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ABSTRACT: The purpose of this work was to study the permeability of two relatively lipophilic
sulfenamide prodrugs of linezolid (clogP 0.85), N-(phenylthio)linezolid (1, clogP 2.77) and
N-[(2-ethoxycarbonyl)ethylthio]linezolid (2, clogP 1.43), across Caco-2 cell monolayers. Both
prodrugs were found to convert to linezolid in the donor compartment presumably from the
reaction with free thiol groups on proteins on the surface of the Caco-2 cells, as no con-
version was seen in the donor compartment media per se. Neither of the prodrugs could be
detected in the receptor phase from either apical (AP) to basolateral (BL) or BL to AP stud-
ies. However, the appearance of linezolid in the receptor phase was biphasic with an initial
rapid phase suggesting that the prodrugs were indeed more permeable, and for a short pe-
riod, some prodrug was able to permeate in competition with conversion to linezolid on the
donor phase surface. It appears that the prodrug was able to permeate was rapidly con-
verted to linezolid prior to acceptor phase appearance. The second slower phase was due to
the permeability of the donor-phase-formed linezolid, with the slopes similar to those from
control experiments with linezolid. The limitations and possible utility of oral sulfenamide pro-
drugs are discussed. © 2012 Wiley Periodicals, Inc. and the American Pharmacists Association
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INTRODUCTION

The overall objective of this work was to evaluate the
permeability characteristics of two lipophilic sulfe-
namide prodrugs, N-(phenylthio)linezolid (1) and
N-[(2-ethoxycarbonyl)ethylthio]linezolid (2), of the
antimicrobial oxazolidinone, linezolid (L), across a
Caco-2 cell monolayer.1–7 Linezolid has a clogP value
of 0.85, whereas the values for 1 and 2 are 2.77 and
1.43, respectively. Both 1 and 2 would be expected
to show greater permeability across the lipid bilayer
membranes of Caco-2 cells, provided they are not sub-
strates for an efflux mechanism.
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Our goal in developing sulfenamides as prodrugs
was to improve the physicochemical properties of
amide functional group containing drugs.8–14 Previ-
ous studies have shown that sulfenamides can be
successfully used to improve solubility; however, an
earlier preliminary study to evaluate the perme-
ability characteristics of lipophilic sulfenamide pro-
drugs across Madin–Darby canine kidney (MDCK)
cell monolayers was consistent with rapid degrada-
tion of the prodrugs in the donor phase, resulting in
no detectable prodrug concentration in the receiver
compartments of the apical (AP) to basolateral (BL)
directional study and vice versa.14 A published study
of more lipophilic sulfenamide prodrugs of metformin
showed some improvement on oral dosing, but the ef-
fects were modest (Fig. 1).15

MATERIALS AND METHODS

Solvents and Chemicals

Fetal bovine serum (FBS, heat inactivated), buffered
Dulbecco’s modified Eagle’s medium (DMEM; high
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Figure 1. Structures of sulfenamide prodrugs of linezolid (1 and 2) and linezolid (L) used in
the study Caco-2 permeability studies.

glucose with L-glutamine, 25 mM Hepes buffer,
pyridoxine hydrochloride, without sodium pyruvate),
unbuffered DMEM, Hank’s balance salt solution
(HBSS), Dulbecco’s phosphate buffer solution (PBS),
nonessential amino acid, trypsin [with 0.25%
ethylenediaminetetraacetic acid (EDTA)], and
penicillin–streptomycin (10,000 IU penicillin/
10,000:g/mL streptomycin) were purchased from
Mediatech Inc. (Manassas, Virginia). Transwell filter
plates (12 well, 0.3:m pore size) and T-75 flasks were
purchased from Fisher Scientific Inc. (Pittsburg,
Pennsylvania). Caco-2 cells were obtained from the
laboratory of Professor Ken Audus at the University
of Kansas (Lawrence, Kansas).

Analyses were carried out on an HP 1050 LC sys-
tem operated with Agilent Chem Station Software.
A Zorbax C18 (5 mm by 2.1 mm, 5:m particle size)
column was used for high-performance liquid chro-
matography (HPLC) analysis. Ultraviolet detection
was at 258 nm and the method used is as described
earlier.12

Caco-2 Permeability Assay

Media Preparation

A 10% FBS–DMEM Caco-2 media was used for the
culture of all Caco-2 cells. To prepare 500 mL of
the FBS–DMEM Caco-2 media solution, 50 mL of
FBS (heat inactivated, 10%) was filtered through
500 mL cellulose acetate filter with 5.5 mL nonessen-
tial amino acids (1%) and 5:L of 100 units of peni-
cillin/100:g/mL streptomycin (1%). A 190 mL aliquot
of buffered DMEM was added, followed by 250 mL of
unbuffered DMEM to give a final volume of 500 mL.

Cell Culture

A cryogenic tube containing Caco-2 cells was placed in
a water bath at 37◦C to thaw the cells. After several
minutes, the cryogenic tube containing the thawed
cells was sterilized in 70% ethanol before pipetting
cells into a T-75 flask containing 13 mL of Caco-2 me-
dia. The cells were grown in an incubator at 37◦C in
an atmosphere of 5% CO2. The media were changed
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