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ABSTRACT. PURPOSE: The aim of this study was to
examine the transport mechanism of telithromycin in
comparison with erythromycin, azithromycin, clarithromy-
cin and roxithromycin. METHODS: These antibiotics
were examined in Caco-2 cell monolayers in order to dem-
onstrate the potential involvement of P-GP in the absorp-
tion process, using verapamil as a P-GP competitor. A
model using concentration equilibrium conditions was
developed to delineate passive and active permeability
components of telithromycin and roxithromycin transport
in order to predict absorption in humans. RESULTS:
Comparison of telithromycin Papp(AB)/Papp(BA) ratios
with those of the other antibiotics indicated that an efflux
pump was involved which limited the transport of the
macrolides to a greater extent than that of telithromycin.
Modulation of Caco-2 transport of these antibiotics by
verapamil and their reciprocal effect upon verapamil trans-
port confirmed the involvement of P-GP and demon-
strated that two substrates of P-GP may increase the
transport of each other. Under concentration equilibrium
conditions, both roxithromycin and telithromycin exhib-
ited high mean Papp values for passive diffusion which
extrapolated to 88% and 77% predicted human absorption
respectively, if the involvement of P-GP was ignored. Both
Km and Vm values suggested that saturation of P-GP by
telithromycin may occur at a lower dose level in humans
than with roxithromycin (Km= 9.8 µM, Vm= 0.3 µM
and Km= 45 µM, Vm= 1.1 µM, respectively). At 4.10-5

M of either telithromycin or roxithromycin the passive flux
was respectively 48% and 16% greater than the active
efflux. CONCLUSIONS: The high absorption potential
of telithromycin combined with the low Km and Vm val-
ues and the high dose level suggest that in humans the

efflux pump may not limit ketolide absorption and that the
interaction with other P-GP substrates may not signifi-
cantly increase its oral absorption. 

INTRODUCTION

Multidrug-resistance (MDR), which is a pleotropic expres-
sion of cross-resistance to structurally and functionally
unrelated drugs represents a major challenge to drug
design for optimal absorption, elimination, targeting, tis-
sue distribution and drug-drug interaction (1-8). The
MDR phenotype results from expression of an MDR gene
which encodes for P-Glycoprotein (P-GP), a 170-Kda
plasma membrane protein that belongs to the ATP-bind-
ing cassette superfamily (9). P-GP is expressed in several
mammalian tissues including the epithelium of the intesti-
nal tract and acts as an ATP-dependent efflux pump for a
broad range of compounds (10-12). It has been reported
that P-GP expression at intestinal site level is responsible
for interpatient variation in oral bioavailability and for the
limited oral uptake of drugs which are substrates of the
efflux pump (13-16). Since absorption appears to be the
key factor affected by this phenomenon, an understanding
of the physiological role of P-GP in drug absorption and
the underlying post-absorptive events have recently
become the focus of a number of studies (9, 17-19).

The Caco-2 model is widely used in the pharmaceutical
industry to predict oral absorption in humans of passively
transported drugs (20-24). However, due to the fact that
the level of expression of P-GP within the Caco-2 cell line
is dependent on the culture conditions employed, estima-
tion of human oral absorption from in-vitro permeability
data becomes difficult for compounds which are sub-
strates of the efflux pump. This becomes more critical
when the considered substrate of P-GP is likely to be co-
administered with another drug, which is itself a substrate
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of P-GP. In this case, anticipation of drug-drug interac-
tions and pharmacokinetic behaviour become important
points in the drug development program. 

Determination of both the relative affinity of a drug for P-
GP as well as the maximal velocity of its efflux rate may
provide a method to investigate such drug-drug interac-
tions with regard to absorption potential modulation.
Existing models to study P-GP which are based on
ATPase activity (25-27) or radioligand-binding assays (28)
give an insight into the affinity of a drug for the efflux pro-
tein but do not provide information on the functional role
of the efflux pump during the transport and may not allow
determination of the contribution of P-GP under passive
diffusion conditions. Recently a combined approach to
evaluate both the passive diffusion and affinity of a sub-
strate for P-GP, which should provide a better understand-
ing of the role of the efflux pump was proposed (29).
However, passive permeability of a number of known PG-
P substrates is determined solely in the presence of the P-
GP inhibitor, verapamil. This assumes that the high affin-
ity of verapamil for PG-P results in complete inhibition of
the PG-P driven efflux. In addition, the fact that at least 2
substrate binding sites (30,31) exist for this allosteric pro-
tein suggests that interpretation of such radioligand bind-
ing assays may not be straightforward.

In this study, the relative contributions of PG-P driven
efflux and passive diffusion in the absorption of roxithro-
mycin and telithromycin, which is a novel ketolide with an
improved spectrum and level of activity against erythro-
mycin-resistant S. pneumoniae and H. influenzae (32), was
investigated. Firstly, the absorptive mechanism was investi-
gated in Caco-2 cell monolayers in order to determine if P-
GP was implicated in the transport of the test compounds.
Subsequently, an experimental model was developed to
quantify both the passive and active permeability compo-
nents. The impact on the prediction of intestinal absorp-
tion in humans was then evaluated.

MATERIALS AND METHODS

Chemicals

Telithromycin, roxithromycin, azithromycin, clarithromy-
cin, erythromycin and verapamil were used throughout the
study. The compounds were greater than 96% pure. [3H]-
labelled telithromycin and roxithromycin, at a specific
activity of 1.31 TBq/mmol and 0.81 TBq/mmol, respec-
tively and greater than 95% purity were synthesised by

Aventis, Romainville, France (Figure 1). D-[1-14C]-manni-
tol (spec. act. 1.11 TBq/mmol) and [3H]- azithromycin,
clarithromycin, erythromycin and verapamil (spec. act. 869
GBq/mmol, 821.4 GBq/mmol, 740 GBq/mmol, 3.1
TBq/mmol, respectively) were provided by NEN-DuPont
(Les Ulis, France). All other chemicals were at least analyti-
cal grade and purchased from Sigma (St-Quentin Fallavier,
France).

Figure 1: Structure of telithromycin and roxithromycin
and location of the 3H-atom (T) in the radiolabelled
compounds.

Caco-2 cell culture

Caco-2 cells, clone TC7, were kindly donated by Dr. A.
Zweibaum and Dr. M. Rousset (INSERM, U170, Villejuif,
France) at passage 8. Cells, monitored as mycoplasma free
by polymerase chain reaction (33), were cultured as
described elsewhere (34). Briefly, 3.105 Caco-2 cells were
seeded in 25 cm2 plastic flasks (Costar, Brumath, France)
and maintained in a complete medium, containing DMEM
supplemented with 20% inactivated foetal calf serum
(Boehringer, Meylan, France) and 1% of nonessential
amino acids 100 X (Life Technologies, Eragny, France).
Cells were incubated at 37°C in a controlled atmosphere at
95% relative humidity with 90% air and 10% CO2. The
culture medium was changed every day for 7 days, during
which time the cells had reached confluency. For transport
studies, cells at passage number 11 to 30 were seeded on
12 mm diameter polycarbonate filter inserts (Transwell®,
Costar) at a density of 5.105 cells per filter. The cells were
allowed to grow and differentiate for 21 to 28 days in the
2
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complete medium supplemented with penicillin (100 U/
ml) and streptomycin (100 µg/ml). This supplemented
medium was changed every day. Transepithelial electrical
resistance (TEER) of the monolayers was measured before
transport studies, using an epithelial volt-ohmmeter fitted
with planar electrodes (Evom-Endhom, WPI, Stevenage,
England).

Transport studies across Caco-2 cell monolayers

Caco-2 monolayers, checked for confluency and mem-
brane integrity were used in transport studies with HBSS /
HEPES as the transport medium. Donor and receiver
HBSS / HEPES solutions were prepared according to the
protocol described below. Before the beginning of trans-
port studies, 50-100 µl of the donor solution were with-
drawn for analytical assay. Culture medium in both apical
and basolateral sides of each well were withdrawn and dis-
carded. 

For apical to basolateral (AB) transport studies, the apical
side was filled with 0.5 ml of donor solution while the
basolateral side was filled with 1.5 ml of receiver medium.
Conversely, for basolateral to apical (BA) transport studies,
the apical side was filled with 0.5 ml of receiver medium
while 1.5 ml of donor medium was added to the basolat-
eral side. Replicates of 3 to 6 wells were used in each case.

The plates were maintained in the incubator at 37°C under
controlled atmosphere. For transport studies in the AB
direction, samples (500 µl) were withdrawn for analytical
assay at 20-min intervals for 120 min from the basolateral
side and immediately replaced by fresh receiver medium.
For transport studies in the BA direction, samples (250
µl) were withdrawn at 20 min intervals for 120 min from
the apical side and immediately replaced by fresh receiver
medium. At the end of transport studies, 50-100 µl sam-
ples were withdrawn from the donor side for analytical
assay.

Monolayer integrity was checked again at the end of the
experiment by measuring TEER values and mannitol per-
meability. A greater than 25% decrease in TEER values
compared to initial readings and a mannitol permeability
greater than 1.10-6 cm/s, were taken as an indicator of loss
of monolayer integrity, in which case the results were dis-
carded. Permeability values were calculated as indicated
below.

Three sets of experimental conditions were used in these
studies:

1. Concentration gradient conditions which were used to
determine transport across Caco-2 cell monolayers
either in the AB or BA direction. 

2. Competition studies with verapamil under concentra-
tion gradient conditions.

3. Concentration equilibrium conditions which were
used to distinguish passive and active transport.

Concentration gradient conditions: Apical to basolat-
eral and basolateral to apical transport measurement 

Transport studies in the AB and BA directions were per-
formed with telithromycin, roxithromycin, erythromycin,
azithromycin, clarithromycin and verapamil.

For both roxithromycin and telithromycin, the concentra-
tions ranged from 10-6 M to 10-4 M whereas erythromycin,
azithromycin and clarithromycin were used at 5.10-5 M.
Finally, for verapamil the concentrations ranged from 10-7

M to 10-4 M.

The unlabelled test compounds were first dissolved in eth-
anol to give a concentration of 10-2 M. This solution was
diluted in HBSS / HEPES medium, in order to obtain the
final desired concentration and then spiked with both the
corresponding radioactive compound and [14C] mannitol
to give a final donor solution containing 4 µCi/ml of
[3H]-test compound and 0.4 µCi/ml of [14C] mannitol.

To assess the metabolic stability of telithromycin during
Caco-2 transport studies, an additional assay was per-
formed in the AB direction using unlabelled compound at
10-4 M. 

Competition studies

The interaction of telithromycin and roxithromycin with
P-glycoprotein was determined by evaluating the transport
of the test compound in both directions (AB and BA)
using the same solutions of [3H]-telithromycin, [3H]-
roxithromycin, [3H]-erythromycin, [3H]-azithromycin and
[3H]-clarithromycin, as described above, to which 10-4 M of
cold verapamil was added. The results were compared to
those obtained in the standard conditions, i.e. without
addition of verapamil to the donor solutions.
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Furthermore, to investigate the reciprocity of competition
with P-GP, the unidirectional transport of [3H]-verapamil
(4 µCi/ml) across Caco-2 monolayers was followed in
both AB and BA directions at a final concentration of 10-6

M in combination with either cold telithromycin or
roxithromycin at both 10-6 M and 10-4 M. 

Transport studies in concentration equilibrium condi-
tions: passive and active efflux determination

Transport studies of both telithromycin and roxithromycin
were carried out under concentration equilibrium condi-
tions in order to evaluate active transport independently of
passive transport. For this purpose, a special protocol was
designed in which the test compound was present in both
apical and basolateral sides at the same concentration,
ranging from 10-6 M to 5.10-5 M. However, the donor solu-
tion was spiked with 4 µCi/ml of [3H]- compound and
0.4 µCi/ml of [14C] mannitol.

Sample analysis

Samples of [3H]-telithromycin, [3H]-roxithromycin, [3H]-
erythromycin, [3H]-azithromycin, [3H]-clarithromycin,
[3H]-verapamil and [14C]-Mannitol were assayed by dual
labelled β-scintillation counting with quench correction
(LKB Wallac 1213, Broma, Sweden). For assessment of
the metabolic stability of telethromycin during transport
studies at 10-4 M, samples were assayed by LC/APCI/MS.

Apical to basolateral and basolateral to apical trans-
port measurement

Unidirectional flux J (absorptive JA→B and secretory
JB→A) for the test compound and permeability (Papp) val-
ues for both the test compound and [14C] mannitol were
calculated as described below.

The radioactive concentration (nmol eq/ml) of [3H]-
telithromycin, [3H]-roxithromycin, [3H]-erythromycin,
[3H]-azithromycin, [3H]-clarithromycin and [3H]-vera-
pamil were determined at t0 (time zero) by measuring the
mean radioactivity in 1 ml of donor solution. The concen-
tration of radioactivity in the receiver side (Cs0) was calcu-
lated as follows:

Cs0 = (DPMreceiver x C0) / Mean DPMdonor (1)

Where DPMreceiver is the radioactivity in 1 ml of receiver
sample. C0 is the concentration of [3H]-telithromycin, [3H]-
roxithromycin, [3H]-erythromycin, [3H]-azithromycin,

[3H]-clarithromycin or [3H]-verapamil used in the donor
medium. Mean DPMdonor is the mean value of counts in 2
aliquots of the donor samples at t0.

The cumulative amount of test compound (Q in eq.nmol)
transported across Caco-2 cell monolayers between time
zero to time i was calculated. For this purpose, radioactive
concentrations in the receiver side were corrected for dilu-
tion produced during transport studies as indicated in the
following equation:

i=i-1
Q = (Csi

 x Vt) + Σ (Csi
 x Vp)  (2)

i=0

Where, Csi is the radioactive concentration at time i. Vp, is
the volume of samples and Vt is the total volume in the
receiver side.

Unidirectional flux values (J nmol/ cm2.h), were calculated
according to the following equation:

J = ∆Q / ∆t * A = ∆C * ∆t / (∆t * A) (3)

Where, ∆Q represents the amount of compound accumulated 
in the receiver fluid during the time interval ∆t and A, exposed 
area of monolayers (1.13 cm2).

Apparent permeability (Papp in cm/s) of each test com-
pound was derived from the fluxes according to the equa-
tion:

Papp = J / C0 (4)

Where C0 is the initial concentration in the donor medium.

The ratio between the permeability values obtained in
transport studies in the (AB) and (BA) directions was cal-
culated according to the following equation:

Papp Ratio = Papp (BA) / Papp (AB)  (5)

To achieve this calculation, the wells were paired in a ran-
dom manner.

Passive and active efflux transport determination

The passive and active transport of telithromycin and
roxithromycin were determined in concentration equilib-
rium conditions according to the methodology described
below.
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Unidirectional flux values (absorptive JA→B and secretory
JB→A) were calculated according to equation 3. Assuming
that an active efflux affected transport of the test com-
pound, the active efflux was calculated for each concentra-
tion according to the following equations:

JA→B = JA→B
Passive – JB→A

Active (6)

JB→A = JB→A
Passive + JB→A

Active (7)

The net flux (Jnet), can be written as follows:

Jnet = JB→A - JA→B (8)

Since passive diffusion from the apical to basolateral side
is equal to that in the opposite direction, the active efflux
for each concentration tested is then deduced according to
the following equation:

JB→A
Active = (JB→A - JA→B) / 2 = Jnet /2 (9)

To achieve calculations for equation 9, the wells were
paired in order to determine the standard errors about the
means (sem).

Finally, flux for passive diffusion of the compounds and its
corresponding permeability were calculated using the same
pairs of wells as indicated above according to the following
equations:

JA→B
Passive = JA→B + JB→A

Active (10)

PPassive = JA→B
Passive / Ci

 (11)

Where Ci is the concentration of test compound in the api-
cal side.

Apparent affinity for P-glycoprotein and maximal 
velocity determination

For telithromycin and roxithromycin, the calculated active
efflux JB→A

Active of each compound was plotted against
the concentration. Assuming that P-GP acts as an enzyme
which obeys Michaelis-Menten kinetics, the plots were fit-
ted with a non linear model using Deltagraph software as
indicated in the following equation:

J0 = Jm * C0 / Km + C0 (12)

Where, J0 is the initial flux (nmol/ cm2.hr) of the active
transport, Jm = Vm (nmol/ cm2.hr) which is the maximal

velocity of the active transport, Km is the apparent affinity
for the efflux pump (nmol/l) and C0, is the concentration
used in the donor medium.

The apparent affinity and maximal velocity Vm were then
obtained from the best non-linear fit.

Estimation of maximal fraction absorbed in humans 
after oral administration

The fraction absorbed (fa) in humans after oral administra-
tion of telithromycin and roxithromycin was estimated
using calculated passive permeability values and assuming
that dissolution in-vivo and the administered dose level
were not rate-limiting steps for intestinal absorption. The
calculation was based on (i) Papp data obtained in Caco-2
transport studies performed in the laboratory with 29 ref-
erence compounds which are transported passively, (ii) the
percentage absorbed in humans following oral administra-
tion of the same 29 compounds. These data were plotted
as a standard calibration curve as described earlier (35):

fa = (0-100) / (1 + (log Papp / A)B) +100 (13)

The non-linear fit of the calibration curve indicated that at
p=0.05 A= -5.664 and B = -26.018. 

fa values were calculated using the mean passive Papp val-
ues at different concentrations calculated under concentra-
tion equilibrium conditions. Assuming that P-GP is not
expressed at all in humans, such calculated fa values deter-
mine the maximal fraction absorbed in humans irrespec-
tive of the active efflux.

Statistical analysis

The means and standard error of the means were calcu-
lated by means of Excel Software. The means and the stan-
dard error of the means were expressed to 2 significant
figures for the fluxes and permeability values.

RESULTS

Membrane integrity control

Caco-2 cell monolayers exhibited TEER values greater
than 180 Ω.cm2 prior to transport studies. At the end of
these studies no decrease in TEER values was observed
for any of the compounds in any of the experimental con-
ditions. Permeability values obtained for Mannitol during
transport studies were lower than 1.10-6 cm.s-1 irrespective
5
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of the experimental conditions and test compound used
(data not shown). 

Transport parameters in concentration gradient con-
ditions

Transport studies designed to assess the metabolic stability
of unlabeled telithromycin (10-4 M) indicated that the com-
pound was stable. At the end of the 2 hour assay the sum
of the   Apical and Basolateral concentrations of telithro-
mycin was found to be equivalent to the initial concentra-
tion of parent telithromycin in the donor solution. No
known metabolites of telithromycin were identified in
either the apical or basolateral solutions. That is, total
recovery of parent drug was observed. 

Transport studies using telithromycin at concentrations
ranging from 10-6 M to 10-4 M across Caco-2 cell monolay-
ers indicated that their was no correlation between either
the absorptive or secretory fluxes and the concentration of
the compound on the donor side (Figure 2). 

Figure 2: Mean apical to basolateral (A) and basolateral
to apical (B) flux values of telithromycin and
roxithromycin across Caco-2 cell monolayers as a
function of the concentration in the donor medium in the
absence or in the presence of 10-4 M of verapamil and in
concentration gradient conditions. 

At 10-6 M the mean flux values measured in AB direction
were 0.001 ± 0.0001 and 0.003 ± 0.001 nmol/cm2.hr
while those measured in the BA direction were 0.056 ±
0.002 and 0.079 ± 0.007 nmol/cm2.hr respectively for
telithromycin and roxithromycin. At 5.10-5 M the mean
absorptive flux values were 0.14 ± 0.01, 0.023 ± 0.0088,
0.038 ± 0.001, 0.008 ± 0.001, and 0.118 ± 0.006 nmol/
cm2.hr respectively for telithromycin, roxithromycin,
erythromycin, azithromycin and clarithromycin, while
those measured in the BA direction were respectively 18,
153, 30, 54 and 4,400 fold greater (Figures 2, 3).

Figure 3: Mean apical to basolateral (A) and basolateral
to apical (B) flux values of erythromycin, azithromycin
and clarithromycin across Caco-2 cell monolayers in the
absence or in the presence of 10-4 M of verapamil and in
concentration gradient conditions (N = 3 to 4). 

For each compound tested, the measured flux value in the
BA direction was significantly higher than that measured in
the AB direction (p<0.01). As a result, the permeability
Papp ratios were 19, 70, 30, 67 and 80 respectively for
telithromycin, roxithromycin, erythromycin, azithromycin
and clarithromycin (Table 1). When the concentration in
the donor medium was increased from 10-6 M to 10-4 M it
resulted in an increase in the measured flux values in the
AB direction of 260 and 52 fold while those measured in
the BA direction increased 64 and 90 fold respectively for
telithromycin and roxithromycin. For each concentration
tested, the flux value in the BA direction was significantly
higher than that in the AB direction (p<0.01), and the cal-
6
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culated Papp ratios ranged from 13 to 99 for telithromycin
and from 46 to 70 for roxithromycin (Table 1).

Table 1: Mean value of the ratio Papp (BA) / Papp (AB)
obtained in transport studies across Caco-2 cell
monolayers under standard conditions with or without

10-4 M verapamil.

In the presence of 10-4 M verapamil the results indicated
that except for erythromycin, compared to data obtained
without the P-GP inhibitor, the absorptive flux values of
the antibiotics increased while those of secretion decreased
with a significant level of p<0.01 (Figure 2 and Figure 3).
The addition of 10-4 M verapamil in combination with 10-6

M telithromycin or roxithromycin increased significantly
the mean flux values in the AB direction 4.0 and 1.7 fold
and decreased significantly those in the BA direction 2.4
and 6.1 fold respectively (p<0.01). At 5.10-5 M, the mea-
sured flux values in the AB direction were increased 2.4,
9.0, 1.8 and 7.2 fold respectively for telithromycin,
roxithromycin, azithromycin and clarithromycin (p<0.01),
while that of erythromycin remained unchanged. In the
BA direction, flux values were significantly decreased for
all the antibiotics by a factor ranging from 2.2 to 6.4
(p<0.01). However, the calculated Papp ratios were signifi-
cantly less (p<0.01) than those observed without vera-
pamil and ranged from 9.8 to 2.7 for telithromycin and 5.4
to 1.9 for roxithromycin depending on the concentration
used (Table 1). Verapamil in combination with one of the
antibiotics at a concentration of 5.10-5 M induced a signifi-
cant decrease in the calculated Papp ratio by a factor of 7.8,
26.8, 3.3, 4.3, and 17.4 respectively for telithromycin,
roxithromycin, erythromycin, azithromycin and clarithro-
mycin (p<0.01).

The reciprocal effect of roxithromycin or telithromycin
upon the transport of verapamil (10-6 M) was concentra-

tion dependent (Figure 4). The value for verapamil flux in
the AB direction increased 1.3 and 1.6 fold in the presence
of 10-6M telithromycin or roxithromycin respectively with
a significance level of p<0.01. At a concentration of 10-4 M
telithromycin or roxithromycin the AB flux values of vera-
pamil were 2.7 and 2.4 fold greater respectively with a sig-
nificance level of p<0.001. In the BA direction a
significant decrease in verapamil flux values was only
observed with the antibiotics at a concentration of 10-4 M.

Figure 4: Mean apical to basolateral (AB) and basolateral
to apical (BA) flux values of verapamil across Caco-2 cell
monolayers in the absence (control) or in the presence of
10-4 M and 10-6 M of either telithromycin or roxithromycin
in the donor solution and in concentration gradient
conditions (N=3 to 4). 

Apical to basolateral (AB) and basolateral to apical 
(BA) transport under concentration equilibrium con-
ditions

Under these conditions, transport studies with telithromy-
cin and roxithromycin at concentrations ranging from 10-6

M to 4.10-5 M indicated that the absorptive and secretive
fluxes were not linearly correlated with the donor concen-
tration and that transport in the BA direction was consid-
erably greater than that observed in the AB direction
(Figure 5).

At 10-6 M the mean flux values for telithromycin were
0.001 ± 0.0001 and 0.033 ± 0.003 nmol/cm2.hr in the
AB and BA direction, respectively while those measured at
a concentration of 4.10-5 M were respectively 114 fold and
18 fold greater. The mean Papp value in the AB direction
significantly increased (p<0.01) from 2.9 10-7 ± 0.2 10-7 at
10-6 M to 7.9 10-7 ± 1.4 10-7 cm/s at 4.10-5 M, while the
mean Papp value in the BA direction significantly
decreased from 99.4 10-7 ± 2.4 10-7 cm/s at 10-6 M to 41.0
10-7 ± 2.6 10-7 cm/s at 4.10-5 M (Table 2). 
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Figure 5: Mean apical to basolateral (AB) and basolateral
to apical (BA) flux values of telithromycin and
roxithromycin across Caco-2 cell monolayers as a
function of the concentration in the donor medium and in
concentration equilibrium conditions (N= 3).

Table 2: Passive flux, active efflux, passive permeability
and extrapolated maximal absorption in humans of
telithromycin and roxithromycin calculated in transport
studies across Caco-2 monolayers in concentration
equilibrium conditions. 

Similar results were obtained for roxithromycin. At 10-6 M
the mean flux values were 0.001 ± 0.0001 and 0.040
±0.0001 nmol/cm2.hr respectively in the AB and BA
directions while those measured at 4.10-4 M were respec-
tively 81 fold and 27 fold greater (Figure 5). The mean
Papp value in the AB direction increased from 3.2 10-7 ±
0.1 10-7 cm/s at 10-6 M to 5.6 10-7 ± 0.3 10-7 cm/s at 4.10-
5 M, while the Papp value in the BA direction decreased
from 119.3 10-7 ± 3.7 10-7 at 10-6 M to 75.9 10-7 ± 3.1 1-7

cm/s at 4.10-5 M (Table 2). 

Active and passive transport determination

Under concentration equilibrium conditions, the active
efflux, passive flux and passive permeability values were
calculated for each concentration used in the experiment.

Telithromycin efflux increased as the concentration of the
compound increased until a plateau was reached at 2.10-5

M with a value of 0.2 nmol/ cm2.hr. Conversely, roxithro-
mycin efflux did not appear to plateau, even at 4.10-5 M
where the efflux was about 0.5 nmol/ cm2.hr. For both
roxithromycin and telethromycin, calculated passive flux
indicated that at concentrations equal to or lower than
1.10-5 M, the values were similar to those obtained for the
active efflux (Table 2). Roxithromycin passive flux values
were 8% and 16% greater than those for active efflux at
2.10-5 M and 4.10-5 M respectively, while for telithromycin
at the same concentrations, passive flux values were 28%
and 48% greater than active efflux values respectively.

Over the range of concentrations used the calculated per-
meability values for passive diffusion varied from 40.8 10-7

cm/s to 65.6 10-7 cm.s-1 for roxithromycin and 24.4 10-7

cm/s to 65.2 10-7 cm/s for telithromycin.

Apparent affinity for P-Glycoprotein and maximal 
velocity determination

Plots of active efflux versus concentration of the com-
pounds are shown in Figure 6. The best fit plots indicated
that Km values were 45.4 and 9.8 µM respectively for
roxithromycin and telithromycin and that Vm values were
1.1 and 0.3 nmol/ cm2.hr respectively.

Figure 6: Michaelis-Menten plot of the active BA efflux
values of telithromycin and roxithromycin across Caco-2
cell monolayers in concentration equilibrium conditions.
8
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Estimation of maximal fraction absorbed in humans

Percent absorption in humans after oral administration of
either roxithromycin or telithromycin was calculated from
passive permeability values obtained in concentration equi-
librium conditions. The percent absorption in humans
ranged from 78% to 91% for roxithromycin and 56% to
91% for telithromycin, depending on the calculated per-
meability values obtained at different concentrations of the
relevant antibiotic, while the mean percent absorption in
humans was 86% and 77% respectively. 

DISCUSSION

TEER values remained unchanged during transport stud-
ies and irrespective of both the concentration of antibiot-
ics and the experimental conditions used, the permeability
of mannitol was always less than 1.10-6 cm/s. These results
demonstrate that no adverse alteration of the monolayers
occurred.

Results with unlabeled telithromycin (10-4 M) showed that
there was no significant metabolism of the compound dur-
ing the 2 hour transport studies. Thus, it is assumed that
the apparent permeability determined in transport studies
with 3H-telithromycin reflects the permeability of
unchanged telithromycin. Roxithromycin metabolic stabil-
ity was not determined during transport studies. Neverthe-
less, metabolic stability of both roxithromycin and
telithromycin during intestinal transport needs to be con-
firmed in-vivo to assess the impact on oral absorption.

Under concentration gradient conditions, flux values
obtained in both AB and BA directions as well as the Papp
ratio values indicated that an active efflux mechanism
could be involved in the transport of telithromycin,
roxithromycin, erythromycin, azithromycin and clarithro-
mycin (Figures 2, 3 and Table 1).

The decrease in Papp ratio values as a function of concen-
tration was more pronounced for telithromycin than for
roxithromycin suggesting that the efflux pump became
saturated at lower concentrations of telithromycin than
roxithromycin (Table 1). Comparison of the Papp ratio for
telithromycin with those obtained for erythromycin,
azithromycin and clarithromycin at 5.10-5 M, indicated that
active secretion by the efflux pump, in comparison with
passive permeability, was more pronounced for the latter
antibiotics than for telithromycin. As a consequence of the
involvement of an efflux pump in telithromycin transport,

a non linear relationship between Cmax and low dose lev-
els may be expected in humans following oral administra-
tion.

Addition of verapamil (10-4 M) to the donor solutions of
telithromycin and roxithromycin resulted in both a signifi-
cant increase in their flux values in the AB direction and a
decrease in flux values in the BA direction whatever the
concentration of antibiotics (Figure 2). Similar results were
obtained with erythromycin, azithromycin and clarithro-
mycin at 5.10-5 M in the presence of verapamil (Figure 3).
Modulation of the transport of these antibiotics by vera-
pamil suggested that P-GP was involved in the transport
process. Previous in vitro studies with Caco-2 monolayers
clearly demonstrated that the transport of telithromycin
was modulated by cisapride whilst transport of cisapride
was modulated by telithromycin. (data not shown). In
addition, the amount of telithromycin found in the mesen-
teric vein following perfusion of the rat jejunum with a
solution containing 10-4 M telithromycin, in the presence
of either verapamil or ketoconazole (2x10-4M), increased
1.5 and 1.7 fold respectively compared to perfusion of
telithromycin alone (data not shown). These results further
support the idea that transepithelial transport of telithro-
mycin is P-GP dependent. Other studies have demon-
strated that erythromycin, clarithromycin and
azithromycin are substrates of P-GP (36-38).

The values of the Papp ratio for both telithromycin and
roxithromycin were more than six fold lower in the pres-
ence of verapamil than in the absence of verapamil. How-
ever, irrespective of the concentration of antibiotics in the
donor solution, verapamil (10-4 M) was unable to com-
pletely inhibit the P-GP efflux pump. These results sug-
gest that verapamil cannot be used as a P-GP competitor
to study passive permeation of drugs in complete absence
of the active efflux as reported in an earlier study (29).
Addition of verapamil induced a variable decrease in the
values of the Papp ratio for erythromycin, azithromycin,
telithromycin, clarithromycin and roxithromycin, at a con-
centration of 5.10-5 M. However, verapamil modulated the
transport of erythromycin in the BA direction but failed to
influence its transport in the AB direction. The reason for
the lack of effect of verapamil on erythromycin transport
from the apical to the basolateral side is unknown. Modu-
lation of the Papp ratio of the antibiotics by verapamil sug-
gests that the greatest decrease in the ratio value was
indicative of the lowest relative apparent affinity for P-GP.
Thus, the rank order of apparent affinity for P-GP should
9
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be the following, roxithromycin < clarithromycin <
telithromycin < erythromycin < azithromycin. 

The results of the studies to assess whether there was a
reciprocal effect on verapamil transport by telithromycin
or roxithromycin showed that in the presence of the anti-
biotics, an increase in AB transport of verapamil occurred
(Figure 4). These results suggest that co-administration to
humans of two drugs which are substrates of P-GP may
produce an increase in the oral absorption of both of these
drugs.

Since P-GP expression in the Caco-2 cell line is known to
be dependent on culture conditions (39), the prediction of
intestinal absorption in humans from Papp values of com-
pounds which interact with this efflux transporter may be
underestimated. In order to evaluate the apparent affinity
for P-GP in a functional model, transport studies have
been performed under concentration gradient conditions
using cell monolayers (40, 41). However, in such experi-
mental models P-GP driven efflux may be overestimated
due to the existence of a chemical driving force. Hunter et
al., (3) used a protocol in which the unlabelled compound
was maintained in concentration equilibrium conditions
and the same compound as radiolabelled tracer was intro-
duced either into the apical or basolateral side. The appar-
ent affinity for P-GP was derived from the net efflux of
the tracer (Jnet = JB→A - JA→B) as a function of the con-
centration of the cold material. In our conditions active
efflux was calculated assuming that (i) no driving force was
present since concentration equilibrium conditions were
respected, (ii) the contribution of the radiolabelled com-
pound at tracer concentration in the donor side was negli-
gible and did not affect the concentration equilibrium, (iii)
the efflux was due solely to P-GP (iv) the active efflux was
equal to half of the net flux of the radiolabelled tracer
compound since in both AB and BA transport only the
radiolabelled compound was monitored. In fact, both
JA→B and JB→A are the macroscopic reflection of the
algebraic sum of both passive flux and active efflux vectors
of the radiolabelled tracer compound which, in contrast to
the unlabelled compound, is present in concentration gra-
dient conditions. In such conditions, delineation between
passive and active efflux in Caco-2 transport studies is pos-
sible and may give a better insight into the impact of P-GP
in humans by comparison with the passive flux compo-
nent. 

Non linear regression analysis, following a Michaelis-
Menten equation plot indicated that apparent Km values
for P-GP were 4.5 10-5 M and 1.10-5 M, respectively for
roxithromycin and telithromycin. In addition, Vm values
indicated that the maximum rate of efflux for telithromy-
cin was about 3.5 fold lower than that for roxithromycin
(1.1 and 0.30 nmole/cm2.h respectively). These results
were in agreement with those obtained under concentra-
tion conditions and in competition studies in which the
Papp ratios suggested that telithromycin had a higher
apparent affinity for P-GP than roxithromycin. On the
other hand, comparison of active efflux and passive flux
values for roxithromycin indicated that these values were
of the same order of magnitude at concentrations lower
than 2.10-5 M. Conversely, at high telithromycin concen-
trations the passive flux was 48% greater than the active
efflux which suggested that there was a relatively lower
influence of P-GP induced efflux in telithromycin absorp-
tion than in roxithromycin absorption (Table 2). 

Telithromycin is administered to humans daily at a dose of
800g and the aqueous solubility of telithromycin in buffer
at pH 2.2 and 7 are 0.24 M and 3.2x10-2 M respectively.
Thus, oral administration of 800 g (≈  1 mole) of telithro-
mycin should give rise to concentrations of telithromycin
in the stomach (250 ml) and intestinal fluids (e.g. 1 liter) of
around 0.24 M and 3.2x10-2 M respectively. In our Caco-2
transport studies, in which the concentration of telithro-
mycin ranged from 10-6 M to 10-4 M, saturation of the
efflux pump appeared to occur at 20 µM telithromycin.
Therefore, following administration of telithromycin at
high dose levels, in which P-GP is likely to be saturated, it
is expected that active efflux should be of minor impor-
tance in oral absorption of this ketolide. Similarly, for
roxithromycin one may expect a concentration of 1.2x10-4

M in intestinal fluid after oral administration of a 150 mg
dose.

Analysis of passive diffusion data indicated that both
roxithromycin and telithromycin exhibited intrinsically
high mean Papp values extrapolating to 88% and 77% pre-
dicted absorption in humans, respectively irrespective of
the involvement of P-GP and the rate of in-vivo dissolution
of the drugs. This is in agreement with the in-vivo data
obtained in humans, where absolute bioavailability of
telithromycin is estimated to be 57%.

The results imply that, as a consequence of the high pas-
sive permeability of telithromycin, its high oral dose level
10
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together with its apparent high affinity for P-GP and low
Vm value, the efflux pump may not limit the oral absorp-
tion of this ketolide in humans and its interaction with
other drugs mediated by P-GP, may not result in a signifi-
cant increase in its intestinal uptake. The strategy
employed here to delineate between the contribution of
passive permeability and active efflux in order to predict
oral absorption of drugs subjected to a P-GP-efflux mech-
anism requires confirmation through the study of further
compounds. 
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