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ABSTRACT

................

Decitabine (5-aza-2’-deoxycytidine, DAC) is a novel DNA methyltransferase (DNMT) inhibitor
for the treatment of myelodysplastic syndrome, acute and chronic myeloid leukemia. However, it
exhibits a low oral bioavailability (only 9% in mice), because of low permeability across the
intestine membrane and rapid metabolism to inactive metabolite. In order to utilize the carrier-
mediated prodrug approach for improved absorption of decitabine, a series of amino acid-
decitabine conjugates were synthesized to target the intestinal membrane transporter, hPepT1.
The Caco-2 permeability of the prodrugs was screened and two L-val (aliphatic, compound 4a)
and L-phe (aromatic, compound 4c) prodrugs with higher permeability were selected for further
studies. The uptake of Gly-Sar by Caco-2 cells could be competitively inhibited by compound 4a
and 4c, with ICsg being 2.20 + 0.28 mM and 3.46 + 0.16 mM, respectively. The uptake of
compound 4a and 4c was markedly increased in the leptin-treated Caco-2 cells compared with
the control Caco-2 cells, suggesting hPepT1-mediated transport contributes to oral absorption of
compound 4a and 4c. The prodrugs were evaluated for their stability in various phosphate
buffers, rat plasma, tissue homogenates and gastrointestinal fluids. Compound 4a and 4c were
stable in gastrointestinal tract at pH 6.0 but could be quickly converted into DAC in plasma and
tissue homogenates after absorption. The oral absolute bioavailability of DAC was 46.7%, 50.9%
and 26.9% after compound 4a, 4c and DAC were orally administered to rats at a dose of
15mg/kg, respectively. The bioavailability of compound 4a and 4c in rats was both reduced to

about 32% when orally coadministrated with typical hPepT1 substrate Gly-Sar (150mg/kg).
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Overall, compound 4a and 4c can significantly enhance the intestinal membrane permeability of
DAC, followed by rapid and mostly bioactivation to parent drug in intestinal and hepatic tissues
before entry into systemic circulation, and eventually improve oral bioavailability of DAC in
rats. The hPepT1-targeted prodrug strategy is a promising strategy to improve oral

bioavailability of poorly absorbed decitabine.

KEYWORDS: decitabine; peptide transporter; prodrug; permeability; oral bioavailability

B Introduction

Epigenetic gene silencing marked by aberrant DNA methylation is known to contribute to the
malignant transformation of cells (.2 Recently, chemical reversal of gene silencing, called as
epigenetic therapy, using DNA-methylation inhibitors, has become an attractive approach for
cancer therapy 34 DNA methyltransferase (DNMT) inhibitors consist of nucleoside inhibitors
(azacytidine, decitabine and zebularine) and non-nucleoside inhibitors (procainamide) 1,
Although there are abundant DNMT inhibitors undergoing preclinical and clinical evaluation, the
most extensively and advanced investigated drug is 5-aza-2’-deoxycytidine, decitabine.

Decitabine (Dacogen; SuperGen, Dublin, Calif) was approved by the FDA for the treatment of

myelodysplastic syndrome (MDS) and chronic myelomonocytic leukemia (CMML) in May 2006

(6]

Decitabine exhibits a low oral bioavailability (only 9% in mice) "), because of low permeability
across the intestine membrane and rapid metabolism to inactive metabolite, which necessitates
the continuous infusion to maintain therapeutical plasma level clinically ™', Hence, the

development of an oral alternative to intravenous administration of decitabine is needed for both
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reducing costs dictated by hospital treatment and improving patient compliance by readily

administration route.

However, little effort has been devoted to design decitabine prodrugs for improving oral
absorption so far. Prodrug strategy has been increasingly applied over the past decades in order
to overcome the undesired biopharmaceutical properties of parent drugs. With the current rapid
development of molecular biology, a range of nutrient transporters have been identified and
cloned, such as peptide transporter 1 (PepT1), sodium dependent vitamin C transporter (SVCT),
monocarboxylate transporter 1 (MCT1) and human apical sodium-dependent bile acid
transporter (hASBT), and so on 101 “Meanwhile, transporter targeted prodrugs were developed
to have structural features that allow them to be recognized by the endogenous transporters
present at the intestinal epithelium 112141 Due to wide distribution in the gastrointestinal tract,
broad substrate specificity and high transport capacity, peptide transporter has been the most
promising and feasible target in the prodrug design among various membrane transporters (517,
Two excellent examples of successfully marketed prodrugs targeting PepT1 are valacyclovir
(Valtrex; GlaxoSmithKline) and valganciclovir (Valcyte; Roche). These L-valyl ester prodrugs
increased the intestinal permeability of their parent drugs by 3-10 fold predominantly through

peptide transporter-mediated absorption 1821

Based on these considerations, we developed a series of PepT1-targeted prodrugs of DAC and
screened their transmembrane permeability in Caco-2 cell monolayer. Two different structural L-
val (aliphatic) and L-phe (aromatic) prodrugs with higher permeability were selected for further
studies. We have investigated bioactivation of the prodrugs and their competitive inhibition
effect on Gly-Sar uptake in Caco-2 cells and direct uptake in leptin-treated Caco-2 cells. We also

reported the chemical and enzymatic stability of the prodrugs in various phosphate buffers, rat
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plasma, tissue homogenates and gastrointestinal fluids. Finally, pharmacokinetic studies were
evaluated after oral administration of DAC, compound 4a and 4c¢ in Sprague-Dawley rats,
respectively. The combined results of these studies showed the carrier-targeted prodrugs can
improve the intestinal membrane transport of decitabine. Meanwhile, the prodrugs can be rapidly
and mostly bioactivated to parent drug in intestinal and hepatic tissues before entry into systemic
circulation. Eventually, the carrier-targeted prodrug strategy successfully enhances the oral

bioavailability of decitabine.

B Materials and methods

Decitabine (98% purity) was synthesized in Shenyang Pharmaceutical University (Shenyang,
China). The carbobenzyloxy (Cbz) protected amino acids Cbz-L-valine, Cbz-D-valine, Cbz-L-
phenylalanine, Cbz-L-isoleucine and Cbz-L-tryptophan were obtained from Baosheng Chemicals
(Yangzhou, China). Pd/C and N,N’-Dicyclohexylcarbodiimide (DCC) were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shenyang, China). 4-(Dimethylamino) pyridine (DMAP)
was obtained from Dongyang Tianyu Chemicals Co. Ltd. (Dongyang, China). Leptin was
obtained from ProSpec TechnoGene (Rehovot, Israel). Gly-Sar was purchased from Sigma-

Aldrich (St. Louis, MO, USA). All other chemicals used were of the highest purity available.

Synthesis of 5’-amino acid ester derivatives of DAC

DAC (4.57 g, 20mmol), Cbz-amino acid (40 mmol), DCC (6.18 g, 30 mmol) and DMAP(0.24 g,

0.1 mmol) were dissolved in anhydrous DMF (N,N-dimethylformamide) and stirred at room
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temperature for 24 h under a nitrogen atmosphere. After 24 h, the reaction mixture was filtered
and DMF was evaporated under reduced pressure. The residue was dissolved in ethyl acetate (50
mL) and washed with water (2 x 35 mL), saturated NaHCOj3 (2 x 35 mL) and brine (1 x 30 mL),
respectively. The organic layer was concentrated in vacuo. The intermediates (compounds 3a,
3b, 3¢, 3d, and 3e) were purified using column chromatography with a silica gel column and
serial elution with petroleum ether: ethyl acetate (1:30- 1:100). The eluent belonging to each
intermediate was collected and concentrated. Pure fractions were dissolved in ethyl acetate and
isopropanol, and then Pd/C (10%) was added. The reaction mixture was stirred under H, at 30 °C
for 4 h and filtered. Compounds 4a, 4b, 4c, 4d and 4e were washed with isopropanol and
concentrated in vacuo (Scheme 1). Structural identities of all compounds were confirmed by 'H

NMR, and electrospray ionization-mass spectrometry.

DAC: percent purity, 98%; 'H NMR (300 MHz, DMSO-d6) § 2.16(2H, m), 3.61(2H, m),
3.81(1H, d, J=3.0 Hz), 4.24(1H, brs), 5.05(1H, t, J=5.1 Hz), 5.24(1H, d, J=4.2 Hz), 6.03(1H, t,

J=6.3 Hz), 7.50(1H, s) 7.53(1H, s), 8.51(1H, s); ESI-MS m/z 229.3 (M + H)".

Compound 4a (5’-O-L-valyl-decitabine): yield, 42%; percent purity, 96%; 'H NMR (600 MHz,
DMSO0-d6) 6 0.82(3H, d, J=13.2 Hz), 0.87(3H, d, J=13.2 Hz), 1.82(1H, m), 2.21(1H, m),
2.29(1H, m), 3.13(1H, d, J=5.4 Hz), 3.97(1H, m), 4.20-4.27(3H, m), 5.38(1H, d, J=4.2 Hz),

6.03(1H, t, J=6.6 Hz), 7.52(2H, s), 8.29(1H, s); ESI-MS m/z 327.8 (M + H)".

Compound 4b (5’-O-D-valyl-decitabine): yield, 38%:; percent purity, 98%; 'H NMR (600 MHz,
DMSO-d6) 6 0.83(3H, d, J=6.8 Hz), 0.87(3H, d, J=6.8 Hz), 1.82(1H, m), 2.21(1H, m), 2.29(1H,
m), 3.13(1H, d, J=5.4 Hz), 3.97(1H, m), 4.20-4.27(3H, m), 6.03(1H, t, J=6.6 Hz), 7.53(1H, s),

7.54(1H, s), 8.30(1H, s); ESI-MS m/z 327.79 (M + H)"
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Compound 4c (5’-O-L-phenylanlanyl-decitabine): yield, 41%:; percent purity, 96%; 'H NMR
(600 MHz, DMSO-d6) & 2.19(2H, m), 2.78(1H, m), 2.86(1H, m), 3.60(1H, t, J=6.6 Hz),
3.95(1H, m), 4.11(1H, m), 4.15-4.22(2H, m), 6.02(1H, t, J=6.6 Hz), 7.17-7.26(5H, m), 7.55(2H,

s), 8.30(1H, s); ESI-MS m/z 374.97 M + H)*

Compound 4d (5’-O-L- isoleucyl-decitabine): yield, 41%; percent purity, 97%; "H NMR (600
MHz, DMSO-d6) 6 0.81(3H, t, J=7.4 Hz), 0.83(3H, d, J=6.8 Hz), 1.11(1H, m), 1.40(1H, m),
1.57(1H, m), 2.22(1H, m), 2.28(1H, m), 3.19(1H, d, J=5.4 Hz), 3.99(1H, m), 4.01(1H, d, J=6.6
Hz), 4.20-4.26(3H, m), 6.04(1H, t, J=6.6 Hz), 7.53(2H, s), 8.29(1H, s); ESI-MS m/z 341.86 (M +

H)*

Compound 4e (5’-O-L- tryptophyl -decitabine): yield, 35%; percent purity, 95%; 'H NMR (600
MHz, DMSO-d6) § 2.08(1H, m), 2.13(1H, m), 2.92(1H, dd, J=6.6, 14.4 Hz ), 3.01(1H, dd, J=6.6,
14.4 Hz), 3.64(1H, t, J=6.6 Hz), 3.95(1H, q, J=4.2 Hz), 4.06(1H, m), 4.12(1H, m, dd, J=5.4, 6.0
Hz), 4.19(1H, m, dd, J=3.0, 12.0 Hz), 6.01(1H, t, J=6.0 Hz), 6.94(1H, t, J=7.8 Hz), 7.04(1H, t,
J=7.8 Hz), 7.13(1H, s), 7.32(1H, d, J=7.8 Hz), 7.47(1H, d, J=7.8 Hz), 7.55(2H, s), 8.30(1H, s);

ESI-MS m/z 414.74 (M + H)*

Caco-2 culture.

Caco-2 cells from Institute of Basic Medical Sciences Chinese Academy of Medical Sciences
Cell Culture Center (Shanghai, China) were grown routinely on 75 cm? culture flasks in DMEM
(4500 mg/L glucose) as described by Sun et al.. 221 For transport experiments, Caco-2 cells were

seeded onto polycarbonate membrane at a density about 1 x 10° cells/cm” and allowed to grow
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for 21 to 25 days. For uptake experiments, Caco-2 cells were seeded onto 24-well plastic cluster

trays at the same density but used 15 days after seeding.

Caco-2 permeability.

The Caco-2 permeability studies for the prodrugs and parent drug were performed in triplicate
with some modifications as described previously 1531 The transport procedure was described in

[24]

detail in our previous study " and the concentrations of DAC and its prodrugs were analyzed by

HPLC.

Gly-Sar uptake inhibition.

Drug inhibition effect was studied by inhibiting Gly-Sar uptake 25-261 " After washed twice with
HBSS bulffer, the cells were incubated with 20 uM Gly-Sar along with various concentrations of
compound 4a or 4¢ (0.1-40 mM) at 37 °C for 30 min. After 30 min, the medium was removed
and the cells were rapidly rinsed tiwce with 1 mL of ice-cold pH 6.0 uptake buffer. The cells
were homogenized and centrifuged at 2500 g for 10 min, and then the supernatants were
collected for analysis by UPLC/MS/MS. The protein concentration of each sample was
determined by Bicinchoninic Acid assay using a bovine serum albumin as standard 271 1C5

values were determined using nonlinear fitting.

Uptake of compound 4a and 4c by leptin-treated Caco-2 cells.
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For leptin-treated Caco-2 cells, the cells were cultured with 2 nM leptin from the eighth day to
the fifteenth day 28-291 The uptake of prodrugs was calculated as the sum of the amounts of the
unchanged form and DAC. The uptake procedure was described as above and the samples were

analyzed by HPLC.

Hydrolysis stability studies.
(a) Chemical stability.

The nonenzymatic hydrolysis of compound 4a and 4¢ was determined in different pH phosphate
buffers (pH 1.2, 4.5, 6.8, 7.4) at 37 °C for a period of 4 h. At every time point, 100 pL of the

samples was taken and analyzed by HPLC.
(b) Hydrolysis in rat gastric juices and intestinal fluids.

The gastric juices and intestinal fluids for stability studies were collected from a 250 g male
Sprague-Dawley rat. The experiments were carried out by adding 200 pL of a stock solution of
compound 4a or 4¢ to 1.8 mL of gastric juices or intestinal fluids preheated to 37 °C, and the
concentration of compound 4a and 4c in the biological media was about 80 pg/mL and 100
pg/mL, respectively. Hydrolysis of the prodrugs was studied at 37 OC for a period of 4 h.
Samples (100 pL) were taken at various time points and quenched with 300 pL of ice-cold
methanol, then centrifuged at 2500g and 4 °C for 10 min. The supernatants were analyzed by

HPLC.

(c) Stability in intestinal and liver homogenates.
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The jejunum segment and liver were removed from the euthanized Sprague-Dawley rat and
washed with ice-bath buffer C (25 mM KCI, 5 mM MgCl, and 10 mM HEPES, pH 7.4) several
times to remove blood, then homogenized with a tissue homogenizer and centrifuged at 2000g
and 4 °C for 10 min. The resulting supernatant was collected and total protein amount was
determined as above '*!. The hydrolysis experiment was carried out by addition of drug solutions
to the homogenates at 37 °C, where compound 4a, compound 4¢ and protein concentrations in
the mixture were 80 pg/mL(compound 4a), 150 pug/mL (compound 4¢) and 200 pg/mL,
respectively. The sample procedure was described as above and supernatant was analyzed using

HPLC.
(d) Stability in rat plasma.

Plasma was obtained from the rat jugular vein after centrifugation at 2500 g for 10 min. One
volume of drug stock solution (0.8 mg/mL for compound 4a, 1.5 mg/mL for compound 4c¢) was
mixed with nine volumes of plasma preheated to 37 oC. Aliquot samples were collected at
various time points (0, 30, 60, 90, 120 min). Extraction and analysis methods were similar to

those for gastrointestinal fluids experiment.

Rate constants of hydrolysis were determined by pseudo-first-order kinetic models.

Pharmacokinetic studies.

Animal experiments were performed in accordance with the guide for the care and use of
laboratory animals of Shenyang Pharmaceutical University. Male Sprague-Dawley rats

(weighing from 220 to 250 g) were used in these studies. The rats were fasted but had free access
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to water for 12 h before administration. The rats were administered by gastric lavage of
compound 4a, 4¢ (15 mg/kg, calculated as DAC) or DAC (15 mg/kg) in aqueous solution. For

coadministration with Gly-Sar, compound 4a or 4¢ (15 mg/kg, calculated as DAC) was

©CoO~NOUTA,WNPE

administrated to rats alone or with Gly-Sar (150 kg/mg). At predetermined time points, 200 pL.
13 of blood sample was collected and placed into heparinized tubes containing the deaminase
15 inhibitor, tetrahydrouridine (0.1 mM). The rat plasma was centrifugated at 2500 g for 10 min,

18 collected, frozen at -80 °C and analyzed by HPLC/MS/MS.

Analytical method.
28 (a) HPLC analysis.

31 The HPLC analytical method for DAC and amino acid ester prodrugs was conducted on a

34 SHIMADZU liquid chromatography instrument equipped with a LC-10AT pump and a SPD-
36 10A UV-vis detector. A Cig column (5 um, 200 mm X 4.6 um, Diamosil, DIKMA) was used for
sample analysis. The mobile phase was a mixture of methanol: 0.05 M KH,PO, buffer solution
41 (pH 5.8) =22:78. The flow rate was 1.0 mL/min, and the wavelength was 242 nm. The

43 temperature of the column was set at 25 oC.

46 (b) HPLC/MS/MS analysis. The analytes were determined by a Waters ACQUITY Xevo TQD
49 system, which consisted of an ACQUITY HPLC system and an ACQUITY triple-quadrupole
51 tandem mass spectrometer with an electrospray ionization (ESI) interface. The ESI source was

operated in positive mode.
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For determination of Gly-Sar [30]

, isoniazid was selected as the internal standard. A simple
protein precipitation was utilized to extract Gly-Sar and the internal standard from cell
homogenates with acetonitrile. A hydrophilic interaction column (ACQUITY UPLC BEH
HILIC, 50 mm x 2.1 mm, 1.7 pum, Waters Corporation, Wexford, Ireland) was applied to retain
and separate analytes from endogenous materials. The elution was carried out using a gradient of
acetonitrile and water containing 0.1% formic acid. The MS/MS transitions monitored were m/z

147 to 90 (collision energy 11 eV) for Gly-Sar and m/z 138 to 121 (collision energy 14 eV) for

isoniazid.

For analysis of DAC, compound 4a and 4¢, Waters Oasis MCX cation-exchange solid-phase
extraction cartridges (Waters Corporation; Milford, MA) were used to extract analytes from rat
plasma. The HPLC system used a Waters Symmetry C18 column (150 mm X 4.6 mm, 3.5 um,
Waters Corp., Milford, MA). HPLC elution was carried out using a gradient of water containing

0.1% formic acid together with 0.1% ammonium hydroxide and acetonitrile containing 0.1%

formic acid, and the flow rate was 0.2 mL/min B34,

Data analysis.

(a) Caco-2 monolayer permeability

The apparent permeability (P,,p) was calculated using the following equation:

Pop=dC./dt x V, x 1/A x 1/Cy (1)

where dCr/dt is the rate of change of concentration in the receiver solution, Vr is the

receiver volume, A is the surface area of the monolayer, Cy is the concentration of the

ACS Paragon Plus Environment
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DAC or prodrug in the donor solution.

(b) Pharmacokinetics

©CoO~NOUTA,WNPE

10 Noncompartmental pharmacokinetic analysis was conducted to calculate the plasma

13 pharmacokinetic parameters. Area under curve (AUC) was calculated using the linear trapezoidal
15 rule. The peak plasma concentration (Cy,,x) and the time to reach peak concentration levels (Tpax)
were obtained from the time versus plasma concentration profile. The statistical differences were

20 tested using a one-tailed Student ¢ test at the p < 0.05 level.

B Results
30 Synthesis of 5’-amino acid ester derivatives of DAC.

33 The aliphatic amino acids (L-val, D-val and L-ile) and the aromatic amino acids (L-phe and L-
36 tryptophan) were selected as promoieties for the synthesis of decitabine prodrugs. Amino acid
38 ester prodrugs of DAC are synthesized as described in Scheme 1. The hydroxymethyl group of
40 DAC was coupled with the Cbz-protected amino acid in the presence of DCC and DMAP. The
43 desired intermediates were the Cbz protected 5’-amino acid ester prodrugs of decitabine.

45 Following purification by column chromatography, the Cbz group of the desired intermediate
was removed by catalytic hydrogenation with Pd/C 1321 The Cbz-protected group was chosen
50 because mild condition in deprotection reaction could avoid the degradation of DAC and the

52 cleavage of ester bond.
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Scheme 1. Synthetic route of 5’ -amino acid ester prodrugs 4a-4e. Reagents and conditions: (i)

DCC, DMAP, DMF, 1t, overnight; (ii) Pd/H,, EtOAc, iPrOH, 30 °C, 4h.

Screening Caco-2 permeability of DAC peptidomimetic prodrugs.

The Caco-2 permeability in the apical to basolateral (AP to BL) direction of DAC and five

prodrugs was determined. As shown in Figure 1, all prodrugs were found to be more permeable

than DAC. Compound 4c¢ (5’-O-L-phenylanlanyl-decitabine) was approximately 4-fold higher

than that of DAC. Compound 4a (5’-O-L-valyl- decitabine) and compound 4d (5’-O-L-

isoleucyl-decitabine) exhibited high permeability with little difference and could be efficiently

transported across the Caco-2 monolayer. After transporting across the cell monolayers, all the

ACS Paragon Plus Environment
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prodrugs were partially hydrolyzed to DAC and were detected in the receiver compartment. Two
prodrugs with higher permeability, an alphatic (L-val) and an aromatic (L-phe), were chosen for

further studies to see the effect of amino acid promoieties on cell uptake and oral absorption of

©CoO~NOUTA,WNPE

11 the prodrugs.

15 1.2x10°

S

&

N
o

Papp (cm/sec)
[<2] ©
o o
b b
- -
o o

3.0x1071

T T

DAC 4a 4b 4c 4d  4e
27 Compound

25 0.0

30 Figure 1. The apical-to-basolateral permeability for the transport of DAC and its 5’-O-amino

33 acid ester prodrugs in Caco-2 cells (mean + SD, n = 3).

Effect of compound 4a and 4¢ on Gly-Sar uptake by Caco-2 cells.

43 To assess the interaction of compound 4a and 4¢ with PepT1, the inhibitory effect of compound
45 4a and 4¢ (0.1-40 mM) on the uptake of 20 pM Gly-Sar by Caco-2 cells was examined. As

48 shown in Table 1, the uptake of Gly-Sar was significantly inhibited by compound 4a and 4c,

50 with ICsg being 2.20 + 0.28 mM and 3.46 + 0.16 mM, respectively. But decitabine exhibited no
inhibitory effect on the uptake of Gly-Sar in the concentration range tested (0.1-40 mM). The

55 aliphatic prodrug compound 4a (5’-O-L-valyl-decitabine) showed higher affinity than the

ACS Paragon Plus Environment
15



©CoO~NOUTA,WNPE

Molecular Pharmaceutics Page 16 of 38

aromatic prodrug compound 4c¢ (5’-O-L-phenylanlanyl-decitabine), but the difference was not

significant.

Table 1. Gly-Sar uptake inhibition results in Caco-2 cells

(ICs0)(mM)
Compound name Structure MW
Mean+SD*
)Niz
N~ SN
| No
DAC "o k")\° 228.21
T o Inhibition”
Pow n"
o
, o LA
5’-O-L-valyl-decitabine(4a) ﬁkyfo Yoo 327.34 2.20+0.28
5’-O-L-phenylanlanyl- NL)\)N\
@H( e 375.38 3.46x0.16
decitabine(4c¢) 8 H}f}‘ﬂ

“ Mean and SD from 3 experiments.” No inhibition over concentration range of 0.1-40 mM.

Uptake of Gly-Sar by leptin-treated Caco-2 cells.

The stably transfected hPepT1/MDCK and hPepT1/HeLa cells were usually utilized to evaluate
the functional contribution of PepT1 to the uptake and transport of a potential substrate of PepT1

in many studies. But it was not easy to obtain these PepT1-transfected cell systems. It has been
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reported that treatment with leptin on Caco-2 could significantly increase PepT1 activity and the
expression of PepT1 protein was 2.1-fold augmentation when a 0.2 nM leptin treatment was

applied on the apical sides of Caco-2 cells for a successive 7 days >***!. In our study, the uptake

©CoO~NOUTA,WNPE

11 of Gly-Sar by the leptin-treated and control Caco-2 cells was determined to evaluate whether this
13 treatment was successful. As shown in Figure 2, the uptake of Gly-Sar was 1.05 nmol/mg of
15 protein/30 min in the leptin-treated Caco-2 cells, 1.9-fold greater than the control, demonstrating

18 enhanced expression of PepT1 in the leptin-treated Caco-2 cells.

-
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©
)

.
w

=
=)

N
®
Uptake of Gly-Sar(nmol.mg™.30 min™)
o
»

34 control leptin-treated

37 Figure 2. Uptake of Gly-Sar by the 7-day leptin-treated Caco-2 and the control Caco-2 cells.
Leptin-treated Caco-2 and control Caco-2 cells were incubated at 37 °C for 30 min with 20 uM
42 Gly-Sar, pH 6.0, respectively. The amounts of Gly-Sar in cell homogenates were measured by

44 UPLC-MS/MS. The results are expressed as mean + SD (n = 3).

51 Uptake of compound 4a, 4c and DAC by leptin-treated Caco-2 cells.

54 To confirm whether the transport of compound 4a and 4¢ was mediated by PepT1, the uptake

57 was conducted on the leptin-treated and the control Caco-2 cells. Increased hPepT1-mediated
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uptake in the leptin-treated Caco-2 cells was observed in the case of compound 4a (1.8-fold) and
4c (1.9-fold), compared to those of the control Caco-2 cells (Fig. 3). In contrast, there was no
significant difference between the leptin-treated and control Caco-2 cells for DAC. The results

indicate that DAC is not a substrate of PepTl.

Caco-2
— 401 hPepT1/Caco-2
o
= T
< 301 T —
TU)
€
S 20 T
£ T
Q
_
5 101
s
S
[]
2 9
DAC 4a 4c

Figure 3. Comparison of decitabine prodrugs uptake in the 7-day leptin-treated Caco-2 and the
control Caco-2 cells. The Caco-2 cells were incubated at 37 °C for 45 min with 0.5 mM
compound 4a, 4c or DAC at pH 6.0. After incubation, the amounts of compound 4a, 4¢ or DAC
in the cell homogenates were determined by HPLC. The uptake of prodrugs was calculated as the
sum of the amounts of the unchanged form and DAC. The results are expressed as mean + SD (n

=3).

Table 2. The stability results of compound 4a and 4¢ at 37 °C in phosphate buffers of different
pH values, rat tissue homogenates, plasma, gastric and intestinal fluids (protein concentration,

200 pg/mL)

ty2(min)

media compound 4a compound 4c¢
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pH 1.2

pH 4.5

pH 6.8

pH7.4

gastric fluid

intestinal fluid

intestinal homogenates

hepatic homogenates

rat plasma

228

180

143

221

211

173

61

86

Molecular Pharmaceutics

>240

>240

192

154

>240

95

N.D.

N.D., not detected.

Stability studies.

The stability experiments were performed at 37 °C in various phosphate buffers of different pH

values, rat plasma, tissue homogenates and gastrointestinal fluids. The estimated half-lives (t;/)

obtained from linear regression of pseudo-first-order plots of compound 4a and 4¢ concentration

vs time are shown in Table 2. It could be observed that the hydrolysis stability of compound 4a

and 4¢ was significantly influenced by the pH value of phosphate buffer. The L-phenylanlanyl

prodrug was shown to be somewhat more stable than the L-valyl prodrug in phosphate buffer.
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Additionally, t;; values of compound 4a and 4c¢ in the hepatic/intestinal homogenates and plasma
were much shorter than those in the gastrointestinal fluids and buffer solution (Table 2).
Intestinal enzymes in intestinal homogenates had been proved to remain active during the
experimental conditions in the previous study using a positive control aspirin **. Furthermore,
the L-phenylanlanyl prodrug was shown to be more unstable than the L-valyl prodrug in
hepatic/intestinal homogenates and plasma, especially in rat plasma, and the intact L-

phenylanlanyl prodrug could not be detected.

Pharmacokinetics in rats.

3500 4 —8— DAC 7mg/kg (i.v.)

—@— DAC 15mg/kg (p.o.)

—&— 4a 15mgl/kg (p.o.)
4c 15mgl/kg (p.o.)

plasma concentration (ng/mL)

Figure 4. Mean plasma concentration-time profiles of DAC, compound 4a and 4c¢ in Sprague-

Dawley rats (n = 4): DAC following intravenous () at 7 mg/kg and oral administration (@) of
DAC at 15 mg/kg; compound 4a after oral administration of compound 4a at 15 mg/kg (A)

(calculated as DAC); compound 4c after oral administration of compound 4c at 15 mg/kg (V)

(calculated as DAC).
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2500
A

——4a (p.o.)
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33 Figure 5. Mean plasma concentration-time profiles of DAC after oral administration of 4a (A)

and 4c¢ (B) (15 mg/kg, calculated as DAC dose) to Sprague-Dawley rats in the presence and

38 absence of Gly-Sar (n =4).

41 Table 3. Pharmacokinetic parameters of DAC, following oral administration of DAC (15
43 mg/kg), compound 4a and 4¢ (15 mg/kg, calculated as DAC) to Sprague-Dawley rats,
45 respectively (Mean = SD, n =4)

dose

50 4a 4c DAC

52 PK params of DAC  15mg/kg(p.o.) 15mg/kg(p.o.) 15mg/kg(p.o.) Tmg/kg (i.v.)

55 AUCq.(ng.h/mL) 11.69+£1.21 12.68+4.35 6.82+0.67 11.68+0.77
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AUC/dose 0.78+0.08 0.85+0.29 0.45+0.04 1.67+0.01
Cynax(ug/mL) 2.24+0.41 2.07+0.17 1.88+0.58 2.9240.08
Tonax(h) 0.83+0.13 1.5+0.40 1.79+0.93 0
tia(h) 3.85+1.08 7.26+3.73 2.87+1.04 3.67+0.51
Oral bioavailability 46.7% 50.9% 26.9% -

The pharmacokinetic studies of DAC, compound 4a and 4c after oral administration in rats were
carried out to investigate whether PePT1-targeted prodrug strategy could improve the oral
absorption of DAC in vivo. Plasma concentration-time profiles of DAC, compound 4a and 4c¢ are
shown in Figure 4. And the main pharmacokinetic parameters are shown in Table 3. Since
compound 4a and 4c¢ were rapidly hydrolyzed into the parent drug and their concentration in
plasma was very low, the relevant AUC and elimination half-life values could not be accurately
determined. Hence, we mainly focused on the pharmacokinetic performances of DAC after oral
administration of compound 4a and 4¢. Following iv injection of DAC to rats (7 mg/kg), the
mean AUC was 11.68 pug « h/mL. As shown from Table 3, AUC for DAC after compound 4a, 4¢
(15 mg/kg, calculated as DAC) and DAC (15 mg/kg) oral administration was 11.69, 12.68 and
6.82 pg » h/mL, respectively. Additionally, the absolute bioavailability of DAC following oral
administration of compound 4a, 4¢ and DAC was 46.7%, 50.9% and 26.9%, respectively. The
oral bioavailability of compound 4a and 4c¢ was nearly 1.74-fold and 1.89-fold of the parent

drug.

Compound 4a and 4c were found to be the substrates of PepT1 in vitro in the previous study. To

further demonstrate the role of PepT1 in the oral absorption of compound 4a and 4c in vivo,
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inhibition studies were performed by the coadministration with the Gly-Sar, a typical substrate of
PepT1. When oral coadministration with Gly-Sar (150 mg/kg), the absolute bioavailability of

DAC following oral administration of prodrug at a dose of 15 mg/kg (calculated as DAC dose)

©CoO~NOUTA,WNPE

decreased from 46.7% to 32.2% for 4a (Fig. 5) and from 50.9% to 32.5% for 4c (Fig. 5),

13 respectively.

20 B Discussion

23 Decitabine, approved by FDA in May 2006, has a low absolute oral bioavailability, which limits
its clinical use despite being the most extensively and advanced investigated DNMT inhibitor.
28 To date, little effort has been devoted to design decitabine prodrugs for improving oral

30 absorption.

34 In this article, a series of amino acid-decitabine conjugates were synthesized for improving the
36 oral bioavailability of decitabine. In Caco-2 permeability experiment, all prodrugs were found to
be more permeable than DAC. Consistent with the previous studies, the amino acid ester with the

41 L-configuration was more permeable than the D-counterpart 22,35

44 From Gly-Sar uptake inhibition studies, it was concluded that compound 4a and 4c¢ competed
with Gly-Sar to interact with PepT1, while decitabine lacked any apparent affinity for the
49 transporter. Additionally, the substitution with amino acid promoieties of decitabine prodrugs did

51 not markedly change the Gly-Sar uptake inhibition of the prodrugs.
55 The chemical stability analysis showed that the prodrugs were generally more stable at acidic pH

57 than at neutral and alkaline pH. Additionally, t;;, values of compound 4a and 4c¢ in the
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hepatic/intestinal homogenates and plasma were much shorter than those in the gastrointestinal
fluids and buffer solution (Table 2). It suggested the first-pass metabolism may be an essential
route for the bioactivation of the two prodrugs to their parent drugs, indicating the amino acid
ester prodrugs can maintain enough chemical stability in gastrointestinal tract and was rapidly
converted to active parent drug by ester enzymes following transport across the intestinal

membrane.

In general, the ester bond could be rapidly hydrolyzed by esterases and the amide bond was too
stable and difficult to break under the effect of enzymatic hydrolysis. However, there were some
notable exceptions and then stability of the amide-based prodrug targeting PepT1 should be
analyzed seriously case by case. For instance, amide-based prodrug midodrine could easily be
transformed into the active form desglymidodrine in vivo. This carrier-mediated transport
strategy improves the bioavailability of desglymidodrine from 50% to 93% *°!. However, amide-
based Nj-L-valyl-cytarabine showed very low oral bioavailability of only 4% due to the stable
amide linkage in vivo and the absence of active parent drug in the systematic circulation 221 1n
our study, the ester-based prodrugs of decitabine could be rapidly bioactivated to parent drug and
in vivo bioconversion rate was a lot higher than in vitro, implying that compound 4a and 4c

possess appropriate chemical stability and in vivo bioactivation behavior.

In the pharmacokinetic studies, no intact prodrugs could be detected, which might result from
rapid hydrolysis into the parent drug. This result was consistent with the results of the stability
experiment. In addition, the oral bioavailability of compound 4a and 4c was nearly 1.74-fold and
1.89-fold of the parent drug, suggesting that bioconjugation with proper amino acid promoieties
is an effective PepT1-targeted prodrug strategy for improving the oral absorption of poorly

absorbed drugs.
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When oral coadministration with Gly-Sar, the absolute bioavailability of DAC following oral
administration of prodrug decreased. Although the inhibitory effect was not so significant, the

results did reveal the presence of competitive inhibition of Gly-Sar on the PepT1-mediated

©CoO~NOUTA,WNPE

transport of compound 4a and 4c¢ in the in vivo conditions. Thus, there might exist potential
13 PepT1-mediated drug-drug interactions when such prodrugs are orally coadministrated with
15 some substrate drugs of PepT1, such as angiotensin-converting enzyme inhibitors, B-lactam

18 antibiotics, etc.

21 In summary, the in vitro and in vivo results have shown that the carrier mediated prodrug
strategy developed and described in this work has been very successful in improving the

26 membrane permeability and oral bioavailability of decitabine. Such an approach may allow the
28 reintroduction of DAC through the suitable prodrug form as a standard agent for the treatment of

leukemia.

36 B AUTHOR INFORMATION

38 Corresponding Author

a1 *Postal address: Mailbox 59#, Department of Biopharmaceutics, School of Pharmacy, Shenyang
43 Pharmaceutical University, 103 Wenhua Road, Shenyang 110016, China (Z.H.). Tel/fax: +86-

45 24-23986320. E-mail: hezhonggui @ gmail.com (Z.H.), sunjin66@21cn.com (J.S.).

51 B ACKNOWLEDGMENT

ACS Paragon Plus Environment

25



©CoO~NOUTA,WNPE

Molecular Pharmaceutics

This work was financially supported from the National Nature Science Foundation of China (No.
81173009, No. 30973655), from Project for Excellent Talents of Liaoning Province (No.

L.R20110028) and from Key Project for Drug Innovation of China (No. 2010Z2X09401-304).

B REFERENCES
[1] Jones, P. A.; Baylin, S. B. The fundamental role of epigenetic events in cancer. Nat. Rev.

Genet. 2002, 3, 415-428.

[2] Bird, A. DNA methylation patterns and epigenetic memory. Genes. Dev. 2002, 16, 6-21.

[3] Oki, Y.; Aoki, E.; Issa, J-P J. Decitabine-Bedside to bench. Crit. Rev. Oncol. Hemat. 2007,

61, 140-152.

[4] Bhalla, K. N. Epigenetic and chromatin modifiers as targeted therapy of hematologic

malignancies. J. Clin. Oncol. 2005, 23, 3971-3993.

[5] Brown, R.; Plumb, J. A. Demethylation of DNA by decitabine in cancer chemotherapy.

Expert Rev. Anticanc. 2004, 4, 501-510.

[6] Jabbour, E.; Issa, J.P.; Garcia-Manero, G.; Kantarjian, H. Evolution of Decitabine
Development Accomplishments, Ongoing Investigations, and Future Strategies. Cancer 2008,

112,2341-2351.

[7] Desimone, J.; Saunthararajah, Y. US Patent App. 13/141, 669, 2009.

[8] Steensma, D. P.; Baer, M. R.; Slack, J. L.; Buckstein, R.; Godley, L. A.; Garcia-Manero G.;

Albitar, M.; Larsen, J. S.; Arora, S.; Cullen, M. T.; Kantarjian, H. Multicenter Study of

ACS Paragon Plus Environment

26

Page 26 of 38



Page 27 of 38 Molecular Pharmaceutics

Decitabine Administered Daily for 5 Days Every 4 Weeks to Adults With Myelodysplastic
Syndromes: The Alternative Dosing for Outpatient Treatment (ADOPT) Trial. J. Clin. Oncol.

2009, 27, 3842-3848.

©CoO~NOUTA,WNPE

[9] Samlowski, W. E.; Leachman, S. A.; Wade, M.; Cassidy, P.; Porter-Gill, P.; Busby, L.;
14 Wheeler, R.; Boucher, K.; Fitzpatrick, F.; Jones, D. A.; Karpf, A. R. Evaluation of a 7-Day
Continuous Intravenous Infusion of Decitabine: Inhibition of Promoter-Specific and Global

19 Genomic DNA Methylation. J. Clin. Oncol. 2005, 23, 3897-3905.

22 [10] Sai, Y.; Tsuji, A. Transporter-mediated drug delivery:recent progress and experimental

24 approaches. Drug Discov. Today 2004, 9, 712-720.

28 [11] Fei, Y. J.; Kanai, Y.; Nussberger, S.; Ganapathy, V.; Leibach, F. H.; Romero, M. F.; Singh,
30 S. K.; Boron, W. F.; Hediger, M. A. Expression cloning of a mammalian proton-coupled

oligopeptide transporter. Nature 1994, 368, 563-566.

36 [12] Balakrishnan, A.; Polli, J. E. Apical sodium dependent bile acid transporter (ASBT,

38 SLC10A2): a potential prodrug target. Mol. Pharmaceutics 2006, 3, 223-230.

42 [13] Yang, C.; Tirucherai, G. S.; Mitra, A. K. Prodrug based optimal drug delivery via

44 membrane transporter/receptor. Expert Opin. Biol. Ther. 2001, 1, 159-175.

[14] Han, H. K.; Amidon, G. L. Targeted prodrug design to optimize drug delivery. AAPS

50 PharmSci. 2000, 2, 48-58.

53 [15] Walter, E.; Kissel, T.; Amidon, G. L. The intestinal peptide carrier: Apotential transport

56 system for small peptide derived drugs. Adv. Drug Delivery Rev. 1996, 20, 33-58.

ACS Paragon Plus Environment

27



©CoO~NOUTA,WNPE

Molecular Pharmaceutics Page 28 of 38

[16] Rubio-Aliaga, I.; Daniel, H. Mammalian peptide transporters as targets for drug delivery.

Trends Pharmacol. Sci. 2002, 23, 434-440.

[17]Nielsen, C. U; Brodin, B.; Jorgensen , F. S; Frokjaer, S.; Steffanse, B. Human peptide

transporters: therapeutic applications. Expert Opin. Ther. Pat. 2002, 12, 1329-1350.

[18] Balimane, P. V.; Tamai, L.; Guo, A.; Nakanishi, T.; Kitada, H.; Leibach, F. H.; Tsuji, A.;
Sinko, P. J. Direct evidence for peptide transporter (PepT1)-mediated uptake of a nonpeptide

prodrug, valacyclovir. Biochem. Biophys. Res. Commun. 1998, 250, 246-251.

[19] de Vrueh, R. L.; Smith, P. L.; Lee, C-P. Transport of L-valineacyclovir via the oligopeptide
transporter in the human intestinal cell line, Caco-2. J. Pharmacol. Exp. Ther. 1998, 286, 1166—

1170.

[20] Guo, A.; Hu, P.; Balimane, P. V.; Leibach, F. H.; Sinko, P. J. Interactions of a nonpeptidic
drug, valacyclovir, with the human intestinal peptide transporter (hPEPT1) expressed in a

mammalian cell line. J. Pharmacol. Exp. Ther. 1999, 289, 448—454.

[21] Sugawara, M.; Huang, W.; Fei, Y. J.; Leibach, F. H.; Ganapathy, V.; Ganapathy, M. E.
Transport of valganciclovir, a ganciclovir prodrug, via peptide transporters PEPT1 and PEPT2. J.

Pharm. Sci. 2000, 89, 781-789.

[22] Sun, Y. B.; Sun, J.; Shi, S. L.; Jing, Y. K.; Yin, S. L.; Chen, Y.; Li, G.; Xu, Y.J.; He, Z. G.
Synthesis, transport and pharmacokinetics of 5’- amino acid ester prodrugs of 1-beta-D-

arabinofuranosylcytosine. Mol. Pharmaceutics 2009, 6, 315-325.

ACS Paragon Plus Environment

28



Page 29 of 38 Molecular Pharmaceutics

[23] Gao, J.; Hugger, E. D.; Beck-Westermeyer, M.S.; Borchardt, R. T. Esimating intestinal
permeation of compounds using Caco-2 cell monolayers. In Current Opinion Pharmacology;

Enna, S.J, Williams, M., Ferkany, J. W., Kenakin, T., Porsolt, R. D., Sullivan, J.P., Eds.; Wiley-

©CoO~NOUTA,WNPE

Liss, Inc.: New York, 2000; pp 721-723.

14 [24] Yan, Z. T.; Sun, J.; Chang, Y. N.; Liu, Y. H.; Fu, Q.; Xu, Y. J.; Sun, Y. B.; Pu, X. H,;

16 Zhang, Y. X.; Jing Y. K.; Yin, S. L.; Zhu, M.; Wang, Y. J.; He, Z. G. Bifunctional

19 Peptidomimetic Prodrugs of Didanosine for Improved Intestinal Permeability and Enhanced

21 Acidic Stability: Synthesis, Transepithelial Transport, Chemical Stability and Pharmacokinetics.

23 Mol. Pharmaceutics 2011, 8, 319-329.

27 [25] Tsuda, M.; Terada, T.; Irie, M.; Katsura, T.; Niida, A.; Tomita, K.; Fujii, N.; Inui, K-i.
29 Midodrine, and its amino acid derivatives transport characteristics of a novel peptide transporter

1 substrate, antihypotensive drug. J. Pharmacol. Exp. Ther. 2006, 318, 455-460.

35 [26] Irie, M.; Terada, T.; Sawada, K.; Saito, H.; Inui, K-I. Peptide Transporter in Caco-2 Cells
37 Recognition and Transport Characteristics of Nonpeptidic Compounds by Basolatera. J.

40 Pharmacol. Exp. Ther. 2001, 298, 711-717.

43 [27] Brown, R. E.; Jarvis, K. L.; Hyland, K. J. Protein measurement using bicinchoninic acid:

elimination of interfering substances. Anal. Biochem. 1989, 180, 136—139

49 [28] Hindlet, P.; Bado, A.; Farinotti, R.; Buyse, M. Long-term effect of leptin on H+-coupled
51 peptide cotransporter 1 activity and expression in vivo: evidence in leptin-deficient mice. J.

Pharmacol. Exp. Ther. 2007, 323, 192-201.

ACS Paragon Plus Environment

29



©CoO~NOUTA,WNPE

Molecular Pharmaceutics Page 30 of 38

[29] Nduati, V.; Yan, Y. T.; Dalmasso, G.; Driss, A.; Sitaraman, S.; Merlin, D. Leptin
transcriptionally enhances peptide transporter (hPepT1) expression and activity via Camp-

response elementbingind pritein Cdx2 transportion factors. J. Biol. Chem. 2007, 282, 1359-1373.

[30] Sun, Y. B.; Sun, J.; Liu, J. F.; Yin, S. L.; Chen, Y.; Zhang, P.; Pu, X. H.; Sun, Y. H.; He, Z.
G. Rapid and sensitive hydrophilic interaction chromatography/tandem mass spectrometry
method for the determination of glycyl-sarcosine in cell homogenates. J. Chromatogr. B 2009,

877, 649-652.

[31] Zhang, Y. X.; Sun, J.; Gao, Y. K.; Kong, Y.; Xu, Y. J.; Jia, W. R,; Liao, C. R.; Zhang, P.;
Lian, H.; Han, X. P.; Li, D. P.; Geng, Y. J.; He, Z. G, An HPLC-MS/MS method for
simultaneous determination of decitabine and its valyl prodrug valdecitabine in rat plasma. J.

Chromatogr. B 2013, 917-918, 78-83.

[32] Nashed, Y. E.; Mitra, A. K. Synthesis and characterization of novel dipeptide ester prodrugs

of acyclovir. Spectrochim. Acta. A 2003, 59. 2033-2039.

[33] Buyse, M.; Berlioz, F.; Guilmeau, S.; Tsocas, A.; Voisin, T.; Peranzi, G.; Merlin, D.;
Laburthe, M.; Lewin, M. J.; Roze, C.; Bado, A. PepT1-mediated epithelial transport of
dipeptides and cephalexin is enhanced by luminal leptin in the small intestine. J. Clin. Invest

2001, 708, 1483-1494.

[34] Hindlet, P.; Bado, A.; Kamenick, P.; Delomenie, C.; Bourasset, F.; Nazaret, C.; Farinotti, R.;
Buyse, M. Reduced intestinal absorption of dipeptides via PepT1 in mice with diet-induced

obesity is associated with leptin receptor down-regulation. J. Biol. Chem. 2009, 284, 6801-6808.

ACS Paragon Plus Environment

30



Page 31 of 38 Molecular Pharmaceutics

[35] Varghese Gupta, S.; Gupta, D.; Sun, J.; Dahan, A.; Tsume, Y.; Hilfinger, J.; Lee, K-D.;
Amidon, G. L. Enhancing the Intestinal Membrane Permeability of Zanamivir: A Carrier

Mediated Prodrug Approach. Mol. Pharmaceutics 2011, 8, 2358-2367.

©CoO~NOUTA,WNPE

[36] Tsuda, M.; Terada, T.; Irie, M.; Katsura, T.; Niida, A.; Tomita, K.; Fujii, N.; Inui, K.
14 Transport characteristics of a novel peptide transporter 1 substrate, antihypotensive drug

16 midodrine, and its amino acid derivatives. J. Pharmacol. Exp. Ther. 2006, 318, 455-460.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Molecular Pharmaceutics

For Table of Contents Use Only

A carrier-mediated prodrug approach to improve the

oral absorption of anti-leukemic drug decitabine

Youxi Zhang °, Jin Sun ® ", Yikun Gao “, Ling Jin *, Youjun Xu °, He Lian ®, Yongbing Sun ©,

Yinghua Sun °, Jianyu Liu °, Rui Fan ®, Tianhong Zhang °, Zhonggui He“"

ACS Paragon Plus Environment
32

Page 32 of 38



Page 33 of 38

©CoO~NOUTA,WNPE

Molecular Pharmaceutics

25x7mm (300 x 300 DPI)

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Papp (cm/sec)

1.2x10°-

3.0x107 -

Molecular Pharmaceutics

0.0

DAC 4a 4b  4c

Compound

58x41mm (300 x 300 DPI)

ACS Paragon Plus Environment

Z

4d

4e

Page 34 of 38



Page 35 of 38 Molecular Pharmaceutics

©O~NOUAWNBR
-
(3}
]

SN
N
2

o
©
1

e
»
1

o
w
1

o
(=)

Uptake of Gly-Sar(nmol.mg™.30 min™)

control leptin-treated

32 56x39mm (300 x 300 DPI)

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Molecular Pharmaceutics

Caco-2

a0 %hpepTﬂCaco-Z
c
= 1T
< 30- T
(o))
E‘ T
© 20-
£ T
Q
£ 10. i
8
S
a

0 —

DAC 4a 4c

56x39mm (300 x 300 DPI)

ACS Paragon Plus Environment

Page 36 of 38



Page 37 of 38

©CoO~NOUTA,WNPE

plasma concentration (ng/mL)

Molecular Pharmaceutics

—i— DAC 7mg/kg (i.v.)

—&—DAC 15mg/kg (p.o.)

~—&— 4a 15mg/kg (p.o.)
4c 15mgl/kg (p.o.)

-
-

-
-

-

t (h)

56x39mm (300 x 300 DPI)

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

plasma concentration (ng/mL)

plasma concentration (ng/mL)

2500 -

2000 -+

1500

1000

500

Molecular Pharmaceutics Page 38 of 38

—i—4a (p.o.)
—@— 4a (p.o. with Gly-Sar)

2000 -

1500 4

1000 4

500

v T v T v T v T
4 6 8 10 12
t(h)

——4c (p.o.)
—8— 4c (p.o. with Gly-Sar)

—a
v T v T v T v T #—
0 8 12 16 20 24

t (h)

112x159mm (300 x 300 DPI)

ACS Paragon Plus Environment



