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Abstract

The purpose of this study was to synthesize a series of diester prodrugs of ganciclovir (GCV), for improving ocular and oral
bioavailability and therapeutic activity. Solubility, &g pH stability profile, in vitro antiviral activity, cytotoxicity, inhibition
profile and ocular tissue hydrolysis of the GCV prodrugs were measured. Val-Val-GCV and Val-Gly—GCV diesters were found
to exhibit greater aqueous stability compared to Val-GCV and Gly-Val-GCV while ocular tissue hydrolysis demonstrated
Val-Gly—GCV and Gly-Val-GCV to be more stable. Val-Val-GCV and Val-GCV diesters were the most lipophilic compounds
and were predicted to possess a partition coefficient 295- and 12-fold greater than that of GCV, respectively. All the prodrugs
possess much higher aqueous solubility than the parent drug GCV. Ex vivo uptake in the rabbit eye indicates that the prodrugs
have high uptake potential. The prodrugs showed no increase in cytotoxicity compared to GCV, instead there was a marked
increase in their potency against human cytomegalovirus (HCMV) as well as HSV-1 and HSV-2. This should allow therapeutic
response to be seen at a lower concentration that can be achieved more easily, than the drugs currently being used. In conclusion
the diester GCV prodrugs demonstrated excellent chemical stability, high aqueous solubility and markedly enhanced antiviral
potency against the herpes viruses without any increase in cytotoxicity.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Diseases that commonly affect the retina include
"+ Corresponding author. Tel.: +1 816 235 1615; bapt_e_rlal endopthalmitis and cy_tomegalokus _(CMV)
fax: +1 816 235 5190. retinitis. Human cytomegalovirus (HCMV) is an
E-mail address: mitraa@umkc.edu (A.K. Mitra). opportunistic herpesvirus that causes serious infections
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in immunologically immature or compromised hosts
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Low ocular bioavailability of ganciclovir is due to its

such as neonates, organ transplant recipients, cancepoor aqueous solubility and low lipophilicitikénley

and AIDS patientsCrowe et al., 1991; Drew, 1992
Cytomegalovirus retinitis develops in about 20—-30%
with AIDS patients especially with a low CD4 cell
count Cuckie, 1995; Masur etal., 199641CMV retini-

tis occurs as a result of viral replication and virus
induced inflammation in the retina. The infection is
known to first appear in the inner layers of the retina,
and then spread outward to all other layers includ-
ing retinal pigmented epithelium (RPE). Viral repli-
cation within retinal endothelial cells is a key factor
for progression of the disease and occurs in the reti-
nal endothelial, RPE and retinal glial celByrd et al.,
1996. Retinal endothelial cells are considered to be
the primary sites of retinal infection leading to disrup-
tion of the blood—retinal-barrier, which facilitates the
spread of the infection towards RPBddaghi et al.,
1999. Focal yellowish white granular patches, diffuse

edema and retinal hemorrhage with necrosis are symp-

toms of advanced CMV retinitis, and if left untreated
can lead to blindness.

Two main components of the barrier that prevent
entry of molecules from the systemic circulation into
the ocular compartments are the blood-retinal-barrier

(BRB) inthe posterior segment and the blood—aqueous-

barrier (BAB) in the anterior segment. BRB and the
BAB together form the blood—ocular-barrier. The BRB
prevents the entry of the drugs from the choroids
into the retina. Drug delivery to the posterior segment
of the eye, comprising the retina, choroid, vitreous
humor and sclera, is one of the most interesting and
challenging tasks facing the pharmaceutical industry.

et al., 1986; Benjamin et al., 198%vhich has resulted

in formulation difficulties and poor delivery into the
eye. The blood—-ocular-barriers prevent permeation of
therapeutic concentrations of GCV into the anterior
and posterior chambers of the eye, following oral
or intravenous administratiomAfevalo et al., 1995;
Cunha-Vaz, 2004 As a consequence, current treat-
ment strategy calls for frequent administration of GCV
by intravitreal injections or surgical placement of vit-
real implants in conjunction with systemic administra-
tion (Henry et al., 1987; Morlet et al., 1996; Cadman,
1997a,h. But these techniques of drug delivery into
the eye are associated with high risk of secondary
infections, retinal detachment and vitreous hemorrhage
(Martin et al., 1997.

Strategies enhancing permeation of GCV into the
retinal and corneal tissues can lead to significant
improvement in therapeutic options and efficacy, which
in turn may lead to reduced frequency of drug admin-
istration and/or surgery. Lipophilic prodrug derivati-
zation of hydrophilic compounds is a strategy which
can lead to enhanced partitioning across cellular mem-
branes. A series of both mono- and di-acyl ester GCV
prodrugs were evaluated in an attempt to improve the
ocular bioavailability and efficacy of this antiviral agent
(Dias et al., 200 Although the lipophilic acyl ester
prodrugs of GCV had equivalent GCV in vitro antiviral
activity, the enhanced lipophilicity and poor agueous
solubility constrained their use as topical, intravitreal
or systemic agents. Therefore, transporter targeted pro-
drug derivatization is a new and exciting strategy cur-

The passage of drugs from the anterior chamber to rently being explored by researcheBugvuri et al.,

the posterior chamber would not be an efficient pro-

2003. Under this strategy, prodrugs are designed to

cess due to the continuous drainage of the aqueoustarget membrane transporter(s) expressed on selected

humor.

So far, 9-(1,3-dihydroxy-2-propoxymethyl) gua-
nine (GCV) is the drug of choice for the treatment
of CMV retinitis (Laskin et al., 1987; Buhles et al.,
1988. In fact, GCV has been reported to be 26 times
more potent than acyclovir (ACV) against HCMV in
vitro (Morse et al., 1998 However, the bioavailabil-
ity of orally administered GCV in humans ranged
from 2.6 to 7.3% $pector et al., 1995 GCV, like
other nucleoside analogs such as trifluridine (TFT) and
ACV, is hydrophilic and possesses poor transcellular
permeability across membrandsu(ikowski, 1994.

tissues. Following uptake, the prodrug is rapidly con-
verted to the parent drug by cellular enzymes. This
strategy may also lead to significant improvement in
solubility of the parent drug depending on the promoi-
ety.

For targeted drug delivery, peptide transporters
(PepT1 and PepT2) are perhaps the drug transporters
that have attracted the most attention due to their
wide substrate specificityAfnasheh et al., 1997;
Balimane et al.,, 1998 Several successes in drug
delivery have resulted through peptide transporter
targeted drug modeling.-Valine ester prodrugs of
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GCV and ACV, valganciclovir (Val-GCV) and vala-
cyclovir (Val-ACV), respectively, demonstrated sig-

nificant enhancement in intestinal absorption of the

i

by Bruker 250 MHz NMR with sample dissolved in
ds-DMSO.

parent drug as a result of PepT1-mediated transport2.1. Synthesis of GCV prodrugs

(Steingrimsdottir et al., 2000; Sugawara et al., 2000;

Hoglund et al., 2001; Reusser, 2008ince the pep-

A method for GCV dipeptide synthesis is shown

tide transporter (PepT1) is expressed on the cornealin Scheme 1BOC-Valine (3.4g, 15.7 mmol), DCC

epithelium, and Val-Val-ACV being a substrate for

(1.64g, 7.8mmol) and 20 ml of anhydrous dimethyl

this transporter, an increased corneal permeation wasformamide (DMF) were added to a 100 ml flask and

observed Anand et al., 2008 The neural retina is
a site of active replication of the CMV viruBB(rd
et al.,, 1998. Higher intracellular GCV concentra-
tions in the retinal cells resulting from GCV prodrugs
may significantly improve efficacy of GCV in CMV
retinitis.

Hence, the overall objective of this study was to

the mixture was stirred for 1 h at°@ under nitrogen.
The white precipitate of dicyclohexylurea (DCU) was
generated during the stirring. To the reaction flask, a
DMF solution of 1.0 g of GCV (3.9 mmol) and 0.24 g
4-dimethlyamino pyridine (DMAP, 2 mmol) was added
drop-wise. The reaction mixture was kept a&t@for

1h and was stirred continuously for 24 h at room tem-

synthesize a series of highly water-soluble monopep- perature. The urea derivative was removed by filtra-

tide and dipeptide diester GCV prodrugsd. 1), and

tion. After DMF was removed in vacuum, 30 ml of

to delineate their physicochemical properties, pH sta- ethyl acetate was added to the residue. This solution

bility profile, ocular tissue hydrolysis, in vitro antiviral
activity and cytotoxicity. We selected Val-Val, Gly—Val

was washed with 10 ml of saturated sodium bicar-
bonate solution and 20 ml of brine, respectively. The

and Val-Gly as candidates for the promoiety because organic layer was collected and dried over MgSO
we had earlier synthesized prodrugs with these pro- After removal of most of the solvent, the residue had
moieties and they were found to be good candidates been loaded onto the silica gel column and purified

(Anand et al., 2008

2. Materials and methods

GCV was obtained as a gift from Hoffman
La Roche (Nutley, NJ). Dulbecco’s Modified Eagle
Medium:Nutrient Mixture F-12 (Ham) (1:1) (D-
MEM/F12) and fetal bovine serum (FBS) were pur-
chased from Gibco (Invitrogen Corporation, Grand
Island, NY). All other chemicals and solvents were of

with 1:7 mixture of methanol/methylene chloride. The
resulting white solid, BOC—-Val-GCV diester was dis-
solved in 20 ml of TFA and stirred at“@ for 1h to
remove the BOC group. Following removal of the TFA
in vacuum, 20 ml of ethyl acetate was added to the oily
reside. The solution was then added drop-wise to the
cold diethyl ether. After filtration, 2.5g of Val-GCV
diester (di-TFA salt) was collected as white solid with
high purity (>95%). Four milliliters of triethylamine
(TEA, 28 mmol) was added to Val-GCV diester and
kept for 15 min before dissolvingitin 15 mlI DMF. Mix-

reagentor analytical grade (Sigma Chemical Company, ture was added drop-wise to the BOC—glycine anhy-

St. Louis, MO) and used without further purification.

dride solution prepared by the same method described

Distilled, deionized water was used in the prepara- previously and stirred overnight at room temperature.
tion of the buffers and mobile phases. New Zealand The same purification and deprotection procedure as

male Albino rabbits, weighing 2-2.5 kg (Myrtle’s Rab-
bitry, Thompson Station, TN) were used for ocular

mentioned previously was followed. Overall, 2.54g
of pure Gly—Val-GCV diester (di-TFA salt) in white

studies. pH measurements were made with a Corn- power was collected with a yield of 82% (from GCV).

ing Model 125 pH meter equipped with a combina-
tion electrode (Corning Science Products, Midfield,

The synthetic procedure for Val-Val-GCV was essen-
tially the same as described for Gly—Val-GCV diester,

MA). Mass spectra of all compounds were obtained by whereas the method for Val-Gly—-GCV diester only

Thermo-Finnigan LC/MS with ESI ion source. Both

differed in that it was started with the synthesis of

column and infusion injection method were used to Gly—GCV diester as shown iicheme ZNashed and
obtain the mass spectra. NMR spectra were collected Mitra, 2003; Gao, 2000
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Fig. 1. Structures of ganciclovir (GCV) and its peptide diester prodrugs.
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anhydride, DMAP, rt, 24 h; (vi) TFA, 0°C, 1h.

(A}

Val-GCV diester

ESI-MS m/z (MH ): 454.4; Calculated for C,oH3;N7Qq: 453.2.

"H NMR (DMSO-de): § 0.92 (12H, d, CH3), 2.09 (2H, m, CH(CHs),). 3.80 (2H, m, CHNH,),
4.21-4.37 (5H, m, CH + CH,0-Val), 4.37 (2H, m, CHNH,), 5.48 (2H, s, CH,0), 6.65 (2H, s,
NH,), 7.83 (1H, s, CH), 8.55 (4H, bd, CHNH,), 10.90 (1H, s, NH).

Val-Val-GCV diester

ESI-MS m/z (MH"): 652.5; Calculated for C2oHsoNoOs: 651.4

'H NMR (DMSO-dg): 8 0.89 (24H, m, CH3), 2.04 (4H, m, CH(CHs),), 3.71 (4H, m, CHNH +
CHNHS,), 4.07-4.22 (5H, m, CH(CH,), + CH,0-Val), 5.44 (2H, s, CH,0), 6.45 (2H, s, NH,),

7.76 (1H, s, NH), 8.07 (4H, bd, CHNH}). 8.52 (2H, bd, CHNH), 10.71 (1H, s, NH).
(B)

Scheme 1. Synthesis of GCV prodrugs (A) and NMR and mass spectrophotometer data (B).
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(A) (i) DCC, DMF, 0°C, 1h; (ii) DMAP, DMF, tt, 24 h; (iii) TFA, 0°C, 1h.

Val-Gly-GCV diester

ESI-MS m/z (MH"): 568.4; Calculated for C,3H37NoOg: 567.3.

'H NMR (DMSO-d): & 0.97 (12H, d, CHj), 2.10 (2H, m, CH(CHs),), 3.66-3.94 (6H, m, CHNH,
+ CH;NH,), 4.10-4.19 (5H, m, CH(CH,), + CH,0-Gly), 5.47 (2H, s, CH;0), 6.62 (2H, s, NH,),
7.84 (1H, s, CH), 8.17 (4H, bd, CHNH,), 8.89 (2H, d, CH,NH), 10.84 (1H, s NH).

Gly-Val-GCV diester

ESI-MS m/z (MH"): 568.5; Calculated for C,3H37NoQOg: 567.3.

'"H NMR (DMSO-dq):8 0.88 (12H, d, CHa), 2.06 (2H, m, CH(CH),), 3.68 (6H, m, CHNH +
CH;NH), 4.12-4.29 (5H, m, CH(CH.), + CH,0-Val), 5.48 (2H, s, CH,0), 6.65 (2H, s, NH;),

7.79 (1H, s, CH), 8.23 (4H, bd, CH,NH,), 8.70 (2H, d, CHNH), 10.98 (1H, s, NH).
(B)

Scheme 2. Synthesis of Gly—GCV diester (A) and NMR and mass spectrophotometer data (B).

2.2. Physicochemical properties

2.2.1. Aqueous solubility studies

10 min and the supernatant filtered through QuA%
Nalgene syringe filter membrane. The pH was again
determined to check for any change but there was

Aqueous solubility studies were carried out at pH only a slight change in the pH. The analysis of the
3.4, in phthalate buffer system of strength 62.5mM. samples was done within 15-20min of taking the
Excess amount of drug was added to 1 ml buffer in sample to prevent any precipitation. Initial 0.5ml of
glass vials and placed in a shaking water bath at the filtrate was discarded as an added precaution to
25°C and 60rpm for 24 h. At the end of this time avoid adsorption of the prodrugs onto the filter mem-
period solutions were centrifuged at 12,500 rpm for brane. Solubility studies were carried out in duplicate.
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Drug concentration was determined using HPLC anal- 2.3. Ocular tissue hydrolysis studies
ysis.
2.3.1. Preparation of ocular tissues
2.2.2. Partition coefficient New Zealand albino male rabbits were used for
logP (n-octanol/water) values were estimated this study. Animals were euthanized by a lethal injec-
using ACD Labs Software, ACD/I-Lab Web Service tion of sodium pentobarbital through the marginal

(ACD/LogP 7.04). ear vein. Each eye was immediately enucleated, and
the ocular surface was rinsed with physiological
2.2.3. pH stability studies saline and blotted dry. An incision was made on

Chemical stability of the GCV prodrugs was exam- the scleral-limbus junction, to separate the posterior
ined at different pH values: 1, 3, 5-9. Phthalate (pH 3 segment of the eye. Vitreous humor was withdrawn
and 5), phosphate (pH 6 and 7) and borate (pH 8 and using a tuberculin syringe. The neural retina, retinal
9) buffers were used for this study. The pH of solu- pigmented epithelium—choroid and sclera were sub-
tion was adjusted to withia=0.02 units of the target  sequently removed. All the tissues were stored at
with sodium hydroxide/hydrochloric acid in all cases. —80°C prior to use. The tissues were homogenized
Hydrochloric acid was used for preparing buffer of pH in 10 ml chilled (4°C) isotonic phosphate buffer solu-
1. The degradation profile of each prodrug was studied tion (IPBS) for about 4 min with a tissue homogenizer
atthree different buffer strengths (25,50 and 62.5mM). in an ice bath. The homogenate was centrifuged at
lonic strength of all the buffers was adjusted to 0.1 M 12,500 rpm for 25 min at 4C to remove debris, and
with KCI. Aliquots (9.9 ml) of the buffers were taken the supernatant thus obtained was used for hydrolysis
in glass vials and allowed to equilibrate to 37 in a studies. Protein content of each of the supernatant was
water bath. Stock solutions (10 mg/ml) of each of the determined by using a BioRad assay with bovine serum
prodrugs were prepared in water immediately before albumin as the standard.
initiation of an experiment. One hundred microliters of
the stock solution was then added to 9.9 ml of buffer 2.3.2. Hydrolysis procedure
(previously warmed to 37C) to yield a final prodrug The supernatant was equilibrated at&1n a water
concentration of 10Q.g/ml. The vials were placedina  bath for about 30 min prior to an experiment. The
shaking water bath at 3T and 60 rpm for the duration  study was initiated by adding 0.6 ml of prodrug in
of the experiment. Samples (100 were withdrawn IPBS solution (0.1 mM) to 2.4 ml of the supernatant.
at predetermined time intervals and immediately stored The control consisted of 0.6 ml prodrug solution and
at —80°C until further analysis. The frozen samples 2.4ml of IPBS instead of the supernatant. Samples
were thawed and analyzed immediately by HPLC. All (50ul) were withdrawn at appropriate time intervals,

experiments were carried out in triplicate. immediately diluted with 5@.I chilled methanol to ter-
minate the reaction and then stored-e80°C until
2.2.4. HPLC analysis further analysis. The samples were thawed and cen-

Stability and solubility samples were analyzed by an trifuged at 10,000 rpm for 10 min prior to analysis
HPLC system comprising of HP 1050 series quaternary by HPLC for the intact diester prodrug, the regen-
gradient pump, Alcott 718AL refrigerated autosam- erated monoester and the parent drug GCV. Appar-
pler, HP 1100 series fluorescence detect@xcitation ent first-order rate constants were calculated and cor-
265nm andir emission 380nm), HP 3395 integra- rected for any chemical hydrolysis observed with the
tor, Phenomenex C18 (4:6250) column and C18  control.
guard column. Mobile phase comprised of 15mM
phosphate buffer (pH 2.5) and acetonitrile. Propor- 2.4. Cell proliferation assay
tion of acetonitrile was varied depending upon the
prodrug being analyzed. The analytical method was  Cytotoxicity of the GCV prodrugs was further eval-
validated with respect to precision (%R.S.D.<1) lin- uated by cell proliferation assay employing ARPE-
earity (2>0.998), reproducibility (%R.S.D.<2) and 19 cells. This cell line of human RPE origin, has
selectivity (no interfering peaks were observed). been widely used as an in vitro model for native
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RPE Qunn et al., 1995 Cell titer 96° AQueousNON- three times using fresh stop solution, to remove any
Radioactive Cell Proliferation Assay Kit (Promega, unbound radioactive material. Then, the neural retina
Madison, WI) was used for this purpose. ARPE-19 and RPE/choroid were separated from the sclera and
cells were plated at passages 24-30 in 96-well plates.were lysed overnight with 1 ml of 0.1% Triton-X solu-
Solutions of GCV and the prodrugs (1Q8M—-2 mM) tion in 1IN NaOH. Aliquots (50@.l) were then trans-
were prepared in culture medium. Aliquots of prodrugs ferred to scintillation vials containing 5 ml scintillation
(100ul) were added in culture medium in each well cocktail (Fisher Scientific, Fair Lawn, NJ). Samples
and cells were incubated along with the drug solu- were analyzed for radioactivity using a scintillation
tion in a humidified, 5% C@ atmosphere for 24h.  counter (Beckman Instruments Inc., Model LS-6500).
The effects of GCV prodrugs on the proliferation of Uptake was normalized to protein content of each
ARPE-19 cells were observed as a function of drug well. Cell lysate protein content was measured by the
concentration. Proliferation of ARPE-19 cells in the method ofBradford (1976)using bovine serum albu-
presence of different concentrations of GCV and its min as the standard (Bio-Rad protein estimation Kkit,
prodrugs were compared with a positive control (with- Hercules, CA).

out drug). Wells containing only medium were used as

a blanks (negative control). Color determination was 2.6. In vitro antiviral activity and cytotoxicity

carried out at 485 nm (reference at 590 nm) using a 96- resting

well microtiter plate reader (SpectraFluor Plus, Tecan,

Switzerland). 2.6.1. Preparation of human foreskin fibroblast
cells
2.5. Ex vivo uptake studies in rabbit retina Newborn human foreskins were obtained as soon

as possible after circumcisions were performed and

Uptake studies were conducted using rabbit retina had been placed in minimal essential medium (MEM)
ex vivo (Majumdar et al., 2004 Male albino rabbits  containing 5Qug vancomycin/ml, 3vg fungizone/ml,
weighing 2—2.5 kg were used for the studies. Animals 100 units penicillin/ml and 2pg gentamicin/ml, for
were anesthetized with Ketamine HCI (35mg/kg) and 4h at room temperature. The medium was then
Xylazine (5 mg/kg) administered intramuscularly and removed, the foreskin minced into small pieces and
then euthanized by a lethal injection of sodium pento- washed repeatedly until red cells were no longer
barbital to the marginal ear vein. Each eye was imme- present. The tissue was then trypsinized using trypsin
diately enucleated, and the ocular surface was rinsedat 0.25% with continuous stirring for 15 min at 3¢
with Dulbecco’s phosphate buffered saline (DPBS),pH in a CQ incubator. At the end of each 15min
7.4 (130 mM NaCl, 0.03mM KCI, 7.5 mM N&P Oy, period, the tissue was allowed to settle to the bot-
1.5mM KHPQy, 1 mM CacCp, 0.5mM MgSQ and tom of the flask. The supernatant containing cells
5 mM glucose), to remove any blood, vitreous or extra- was poured through sterile cheesecloth into a flask
neous debris. For separating the posterior segment ofcontaining MEM and 10% fetal bovine serum. The
the eye, an incision was made on the scleral-limbus flask containing the medium was kept on ice through-
junction. The posterior segment, with retina facing out the trypsinizing procedure. After each decanting
inside, was then placed in a small glass well such of cells, the cheese cloth was washed with a small
that the tissue assumed the shape of a cup, whereamount of MEM containing serum. Fresh trypsin was
the drug could be placed and the uptake study could added each time to the foreskin pieces and the pro-
be conducted. Ex vivo experiments were conducted cedure repeated until no more cells became available.
at 25°C since higher temperatures resulted in retinal The cell-containing medium was then centrifuged at
detachmentNMlajumdar et al., 2004 The radioactive 1000rpm at £C for 10 min. The supernatant liquid
test solution (30@l) was then placed into the cup was discarded and the cells resuspended in a small
and uptake was allowed for 5min, after which the amount of MEM with 10% FBS. The cells were
test solution was removed and the tissue was com- counted using a Coulter Counter and then placed in
pletely immersed in ice cold stop solution (50 MM KCI  an appropriate number of 25 értissue culture flasks.
and 25 mM HEPES) for 2 min. This step was repeated As cells became confluent and needed trypsinization,
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they were gradually expanded into 175%ttasks.
The cells were maintained on vancomycin and fun-

83

diester was observed to possess the highest aqueous
solubility amongst all the prodrugs studiethble J).

gizone to passage three. Cell lines were tested All the diester GCV prodrugs demonstrated dras-

periodically for the presence of mycoplasma con-
tamination using the Hoechst fluorescent stain for
mycoplasma DNA. Cells were utilized only until
passage 10.

2.6.2. Plaque reduction assay

Two days prior to use, Human Fibroblast Foreskin
(HFF) cells were trypsinized, counted and plated into
six-well plates and incubated at 3¢ with 5% CQ

tic increase in aqueous solubility compared to GCV.
Table 1summarizes the log and solubility values

for the GCV prodrugs. Val-Val-GCV diester was pre-
dicted to be the most lipophilic compound of the
prodrugs synthesized. The results indicated an almost
295-fold increase im-octanol/water partition coeffi-
cient relative to GCV and an almost 12-fold increase
over Val-GCV diester. Val-GCV diester resulted in
a 23-fold increase im-octanol/water partition coef-

and 90% humidity. On the date of assay, the drug was ficient over GCV. However, addition of a glycine

made up at the desired concentration in 2% MEM and
then serially diluted 1:5 in 2% MEM to give six con-
centrations of drug. The drug concentrations utilized
were usually 10@M down to 0.03.M. The virus to

be used was diluted in MEM containing 10% FBS to
a desired concentration which will give 20-30 plaques
per well. The media was then aspirated from the wells
and 0.2 ml of virus was added to each well in tripli-
cate with 0.2 ml of media being added to drug toxicity
wells. The plates were then incubated for 1 h with shak-
ing every 15 min. After the incubation period, the drug
was applied to each well in 2 ml volume and the plates
were incubated for 3 days for HSV-1 and HSV-2, 8 days
for HCMV, 7 days for MCMV or 10 days for VZV,
after which the cells were stained with a 1.5% solu-

(Gly) moiety significantly reduced the lipophilicity
of the prodrug with no significant increase in parti-
tion coefficient over GCV. There might have been an
increase in octanol solubilities compared to GCV, for
Gly—Val and Val-Gly diesters as well, which the soft-
ware program may not have been able to accurately
predict.

3.1.2. pH stability profile

Effect of pH on the stability of the GCV prodrugs
was examined within the pH range of 1-9. Buffer-free
degradation rate constants at each pH, for each GCV
prodrug, were determined by back-extrapolating the
plots of degradation rate constants versus buffer con-
centration to ther-axis, i.e. zero buffer concentration

tion of neutral red. At the end of the 4-6 h incubation (Fig. 2). The buffer-free degradation rate constants,
period, the stain was aspirated, and plaques countedindicating rate of loss of the prodrug, have been sum-
using a stereomicroscope atxiGnagnification. The  marized inTable 2 Apparent first-order degradation
CytOtOXiC concentration which was toxic to 50% of the kinetics was exhibited by all the prodrugs and ester
cells tested (Cép) and effective concentration which  hydrolysis was observed to be the predominant degra-
produces effectin 50% of the cells tested fg)values dation mechanism.
were determined. All compounds exhibited similar rate profiles in the
pH range studied rate. All the diester prodrugs stud-
ied did not exhibit any appreciable degradation in the

3. Results
) ) ) Table 1
3.1. Physicochemical properties Solubility and logP values of GCV and its diester prodrugs
. Test compound Solubility (mM) Predicted 16§
3.1.1. Solubility and log P . _ GCV 773+ 020  —2.07+ 0.68
Solubility studies were carried out pH 3.4 instead \;,_gcv diester 32902 16.67  —0.70+ 0.81
of pH 7.4 because all the prodrugs demonstrated max- val-va-GCV diester 123.45- 9.80 0.404+ 0.94
imum stability at this pH. At pH 7.4, there would Gly-Val-GCV diester 87.22 3.34 —-2.05+0.94
203.1% 5.25 —2.05+ 0.94

be a high amount of degradation of the prodrugs Val-Gly-GCV diester
within 24 h. All solubility determinations were car- a predicted value of log was obtained using the ACD/I-Lab Web
ried out after a 24 h equilibration period. Val-GCV  Service (ACD/LogP 7.04).
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Fig. 2. Buffer independent degradation rate constant for Gly— 0 — T * — )
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pH range of 1-5 even after 7 days at°&7 (data not Fig. 3. Gly-Val-GCV diester hydrolysis in neural retina homo-
shown). An increased susceptibility to hydrolysis was genate: W) Gly-Val-GCV diester, ¢) Gly—Val-GCV monoester,
observed as the pH was raised towards the alkaline (4) Val-GCV diester and®) GCV (2 =3).

range. The smooth line fitted to the data shows a curva-

ture indicates a greater stability of the protonated form diester which then further degraded to regenerate the
compared to the unprotonated species. Theseresultsar@arent drug GCV. A mass balance with respect to
consistent with our previous observations with mono- concentration of total GCV containing moieties was
acyl ester and monopeptide prodrugs of GCV and ACV maintained throughout the experiment. The formation

(Dias et al., 2002; Anand et al., 2003 of monoester dipeptide, diester monopeptide metabo-
lites and the parent drug GCV indicate the role of
3.2. Ocular tissue hydrolysis esterase and peptidase enzymes in the metabolism

of dipeptide diester prodrugs. While with Val-GCV
The pseudo-first-order rate constants for the loss of diester (monopeptide) only monopeptide monoester
the diester prodrugs in vitreous humor, neural retina, was formed which on further hydrolysis leads to regen-
RPE-choroid and sclera have been summarized ineration of the parent drug GCVig. 3depicts the con-
Table 3 The dipeptide diester prodrug was initially centration profile for the Gly—Val-GCV diester hydrol-
degraded to dipeptide monoester and monopeptideysis in neural retina homogenate (others not shown).

Table 2

Buffer-free degradation rate constan(tl0? x h—1) for various prodrugs, representing the loss of prodrug, at different pH value?)(

Test compound pH 6.4 pH7.4 pH 8.4 pH9.4
Val-GCV diester 8.2H 0.11 245+ 0.81 24,95+ 0.17 33.91+ 0.59
Val-Val-GCV diester 0.3t 0.001 2.19+ 0.86 2.48+ 0.36 15.22+ 0.03
Gly-Val-GCV diester 6.3t 0.16 50.91+ 1.8 58.28+ 0.57 104.95+ 3.6
Val-Gly—-GCYV diester 0.5% 0.02 2.26+ 0.05 2.56+ 0.09 4.42+ 0.15
Table 3

First-order rate constants & min~1) for the hydrolysis of diester prodrugs, representing the loss of prodrug, in ocular tissue homogenate of
Albino rabbits at 37C and pH 7.4¢=23)

Test compound Vitreous humor Neural retina RPE—choroid Sclera
Val-GCV diester 0.930.38 1.2 0.49 4.62+1.08 1.78t0.56
Val-Val-GCV diester 1.130.87 4.35+0.44 5.68+ 1.39 3.90+1.04
Gly-Val-GCV diester 0.36:0.02 2.13+0.11 2.55£0.91 1.7 0.16

Val-Gly—GCV diester 0.3%:0.11 0.7A0.03 241404 1.19+0.36
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The pseudo-first-order rate constants summarized in _ 120
Table 3have been corrected for the chemical hydroly-
sis determined from the control.

f=4
[=]

_I_

o]
o

3.3. Cell proliferation

£y
(=]

GCV and all the diester prodrugs of GCV tested for
cytotoxicity by cell proliferation assay in ARPE-19 cell 5 . ‘ ' . .
line did not demonstrate any effect in the concentration Gontrol (3H-  Vak-GCVDE VakValGCV Gly-Val-GCV VakG-GCV GGV 1mM
range tested (0.1-2 mM). Methotrexate was used as a GivSan - amM DEImM DRI DE tm
positive control at 5, 10 and 20M concentrations as it Fig. 4. Ex vivo uptake of 3H-Gly—Sar in rabbit retina ex vivo in
is known to be cytotoxic within this rang&able 4sum- the presence of 1mM of Val-GCV diester, Val-Val-GCV diester,
marizes the percent cytotoxicity of all prodrugs along Gly-Val-GCV diester, Val-Gly-GCV diester and GCV.
with those of methotrexate, ACV and GCV. All the
dipeptide diester prodrugs were determined to be lessHCMV. There was no increase in potency of these pro-

% Uptake per mg protein
n D
o o

cytotoxic than GCV. drugs against VZV. In fact, Val-Gly—-GCV was five
times more potent against HSV-1 than ACV. The other
3.4. Exvivo uptake studies GCV prodrugs also demonstrated significant improve-

ment in potency against HSV-1.

Glycylsarcosine (Gly—Sar) is known to be a model All the prodrugs are at least six to seven times
substrate for both peptide transporters PepT1l andmore potent in their activity than ACV against
Pept2. We have selectetH]Gly—Sar as a control in ~ HSV-2. Diester GCV prodrugs are almost one to
all the uptake studies. Various diester prodrugs had two times more potent against HCMV compared
been used at 1 mM initial concentration as a competi- to GCV. There was no significant change in the
tive inhibitor. All the prodrugs tested showed inhibition antiviral efficacy against VZV. Although selectiv-
(Fig. 4) of Gly—Sar uptake. GCV itself did not showany ity indices (CGo/ECsg) of Val-GCV, Val-Val-GCV,
significant inhibition of Gly—Sar uptake, indicatingthat  Gly—Val-GCV and Val-Gly—-GCV against HSV-1,

it does not involve any peptide transporter. HSV-2 and HCMV are not much higher than the drugs
currently used, yet the Ggvalues are at least 40-50-
3.5. Invitro antiviral activity and selectivity fold higher than EGp values, indicating that these

diester prodrugs are not cytotoxic to non-virus infected

Antiviral potencies of the GCV prodrugs have been cells.

summarized inrable 5 All the GCV diesters synthe-
sized exhibited greater potency against HSV-1, HSV-2
and HCMV compared to the drugs ACV and GCV, 4. Discussion
which are the drugs of choice for HSV-1, HSV-2 and

The objective of this study was to synthesize a series
Table 4 N . of mono- and dipeptide diester prodrugs of GCV and
Percentage cytotoxicity profile of methotrexate, ACV, GCV and var- to investigate their in vitro antiviral activity, cytotoxi-
ious diester prodrugs of GCV at three different concentrations . ; . . ' .

city, peptide transporter affinity, stability and physico-

Compounds 100M  1mM 2mM chemical properties. The overall aim was to investigate
Methotrexate 22.82 59.46 100.00 whether these GCV prodrugs are effective in various
Gev (Zi‘_*g';g) %g_*s'\s") (2401*_*&) ocular infc_ections, _that are currently seen in i_mmuno—
ACV 10.75 21.79 39.76 compromised patients and to compare the differences
Val-GCV diester 7.43 24.50 33.76 in characteristics of the prodrugs synthesized.
Val-Val-GCV diester 0.58 2.99 5.03 NMR data recorded in this research clearly indi-
Val-Gly-GCV diester  0.69 1.67 12.32 cated the structure of the prodrugs. The BOC-Valine

Gly-Val-GCV diester 0.73 154 11.66 anhydride could react with GCV at either GHOH or
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Table 5
Effective and cytotoxic concentratiopl/) at 50% level of ACV, GCV and various prodrugs and their selectivity indices (SI)
Prodrug HSV-1 HSV-2 HCMV \AY)
ACV EC50=1.3 EGp=4.9 — EGo=3.4
CGso> 444 CGo> 444 - CGo=>444
SI> 341 SI>90 - SI> 130
GCV - - EGo=7.1 -
— - CGyp >392 -
- — SI>55 —
Val-GCV diester EGp=0.29 EGp=0.44 EGp=2.9 EGo=11.3
CGCs0> 147 CGo > 147 CGo > 147 CGo > 147
SI>506 SI> 334 SI>50 SI>13
Val-Val-GCV diester E€p=0.56 EGp=0.34 EGop=4.0 EGo=18.4
CGCs0>113 CGop>113 CGo>113 CGo>113
SI>201 SI>332 SI>28 SI>6
Gly-Val-GCV diester E6p=0.38 EGp=0.5 EGo=3.6 ND?
CCsp> 126 CGo>126 CGo> 126 ND?
SI> 331 SI> 252 SI> 35 ND?
Val-Gly—GCV diester E6p=0.25 EGp=0.25 EGo=4.6 EGo=4.3
CCs0> 126 CGo> 126 CGo>126 CGo> 126
SI>504 SI>504 SI>27 SI>29

2 Not done.

NH; sites. However, only the ester linkage was formed

there was marked decrease in solubility compared

in this research, which was supported by the change ofto GCV, which caused significant formulation and

chemical shift of CHH-OH from 3.35 in GCV to 4.1
(after the reaction). The chemical shift of amino acid
and peptide were also coincident with predication. It
was also observed that the peaksefl of amino acid
are shift to lower field after the formation of peptide
bond by acylation with other amino acid. For exam-
ple, the chemical shift of-H for Valine moiety in
BOC-Val-Gly (Bachem, King of Prussia, PA 19406),
Val-Val and Gly—Val-GCV are very similar with val-

administration problemsDjas et al., 200R How-
ever the Val-Val-GCV diester, whose predicted fog
value indicates it to be a lipophilic drug, shows a
16-fold increase in aqueous solubility than the par-
ent drug GCV suggesting greater hydrophilicity, yet
it is not more potent or selective than Gly—Val-GCV
or Val-Gly—GCV against HSV-1. We believe that the
increase in the lipophilicity alone, did not have any
significant effect on the antiviral activity but it was

ues of 3.8, 3.7 and 3.7, respectively, which are about the result of the combined effect of transporter affin-

0.3 ppm higher than Valine. NHvas observed in low
field (>8) because all of the produrgs synthesized in
this research were in TFA salt.

Physicochemical data clearly indicate that the
lipophilicity of GCV can be significantly enhanced,
through peptide prodrug approach, without compro-
mising solubility. In fact, aqueous solubility of all the
GCV prodrugs was significantly higher than its parent
drug, GCV. As a result, significant increase in tran-
scellular permeability of GCV may be expected upon
administration of these prodrugs. Although lipophilic
ester prodrug derivatization, employing acyl ester GCV
prodrugs, generated similar increase in fogalues,

ity, stability in buffer and tissue and other factors
that resulted in higher activity for Val-Gly—GCV and
Gly-Val-GCV diesters. All the diester prodrugs syn-
thesized have demonstrated much higher solubility
compared to GCV, with Val-GCV having the highest
solubility (329.02 mM), which is 42 times higher than
GCV.

Such anincrease in the solubility is in part due to the
increase in TFA molecules associated with the diester
compared to the monoester. Each diester prodrug is a
di cation with 2 molecules of TFA associated with a
single molecule of the prodrug, whereas in monoesters
there is only one molecule of TFA. There is a
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Fig. 5. Three-dimensional representation of the diester prodrugs: (a)
Gly-Val-GCV and (b) Val-Gly—-GCV.

significant decrease in the solubility of Gly-Val-GCV
(87.22 mM) compared to Val-Gly—GCV (203.11 mM)
which cannot be attributed to the number of TFA
molecules. This is either due to absencésofpropyl
moieties at position 20 and 24 of Val-Gly—GCV
diester or due to structural confirmation change in the
solution form. To confirm our assumption we did a
three-dimensional modeling of the two compounds
(Fig. 5 and the data obtained indicated there was
a difference in their Weiner index valua\Vener,
1947. Val-Gly—GCV had a higher Weiner index value
(6404) compared to Gly—Val-GCV (5870). It has been
observedthatthe Weiner index s inversely proportional

87

to molecular compactnesgan de Waterbeemd et al.,
1995; Fabiana Alves de Lima Ribeiro, 2003 hus,
when the molecule is less compact itis more accessible
to the water molecules and hence has higher solubility.

Allthe peptide diester GCV prodrugs were observed
tointeract with the ocular peptide transporter with vary-
ing extent. It may thus be expected that a marked
increase in intracellular drug concentration may be
achieved due to the combined effect of higher tran-
scellular diffusion due to enhanced lipophilicity and
significant carrier-mediated transport by peptide trans-
porters.

The prodrugs are susceptible to chemical hydrolysis
and would regenerate GCV. Moreover cellular enzymes
present will also hydrolyze the prodrugs to regenerate
GCV. In fact, a hydroxyl group at position 14 or 16 is
essential for the GCV’s anti-CMV activityHarnden
et al., 1990. Therefore, at least one of the two ester
bonds attached to GCV in a diester must be broken
to generate a monoester, which can thereby produce
antiviral action through phosphorylation or it may be
further hydrolyzed into the parent drug, GCV. Thus, the
diester prodrugs lead to the generation of monoester
GCV and which is further converted to parent drug
GCV.

The hydrolysis of the diesters exhibited apparent
first-order kinetics. Time-course of various species for-
mation during the enzymatic hydrolysis of the diesters
is shown inFig. 3. A similar hydrolysis scheme was
shown for alkyl Benjamin et al., 1987and benzoate
diesters of GCV Bundgaard et al., 1991; Jensen and
Bundgaard, 1991 The kinetic data suggest that the
enzymatic degradation of the ester depends greatly on
the structure of the amino substituents, as has been pre-
viously observed for ACVBundgaard et al., 199&nd
corticosteroidsBundgaard et al., 1989

Although there was no significant increase in the
selective indices of the diester prodrugs against HCMV,
yet these prodrugs were found to be more potent in
their activity, which indicates that therapeutic con-
centrations can be easily reached. The diester GCV
prodrugs may thus also improve ganciclovir's effec-
tiveness in HCMYV retinitis. Moreover, from the drug
delivery point of view diesters may possess higher
aqueous solubility and binding affinity for the peptide
transporter.

These prodrugs have also shown to be more potentin
their activity against HSV-1 and HSV-2. The prodrugs
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did not show any improvement in potency as well as
selectivity for VZV. Therefore, further investigations
regarding their use in ocular viral infections should be

carried out. These prodrugs appear to be good therapeu-

tic candidates since the compounds exhibited minimal
cytotoxicity and high potency.

In conclusion, several of the peptide ester pro-
drugs were found to interact with the peptide trans-
porter PepT1. Val-Val-GCV and Val-GCV diesters

K. Patel et al. / International Journal of Pharmaceutics 305 (2005) 75-89

in patients with AIDS and cytomegalovirus retinitis. J. Infect. Dis.
172, 951-956.

Balimane, P.V., Tamai, |., Guo, A., Nakanishi, T., Kitada, H.,

Leibach, F.H., Tsuji, A., Sinko, P.J., 1998. Direct evidence for

peptide transporter (PepT1)-mediated uptake of a nonpeptide

prodrug, valacyclovir. Biochem. Biophys. Res. Commun. 250,

246-251.

Benjamin, E.J., Firestone, B.A., Bergstrom, R., Fass, M., Massey, |.,
Tsina, I, Lin, Y.Y., 1987. Selection of a derivative of the antiviral
agent 9-[(1,3-dihydroxy-2-propoxy)-methyllguanine (DHPG)
with improved oral absorption. Pharm. Res. 4, 120-125.

were observed to possess both greater solubility andgogaghi, B., Slobbe-van Drunen, M.E., Topilko, A., Perret, E.,

lipophilicity compared to the parent drug, GCV. More-
over, Val-Val-GCV, Val-GCV and Val-Gly-GCV

diesters exhibited greater aqueous stability compared

to Gly—Val-GCV diester and did not demonstrate any
degradation at low pH values even after 7 days a7

Cytotoxicity of the prodrugs were comparable to that of
the parent drug GCV indicating that prodrug derivati-
zation did not lead to increased cytotoxicity. Consider-

ing the physicochemical parameters, aqueous stability,

peptide transporter affinity and antiviral activity, diester

prodrugs appear to be ideal candidates for drug delivery

following oral and ocular administrations.
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