pharmaceuhcs

Bifunctional Peptidomimetic Prodrugs of Didanosine for Improved
Intestinal Permeability and Enhanced Acidic Stability: Synthesis,
Transepithelial Transport, Chemical Stability and Pharmacokinetics

Zhongtian Yan, *Jin Sun,*" Yannan Chang, Yanhua L1u, Qiang Fu, Youjun Xu, Yongblng Sun,’
Xiaohui Pu," Youxi Zhang, Yongkui ]mg, Shiliang Yin, Meng Zhu," Yongjun Wang, and Zhonggui He*"

*Department of Biopharmaceutics, “Department of Pharmacology, and SDepartment of Medicinal Chemistry,
Shenyang Pharmaceutical University, Shenyang, 110016, China

*Beijing Winsunny Pharmaceutical Co., LTD, Beijing, 101113, China

"Division of Hematology/Oncology, Department of Medicine, Mount Sinai School of Medicine, New York, New York 10029-6547,
United States

ABSTRACT:

detail view ofintestinal wall
~

intestinal esterase
— > ddl

5'-O-L-valyl-ddI 5'-O-L-valyl-ddI

Gastric acid PeldT1 » 5'-0-L-valyl-ddI

luminal
esterase

hypoxanthine or ddI

rey 5'-O-L-valyl-ddI
dd1 T hepatic
esterase
ypar: llular or tr 1lul
transport C ) o
fa S ddI

ddI
| —
gut lumen intestinal wall portal circulation liver systemic

ddI

Five peptidomimetic prodrugs of didanosine (DDI) were synthesized and designed to improve bioavailability of DDI following oral
administration via targeting intestinal oligopeptide transporter (PepT1) and enhancing chemical stability. The permeability of
prodrugs was screened in Caco-2 cells grown on permeable supports. $'-O-L-Valyl ester prodrug of DDI (compound 4a) demonstrated
the highest membrane permeability and was selected as the optimal target prodrug for further studies. The uptake of glycylsarcosine
(Gly-Sar, a typical substrate of PepT1) by Caco-2 cells could be inhibited by compound 4a in a concentration-dependent manner. The
Caco-2 cells were treated with 0.2 nM leptin for enhanced PepT1 expression. The uptake of compound 4a was markedly increased in
the leptin-treated Caco-2 cells compared with the control Caco-2 cells, both of which were obviously inhibited by 20 mM Gly-Sar. The
K., and V,,,,, values of kinetic study of compound 4a transported by PepT1 in Caco-2 cells were 0.91 mM and 11.94 nmol/mg of
protein/10 min, respectively. The chemical stability studies were performed in simulated gastric fluid (SGF), phosphate buffers under
various pH conditions, rat tissue homogenates and plasma at 37 °C. The concentrations of DDI could not be detected in the two
minutes in SGF. But compound 4a could significantly increase DDI acidic stability, and its t; , was extended to as long as 36 min in
SGF. Compound 4a was stable in pH 6.0 phosphate buffer but could be quickly transformed into DDI in plasma and tissue
homogenates. The oral absolute bioavailability of DDI was 47.2% and 7.9% after compound 4a and DDI were orally administered to
rats at a dose of 15 mg/kg, respectively. The coadministration with antiacid agent could also suggest that compound 4a was more stable
under harsh acidic conditions compared with DDI. Compound 4a bioavailability in rats was reduced to 33.9% when orally
coadministrated with Gly-Sar (100 mg/kg). The In Vivo bioactivation mechanism of compound 4a was investigated by comparing the
levels of DDI and compound 4a in the jugular and portal veins in rats. The plasma concentration of intact compound 4a was very low in
portal veins and could hardly be detected in the jugular vein. In conclusion, compound 4a could significantly improve the oral
bioavailability of DDI in rats through PepT1-mediated absorption and enhanced acidic stability, followed by rapid and mostly
intracellular bioactivation, the majority in the intestinal cells but the minority in the liver. Additionally, the prodrug strategy targeted to
intestinal PepT1 could offer a promising strategy to improve oral bioavailability of poorly absorbed didanosine.
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Figure 1. Synthetic scheme and structures of amino acid ester prodrugs of DDL

important global health problems."* Didanosine (Videx, §'-0-2'-
3'-dideoxydidanosine, DDI) is a very effective antiretroviral drug
with specific and prominent anti-HIV action, and is the second
anti-HIV drug approved by the FDA.>* It is well tolerated with
chronic administration, and its toxicity is rare and usually
reversible.®

However, DDI suffers from a poor bioavailability (20—40%),°
which limits its clinical application. Many investigations had
focused on the development of DDI prodrugs for increased oral
bioavailability. For example, glycerolipidic, dipalmitoylphospha-
tidyl and adenosine deaminase-activated prodrugs of DDI were
designed, but none of them were in routine clinical use as far as
we know.”

In recent years, a number of nutrient transporters, such as
oligopeptide, amino acid, bile acid and glucose transporters, have
been identified and cloned.">"* Prodrugs targeted toward spe-
cific membrane transporters were designed to have structural
features that allow them to be recognized by the endogenous
transporters expressed at the intestinal epithelium.">”'” Among
various membrane transporters, peptide transporters are the
most attractive and feasible targets in prodrug design, because
of their wide distribution throughout the small intestine, high
transport capacity and broad substrate specificity.'®*° Hu and
Amidon®' have put forward that the prodrug strategy targeting
the intestinal peptide carrier system is a practical and effective
approach to improve oral absorption of drug with good aqueous
solubility but poor membrane permeability. Two representative
prodrugs that were applied to PepT1 were valacyclovir (Valtrex;
GlaxoSmithKline) and valganciclovir (Valcyte; Roche). They
were L-valyl esters prodrug of acyclovir and ganciclovir, both of
which have limited and variable oral bioavailability owing to low
intestinal permeability. These amino acid ester-based prodrugs
could increase the intestinal permeability of their parent drugs by
3—10-fold, and their membrane transport was mediated pre-
dominantly by PepT1.”*”>* Both prodrugs were readily biocon-
verted back to their parent drugs by intracellular hydrolysis
during intestinal absorption.”**” The prodrug strategy based
on PepT1 had also applied to LYS44344 (a pipeline drug of Eli
Lilly Inc.), an amino acid amide-based prodrug of a metabotropic
glutamate receptor 2 agonist, LY354740. LY544344 could

significantly increase the oral bioavailability of LY354740 from
10% to 85% in rats through PepT1-mediated transport.”®™>°
Previous studies from our laboratory had demonstrated that -
amino acid ester of cytarabine was absorbed primarily through
PepT1 transporter and could increase cytarabine oral bioavail-
ability from 21.8% to 60.0%.>"

DDI was a representative model compound of BCS
(biopharmaceutical classification system) class I11.** The pre-
vious studies had shown that DDI absorption was low due to its
poor intestinal membrane permeability and acidic instability.>*
Accordingly, we synthesized five 5’-amino acid ester prodrugs
of DDI and screened their membrane permeability across
Caco-2 cell monolayer. §'-O-L-valyl-didanosine (compound
4a) was selected for further studies because of its highest
membrane permeability. The determination of intestinal per-
meability and acidic stability of compound 4a was performed in
comparison with the parent drug. Finally, pharmacokinetic
studies were evaluated after oral administration of DDI and
compound 4a in Sprague—Dawley rats, respectively. All above
results indicated that compound 4a could enhance oral bioa-
vailability of DDI to a large extent by utilizing intestinal PepT1
mediated transport and increasing the acidic stability of DDI,
and had great prospects for further development in the new
drug pipeline.

Bl MATERIALS AND METHODS

Materials. Didanosine was purchased from Wuhan Yuan-
cheng Techonolgy Development Co., Ltd. C (Wuhan, China).
The carbobenzyloxy (Cbz) protected amino acids Cbz-L-valine,
Cbz-p-valine, Cbz-L-phenylalanine, Cbz-p-phenylalanine, and
Cbz-L-tryptophan were obtained from GL Biochem Ltd.
(Shanghai, China). N,N’-Dicyclohexylcarbodiimide (DCC)
and Pd/C were purchased from Sinopharm Chemical Reagent
Co. Ltd. (Shenyang, China). 4-(Dimethylamino)pyridine
(DMAP) was purchased from Dongyang Tianyu Chemicals
Co., Ltd. (Dongyang, China). Gly-Sar was obtained from Sig-
ma-Aldrich (St. Louis, MO, USA). Leptin was obtained from
ProSpec TechnoGene (Rehovot, Israel). All other chemicals
were of analytical grade.
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Caco-2 cells were obtained from the American Tissue
Culture Collection (Rockville, MD, USA) and were grown
routinely on 75 ¢m” culture flasks in DMEM (Dulbecco’s
modified Eagle's medium, 4500 mg/L glucose) containing 20
mmol/L HEPES (4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid), supplemented with 10% fetal bovine serum, 1%
nonessential amino acids, 4 mmol/L r-glutamine, 100 U/mL
penicillin, 100 ¢g/mL streptomycin and 1.0 mmol/L sodium
pyruvate at 37 °C in an atmosphere of 5% CO, and 90%
humidity. The medium was replaced every 2 to 3 days after
incubation. For transport studies, Caco-2 cells were seeded
onto polycarbonate membrane at a density about 2 x 10°
cells/cm” and allowed to grow for 21 to 25 days. For uptake
studies, Caco-2 cells were seeded onto 24-well plastic cluster
trays at a density about 1 x 10° cells/cm® and used 15 days
after seeding.

Synthesis of 5'-Amino Acid Ester Derivatives of DDI. Cbz-
amino acid (40 mmol) and DCC (20 mmol, 4.12 g) were
dissolved in anhydrous DMF (N,N-dimethylformamide, 20 mL)
under a nitrogen atmosphere. The mixture was continuously
stirred for 1 hat 0 °C. A solution of DDI (4.72 g, 20 mmol) and
DMAP (0.24 g, 0.1 mmol) in DMF (100 mL) was added
dropwise to the reaction mixture. The reaction mixture was
stirred and allowed to warm up to the room temperature. The
reaction was monitored by TLC (thin layer chromatography,
1:9, methanol to dichloromethane). The reaction mixture was
filtered and DMF was removed in vacuo at 50—35S5 °C after 24
h. The residue was dissolved in dichloromethane (50 mL) and
washed with water (2 X 50 mL), saturated NaHCO; (2 X
50 mL) and brine (1 x 20 mL), respectively. The organic layer
was dried over MgSO, and concentrated in vacuo. The
intermediates (compounds 3a, 3b, 3c, 3d, and 3e) were
purified using column chromatography with a silica gel column
and serial elution with dichloromethane:methanol (1:50—
1:20). The eluents belonging to each intermediate were
collected and concentrated. Pure intermediates were dissolved
in dichloromethane and isopropanol, and then Pd/C (10%)
was added. The reaction mixture was stirred under H, at 30 °C
for 3 h and filtered. Compounds 4a, 4b, 4c, 4d and 4e were
concentrated and collected in vacuo (Figure 1).

The purity of prodrugs was determined by HPLC (high-
performance liquid chromatography). All compounds were
characterized by proton nuclear magnetic resonance spectra
("H NMR) and electrospray ionization mass spectra (ESI-MS).

DDI: percent purity, 99%; "H NMR (600 MHz, DMSO-ds) &
12.33 (br, 1H), 8.33 (s, 1H), 8.04 (s, 1H), 622—6.19 (t, 1H),
5.00 (br, 1H), 4.13—4.09 (m, 1H), 3.60 (m, 1H), 3.53—3.50 (m,
1H), 2.46—2.42 (m, 1H), 2.37—2.33 (m, 1H), 2.07—2.00 (m,
2H); ESI-MS m/z 2362 (M + H) ™.

Compound 4a (5'-O-t-valyl-didanosine): yield, 42%; percent
purity, 97%; 'H NMR (600 MHz, DMSO-ds/D,0) & 825 (s,
1H), 8.06 (s, 1H), 6.23—6.21 (t, 1H), 4.33—4.30 (m, 1H), 4.24—
4.17 (m, 1H), 3.08—3.07 (d, 1H, ] = 5.4 Hz), 2.51—2.48 (m,
2H), 2.16—2.13 (m, 1H), 2.09—2.06 (m, 1H), 1.79—1.76 (m,
1H), 0.83—0.82 (d, 3H, J = 6.6 Hz), 0.77—0.76 (d, 3H, ] = 6.6
Hz); ESI-MS m/z 3362 (M + H)™".

Compound 4b (5'-O-p-valyl-didanosine): yield, 38%; percent
purity, 98%; 'H NMR (600 MHz, DMSO-ds/D,0) & 827 (s,
1H), 8.06 (s, 1H), 6.24—6.22 (t, 1H), 4.32—4.29 (m, 1H), 4.28—
4.25 (m, 1H), 422—4.19 (m, 1H), 3.26 (t, 1H), 2.15—2.10 (m,
2H), 1.81—1.78 (m, 1H), 1.04—1.03 (d, 3H, J = 6.6 Hz), 0.83—
0.78 (d, 3H, J = 6.6 Hz); ESI-MS m/z 336.1 (M + H) ™.

Compound 4c (5'-O-t-phenylanlanyl-didanosine): yield,
41%; percent purity, 96%; 'H NMR (600 MHz, DMSO-d,/
D,0) 0 823 (s, 1H), 8.06 (s, 1H), 7.27—7.23 (m, 3H), 7.20—
7.12 (m, 2H), 6.22—6.21 (t, 1H), 425 (m, 1H), 4.18—4.11 (m,
2H), 3.57—3.54 (t, 1H), 2.80—2.77 (m, 2H), 2.47—2.42 (m,
2H), 2.08 (m, 1H), 2.03—2.02 (m, 1H); ESI-MS m/z 384.2 (M
+H)*

Compound 4d (5'-O-p-phenylanlanyl-didanosine): yield,
41%; percent purity, 97%; '"H NMR (600 MHz, DMSO-de/
D,0) 8 8.27 (s, 1H), 8.06 (s, 1H), 7.27—7.24 (m, 2H), 7.22—
720 (m, 1H), 7,16—1.15 (m, 2H), 6.23—6.22 (t,1H), 4.24—4.20
(m, 2H), 4.17—4.16 (m, 1H), 3.87—3.85 (t, 1H), 2.91—2.83 (m,
2H), 2.51—2.46 (m, 2H), 2.11—2.07 (m, 2H); ESI-MS m/z
3842 (M +H)* .

Compound 4e (5'-O-L-tryptophan-didanosine): yield, 35%;
percent purity, 95%; "H NMR (600 MHz, DMSO-ds/D,0) &
10.86 (br, 1H), 8.17 (s, 1H), 8.05 (s, 1H), 7.45—7.4 4 (d, 1H, ] =
8.4 Hz),7.32—7.31 (d, 1H, J = 8.4 Hz), 7.12—7.11 (d, 1H, ] = 1.8
Hz), 7.03—7.01 (m, 1H), 6.89—6.87 (m, 1H), 6.20—6.18 (t,
1H), 4.19—4.18 (m, 1H), 4.15—4.12 (m, 1H), 4.07—4.04 (m,
1H), 3.65—3.63 (t, 1H), 2.97—2.95 (m, 2H), 2.51—2.50 (m,
1H), 2.39 (m, 1H), 1.79—1.76 (m, 2H); ESI-MS m/z 423.2 (M
+H)".

Caco-2 Permeability. Caco-2 monolayers grown on perme-
able filter supports (Costar Transwell filter plate 0.4 ym pore
size) for 21 to 25 days and having a TEER of exceeding 250
Q- cm® were used for the transepithelial transport studies. HBSS
transport buffer consisted of 5.4 mM KCl, 0.5 mM KH,PO,,
136 mM NaCl, 0.34 mM Na,HPO,*7H,0, 5.6 mM p-glucose,
1 mM CaCl,, and 10 mM HEPES. 0.4 mL of donor buffer
(containing 0.5 mM test drug, pH 6.0) and 0.6 mL of receiver
buffer (pH 7.4) were added to the apical side and the basolateral
side of the monolayer, respectively. Samples (200 uL) were taken
from the basolateral side at 15, 30, 45, 60, 90, and 120 min. 200
1L of HBSS was added to basolateral at the sampling time. The
apparent permeability (P,,,) was calculated using the following
equation:

app

(dC./dt)V,

Py = ——F7— 1
pPp AC() ( )

where dC,/dt is the rate of change of concentration in the
receiver solution, V, is the receiver volume, A is the surface area
of the exposed monolayer, C, is the concentration of the DDI or
prodrug in the donor solution. The concentrations of DDI and its
prodrugs were analyzed using HPLC.

Gly-Sar Uptake Inhibition. Drug inhibition effect was studied
by inhibiting Gly-Sar uptake.***> After washing the monolayers
with HBSS buffer, the cells were incubated with a mixture of 20
UM Gly-Sar and various concentrations of compound 4a (0.1—
40 mM) for 10 min. After incubation, the medium was aspirated,
and the cells were rapidly rinsed twice with 1 mL of ice-cold
incubation medium. The cells were scraped into a 1.5 mL tube
and homogenized with 0.3 mL of water. The homogenates were
centrifuged at 2500 g for 10 min, and the supernatants were
collected. The content of Gly-Sar in the supernatants was
analyzed by UPLC (ultraperformance liquid chromatography).
The protein concentration was determined by Coomassie Bril-
liant Blue assay using a bovine serum albumin as standard. ICsq
values were determined using nonlinear fitting.

Uptake of Compound 4a by Leptin-Treated Caco-2 Cells.
For leptin-treated Caco-2 cells, the cells were treated with 2 nM
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leptin from the eighth day to the fifteenth day.***” The uptake
procedure and cell samples preparation were described as above.
The uptake of Gly-Sar by the leptin-treated and the control Caco-
2 cells were performed to evaluate whether the expression of
PepTl in the leptin-treated Caco-2 cells was increased. The
uptake mechanism of compound 4a was studied through the
uptake experiment on Caco-2 cells in the absence and presence
of Gly-Sar and vr-valine. The cell samples were analyzed
by HPLC.

Kinetic Analysis of Compound 4a Uptake by Caco-2 Cells.
To examine the kinetics in Caco-2 cells, uptake of compound 4a
(0.5 to S mM) into Caco-2 cells at pH 6.0 as a function of
substrate was measured either in the absence of Gly-Sar or in the
presence of 50 mM Gly-Sar. Cell lysates were collected as
described above, and compound 4a was determined by HPLC.

Hydrolysis Stability Studies. 1. Stability in Phosphate Buffer
and Simulated Gastric Fluid. The degradation of compound 4a
was studied in potassium monobasic phosphate buffer solution at
37 °C which was adjusted to the corresponding pH values with
hydrochloric acid or sodium hydroxide solution over the range
of 1.2—10.7.

2. Stability in Intestinal and Liver Homogenates. The Spra-
gue—Dawley rat was euthanized with sodium pentobarbital, and
the liver and intestinal segment were removed and washed with
buffer C (10 mM HEPES, 25 mM KCl, and $ mM MgCL,, pH
7.4) several times to remove blood, then homogenized with a
tissue homogenizer and centrifuged at 2500 g at 4 °C for 10 min.
The supernatant was collected for stability study. Total protein
content was determined with the Coomassie Brilliant Blue assay
using bovine serum albumin as standard.>® Experiment was
initiated by addition of drug solutions to the homogenates at
37 °C, where compound 4a and protein concentrations in the
mixture were 80 u#g/mL and 200 ug/mL, respectively. At the
predetermined time points, 100 uL of sample was collected and
added to 300 uL of ice-cold acetonitrile, and then centrifuged at
2500 g for 10 min at 4 °C. The supernatant was analyzed
by HPLC.

3. Stability in Rat Plasma. Blood was collected from the rat
jugular vein. After centrifugation at 2500 g for 10 min, plasma was
collected and stored at —80 °C until further use. One volume of
drug stock solution (0.8 mM, 4 °C) was mixed with nine volumes
of prewarmed plasma (37 °C) and vortexed. Extraction and
analysis methods were similar to those for the homogenate
experiment.

The apparent first-order degradation rate constants of com-
pound 4a at 37 °C were determined by plotting the logarithm of
compound 4a remaining as a function of time. The degradation
rate constant (k) was the slope of the plot of log C vs time
curve, and the degradation halflife (¢,/,) was then calculated
by 0.693/k.

Acidic Stability Studies. Under the acidic condition, DDI was
readily destroyed into the inactive degradation product, hypox-
anthine. Compound 4a and DDI were investigated in simulated
gastric fluid (SGF) for comparing their acidic stability. As for 4a
acidic stability study, both concentrations of compound 4a and
DDI were determined. The apparent first-order degradation rate
constant of compound 4a was determined by plotting the
logarithm of the sum of compound 4a and DDI remaining as a
function of time. As for DDI stability study, DDI concentration
was determined. The apparent first-order degradation rate con-
stant of DDI was determined by plotting the logarithm of DDI
concentration remaining as a function of time.

Pharmacokinetic Studies. All animal experiments were per-
formed in accordance with institutional guidelines and approved
by the Shenyang Pharmaceutical University Animal Care and
Use Committee. Male Sprague —Dawley rats (weighing from 220
to 250 g) were supplied by the Animal Centre of the Shenyang
Pharmaceutical University. All the rats were clinically healthy
during the period of the experiment. The rats were fasted but had
free access to water overnight before administration of DDI or
compound 4a.

The rats were administered by gastric lavage of compound 4a
(S, 15, 30 mg/kg, calculated as DDI) or DDI (30 mg/kg) in
aqueous solution. During sampling, rats were anesthetized with
ether. For coadministration with antiacid, compound 4a (15 mg/
kg, calculated as DDI) and DDI (15 mg/kg) were administrated
to rats alone or with antiacid agent (CaCOj, S00 mg/kg). For
coadministration with Gly-Sar, compound 4a (10 mg/kg, calcu-
lated as DDI) was administrated to rats alone or with Gly-Sar
(100 kg/mg). Serial blood samples (about 0.2 mL) were
obtained at 2, §, 10, 15, 20, 30, 45, 60, 120, 180, 240, and 360
min, respectively. All samples were placed into heparinized tubes.
The rat plasma was centrifugated at 2500 g for 10 min, collected,
frozen at —80 °C and analyzed by UPLC.

The systemic and hepatic portal pharmacokinetics of com-
pound 4a was evaluated in male Sprague—Dawley rats after an
oral administration of compound 4a at 15 mg/kg (calculated as
DDI). A lateral incision in the abdominal cavity was made to allow
access to the hepatic portal vein. Portal vein and jugular samples
(0.1 mL) were withdrawn simultaneously at S, 15, 25, 30, 45, 60,
and 120 min.*” Plasma was isolated by centrifugation, frozen
at —80 °C, and analyzed for DDI and compound 4a by UPLC.

Development of Analytical Method. 7. HPLC—UV Analysis.
The HPLC analytical method for DDI and amino acid ester
prodrugs was carried out on a SHIMADZU liquid chromatog-
raphy instrument equipped with a SPD-10A UV—vis detector
and a LC-10AT pump. The stationary phase, a C,g column (5
1m, 200 mm X 4.6 um, Diamosil, DIKMA) was kept at 40 °C.
The mobile phase was a mixture of methanol:0.05 M KH,PO,
buffer solution (pH 5.8) = 25:75. The flow rate was 1.0 mL/min,
and the wavelength was 250 nm.

2. UPLC—MS/MS Analysis. The analytes were determined by a
Waters ACQUITY TQD system using a Waters ACQUITY
UPLC system coupled to a Waters ACQUITY triple-quadrupole
tandem mass spectrometric detector with an electrospray ioniza-
tion (ESI) interface.

For testing of Gly-Sar,* isoniazid was selected as the internal
standard. The protein precipitation was applied to extract Gly-
Sar and isoniazid from cell homogenates with acetonitrile. A
hydrophilic interaction column (ACQUITY UPLC BEH HILIC,
50 mm X 2.1 mm, 1.7 um, Waters Corporation, Wexford,
Ireland) was used to analyze Gly-Sar and isoniazid. The elution
was carried out using a gradient of acetonitrile and water
containing 0.1% formic acid. The ESI source was set in positive
ionization mode. 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 DDI and compound 4a and lamivudine (the
internal standard), oasis HLB cartridges obtained from Waters
Corporation (1 cc, 30 mg, Milford, MA, USA) were used to
extract analytes from rat plasma.*' The same chromatographic
column as mentioned above was used for analysis. UPLC elution
was carried out using a mobile phase consisting of water contain-
ing 0.1% formic acid and methanol (85:15, v/v). The ESI source
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Figure 2. The apical-to-basolateral permeability for the transport of
DDI and its §'-amino acid ester prodrugs in Caco-2 cells (mean %+ SD, n
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was set in positive ionization mode. Cone voltage was 10, 20, and
22 V and collision energy was 10, 12, and 12 eV for DDI,
compound 4a and lamivudine, respectively. Quantification was
performed using multiple reaction monitoring (MRM) of the
transitions of m/z 236 to 137 for DDI, m/z 336 to 200 for
compound 4a, m/z 230 to 112 for lamivudine.

Pharmacokinetic Data Analysis. Noncompartmental phar-
macokinetic analysis was conducted to calculate the area under
the curve (AUC). The peak plasma concentration (Cy,,y) and the
time to reach peak plasma concentration (Tp,,,) of the different
dosage forms were determined by a visual inspection of the
experimental data. The AUC was estimated according to the
linear trapezoidal rule. The statistical differences were tested
using a one-tailed Student  test at the p < 0.05 level.

B RESULTS AND DISCUSSION

Synthesis of 5'-Amino Acid Ester Derivatives of DDI. The
aromatic amino acids (1-phe, p-phe and 1-tryptophan) and the
aliphatic amino acids (1-val and p-val) were selected as promoi-
eties for the synthesis of didanosine prodrugs. Amino acid ester-
based prodrugs of DDI were synthesized as described in Figure 1.
The reaction was observed and detected by TLC. One of the
simplest methods for esterification of the hydroxymethyl DDI
was to use the symmetrical anhydride of the protected amino acid
in the presence of DMAP. Symmetrical anhydrides were gener-
ated under nitrogen atmosphere using two equivalents of Cbz-
protected amino acid and one equivalent of DCC in DMF.** The
Cbz-protected group was chosen because strict acidic conditions
would result in the degradation of DDI when removing the Boc-
protected group.

Screening Caco-2 Permeability of DDI Peptidomimetic
Prodrugs. The apical to basolateral permeability of DDI and five
prodrugs was evaluated. As shown in Figure 2, all prodrugs were
found to be more permeable than DDI. Consistent with the
previous studies,”>” >>*' compound 4a (5'-O-L-valyl prodrug)
exhibited the highest permeability and could be efficiently
transported across the Caco-2 monolayer. This was likely due
the possibility that L-valine might have the optimal combination
of chain length and branch at the 3-C of the amino acid for
PepT1 recognition and binding affinity. The stereochemical
preference in the transport of prodrugs containing L- and p-
promoieties across Caco-2 cells was also observed. Compared
with the D-counterpart, the L-configuration was more permeable.
This was consistent with the previous reports for amino acid
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Figure 3. Inhibition of compound 4a on the uptake of Gly-Sar on Caco-
2 cells. The cells were incubated at 37 °C for 10 min with 20 #M Gly-Sar,
pH 6.0, in the presence of various concentrations of compound 4a (0.1—
40 mM). After the incubation, the concentration of Gly-Sar in cells was
determined by UPLC—MS/MS. Results are the mean £ SEM of three
experiments.
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Figure 4. 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 10 min with 20 uM Gly-Sar, pH 6.0,
respectively. The amounts of Gly-Sar in cell homogenates were mea-
sured by UPLC—MS/MS. *, p < 0.0, versus the control Caco-2 cells.
Results are the mean 3= SEM of three experiments.

esters of acyclovir and AZT.*** Therefore, we selected com-
pound 4a as the optimal target compound for further studies.

Effect of Compound 4a on Gly-Sar Uptake by Caco-2 Cells.
To assess the interaction of compound 4a with PepT1, the
inhibitory effect of compound 4a (0.1—40 mM) on the uptake of
20 uM Gly-Sar by Caco-2 cells was examined. The initial rate at
time point 10 min for the uptake of Gly-Sar was selected as the
literature reported.”” Seen from Figure 3, the uptake of Gly-Sar
was inhibited by compound 4a in a concentration-dependent
manner, with ICy, being 0.27 & 0. 07 mM.

Uptake of Gly-Sar by Leptin-Treated Caco-2 Cells. The
stable transfected hPepT1/HeLa and hPepT1/MDCK cells
were usually used 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 straightforward to obtain
these PepT1-transfected cell systems. It has been reported that
treatment with leptin on Caco-2 could significantly increase
PepT1 activity and protein expression In Vivo and in vitro, and
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Figure S. Uptake of compound 4a (A) and DDI (B) in the 7-day leptin-
treated Caco-2 and the control Caco-2 cells. The Caco-2 cells were
incubated at 37 °C for 10 min with 0.5 mM compound 4a or DD], at pH
6.0, in the absence and presence of Gly-Sar and L-valine. After incuba-
tion, the amounts of compound 4a or DDI in the cell homogenates were
determined by HPLC. Results are the mean & SEM of three experi-
ments. ¥, p < 0.05, compared with the control Caco-2 cells; #, p < 0.05,
versus the leptin-treated Caco-2 cells without inhibitors.

the expression of PepT1 protein was 2.1-fold augmentation when
a0.2 nM leptin treatment was applied on the apical sides of Caco-
2 cells for 7 days.>**

In this study, the uptake of Gly-Sar by the leptin-treated Caco-
2 cells was determined to judge whether this treatment was
successful by comparison with the control Caco-2 cells. The
uptake of Gly-Sar was 1.10 nmol/mg of protein/10 min in the
leptin-treated Caco-2 cells, 1.95-fold greater than the control
Caco-2 cells (Figure 4), which indicates significantly increased
expression of PepT1 in the leptin-treated Caco-2 cells.

Uptake of Compound 4a and DDI by Leptin-Treated Caco-
2 Cells. To further confirm whether the transport of compound
4a was mediated by PepT1, the uptake was carried out on the
leptin-treated Caco-2 cells and the control Caco-2 cells. As
shown in Figure SA, uptake of compound 4a by the leptin-
treated Caco-2 cells was 2.35 times greater than that of the
control Caco-2 cells, and it could be inhibited by the excess of
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Figure 6. Concentration-dependent uptake of compound 4a from the
apical side in Caco-2 cells. The Caco-2 cells were incubated at 37 °C for
10 min with various concentrations of compound 4a in the absence ()
or in the presence (M) of Gly-Sar (50 mM). Each point represents the
mean £ SEM of three independent monolayers. Inset: Eadie —Hofstee
plot of saturable compound 4a uptake, V, uptake rate (nmol/mg of
protein/10 min); S, compound 4a concentration (mM).

Table 1. The Hydrolysis Stability Results of 4a (80 yg/mL) at
37°C in Rat Tissue Homogenates, Plasma and Intestinal
Fluids (Protein Concentration, 200 xg/mL)

incubation media t,/, (min)
intestinal homogenates 121
hepatic homogenates 2
rat plasma 31
intestinal fluids 231
l -
0 3
-1
i 2
a3t
4 F
-5
0 2 4 6 8 10 12

pH

Figure 7. The hydrolysis trend of 4a in different pH potassium
monobasic phosphate buffer solutions at 37 °C, which was adjusted to
the corresponding pH values with hydrochloric acid or sodium hydro-
xide solution over the range of 1.2—10.7.

Gly-Sar, but not by L-valine. This was probably due to that fact
that Gly-Sar is a substrate of PepT1, but L-valine is not. In the case
of DDI (Figure SB), there was no significant uptake difference
between the leptin-treated and the control Caco-2 cells. Addi-
tionally, the uptake of DDI was not inhibited by 20 mM Gly-Sar.
Both results indicated that DDI is not a substrate of PepT1.>>**

Kinetic Study of Compound 4a Uptake by Caco-2 Cells.
We performed a kinetic analysis of compound 4a uptake from the
apical side in the Caco-2 cells. Transformation form of the
transport rates according to Eadie—Hofstee (inset) revealed
K, and V_, values of 0.91 mM and 11.72 nmol/mg of
protein/10 min, respectively (Figure 6). The K,, value of
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Table 2. The Acidic Stability Results of DDI and Compound
4a in the Simulated Gastric Fluid

compound t1/2 (min)
DDI <2
4a 36

compound 4a was similar to those of Gly-Sar (1 mM) and
cafadroxil (1.1 mM), suggestive of the relative low affinity but
high capacity (V) of intestinal PepT1.*”** The relatively high
K., value of compound 4a is essential to the high-capacity
PepT1-mediated transport and reproducible oral absorption
performances at a wide range of orally administered doses.
Figure 6 also showed that the concentration-dependent uptake
of compound 4a was also markedly inhibited by 50 mM Gly-Sar.

Stability Studies. The hydrolysis stability experiments were
performed in pH 1.2—10.7 phosphate buffers, rat plasma and
tissue homogenates at 37 °C. The estimated half-life (¢/,)
obtained from linear regression of pseudo-first-order plots of
compound 4a concentration vs time is listed in Table 1. It was
easily observed in Figure 7 that the hydrolysis stability of
compound 4a was notably influenced by the pH value of
phosphate buffer. Compound 4a was more stable at about pH
6.0. When the pH < 6.0, it displayed H" catalyzed hydrolysis, and
when the pH > 6.0, it displayed OH  catalyzed hydrolysis. The
t1/» values of compound 4a in the hepatic homogenates and
plasma were much shorter than those in the intestinal homo-
genates and buffer solutions (Table 1). In order to ensure the
activity of intestinal enzymes in intestinal homogenates, the
positive control experiment was carried out. With the classic
drug aspirin being the model drug, its t; ;, value was determined
to be 49 min in intestinal homogenates (the protein concentra-
tion, 200 #g/mL). So we concluded that the activity of intestinal
enzymes had been maintained following intestinal homogenate
preparation in this study.

As for the acidic stability, the ¢, , of DDI was very short in SGF
and its concentrations could not be detected in two minutes. But
compound 4a could increase DDI stability in SGF, and its t;,
was as long as 36 min (Table 2). Compound 4a delayed the
chemical degradation of DDI in vitro, which achieved one aim of
the designed peptidomimetic prodrug. That is to say, compound
4a was much more stable under acidic conditions compared to
DDJ, beneficial to prevention of DDI degradation and PepT1-
mediated intestinal membrane transport. Followed by intestinal
membrane transport, compound 4a would enter intestine, liver
and plasma, where it was rapidly converted to DDI for bioactiva-
tion and clinical effect.

An ideal prodrug should exhibit good chemical stability before
the PepT1-mediated transport and must be enzymatically con-
verted to active parent drug following transport across the
biological membrane. Usually, the amide bond was stable against
the enzymatic hydrolysis and then had low bioactivation rate;
however the ester bond could be rapidly hydrolyzed by
esterases.”* For example, amino acid amide-based prodrug
based on PepT1 should be analyzed with caution case by case.
The above-mentioned amide-based prodrug LY544344 was
easily converted into the active parent drug In Vivo, while
amide-based N4-L-valyl-cytarabine exhibited very low oral bioa-
vailability of only 4%, owing to the facts that the amide linkage
was stable In Vivo and the active parent drug could not be
released from the prodrug. In this study, ester-based 5'-O-L-valyl-
didanosine could quickly release the parent drug In Vivo at a
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% 1000.0 42 i melkeo)
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Figure 8. Mean plasma concentration—time profiles of DDI and
compound 4a in Sprague—Dawley rats (n = 4): DDI following
intravenous (®) and oral (M) administration of DDI at 15 mg/kg;
compound 4a after oral administration of compound 4a at S (A), 15
(A), and 30 mg/kg (%) (calculated as DDI).

bioconversion rate a lot higher than in vitro, suggesting that
compound 4a has suitable in vitro chemical stability and In Vivo
bioactivation behavior.

Pharmacokinetics in Rats. Figure 8 showed the mean plasma
DDI concentration versus time profile after oral administration of
DDI and compound 4a in rats, respectively. And the main
pharmacokinetic parameters are shown in Table 3. Since compound
4a was rapidly hydrolyzed into the parent drug and its concentration
in plasma was very low, the relevant AUC and elimination half-life
values could not be accurately determined. Therefore, we mainly
focused on the pharmacokinetic performances of DDI after oral
administration of compound 4a. Following iv injection of DDI to
rats (15 mg/kg), the mean AUC was 40.2 ¢g-h/mL. As observed
from Table 3, AUC for DDI after compound 4a (15 mg/kg,
calculated as DDI) and DDI (15 mg/kg) oral administration was
189 and 3.2 ug-h/mlL, respectively. Thus, the absolute bioavail-
ability of DDI following oral administration of compound 4a and
DDI was 47.1% and 7.9%, respectively. The bioavailability of
prodrug-based compound 4a was nearly 4-fold higher than that of
DD], suggesting that compound 4a has great prospects for further
study during the new drug development pipeline and that the
prodrug strategy targeting intestinal PepT1 has a great potential to
improve oral bioavailability of poorly absorbed drugs.

The bioavailability of DDI was increased significantly when DDI
was orally coadministrated with antiacid agent. Antacid combina-
tion of DDI increased the bioavailability by 115.8%, while 4a
(antacid combination) only increased by 30.1% (Figure 9). The
large increase in the bioavailability of DDI could be due to the
neutralization of the gastric acid by the antiacid agent and lowered
degradation rate of DDI. The In Vivo results confirmed the in vitro
result that DDI was relatively instable under acidic conditions
compared to 4a and thus the effect of antiacid agent on the oral
absorption of DDI was more significant than for compound 4a.

Compound 4a was found to be the substrate of PepT1 in vitro.
So we designed the coadministration with the Gly-Sar for the
purpose to clarify the role of PepT1 in the oral absorption of
compound 4a In Vivo. When oral coadministration was with
PepT1 typical substrate, Gly-Sar (100 mg/kg), the absolute
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Table 3. Pharmacokinetic Parameters of DDI, Following Oral Administration of DDI (15 mg/kg) and Compound 4a (5 mg/kg,
15 mg/kg and 30 mg/kg, Calculated as DDI) Respectively to Sprague—Dawley Rats, Respectively (Mean & SD, n = 4)

dose
4a DDI
PK Params of DDI S mg/kg (po) 15 mg/kg (po) 30 mg/kg (po) 15 mg/kg (po) 15 mg/kg (iv)
AUC,_; (ug-h/mL) 40405 189 + 1.7 324437 32405 402+ 107
AUC/dose 0.8+ 0.1 1.3+£0.1 1.1 +0.1 0.2 + 0.04 2.68 £ 0.07
Cinax (1g/mL) 09403 35403 6005 0.5+ 0.1 161 £ 5.1
Ty (min) 125 +£29 183 +£29 213 463 10 + 4.1 0
t1/, (min) 90.3 &+ 75.9 362 + 5.1 46.3 + 149 1102 + 56.4 65.5 +21.3
30 1 10000
<)
25 4 E
Sy | g 1000 —o— Intestinal 42
E H —s—Intestinal DDI
gis g —a— Systemic DDI
3 E 100
=10 §
5 1 8
- i
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1
Figure 9. The effect of antiacid agent (CaCO;) on the AUC of DDI and 0 50 100 150
4a following oral administration of DDI, DDI with antiacid, 4a and 4a Time(min)

with antiacid (15 mg/kg, mean £ SD, n = 4).
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Figure 10. Mean plasma concentration—time profiles of DDI after oral
administration of 4a (10 mg/kg, calculated as DDI dose) to Sprague—
Dawley rats and inhibitory effects of Gly-Sar on 4a absorption (n = 4).

bioavailability of DDI following oral administration of com-
pound 4a (10 mg/kg, calculated as DDI dose) decreased from
44.6% to 33.9%, respectively (Figure 10). The results showed the
competitive inhibition of Gly-Sar on the PepT1-mediated trans-
port of compound 4a indeed occurred in the In Vivo conditions.
Although the inhibitory effect (27.4%) was not so significant, the
result did reflect the inhibitory tendency of Gly-Sar on the oral
absorption of compound 4a. For this reason, there exist potential
PepT1-mediated drug—drug interactions when compound 4a
is orally coadministrated with some drugs of PepT1 substrate,

Figure 11. Mean plasma concentration—time curves of compound 4a
and DDI after oral administration of compound 4a (15 mg/kg,
calculated as DDI dose) in Sprague—Dawley rats (mean & SD, n =
4): (M) and (A) for concentration of DDI in the hepatic portal vein and
systemic circulation, respectively; () for concentration of intact
compound 4a in the hepatic portal vein.

such as f-lactam antibiotics, angiotensin-converting enzyme
inhibitors, etc.

In Vivo bioactivation mechanism study of compound 4a was
carried out in Sprague —Dawley rats with cannulated jugular and
portal veins and was elucidated by comparing the levels of DDI
and compound 4a in jugular and portal veins (Figure 11).
Following oral administration, compound 4a was rapidly ab-
sorbed from the gastrointestinal tract. Portal and jugular vein
samples were collected simultaneously from rats after a 15 mg/kg
oral dose of compound 4a. The portal vein samples revealed that
the majority of compound 4a bioactivation occurred in the
intestinal cells and then the minority in the liver before reaching
the systemic circulation, with C,,,, value for DDI in portal vein
nearly 90% of DDI in jugular vein. In the systemic circulation, no
intact compound 4a could be detected. This result was the same
as in our previous study of amino acid ester-based valylcytar-
abine, with over 98% of prodru% hydrolysis occurring before
appearance in the portal vein.”’ Both bioactivation studies
indicated that the amino acid ester-based prodrugs could easily
be converted into the parent drug In Vivo, especially before
entering the liver. The relatively quick hydrolysis rate may be
unfavorable to further improve the oral bioavailability of prodrug
targeted to PepT1, due to relatively rapid degradation rate,
especially before the gastrointestinal membrane active transport.
So we planned to synthesize the dipeptide ester-based prodrug of
DDI targeted to PepT1 in the next study, to further increase the
in vitro chemical stability in the gastrointestinal tract and to

enhance the binding affinity with PepT1.
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Figure 12. Schematics of In Vivo fate 5'-O-L-valyl-DDI following oral administration.

The purpose of designing DDI prodrugs was based on two
points. One was to enhance its membrane permeability through
PepT1-mediated membrane transport, while the other was to
improve DDI chemical stability under gastric acidic conditions.
In vitro results showed that compound 4a was a substrate of
PepT1 and could increase DDI chemical stability in SGF. As for
the In Vivo experiments, multiple-dose pharmacokinetic and
inhibition study of Gly-Sar confirmed that compound 4a was the
substrate of PepT1 and could significantly enhance the bioavail-
ability of DDI. The combination experiment with antacid agent
further confirmed the increased acidic stability of DDI by
compound 4a.

We summarized and delineated the In Vivo fate of the prodrug
4a, as shown in Figure 12. The prodrug compound 4a was
degraded to a lesser extent by gastric acid and luminal esterases
after oral administration. And the undegraded compound 4a
transported the intestinal membrane effectively mediated by
intestinal PepT1 and then most of 4a was bioactivated by the
intestinal cellular esterase into the parent drug. The remaining
prodrug compound 4a was further hydrolyzed by the hepatic
esterase. In this way, no intact form of the compound 4a entered
the systemic circulation and thus the parent drug DDI was
effectively delivered to the blood via the bifunctional peptido-
mimetic prodrug of DDIL

B CONCLUSIONS

Five amino acid ester prodrugs of DDI were synthesized with
the purpose to enhance the intestinal membrane transport
mediated by PepT1, and finally to increase the oral bioavailability
of DDI. The permeability across Caco-2 cells was evaluated, and
§'-O-L-valyl ester prodrug of DDI (compound 4a) demonstrated
the highest Caco-2 membrane permeability. The Caco-2 cells
inhibition and induction experiment proved that PepT1 was
involved in the intestinal membrane transport of compound 4a,
with K, and V,,,, values being 0.91 mM and 11.94 nmol/mg
of protein/10 min, respectively. Also 4a could significantly
enhance the acidic stability of DDI in vitro and In Vivo. Together,
compound 4a showed almost S5-fold increase in the oral
bioavailability of DDI, and demonstrated rapid and extensive
bioactivation following oral administration in rats. Such an
approach would allow the reintroduction of DDI through the
suitable prodrug form as a standard agent for the treatment
of AIDS.
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