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ArtiC{e history: This work deals with the in vitro and in vivo pharmacokinetic characterization of 3'-azido-2’,3’-dideoxy-
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two novel prodrugs of the anti-HIV agent zidovudine [3'-azido-2’,3'-dideoxythymidine (AZT)]. AZT,
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AZT-Ac and AZT-Iso intestinal permeation properties and plasma concentration profiles in rats after
intravenous administration were studied. Using the everted gut sac intestinal permeation assay, it was
observed that AZT was subjected to saturable transport mechanisms in the jejunum and the proximal
ileum, while no saturation was found in the distal ileum. AZT-Ac was able to permeate the intestinal
segment at a lower rate than AZT but resisting enzymatic hydrolysis, while no evidence of saturation was
found. On the other hand, AZT-Iso was completely hydrolyzed in the intestinal tissue, with AZT being
found in the permeated samples. In vivo studies demonstrated that AZT plasma half-life (t;/,) is extended
after administration of AZT-Ac compared to AZT (2.16 and 0.96 h, respectively), while after administering
AZT-Iso the ty), of the regenerated AZT was shorter (0.38 h). A relationship is proposed between these
observed in vivo pharmacokinetic features and previous studies of protein-binding properties, conclud-
ing that AZT-Ac is a very promising prodrug of AZT in the search for more effective and safer anti-HIV
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agents.
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1. Introduction

Zidovudine (AZT, Fig. 1a) was the first drug approved by the Food
and Drug Administration for the treatment of Acquired Immunod-
eficiency Syndrome (AIDS) in humans, and is still in use as part
of the highly active antiretroviral therapy (HAART) regimen (De
Clercq, 2009; Stiirmer et al., 2007). Although its efficacy has long
been demonstrated, some aspects such as cellular toxicity and
suboptimal pharmacokinetic properties constitute a major con-
cern (De Clercq, 2002). AZT cellular toxicity is manifested mainly
by severe bone marrow aplasia, which leads to anemia and neu-
tropenia (D’Andrea et al., 2008). It has been reported that these
alterations originate mainly at the mitochondrial level, and include
oxidative stress mechanisms and inhibition of the mitochondrial
machinery (Scruggs and Dirks Naylor, 2008). Among its suboptimal
pharmacokinetic aspects are its short plasma half-life (t;,~1h)
(Barbier et al., 2000), low plasma protein-binding capacity (~25%
bound to total plasma proteins) (Luzier and Morse, 1993), and high
hepatic glucuronidation rate (Moore et al., 1995). Another unfa-
vorable pharmacokinetic issue is its incapacity to reach effective
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concentrations in viral reservoir tissues, such as the central ner-
vous system (Pan et al., 2007; Eilers et al., 2008). As a consequence
of these suboptimal properties of AZT, this drug needs to be admin-
istered frequently and in high doses, increasing the incidence of
unwanted side effects, which usually compromises the adherence
of the patient to the anti-HIV treatment. In this way, it has been
accepted that there is still a need to improve several properties of
this anti-HIV agent, mainly focusing in enhancing its oral bioavail-
ability and prolonging its elimination half-life (De Clercq, 2007).

Several strategies have been applied in order to optimize the
commented aspects, with the obtaining of prodrugs of AZT being a
widely applied methodology (Calogeropoulou et al., 2003; Parang
et al., 2000). In our research group we have synthesized several
novel prodrugs of AZT, measuring their anti-HIV activity and cel-
lular toxicity (Motura et al., 2002; Moroni et al., 2002; Turk et
al., 2002). Within this family of compounds, two novel deriva-
tives were of particular interest when considering their anti-HIV
potency, cytotoxicity and physicochemical properties. These two
compounds were obtained by functionalization of AZT leading to
3’-azido-3’-deoxy-5'-0-oxalatoylthymidine (AZT-Ac, Fig. 1b), and
3’-azido-3’-deoxy-5'-O-isonicotinoylthymidine (AZT-Iso, Fig. 1c)
(Motura et al., 2002; Moroni et al., 2002).

Different studies have been performed as part of the preclini-
cal development of these two novel prodrugs of AZT (Quevedo et
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Fig. 1. Chemical structures of the compounds studied.

al., 2001, 2006; Teijeiro et al., 2003; Teijeiro and Brifién, 2006). In
order to evaluate the benefits that the administration of AZT-Ac and
AZT-Iso would represent with respect to AZT, and mainly referred
to their oral bioavailability and capacity to prolong AZT elimina-
tion half-life, in this work we report intestinal permeation studies
using rat intestinal segments and plasma concentration profiles
after intravenous administration of AZT, AZT-Ac and AZT-Iso.

2. Materials and methods
2.1. Chemicals and reagents

AZT was kindly provided by Filaxis Laboratories (Buenos Aires,
Argentina), while AZT-Ac and AZT-Iso were prepared as previ-
ously reported (Motura et al., 2002; Moroni et al., 2002). The
Krebs buffer intended for intestinal permeation assays contained
119.0 mM NaCl, 4.7 mM KCl, 3.0 mM CacCl,, 2.4 mM MgSQy, 2.7 mM
KH;POy4, 24.1 mM NaHCO3; and 11 mM of glucose, while the mod-
ified Krebs buffer contained 119.0 mM NaCl, 4.7 mM KCl, 2.4 mM
MgS04, 2.7 mM KH,PO4, 24.1 mM KHPO,4 and 11 mM of glucose. All
other chemicals and reagents used were of analytical grade. MilliQ
grade water was used for the preparation of all solutions.

2.2. Apparatus

HPLC measurements were performed with three different sets
of equipment depending on the analytical requirements. System
A consisted of a Spectra System P2000 chromatograph, equipped
with a Thermo Separation Products Spectra 100 UV variable wave-
length detector set at 267 nm. Data acquisition was performed
with the Peaksimple® v.2.86 software. System B consisted of an
Agilent S1100 chromatograph, equipped with a multiple wave-
length detector set at 267 nm, with data acquisition performed by
the Chemstation Rev.A.10.02 package. System C was a Shimadzu
LC-10ADvp chromatograph coupled to a Waters Quattro Micro
triple quadrupole mass spectrometer, equipped with an API elec-
tron spray (ESI) interface and performing data acquisition with the
MassLynx v.4.0 software. A Haake-DS thermostat bath (0.1 °C) was
used for assays requiring temperature control, while pH measure-
ments were performed with a Crison GLP-21 pH meter.

2.3. Chemical stability

Solutions of AZT-Iso and AZT-Ac (50 ml, 270 pg/ml) were pre-
pared in Krebs buffer (CO,:0,, 5%:95%), single Krebs buffer
constituents and modified Krebs buffer (O,, 100%), and incubated
at 37°C. Aliquots (2 ml) were sampled at suitable intervals, and

subjected to the corresponding preparation and quantification pro-
cedure, obtaining plots of the remaining drug concentration vs.
time. Linear regression analyses were performed (Microcal Origin
v.7.0), calculating the observed hydrolysis constant (kops) and ty 5.

2.4. Animal treatments

All procedures involving the use of rats were reviewed and
approved by the Committee of Ethics for the Use of Animals
in Experimental Protocols of the Faculty of Chemical Sciences,
National University of Cérdoba (FCS-UNC), Argentina (Res. No.
138/07). Adult male Wistar rats weighing 250-300 g were obtained
from the bioterium of the Biological Chemistry Department, FCS-
UNC, Argentina. Animals intended for intestinal permeation studies
were fasted for 24 h prior to the assay, allowing free access to water.
Animals used for the determination of plasma concentration pro-
files were caged with free access to food pellets and water until
surgical procedures were performed.

2.5. Intestinal permeation assays

The intestinal permeation of AZT, AZT-Ac and AZT-Iso was stud-
ied applying the everted intestinal sac technique (Sharma et al.,
2002). After rats were anesthetized by intraperitoneal adminis-
tration of urethane (1000 mg/kg), a 2cm incision was made in
the midline abdominal cavity, isolating the segment of proximal
jejunum (just 15 cm distal to the ligament of Treitz), followed by a
second 15 cm segment of distal jejunum. In addition, two consec-
utive segments of 15 cm each were isolated immediately proximal
to the cecum, and were named proximal and distal ileum, respec-
tively. After the tissues were obtained, rats were sacrificed by an
intracardiac bolus of urethane. The excised intestinal segments
were immediately flushed with 80 ml of assay buffer solution to
eliminate intestinal contents, and gently everted on a glass rod.
During manipulation, segments were maintained submerged in
the incubation media to assure tissue viability. A 10cm glass can-
nula was inserted into the lumen (serosal side) of each everted
segment, and tied at the top and end, placing a 10g weight at
the bottom of the segment (Fig. 2). The device containing the tis-
sue was then submerged into 50 ml of solution containing the
drug (mucosal solution) and thermostatized at 37 °C. 1 ml of buffer
was placed through the glass cannula into the intestinal segment
(serosal solution) and withdrawn at 15, 25, 35, 45, 55, 65, 75 and
85 min, applying 1ml of fresh buffer to wash the glass cannula
prior to the application of the next serosal solution sample. The
collected aliquots were subjected to HPLC analyses after apply-
ing the corresponding preparation procedure. Permeation assays
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Fig. 2. Design of the device used for the everted gut sac intestinal permeation assay.

were performed in triplicate for each segment and concentration
studied.

2.6. Sample preparation from intestinal permeation studies

2.6.1. AZT and AZT-Iso

A previously reported technique was applied (Quevedo et al.,
2006). Briefly, Sep Pak Plus® (500 mg, Phenomenex®) C18 solid
phase extraction (SPE) cartridges were preconditioned by the pas-
sage of 5 ml of HPLC-grade acetonitrile (ACN), followed by 5 ml of pH
2.6 sodium citrate buffer (0.1 M). 0.3 ml of internal standard solu-
tion containing p-fluorophenol (0.48 mg/ml) and 2.5 ml of pH 2.6
sodium citrate buffer (0.1 M) were added to the permeation sam-
ples, homogenized and applied to the preconditioned cartridge at
a flow rate of 1drop/s. The cartridge was dried, after which the
drug was eluted with 5ml of HPLC-grade ACN. The solution was
filtered through 0.45 pm pore diameter membranes and subjected
to HPLC analysis. Drug recoveries were adequate as reported previ-
ously (Quevedo et al., 2006).

2.6.2. AZT-Ac

Strata X® (60 mg, Phenomenex®) SPE cartridges were precondi-
tioned by sequentially applying 1.5 ml of HPLC-grade ACN followed
by 1.5 ml of pH 2.0 sodium phosphate buffer (0.1 M). Then 0.750 ml
of pH 2.0 sodium phosphate buffer (0.1 M) were added to a 0.250 ml
aliquot of the permeation sample, homogenized and applied to
the preconditioned cartridge at a 1 drop/s flow rate. The extracted
drug was eluted with 1.5 ml of an HPLC-grade ACN:pH 2.0 sodium
phosphate buffer (0.1 M) 25:75 mixture. Drug recoveries were
determined within the range of expected concentrations, finding
quantitative and reproducible recoveries (Table 1).

2.7. HPLC and data analyses for intestinal permeation assays

2.7.1. AZT and AZT-Iso

Quantification was performed using System A described in the
apparatus section. An Alltech Allsphere® C-18 (250 mm x 4.5 mm
i.d.) column coupled to an AllGuard® C-18 guard column was
used. The mobile phase consisted of a methanol:water (MeOH:H,O,
60:40) mixture at a constant flow rate of 1 ml/min, injecting 20 .l

Table 1
Recovery of AZT, AZT-Ac and AZT-Iso from different matrices, determined by solid
phase extraction procedures.

Drug/matrix Conc. (pg/ml) Recovery (%)
AZT-Ac/mod. Krebs buff. 15 97.20 (+£1.40)
49 98.50 (£3.20)
AZT/rat plasma 0.15 95.13 (£3.12)
3.00 94.70 (£4.05)
6.00 97.22 (£2.70)
14.4 97.88 (£2.05)
49.0 98.50 (+1.27)
101.8 97.18 (£3.91)
AZT-Ac/rat plasma 15 95.70 (£3.80)
49 100.86 (+£5.1)
AZT-Iso/rat plasma 0.15 98.70 (+17.08)
3.00 96.65 (+3.68)
6.00 81.47 (+£2.70)

of solution in each assay. Analytical parameters for the technique
were previously validated (Quevedo et al., 2006).

2.7.2. AZT-Ac

Quantification was performed using System B described in
the apparatus section. A Phenomenex Synergy Fusion® C-18
(250 mm x 4 mm i.d.) column and a Phenomenex Security Guard
Fusion® RP (4mm x30mm) guard column were used. The
mobile phase consisted of a pH 2.0 sodium phosphate buffer
(0.025 M):MeOH:tetrahydrofuran (THF) (68:30:2) mixture, at a
constant flow rate of 1 ml/min. Analyses were performed at 40°C,
injecting 100 .l of solution in each assay. The corresponding cal-
ibration curves were constructed, finding linear responses in the
range 0.2-6.0 pwg/ml. The lowest limit of detection (LLOD) and
lowest limit of quantitation (LLOQ) were 0.09 and 0.28 p.g/ml,
respectively. Adequate intraday/interday accuracy and precisions
were obtained.

2.7.3. Data analysis

The amount of drug accumulated in the serosal solution (g)
vs. time (min) was plotted. After performing a linear regression
analysis, the flux (F, pg/min) was obtained from the slope and the
apparent permeability coefficient (Papp) was calculated applying
Egs. (1) and (2) (Sharma et al., 2002):

F
Papp = ST (M
SUpeyp = 27tTh (2)

were Supexp is the surface available for permeation, j is the initial
concentration of drug in the mucosal solution, r is the intestinal seg-
ment mean radii (0.4 cm) and h is the length of intestinal segment
available for permeation (10 cm).

2.8. Plasma concentration profiles

Rats were anesthetized with urethane (1000 mg/kg, i.p.) and the
right femoral vein and left femoral artery were cannulated with
heparinized PE-10 (Becton, Dickinson and Company®) catheters
(Waynforth and Flecknell, 1992). Drug solutions (20 mg/kg for
AZT and AZT-Ac, and 2.5mg/kg for AZT-Iso) were administered
through the right femoral vein as a single intravenous bolus
(0.3 ml/min) dissolved in sterile normal saline solution containing
10% of dimethylsulfoxide (DMSO). After administering the bolus,
the cannula was rinsed with 0.1 ml of heparinized saline solution.
Blood samples were collected from the left femoral artery, and
to assure sampling of central fluids, the following protocol was
applied: 0.3 ml of blood were withdrawn in a first step, after which
0.15 ml were collected for quantitation purposes, while the 0.3 ml
of blood collected in the first step were reinfused to the animal via
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the femoral vein; 0.15 ml of heparinized saline solution was used to
flush the cannula and replace the sample volume. Blood was imme-
diately centrifuged at 2000 rpm, collecting 50 .1 of plasma, which
was subjected to the corresponding preparation procedure.

2.9. Rat plasma sample preparation

Samples of 50 wl of plasma were diluted to 1 ml with pH 2.0
sodium phosphate buffer (0.05M) for AZT and AZT-Ac, while pH
2.6 sodium citrate buffer (0.05 M) was used as dilution solvent for
AZT-Iso. The resulting solutions were applied to Strata X (60 mg,
Phenomenex®) SPE cartridges, which were previously precondi-
tioned with 1 ml of HPLC-grade ACN and 1 ml of the corresponding
dilution solvent. The resulting solutions were applied to the car-
tridge at a flow rate of 1drop/s, after which it was washed with
0.5 ml of fresh dilution solvent and dried. Finally, the elution of the
drug was performed with 1.5 ml of ACN:sodium phosphate pH 2.0
buffer (0.05M) (25:75) mixture for AZT and AZT-Ac and ACN:H,0
(25:75) for AZT-Iso, filtered through 0.45 pm pore diameter mem-
branes and subjected to HPLC analysis. Drug recovery assays from
rat plasma were performed in the range of expected concentrations,
finding quantitative and reproducible recoveries in the concentra-
tion range assayed (Table 1).

2.10. HPLC analysis of rat plasma samples

For the quantification of AZT and AZT-Ac, identical methodology
used for the intestinal permeation assays was applied (see Section
2.7). For AZT-Iso and the corresponding regenerated AZT, System
C described in the apparatus section was used, equipped with a
Water Symmetry® C-18 (75 mm x 4.6 mm i.d.) column coupled to
a Phenomenex Security Guard Fusion® RP (4 mm x 30 mm) guard
column. The mobile phase consisted of a pH 5.0 ammonium acetate
buffer (0.001 M):ACN (70:30) mixture, at a flow rate of 0.2 ml/min.
Positive electron spray ionization mode was used, with single ion
monitoring at m/z 268 and 373 for AZT and AZT-Iso, respectively.
Maximum sensitivity of the system was achieved at the following
instrument settings: heated capillary temperature: 120°C, spray
voltage: 2.90kV, scan time: 1 s, collision cell voltage: 50 kV, electron
multiplier voltage 650V and desolvation gas (N;) flow: 6001/h.

3. Results
3.1. Chemical stability of AZT-Iso and AZT-Ac

In order to perform intestinal permeation assays, the chemical
stability of the prodrugs in the mucosal solution needed to be stud-
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ied. In this way, the ko, found for AZT-Iso in pH 7.4 Krebs buffer
(CO5:05, 5:95%) was 0.015min~!, with a t1/ of 45.89 min. Consid-
ering that the drug needs to be stable during the assay (85 min),
the t;, found is quite short and thus high quantities of AZT would
be regenerated due to chemical hydrolysis. Considering this, stabil-
ity assays were performed in each constituent of the buffer, finding
that AZT-Iso was highly unstable in sodium bicarbonate solutions.
This fact was not due to the pH of the bicarbonate solution since,
when Krebs buffer was adjusted to pH 7.4, a short t;), was also
observed, concluding that the presence of bicarbonate ions was able
to catalyze the hydrolysis of AZT-Iso to AZT. Thus, the Krebs buffer
was modified in a similar way to that previously reported (Kerr
and Ong, 1987), replacing bicarbonate by a KH,PO4/KHPO,4 buffer.
Also, CaCl, was removed due to precipitation of Caz(PO4),. The final
buffer solution was adjusted to pH 7.4 and gassed with 100% oxygen.
When AZT-Iso chemical stability in this modified Krebs buffer was
assayed, the kops Was 9.70 x 10~ min~! withat;; of 714 min (12 h),
which was now adequate. The stability of AZT-Ac in the modified
Krebs buffer was also studied, finding no hydrolysis of the prodrug
after 2 h of incubation at 37 °C. Considering these aspects, the modi-
fied Krebs buffer was selected to perform the intestinal permeation
assays of AZT and these two prodrugs.

Considering that these prodrugs will transit along the gastroin-
testinal tract before absorption takes place, chemical stability in the
pH range 1-7.4 was studied as part of their preformulation devel-
opment. Our unpublished data indicated that AZT-Iso exhibited a
marked increase in its stability as solution acidity increased, with
t1j ranging from 14.9 h at pH 7.4 to 346.5 h at pH 1. AZT-Ac chemi-
cal stability was not markedly influenced by the pH of the solution,
with ty, ranging from 17.3 h at pH 7.4 to 13.9h at pH 1 (Brifion et
al., unpublished data). Within the scope of this work, and consider-
ing that observed t;, were high compared to the expected transit
times from stomach to the ileocecal valve (=3 h), it can be pointed
out that both of these prodrugs exhibited an adequate chemical
stability profile in the pH range of the gastrointestinal tract.

3.2. Intestinal permeation of AZT, AZT-Iso and AZT-Ac

The intestinal permeation of the studied compounds was eval-
uated employing the everted intestinal sac technique (Sharma et
al., 2002). Considering that the permeation pattern of drugs may
vary throughout the length of the small intestine, we analyzed AZT
permeation through the proximal and distal jejunum, as well as
in the proximal and distal ileum. Also, the concentration depen-
dence was analyzed using mucosal solutions of 120, 200, 270, 570
and 1120 pg/ml of AZT. As an example, Fig. 3 shows the plots corre-
sponding to the amount of AZT accumulated in the serosal solution
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Fig. 3. Plots of the amount of AZT accumulated vs. time in the mucosal solution of: (a) proximal (M) and distal jejunum (A); (b) proximal (M) and distal ileum (A).
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Fig. 4. Plots of the flux (F, W) vs. concentration and intestinal permeability coefficient (P,pp, A) vs. concentration for the permeation of AZT through: (a) proximal jejunum,

(b) distal jejunum, (c) proximal ileum and (d) distal ileum.

vs. time at 270 pg/ml for the four intestinal segments. The corre-
sponding linear regression equations (Eqs. (3)-(6)) were obtained,
from which the flux (F) and apparent permeability coefficient (Papp)
values were calculated using Egs. (1) and (2).

Proximal jejunum
wg AZT = 1.88 (£0.01) Time — 18.55 (+0.69)
r=0.9999; R?>=0.9992; sd =0.81; n=8; F=22384.51

(3)

Distal jejunum

g AZT = 2.32 (£0.03) Time — 23.86 (+1.44) (4)
r=0.9997; R2=0.9991; sd=1.69; n=8; F=10888.26
Proximal ileum
ng AZT =2.79 (+0.04) Time — 18.14 (£2.21) (5)
r=0.9994; R?=0.9987; sd =2.60; n=38; F=4829.30
Distal ileum
g AZT = 2.44 (+0.07) Time — 10.44 (+4.01) (6)

r=0.9973; R*>=0.9868; sd=4.72; n=38; F=1118.83

Values of F and Papp for all the concentrations and intestinal
segments were evaluated, from which the relationship with drug
concentration was analyzed (Fig. 4).

When the permeation of AZT-Iso was assayed at 270 p.g/ml
in distal jejunum, only AZT was detected in the serosal solu-
tion, indicating that the prodrug was completely hydrolyzed
during its passage through the intestinal segment. The F and
Papp for the regenerated AZT were 2.36 (+0.17) pg/min and
3.46 (+£0.26) x10~*cm/min, respectively, which were not sig-
nificantly different from those obtained from mucosal solutions

containing AZT [2.23 (+0.15) and 3.29 (£0.22) x10~%cm/min,
respectively].

The permeation of AZT-Ac was initially studied at 270 pg/ml in
the distal jejunum; intact prodrug was found in the serosal solution,
but no AZT at all was found. Considering the fact that the prodrug
was able to resist hydrolysis during its permeation process, the F
and P,pp were found between 200 and 1000 pg/ml (Fig. 5).

3.3. Stability of the prodrugs in rat plasma

The stability of AZT-Iso was determined in our previous work
(Quevedo et al., 2006), this prodrug is moderately stable in rat
plasma with a t;, of 1.12 h. The stability of AZT-Ac in rat plasma
was assayed before determining its plasma profiles, observing that
its hydrolysis was rapid, and that after 20 min of incubation at 37 °C
almost all the prodrug was hydrolyzed to AZT.

3.4. Plasma profiles of AZT, AZT-Ac and AZT-Iso

The plasma concentration vs. time profile of AZT (20 mg/kg) was
obtained (Fig. 6a), performing the corresponding compartmental
analyses to adjust AZT plasma concentrations to a one- and two-
compartment models. From the statistical analyses, which included
comparison of mean standard errors (MSE), coefficients of determi-
nation (R?) and the Akaike test (Bonate, 2006), it was concluded that
AZT is better fitted to a one-compartment model. Pharmacokinetic
parameters were calculated using the PK Solutions 2.0 software,
finding a t;, of 0.96 (+0.05) h, a volume of distribution (V) of
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Fig.5. Plots of the flux (F, ®)vs. concentration and intestinal permeability coefficient
(Papp, A) vs. concentration for the permeation of AZT-Ac through distal jejunum.

0.724 (+0.09) 1/kg and a plasma clearance (Cl,) of 0.533 (+0.060)
1/hkg.

In a similar way, the plasma vs. time concentration profile of AZT-
Ac (20mg/kg) was obtained. After performing the quantification,
only the presence of AZT was detected in plasma, demonstrating
that the prodrug is rapidly hydrolyzed in vivo, an observation that
is consistent with the in vitro plasma stability studies. The concen-
tration vs. time profile of the AZT regenerated from AZT-Ac was
analyzed, a finding that was best fitted by a two-compartment
model, with a rapid initial distribution phase, followed by a slower
elimination phase. In order to be able to describe better the initial
distribution phase, the sampling protocol included three additional
data points at 5, 15 and 70 min (Fig. 6a). After performing the
corresponding mathematical analyses, the following pharmacoki-
netic parameters were calculated: (a) t;), distribution phase: 0.03
(£0.01) h, (b) ty, elimination phase: 2.16 (+0.35) h, (c) V;: 0.762
(+0.068) 1/kg and (d) Cly: 0.246 1/h kg.

In order to study the in vivo pharmacokinetic properties of AZT-
Iso, it was not possible to administer a 20 mg/kg dose of prodrug
due to solubility problems in the vehicle. This problem could not
be overcome by increasing the amount of cosolvent, since ade-
quate solubilization of the prodrug was achieved only at 50% (v/v)
of DMSO, but a concomitant hemolysis was observed when this
solution was administered to the rat. Also, the problem could not
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be solved using other cosolvents such as Tween® 80 or ethanol. In
this way, the minimum dose of prodrug compatible with solubiliza-
tion in 0.3 ml of vehicle was 2.5 mg/kg, thus this dose of drug was
administered to the rat. After quantification, both AZT and AZT-Iso
were found in plasma, with concentrations of AZT declining rapidly
between 0 and 40 min (Fig. 6b), describing a one-compartment
model with the following associated pharmacokinetic parameters:
tij2 0.38 (£0.05) h, V4 0.917 (+0.060) I/kg and Cl, 1.67 (+£0.118)
1/h kg. Plasma concentrations of the intact prodrug were consider-
ably lower than those of AZT (Fig. 6b), and a high variability was
observed in their concentration, which may be due to the high
variability in its recovery by SPE at low concentrations (Table 1).

4. Discussion
4.1. Intestinal permeation of AZT, AZT-Iso and AZT-Ac

When analyzing the intestinal permeation properties of AZT
in proximal jejunum (Fig. 4a), a linear increase in F was found
between 120 and 270 pg/ml, with a deviation from linearity at
higher concentrations (570 and 1120 p.g/ml). Also, ANOVA analyses
indicated that the P,pp at 570 and 1120 pg/ml are reduced com-
pared to lower concentrations, suggesting that a saturable transport
mechanism is involved in AZT permeation through the proximal
jejunum. For the distal jejunum (Fig. 4b) a similar pattern was
observed, with a linear relationship between the concentration and
Fin the range 120-270 wg/ml, and a deviation from this linearity at
higher concentrations. The P,pp values between 120 and 270 p.g/ml
were statistically equivalent, while at the two higher concentra-
tions lower values were confirmed by the ANOVA test, suggesting
that the transport of AZT in this segment also involves a saturable
mechanism.

When AZT permeation was studied in the proximal ileum
(Fig. 4c), the linearity between the concentration and F in the
120-270 pg/ml range was still observed, finding again deviation
from linearity at the two higher concentrations. Also, higher Papp
values were found with the increase of the concentration between
120 and 270 pg/ml, suggesting that a transport mechanism that
increases its capacity with the increase of drug concentration is
involved. In the distal ileum segment (Fig. 4d), no deviation from
linearity was observed when plotting F vs. concentration, and the
Papp was also found to be constant in the range of concentrations
assayed. This observation suggests two alternatives: (a) the involve-
ment of a non-saturable transport, or (b) a transport mechanism
with higher capacity than that of the previous intestinal segments,
exhibiting no saturation at the concentrations assayed. Comparing
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Fig. 6. (a) Plasma concentration profile of AZT determined in rats after intravenous administration of AZT (20 mg/kg, B) and AZT-Ac (20 mg/kg, A). (b) Plasma concentration
profile of AZT (W) and AZT-Iso (A) determined in rats after intravenous administration of AZT-Iso (2.5 mg/kg).
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Fig. 7. Intestinal permeability coefficients (P.pp) of AZT determined at various drug
concentrations and in different intestinal segments.

the segments all together (Fig. 7), Papp values in both regions of the
jejunum were statistically equivalent, exhibiting a similar transport
saturation pattern, while the permeation through proximal ileum
was considerably enhanced compared to the jejunum segments.

This observation, summed to the lack of saturation in the distal
ileum, suggest that specific transporters of AZT may increase their
tissue expression towards the distal portions of small intestine. It
has been previously proposed that sodium-dependent nucleoside
transporters are involved in the transport of AZT in small intestine
(Balimane and Sinko, 1999), and considering that these transporters
are mainly expressed in the proximal segments of small intes-
tine (Huang et al., 1993), it is possible that the permeation pattern
observed in the jejunum segments is originated by the saturation
of these transporters. Clearly, the transport of AZT in the ileum
involves a different kind of transporter than in jejunum.

Taking into account that both AZT-Iso and AZT-Ac were designed
as prodrugs of AZT with the aim to obtain anti-HIV agents with
higher bioavailability, it was of particular interest to analyze if these
two novel compounds were subjected to the same transport mecha-
nism(s) as AZT. In this way, the distal jejunum segment was selected
as a model to study their permeation properties.

Regarding the intestinal permeation properties of AZT-Iso, we
observed that it was completely hydrolyzed when crossing the
intestinal tissue, a fact that constitutes a serious limitation for its
development as a prodrug intended for oral administration. Consid-
ering that the lipophilicity of AZT-Iso is significantly increased with
respect to that of AZT (Teijeiro et al.,2000), we should have expected
that passive diffusion by contributing to the intestinal permeation
would have enhanced its ability to cross the intestinal tissue. It
is possible that the transcellular passage of the prodrug through
the enterocyte makes the prodrug to get in contact with intestinal
esterases, and thus the prodrug is efficiently hydrolyzed. Consider-
ing the commented results, the applicability of AZT-Iso would be
limited to an intravenous administration route.

When analyzing AZT-Ac intestinal permeation (Fig. 5), a lin-
ear relationship between F and the concentration was found. Also,
ANOVA analyses on the P,pp at different concentrations showed an
increase of the permeability with an increase of drug concentration,
indicating an enhancement of the transport capacity of this prodrug
at higher concentrations. This observation suggests two possibili-
ties: (a) the involvement of a transport mechanism which increase
its capacity at higher drug concentrations, and/or (b) the saturation
of efflux transporters (Szakacs et al., 2008), causing higher concen-

Peripheral Compartment

AZT-Ac

Administration ——= AZT-Ac 0bs AZT
Central Compartment i
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(t12 plasm)

Fig. 8. Distribution model of AZT-Ac between the peripheral and central compart-
ment as concluded from the two-compartmental models observed.

trations of drug in the serosal side and the corresponding increase in
the P,pp. Considering that it has been recently reported that active
efflux mechanisms of AZT are present not only at the intestinal level,
but also in other tissues (Pan et al., 2007; Eilers et al., 2008), the
features observed for the intestinal permeation of AZT-Ac are of
particular interest in the context of the pharmacokinetic proper-
ties of this prodrug. It needs to be pointed out that the Papp values
found for AZT-Ac at low concentrations are considerably lower than
those of AZT, a fact that would generate a lower bioavailability of
the prodrug with respect to that of the leader compound, but also
as a consequence of the increase in Papp at higher concentrations,
the permeability at high concentrations for both compounds being
comparable. Although further studies regarding the specific mech-
anism involved during its intestinal permeation are required, it is
clear that AZT-Ac may be useful as a prodrug for oral administration.

4.2. Plasma profiles of AZT, AZT-Ac and AZT-Iso

The one-compartment model observed for the plasmatic profile
of AZT is in agreement with previous work using slightly differ-
ent experimental designs (Song et al., 2002; Brown et al., 2003;
Wientjes and Au, 1992), in which similar t;, were reported. This
observation indicates that the experimental procedures applied are
adequate to study the in vivo pharmacokinetic properties of AZT
and its prodrugs.

The one- and two-compartment models found after adminis-
tration of AZT and AZT-Ac, respectively, suggest differences in the
tissue distribution of these two compounds, evidencing a higher
affinity of the prodrug for peripheral tissues compared to AZT. The
microconstants kq, and ky; (Fig. 8) determine the speed at which
the prodrug equilibrates between the peripheral and the central
compartment. These magnitudes were calculated from the equa-
tion defining the two-compartment model (Welling, 1997), finding
values of 0.265 and 0.079 min~" for kq; and k57, respectively.

These values indicates that AZT-Ac exhibits a 3.4-fold higher
affinity for the peripheral compartment than for the central one,
typically represented by the intravascular fluid and highly per-
fused tissues, while the peripheral compartment is usually defining
poorly perfused organs. Since the perfusion pattern is homologous
when comparing the administration of AZT and AZT-Ac, differential
affinities of these compounds for constituents of both compart-
ments may be involved in defining the observed phenomena. In
a previous work (Quevedo et al., 2008), a detailed study of the
affinity of AZT-Ac to human serum albumin (HSA) was performed,
suggesting that the presence of HSA in intravascular and extravas-
cular fluids, may lead to differences of AZT and its prodrugs in
tissue affinities. In this way, HSA present in the intravascular fluids
is complexed with fatty acids (HSAgs), phenomena that diminish
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AZT-Ac affinity for the macromolecule (Quevedo et al., 2008). On
the other hand, and considering the low content of free fatty acids
in extravascular fluids (Parini et al., 2006), HSA is expected to be in
its pure state (HSAp) in the peripheral compartment. As has been
previously reported, AZT-Ac exhibits a low bound fraction to HSAg,4
(10.4%) due to an electrostatic repulsion phenomenon with a fatty
acid moiety bound to Sudlow site I, while the bound fraction is
considerably increased for HSAp (47%) due to the establishment of
ionic interactions with aminoacid side chains located in the bind-
ing site cavity. In this way, AZT-Ac would exhibit a higher affinity
for extravascular fluids than for intravascular ones, giving rise to
the observed two-compartment model. Considering that elimina-
tion of AZT is mainly due to glucuronidation of the drug present in
the blood (Barbier et al., 2000), the higher affinity for extravascu-
lar components would also be responsible for the prolonged t;, of
AZT after administration of AZT-Ac (2.16 £0.05 h). Analyzing AZT
protein-binding properties, we have reported a higher affinity for
HSAg4 than for HSAp (Quevedo et al., 2008), and thus this drug
would accumulate in the intravascular fluids, which is in agree-
ment with the one-compartment model and the shorter ¢;/, found
(0.9540.05 h). Analyzing AZT-Iso HSA binding properties (Quevedo
et al., 2008) and its plasmatic concentration profiles, we observe
that this prodrug exhibits a higher bound fraction to HSAg4 than AZT
(38.8% and 21.2%, respectively), which would give a higher affinity
for the intravascular compartment and the consequently lower t;,
for the AZT regenerated in vivo. This is explaining the short t;,
found for AZT after administration of AZT-Iso (0.38 h) compared to
AZT or AZT-Ac (0.95 and 2.16 h, respectively). These results suggest
that the design of prodrugs of AZT based on selective affinity for
HSAp4 and HSAp may be a very interesting strategy not only to pro-
long AZT elimination half-life, but also to target this antiviral agent
to extravascular tissues such as the lymphatic system. This would
provide an enhanced potency and also lower risk of potential side
effects. The use of modified HSA targeted to viral reservoirs, such as
the lymphatic system, has also been previously considered (Swart
et al, 1999).

Based on this work, we can conclude that continuing the devel-
opment of AZT-Ac as a new anti-HIV agent would be very promising,
since it not only demonstrated interesting intestinal permeation
features, but also showed the capacity to increase AZT t;, in vivo.
These properties, added to its promising antiviral activity and lower
cytotoxicity (Turk et al., 2002), makes this prodrug a very interest-
ing compound in the search for more effective and safer anti-HIV
drugs. Finally, obtaining AZT prodrugs based on a selective binding
affinity for HSAgs and HSAp is also seen as an interesting strategy
that merits deeper investigation.
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