sodium-free buffer (which
can inhibit CNT1 and CNT3). Our findings demonstrated that gemcitabine was, in fact, a high-
permeability drug in the intestine at low concentrations, that jejunal uptake of gemcitabine was
saturable and mediated almost exclusively by nucleoside transporters, and that jejunal flux was
mediated by both high-affinity, low-capacity (Ky, = 27.4 UM, Vinax= 3.6 pmol/cm?2/s) and low-
affinity, high-capacity (K, = 700 UM, Viax= 35.9 pmol/cm?/s) transport systems. Thus, CNTs and
ENTs at the apical membrane allow for gemcitabine uptake from the lumen to enterocyte, whereas
ENTs at the basolateral membrane allow for gemcitabine efflux from the enterocyte to portal
venous blood.
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Introduction

Gemcitabine (2,2 -difluoro-2’-deoxycytidine; dFdC) is a pyrimidine nucleoside analogue
used in the treatment of various solid tumors [1-4]. Gemcitabine distribution and cellular
uptake is mediated by the action of two evolutionarily unrelated transporter families: the
concentrative nucleoside transporters (CNTs) and the equilibrative nucleoside transporters
(ENTS), belonging to the solute carrier families 28 and 29, respectively [5, 6]. Specifically,
gemcitabine is a substrate of the pyrimidine selective transmembrane transporter CNT1 and
the broadly selective purine and pyrimidine transmembrane transporters CNT3, ENT1, and
ENT2 [7, 8]. CNT1 and CNT3 function as concentrative and unidirectional sodium:substrate
cotransporters, whereas ENT1 and ENT2 function as equilibrative and bidirectional sodium-
independent transporters [9]. It has also been demonstrated that CNT3 can function as a
proton:substrate cotransporter, albeit with altered transport activity and substrate specificity
[10].

Following cellular uptake, gemcitabine undergoes phosphorylation events forming the active
metabolites gemcitabine diphosphate (dFACDP) and triphosphate (dFdCTP) [11]. dFACTP is
incorporated into DNA in place of the natural substrate deoxycytidine triphosphate,
preventing chain elongation [12] and leading to apoptosis [13]. dFdCDP inhibits
ribonucleotide reductase, depleting the pool of deoxynucleotide triphosphates and increasing
dFdCTP incorporation into DNA [14]. Additional self-potentiating mechanisms have also
been described [15].

Due to a low oral bioavailability of only 10% [16], gemcitabine is administered as an
intravenous infusion, typically over 30 min at a dose of 1000 — 1250 mg/m? once per week
[17]. The factors limiting gemcitabine’s oral bioavailability have been explored in humans
and mice. One study in humans highlighted the extensive first-pass metabolism of
gemcitabine to 2”,2"-difluoro-2"-deoxyuridine (dFdU), via cytidine deaminase, after oral
dosing of drug [16]. This study, however, quantified neither the fraction of drug absorbed
from the intestinal lumen nor the fraction of drug that escaped presystemic metabolism in
the gastrointestinal tract and/or liver. Studies in mice showed that tetrahydrouridine, a potent
inhibitor of cytidine deaminase, could increase the oral bioavailability of gemcitabine from
10 to 40% [18]. While showing an improvement in systemic availability of gemcitabine due
to enzymatic inactivation, the intestinal permeability and mechanism of oral drug absorption
was not studied.

Clearly, an orally administrable form of gemcitabine would benefit patients by providing a
noninvasive, patient friendly, and cost-effective alternative to intravenous drug infusions. In
particular, the intestinal absorption of gemcitabine has never been investigated
systematically, even though gemcitabine is a substrate of several intestinally expressed
nucleoside transporters [5]. Moreover, many /n vitro systems (e.g., Caco-2) used for
perfunctory evaluation of gemcitabine intestinal permeability will likely provide misleading
results as low expression levels of nucleoside transporters in these cells prevent an accurate
evaluation of potential transporter-mediated uptake [19]. On the other hand, mice and
humans show similar intestinal expression of nucleoside transporters [20], suggesting that
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appropriate mouse models (e.g., /7 situintestinal perfusions) would better reflect the oral
absorption of gemcitabine in humans as compared to cell culture systems.

With this knowledge gap in mind, the primary goals of this study were to characterize the
mechanisms of gemcitabine intestinal permeability, the potential for saturation of intestinal
gemcitabine uptake, and the transporter(s) responsible for mediating the oral absorption of
gemcitabine using /7 situ single-pass intestinal perfusions in mice.

2. Materials and methods

2.1. Chemicals

Gemcitabine, dilazep hydrochloride, thymidine, and high-performance liquid
chromatography (HPLC) grade acetonitrile and trifluoroacetic acid (TFA) were purchased
from Thermo Fisher Scientific (Waltham, MA). The deaminated gemcitabine metabolite
dFdU was purchased from Sigma-Aldrich (St. Louis, MO). Radiolabeled gemcitabine
(cytosine-2-14C) (55.0 mCi/mmol), subsequently referred to as [14C]-gemcitabine, was
purchased from Moravek, Inc. (Brea, CA). CytoScint™ scintillation solution was purchased
from MP Biomedicals, LLC (Solon, OH). Hyamine hydroxide was purchased from
PerkinElmer (Waltham, MA). All other chemicals were obtained from standard commercial
sources.

2.2. Animals

Studies were performed on 8- to 12-week old gender matched C57BL/6 mice. The mice
were housed and bred in a temperature-controlled room with 12-hour light/dark cycles and
ad libitum access to water and a standard diet (Unit for Laboratory Animal Medicine,
University of Michigan, Ann Arbor, MI). Limited validation studies were also performed in
8- to 12-week old female BALB/c mice (Charles River Laboratories, Wilmington, MA). All
animal studies were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals.

2.3. Insitu single-pass intestinal perfusions

Intestinal perfusions were performed as described previously [21-23]. Prior to
experimentation, mice were fasted overnight (~ 16 hr) with free access to water. The mice
were then anesthetized with sodium pentobarbital (40-60 mg/kg intraperitoneal) and placed
on a heating pad to maintain body temperature. The abdominal region was sterilized with
70% ethanol and the intestines exposed via a mid-line abdominal incision. An 8 cm jejunal
segment, beginning 2 cm distal from the Ligament of Treitz, was isolated and glass cannulas
(2.0 mm outer diameter) were inserted into each end of the segment and secured with silk
sutures. The cannulated segment was rinsed with isotonic saline solution (or water in
experiments using sodium-free buffer) to remove debris. The mice were then transferred to a
31°C temperature controlled chamber and their abdomen covered with saline-wetted gauze
and parafilm to prevent dehydration. Inlet tubing connected the proximal cannula to a 20-mL
syringe containing the perfusion solution and positioned in a perfusion pump (PHD Ultra,
Harvard Apparatus, South Natick, MA). Outlet tubing connected the distal cannula to a
collection vial.
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The perfusion solution (pH 6.0) contained 145 mM NaCl, 0.5 mM MgCl,, 1 mM NaH,POy,
1 mM CaCl,y, 3 mM KC1, 5 mM glucose, 5 mM 2-morpholinoethanesulfonic acid (MES),
and 100 pM gemcitabine. This solution was perfused through the cannulated jejunal segment
at 0.1 ml/min for a total of 90 min in both C57BL/6 and BALB/c mice. After perfusing for
30 min to achieve steady-state conditions, samples of the exiting perfusate were collected at
10 min intervals for the remaining 60 min. These samples were then analyzed using ultra-
performance liquid chromatography (UPLC), as described and validated below. Following
experimentation, the precise length of the perfused jejunal segment was determined. For
experiments in C57BL/6 mice using radiolabeled drug, the perfusion solution contained 100
UM [*4C]-gemcitabine (0.5 uCi). These perfusate samples were analyzed by adding 100 pl
aliquots to scintillation vials containing 6.0 mL of scintillation solution and quantifying
radioactivity using a dual-channel liquid scintillation counter (Beckman LS 6000 SC,
Beckman Coulter Inc., Fullerton, CA).

Concentration-dependent uptake studies were conducted in C57BL/6 mice by perfusing
gemcitabine through the cannulated intestinal segment at concentrations ranging from 0.5 to
2000 pM. Specificity (i.e., inhibition) studies, also in C57BL/6 mice, were performed by
perfusing 5 UM gemcitabine in the absence and presence of 2 mM thymidine or dilazep. An
additional specificity study was performed in C57BL/6 mice by perfusing 5 uM gemcitabine
in sodium-free buffer, prepared by replacing NaCl and NaH,PO4 in the perfusion solution
with equimolar concentrations of N-methyl-D-glucamine and KH,POy, respectively. Finally,
concentration-dependent inhibition studies were performed in C57BL/6 mice where 5 uM
gemcitabine was co-perfused over a wide range of inhibitor concentrations for thymidine
(0.1 - 2000 uM) and dilazep (0.1 — 2500 uM).

2.4. Blood and intestinal tissue collections

Portal venous blood and intestinal tissue samples were collected from C57BL/6 mice
following a standard 90 min perfusion of 5 uM [14C]-gemcitabine (0.5 uCi) alone and in the
presence of 2 mM dilazep. Radioactivity was determined in portal venous plasma (nM
levels) by adapting a previously described method [22]. Thus, immediately following the
perfusion, portal venous blood was collected into tubes containing K3-EDTA and
centrifuged for 3 min at 3000 rpm. A 30 ul plasma aliquot was then combined with 6.0 mL
of scintillation solution and 20 uL of 0.5 N acetic acid. Likewise, radioactivity in intestinal
tissue (pmol/mg) was determined by adapting a previously described method [24].
Following collection of portal venous blood, a jejunal segment was excised, washed with
saline for 20 sec, blotted dry on filter paper, weighed, and soaked for 2 days in 0.33 mL of
hyamine hydroxide at 37°C. Subsequently, 40 pL of 30% H,0, was added to the tissue
sample which was then incubated for 30 min at 60°C. After cooling to room temperature,
6.0 mL of scintillation solution and 20 uL of 0.5 N acetic acid were added to the sample.
Radioactivity in the plasma and tissue samples was then determined using a dual-channel
liquid scintillation counter (Beckman LS 6500 SC, Beckman Coulter Inc., Fullerton, CA).

2.5. UPLC analytical method

Inlet and outlet perfusate samples, other than those containing [*4C]-gemcitabine, were
assayed for gemcitabine, dFdU, and cytosine using a Waters Acquity H-Class UPLC system
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(Milford, MA) equipped with a photodiode array detector. dFdU was assayed since it is the
primary metabolite of gemcitabine [25], whereas cytosine was reported to be formed as a
gemcitabine metabolite during mouse intestinal perfusions [26]. The analytes were resolved
at 40°C on an Acquity HSS T3 column (2.1 x 100 mm), fitted with an HSS T3 VanGuard
precolumn (2.1 x 5 mm). Separation was achieved using a gradient elution method
combining water (plus 0.1% TFA) and acetonitrile (plus 0.1% TFA) at a flow rate of 0.4 ml/
min. The solvent gradient was initiated at 100% water, which changed linearly to 94% water
over 3.0 min, changed linearly to 85% water over the next 2.0 min, and then returned
linearly to 100% water over the final 1.0 min. Prior to analysis, perfusate samples were
centrifuged for 15 min at 15000 rpm and 5 pl of the supernatant was subsequently injected
onto the column via an autosampler. Under these conditions, cytosine (detection wavelength
=284 nm) eluted at ~1.0 min, gemcitabine (detection wavelength = 284 nm) at ~3.0 min,
and dFdU (detection wavelength = 265 nm) at ~4.2 min.

2.6. UPLC method validation

The UPLC method was validated with respect to selectivity, linearity, accuracy, and
precision. First, selectivity was established by analyzing outlet perfusate samples following
perfusion of drug-free perfusion solution and evaluating the potential for endogenous
compound interference with the three analytes. Next, linearity was confirmed by preparing
calibration standards for gemcitabine (0.25 to 100 uM), cytosine (1 to 100 pM), and dFdU
(0.25 to 5 uM). Inter- and intraday accuracy and precision were evaluated by analyzing
quality control samples of gemcitabine (0.25, 25 and 100 uM), cytosine (1, 50 and 100 uM),
and dFdU (0.25, 1 and 5 pM) in triplicate on three separate days. Average bias was < 6%
interday and < 13% intraday, whereas the relative standard deviation was < 9% interday and
< 5% intraday.

2.7. Data analysis

The effective permeability (Pesf) of gemcitabine was calculated according to the parallel tube
complete radial mixing model [27]:

where Qj, represents the inlet flow rate of perfusion buffer (0.1 ml/min), C/ . the total outlet

concentration of gemcitabine and dFdU, after correcting for intestinal water flux, Cj, the
inlet gemcitabine concentration, R the intestinal radius of the perfused segment (0.1 cm),
and L the length of the perfused segment. Using the gravimetrically determined outlet flow
rate (Qoup), and the measured outlet concentrations of gemcitabine (Cou gemcitabine) and
dFaU (Coutarau), C,,,, Was calculated according to [28]: disp
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Qout
out — (Cz)ut, gemcitabine + Cout, dFdU) : ( 0. ) (2)
m
The steady-state flux (J) of gemcitabine was calculated as:
J=P,p-Cp ()
The concentration-dependent flux of gemcitabine was best fit to an equation consisting of
two Michaelis-Menten (i.e., saturable) terms:

_ Vmax,l : Cin
Km,l +Cin Km,2+Cin

Vmax, 2° Cin

(4)

where Vipax1 and Va2 correspond to the maximum uptake rates for transport systems 1
and 2, and Kj;1 and Kj;, correspond to the Michaelis constants for transport systems 1 and
2, referenced to inlet drug concentrations.

Concentration-dependent inhibition data were normalized (/.e., gemcitabine flux expressed
as percent of control) and fit to Eq. 5 for thymidine inhibition or to Eq. 6 for dilazep
inhibition:

1C50

1C50

Y = Bottom + (100 — Bottom) X (m) (6)

where /C50 corresponds to the half maximal inhibitory concentration, /to the inhibitor
concentration of thymidine or dilazep, and Botfom to the residual flux of 5 uM gemcitabine
at maximum inhibition.

Data were reported as mean = SE. When comparing two groups, statistical differences were
evaluated using an unpaired t-test. Statistical differences between three or more groups were
evaluated by one-way ANOVA followed by Dunnett’s test for pairwise comparisons (Prism
version 7, GraphPad Software, La Jolla, California). A p value < 0.05 was considered
significant. Nonlinear regression was also performed using GraphPad Prism software and
the quality of fits was evaluated using the coefficient of determination (r2), visual inspection
of the residuals, variation of the parameter estimates, and the corrected Akaike information
criterion (AlCc) [29].
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3. Results

3.1. Verification of experimentally-determined intestinal permeability

Following the intestinal perfusion of 100 pM gemcitabine in C57BL/6 and BALB/c mice,
outlet perfusate samples contained gemcitabine and low concentrations of dFdU (less than
3%). Cytosine was absent in outlet samples following perfusion in both strains (Fig. 1). To
further support our results (i.e., no other metabolites were being formed), additional
intestinal perfusions were performed with 100 uM [*4C]-gemcitabine. As shown in Fig. 2,
the effective permeability of 100 uM gemcitabine in C57BL/6 mice was not different
between the two methods, with average P values of 1.14 x 10~ cm/s when analyzed by
UPLC and 1.05 x 10~ cm/s when analyzed by radioactivity. These results validate the
experimental and analytical methods applied in the current study and demonstrate that
gemcitabine metabolites are not confounding the findings.

3.2. Concentration-dependent uptake studies

To explore the potential for saturation of gemcitabine intestinal uptake, /n situ jejunal
perfusions were performed in C57BL/6 mice at 14 concentrations ranging from 0.5 uM to 2
mM. As shown in Fig. 3, gemcitabine displayed saturable Kinetics, where the flux was best
described by two Michaelis-Menten terms (Table 1). Thus, a high-affinity, low-capacity
transport system was identified (Vmax 1 and Ky, 1) along with a low-affinity, high-capacity
transport system (Vmax 2 and Ky, ). Examination of the data using a Wolf-Augustinsson-
Hofstee plot (Fig. 4) shows clear deviation from linearity, providing further evidence that
two distinct transport systems are mediating the intestinal uptake of gemcitabine. As a result,
subsequent studies were performed using inlet concentrations of 5 uM gemcitabine to ensure
linear conditions.

3.3. Inhibition Studies

To elucidate the transporter(s) responsible for mediating the intestinal permeability of
gemcitabine in C57BL/6 mice, 5 uM gemcitabine was perfused in a sodium-containing
buffer with either 2 mM thymidine (which can broadly inhibit the nucleoside transporters) or
dilazep (which can inhibit the nucleoside transporters ENT1 and ENTZ2), or in a sodium-free
buffer (which can inhibit the nucleoside transporters CNT1 and CNT3). As shown in Fig. 5,
the jejunal permeability of gemcitabine was reduced by about 95% when in the presence of
2 mM thymidine (i.e., residual permeability = 4.6%) and by more than 65% when drug was
perfused in a sodium-free buffer (i.e., residual permeability = 31.7%). Moreover, 2 mM
dilazep coperfusion reduced the jejunal permeability of gemcitabine by about 50% (i.e.,
residual permeability = 50.2%). Additional studies were performed in C57BL/6 mice to
examine the concentration-dependent inhibition of 5 UM gemcitabine flux by thymidine and
dilazep. As shown in Fig. 6, both thymidine and dilazep inhibited gemcitabine flux with
IC50 values of 98.5 uM and 212 pM, respectively. Taken together, these results demonstrate
that the intestinal permeability of gemcitabine is mediated almost exclusively by nucleoside
transporters, with contributions by both the CNTs and ENTSs.
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3.4. Accumulation of gemcitabine in intestinal tissue and portal venous plasma

In this study, 5 uM [14C]-gemcitabine was perfused in both the absence and presence of 2
mM dilazep (i.e., an ENT1 and ENT2 inhibitor) for 90 min in C57BL/6 mice, at which time
jejunal tissue and portal venous blood samples were obtained. As shown in Fig. 7, total
gemcitabine radioactivity in intestinal tissue was not altered by coperfusion with dilazep.
However, total gemcitabine radioactivity in portal venous plasma decreased by more than
65% (i.e., % control = 32.5%).

4. Discussion

Various delivery techniques have been explored to increase the oral bioavailability of
gemcitabine including the drug’s formulation as a prodrug [26, 30-32], its incorporation into
polymeric microparticulates [33], nanoparticles [34, 35], and a self-microemulsifying drug
delivery system [36], and its co-administration with a cytidine deaminase inhibitor [18].
Many of these studies aimed to increase the oral bioavailability of gemcitabine, at least
partly, by increasing the drug’s purported low intestinal permeability [26, 30, 32—-35]. Our
studies indicated that the tenet of gemcitabine having low permeability was unfounded and,
as a result, we decided to characterize systemically the drug’s mechanism of absorption, its
potential for saturable intestinal uptake, and the mechanism(s) by which gemcitabine may
transit through enterocytes. In doing so, our studies revealed several major findings, for the
first time, including that: 1) at low concentrations, gemcitabine was a high-permeability drug
in the intestine; 2) the jejunal uptake of gemcitabine was saturable and mediated almost
exclusively by nucleoside transporters (~ 95%); 3) the jejunal flux of gemcitabine was
mediated by two distinct transport systems, one being of high-affinity and low-capacity (i.e.,
CNTSs) and the other being of low-affinity and high-capacity (i.e., ENTSs); and 4) apically-
expressed CNT(s) and ENT(s) mediate the uptake of gemcitabine into enterocytes, whereas
basolaterally-expressed ENT(s) mediate the efflux of gemcitabine from enterocytes into
portal venous blood.

The in situ jejunal permeability of gemcitabine was high in C57BL/6 mice (i.e., 1.5-1.9 x
10~ cm/s at 5 pM, Fig. 5; and 1.1 x 10~4 cm/s at 100 uM, Fig. 2) and on the order of other
compounds we studied with high intestinal permeability. For example, the /n situ jejunal
permeability (Peg) of glycylsarcosine was 1.7 x 10~ cm/s [37], the Pg¢s of cefadroxil was
0.6-0.8 x 1074 cm/s [21, 22], the P of valacyclovir was 0.9 x 1074 cm/s [23], and the Pgst
of 5-aminolevulinic acid was 1.9 x 10~ cm/s [38]. To place these results in context,
Fagerholm et al. reported that Pg¢s values of about >0.7 x 1074 cm/s in humans and >0.2 x
10~ cm/s in rats will result in oral drug absorption of 90-100% /7 vivo [39]. The
discrepancy between our current results with gemcitabine using /7 situ mouse perfusions
(i.e., high permeability) and those using /n vitro Caco-2 cells (i.e., low permeability)
probably reflects the low expression of nucleoside transporters in these cell cultures [19] as
well as the unphysiologic nature of /n vitro systems lacking a blood supply. Interestingly,
Tsume et al. [26] performed similar /in situ jejunal perfusion studies with 100 pM
gemcitabine in female BALB/c mice, but reported the drug to have low intestinal
permeability. Specifically, their reported P value of 0.02 x 10~ cm/s for gemcitabine was
>50-fold lower than the value observed in our current study at the same drug concentration
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in mixed-gender C57BL/6 mice (no gender bias noted). Potential strain differences in
gemcitabine Pg¢s were evaluated in the current study, where the Pog 100 UM gemcitabine was
not different between C57BL/6 mice (1.14 + 0.08 x 1074 cm/s) and BALB/c mice (1.09
+0.13 x 10~ cm/s). Thus, we attribute this “apparent” discrepancy between the current
work and the previously published work to the fact that previous investigators [26] corrected
gemcitabine Pgg for the cytosine metabolite found in their outlet samples. In contrast, no
evidence of cytosine was observed in the outlet samples during our jejunal perfusions of
gemcitabine in both C57BL/6 and BALB/c mice (Fig. 1).

To further validate the UPLC analytical technique used in the current work (7.e., verify all
drug related metabolites were being correctly quantified), perfusions were performed in
C57BL/6 mice using radiolabeled gemcitabine. Thus, the total amount of drug and drug-
related species in the inlet and outlet samples could be determined by simply measuring
radioactivity, without the need to specify the identity of the gemcitabine metabolite(s). The
[14C]-label was present on the cytosine moiety of gemcitabine, thereby ensuring detection of
any perfused gemcitabine present in the outlet as cytosine. We found no significant
difference in the jejunal permeability when samples were analyzed via radioactivity and
UPLC (i.e., <10%, Fig. 2), indicating that the UPLC assay was correctly identifying all
relevant gemcitabine metabolites and that gemcitabine is, in fact, highly permeable in the
intestine. Thus, it appears that previous investigators [26] reported an HPLC peak that was
incorrectly identified as a gemcitabine metabolite, causing a substantial underestimation of
gemcitabine permeability. No such peak was observed in our assay for gemcitabine and
metabolites using UPLC, which has improved resolution over HPLC.

The potential for saturation of gemcitabine’s intestinal uptake along with the drug’s
transport kinetics were explored by evaluating the flux of gemcitabine over a large range of
perfusate concentrations (i.e., 0.5 uM to 2 mM) in C57BL/6 mice. These experiments
showed a clear saturation of intestinal flux (Fig. 3), which was best described by two
Michaelis-Menten terms. This mathematical fit (Table 1) suggested that both high-affinity,
low-capacity (Ky, = 27.4 UM, Vimax= 3.6 pmol/cm?/s) and low-affinity, high-capacity (Kmy, =
700 UM, Vmax= 35.9 pmol/cm?/s) transport systems mediated the intestinal uptake of
gemcitabine. The existence of two distinct transport systems was further supported by clear
nonlinearity in a Wolf-Augustinsson-Hofstee analysis of the concentration-dependent flux
(Fig. 4). Based on intrinsic clearance calculations, Vmnax/Km, the high- and low-affinity
transport systems were predicted to account for 72% and 28% of the uptake, respectively,
under linear conditions. However, as shown in Fig. 8, whereas the high-affinity transport
system or CNTs dominated at lower M concentrations, the low-affinity transport system or
ENTs dominated at higher millimolar concentrations.

Broad inhibition of nucleoside transporters via co-perfusion of 2 mM thymidine (IC50 =
98.5 uM) reduced gemcitabine permeability by about 95% in C57BL/6 mice, showing that
gemcitabine uptake is mediated almost exclusively via nucleoside transporters. Experiments
in Xenopus laevis oocytes have reported K, values for gemcitabine transport via hCNTI
(Km ~25 uM), hCNT3 (Km ~60 pM), hENTI (Km ~160 pM) and hENT2 (Km ~750 uM) [7,
8]. These published K, values, along with our findings showing the presence of high- and
low-affinity transport systems for gemcitabine (Table 1) and that both CNTs and ENTSs
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mediate the intestinal uptake of gemcitabine (Fig. 5), suggest that the high-affinity transport
system in the current study corresponds to uptake via CNTs and the low-affinity transport
system to uptake via ENTSs. Furthermore, inhibition of CNTs in C57BL/6 mice (via
perfusion with sodium-free buffer) reduced the intestinal permeability of gemcitabine by
68%, matching closely our predicted contribution of the high-affinity transport system (i.e.,
72% of the total transport). Inhibition of ENTs in C57BL/6 mice, via coperfusion with 2
mM dilazep (IC50 = 212 uM), reduced the intestinal permeability of gemcitabine by about
50%, matching closely the predicted maximum dilazep-mediated reduction in gemcitabine
flux, based upon fitting the concentration-dependent inhibition data (Fig. 6). Still, dilazep’s
reduction in gemcitabine flux was greater than our predicted contribution of the low-affinity
transport system (28%), with the source of this disparity remaining unclear at present.

It is widely accepted that CNT1 and CNT3 are expressed apically in the small intestine, but
there is some debate regarding the localization of ENT1 and ENT2 [5]. It has been reported
that ENT2 is expressed primarily on the apical membrane of Caco-2 cells [40], that ENT1
and ENT2 are expressed on both the apical and basolateral membranes of human small
intestine [41], and that ENT1 is expressed only on the basolateral membrane of human
intestine [5]. It is important to consider that, although a low-affinity transport system was
observed in the concentration-dependent flux data and that dilazep reduced gemcitabine’s
intestinal permeability, this does not necessarily imply apical expression of ENT(S).
Saturation/inhibition of basolateral ENT(s) could increase intracellular gemcitabine
concentrations, leading to increased repartitioning of drug from the enterocyte to lumen,
thereby reducing the intestinal permeability of drug. This possibility, however, seems
improbable as gemcitabine possesses very low passive permeability (Fig. 5) and thus is
unlikely to repartition into the lumen to a significant extent.

Previous studies have explored the duodenal expression of nucleoside transporter mRNA in
ICR mice [20] and the longitudinal expression (i.e., stomach, duodenum, jejunum, ileum,
large intestine) of nucleoside transporter mRNA in C57BL/6 mice [42]. These studies
showed that the gene expression of CNTs and ENTs was similar between mouse and human,
that CNTs were expressed primarily in small intestine, and that ENTs were expressed in
both the small and large intestines but at much lower levels than CNTs. To further address
the localization of ENTs and to better understand their role in mediating the intestinal uptake
(7.e., lumen to enterocyte) and efflux (7.¢e., enterocyte to portal blood) of gemcitabine,
intestinal perfusions of 5 uM [14C]-gemcitabine were performed in C57BL/6 mice (z the
ENT inhibitor dilazep), after which total radioactivity was determined in jejunal segments
and portal venous plasma. Co-perfusions with 2 mM dilazep reduced the intestinal
permeability of gemcitabine by about 50% (Fig. 5), showed no change in the cellular
accumulation of gemcitabine radioactivity, and reduced the portal venous plasma
concentration of gemcitabine radioactivity by 68% (Fig. 7). These observations demonstrate
that ENTs mediate, at least in part, the basolateral transport of gemcitabine into portal
venous blood as gemcitabine’s efflux from enterocytes was substantially decreased by ENT
inhibition. Still, despite the reduction of gemcitabine in portal venous blood, the intracellular
jejunal concentration of gemcitabine was not increased when co-perfused with dilazep. This
shows that gemcitabine’s reduction in intestinal permeability after ENT inhibition is not due
to increased accumulation of gemcitabine in the intestinal tissue and passive repartitioning
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back into lumen, but a reduction in drug uptake into epithelial cells because of apically-
expressed ENTs. A proposed schematic for the transepithelial flux of gemcitabine in small
intestine is presented in Fig 9.

There are currently no oral dosage forms of gemcitabine. Nonetheless, it is anticipated that
typical intravenous doses of 1000-1250 mg/m?, given orally, would produce millimolar
levels of drug in the intestinal lumen, favoring uptake by the ENTs. However, controlled-
release or divided doses would serve to reduce the luminal concentrations of drug, thereby,
taking advantage of both the CNTs and ENTSs. Still, it would be important to determine how
gemcitabine oral formulations and/or dose rates might influence the drug’s presystemic
metabolism in the gastrointestinal tract and/or liver, along with that of drug absorption.

In conclusion, novel approaches to develop orally-administered formulations of gemcitabine
have been challenged by the drug’s perceived low intestinal permeability and significant
presystemic metabolism. Our studies conclusively demonstrate that gemcitabine has, in fact,
high permeability in the small intestine via CNT and ENT nucleoside transporters. Although
gemcitabine should have low systemic availability after oral dosing, vectorial transport
systems identified in the current study suggest that oral dosing (at the appropriate rate) may
be advantageous for the selective targeting of gemcitabine to cancers of the intestine and
liver. Furthermore, the demonstrated saturability of gemcitabine intestinal uptake highlights
the importance of oral dosing rate in determining the fraction absorbed from the intestinal
lumen, an important consideration for implementation of strategies aiming to enable oral
gemcitabine administration by co-administration of a cytidine deaminase inhibitor.
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Abbreviations:

CNT1 concentrative nucleoside transporter 1

CNT3 concentrative nucleoside transporter 3

CNTs concentrative nucleoside transporters

dFdC 2’,2"-difluoro-2’-deoxycytidine (or gemcitabine)
dFdCDP gemcitabine diphosphate

dFdCTP gemcitabine triphosphate

dFduU 2’,2’-difluoro-2"-deoxyuridine

ENT1 equilibrative nucleoside transporter 1

ENT2 equilibrative nucleoside transporter 2

ENTSs equilibrative nucleoside transporters
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1C50 half maximal inhibitory concentration
Peff effective permeability
UPLC ultra-performance liquid chromatography
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Fig. 1.

Representative chromatograms demonstrating the absence of cytosine in outlet samples
following /n situ jejunal perfusion of 100 uM gemcitabine in (A) C57BL/6 mice and (B)
BALB/c mice. The top panels show 5 UM cytosine standards and the bottom panels show
perfusion outlet samples.
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Fig. 2.
In situ jejunal permeability of gemcitabine in C57BL/6 mice when inlet and outlet

concentrations of drug were measured by UPLC (after perfusions of 100 uM unlabeled
gemcitabine) or total radioactivity (after perfusions of 100 uM [14C]-gemcitabine). Data are
expressed as mean + SE, n=4. There was no significant difference between the two groups,
as determined by unpaired t-test.
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Fig. 3.

ancentration-dependent flux of gemcitabine during 0.5 uM to 2 mM Jn situ jejunal
perfusions of drug in C57BL/6 mice. The solid line represents the predicted flux when data
were fit to two Michaelis-Menten terms. The inset shows the plot at low concentrations of
gemcitabine. Data are expressed as mean + SE, n=4 (error bars may be hidden by the
symbol).
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Fig. 4.
Wolf-Augustinsson-Hofstee analysis of the concentration-dependent flux of gemcitabine

during 0.5 uM to 2 mM Jn situ jejunal perfusions of drug in C57BL/6 mice. Data are
expressed as mean + SE, n=4 (error bars may be hidden by the symbol).
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Fig. 5.

Ef?:ect of inhibitors on the intestinal permeability of 5 UM gemcitabine during /7 situ jejunal
perfusions of drug in C57BL/6 mice. Experiments with 2 mM thymidine and sodium-free
buffer were performed several months before those with 2 mM dilazep and, as a result,
control values were reported for each set of experiments. Data are expressed as mean + SE,
n=4., *** p<0.001 relative to control, as determined by ANOVA followed by Dunnett’s test
for thymidine and sodium-free buffer data; and by unpaired t-test for dilazep data. There was
no significant difference between the two control groups, as determined by unpaired t-test.
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Fig. 6.

Concentration-dependent inhibition of gemcitabine flux in C57BL/6 mice during /n situ
jejunal perfusions of 5 uM drug alone and in the presence of (A) 0.1-2000 uM thymidine or
(B) 0.1-2500 pM dilazep. The solid line represents the predicted flux when data were fitted
to Eq. 5 for thymidine and to Eq. 6 for dilazep. Data are expressed as mean, n=1-4.
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Fig. 7.
Total radioactivity of gemcitabine and drug-related species in (A) jejunal tissue and (B)

portal venous plasma following /n situ jejunal perfusions of 5 pM [14C]-gemcitabine in the
absence and presence of 2 mM dilazep in C57BL/6 mice. Data are expressed as mean + SE,
n=4. ***p<0.001, as determined by unpaired t-test. There was so significant difference
detected in jejunal tissue radioactivity, as determined by an unpaired t-test.
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Fig. 8.
Contribution of the high-affinity (CNTSs) and low-affinity (ENTS) transport systems toward

gemcitabine flux, visualized over the three intestinal concentration ranges of (A) 0 — 100
uM, (B) 0 — 1,000 uM, and (C) 0 — 10,000 puM.
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Proposed mechanism for the absorption of gemcitabine in small intestine. The apical uptake
of gemcitabine (i.e., from lumen to enterocytes) is mediated by CNTs and ENTSs, whereas

the basolateral efflux of gemcitabine and/or gemcitabine metabolites (i.e., from enterocytes
to portal venous blood) is mediated by ENTS.
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Table 1

Transport kinetics of gemcitabine during /n situ jejunal perfusions in C57BL/6 mice

Parameter Estimate (mean * SE)
Vinax.1 (Pmol/cm?/s) 3621
Kma (M) 27.4+139
Vimax,2 (Pmol/cm?/s) 359+55
Kz (MM) 700 + 330
r2 0.951

Gemcitabine flux was best fit to two saturable Michaelis-Menten terms where Vimax 1 Vmax;2 correspond to the maximum uptake rates for
transport systems 1 and 2, and Ky, 1 and Km,2 correspond to the Michaelis constants for transport systems 1 and 2 (see Equation 4).
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