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Methylated p-cyclodextrin as P-gp modulators for deliverance
of doxorubicin across an in vitro model of blood—brain barrier
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Abstract—Co-incubations of various f-cyclodextrins and doxorubicin have been evaluated on an in vitro model of blood-brain bar-
rier in order to increase the delivery of this P-gp substrate to the brain. Among these cyclodextrins used, the Rame-p-cyclodextrin
and Crysme-fB-cyclodextrin increased the transport by a factor of 2 and 3.7, respectively. This increase was attributed to the cho-
lesterol extraction property of these cyclodextrins from brain capillary endothelial cells leading to a modulation of the P-gp activity.

© 2006 Elsevier Ltd. All rights reserved.

The blood-brain barrier (BBB) represents a major
obstacle in the treatments of cerebral tumor since the
majority of drugs do not reach the brain.! The BBB
acts as an anatomical and transporter barrier notably
due to the presence of tight junctions and the ATP-de-
pendent efflux pump P-glycoprotein (P-gp), respective-
ly. For example, the brain distribution of doxorubicin
(DOX), an antitumoral agent widely used in the treat-
ment of several cancers, is mainly restricted by P-gp on
the BBB under normal physiological conditions.”? To
circumvent the brain limited access of DOX, different
approaches were developed: drug delivery systems such
as liposomes® or nanoparticles,* peptide-vector strategy
using DOX linked to cationic peptides.’> Coadministra-
tion of drug with a P-gp modulator, inhibiting the
effect of the P-gp, has also been envisaged.® More inva-
sive method such as temporary disruption of the BBB
via osmotic pressure modification allowed to increase
the DOX delivery.” Recently, we have described, on
an in vitro model of BBB, a less drastic strategy using
cyclodextrins (CD) since these compounds were able to
modify the membrane composition of brain capillary
endothelial cells (BCEC) by extracting lipid
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compounds.® As y-CD was the less toxic CD and
was the only native CD able to form an inclusion com-
plex with DOX.® we have evaluated the ability of this
association to improve the DOX transport to the
brain.!® The complexation by y-CD did not succeed
in increasing the brain DOX delivery. In fact, this
inclusion complex crossed only slightly the BBB and
no effect on P-gp activity was observed.

As o-CD and B-CD have more important interaction
with BCEC® and are too small to include DOX, it was
of great interest to evaluate their co-incubation in order
to increase in DOX delivery to the brain. In this publi-
cation, the B-CD series was chosen to be incubated in
the presence of DOX.

The B-CD and two methylated derivatives (Table 1)
were used in order to increase the DOX delivery.

Before co-incubation, the threshold of toxicity of each
CD, without DOX, has been determined. All experi-
ments were realized on an in vitro model of BBB consist-
ing of a co-culture of bovine BCEC with rat glial cells.'!
This model presents most of the in vivo BBB character-
istics. Selected CD was placed on a monolayer of
BCEC!? and the integrity of this monolayer was checked
by determination of the endothelial permeability of inu-
lin across the BBB.
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Table 1. Structure of the various B-CDs
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B-CD (-) 0

Rame-B-CD 2,3, and 6 12.6

Crysme-B-CD 2,3, and 6 5

[*H]Inulin was used as an indicator of the functional
integrity of the tight junctions. An endothelial perme-
ability coefﬁcmnt13 for inulin (Peqpuiny) higher than
0.4 x 107 cm min~' was indicative of a leaky BBB. In
our in vitro BBB model, the Pe(lnulm) across the mono-
layer was inferior to 0.2x 10> cmmin~' (mean value
of 0.15%£0.03x 10> cmmin~") in the control condi-
tions. Figure 1 shows the evolution of Pegpyiin) as a func-
tion of CD concentration and allows us to determine the
CD concentration leading to a BBB breakdown. The
CDs induced a toxicity in the order B-CD = Rame-f-
CD > Crysme-B-CD with a threshold of toxicity equal
to 2.5, 2.5, and 5 mM, respectively.

To evaluate the ability of these CDs to modify the brain
delivery of DOX, B-CD and the two methylated deriva-
tives have been used in this study at a concentration pre-
serving the BBB integrity (1, 1, and 2.5 mM for -CD,
Rame-B-CD, and Crysme-B-CD, respectively). The
DOX concentration was also fixed at 1 uM to avoid
any toxic effect toward the BBB integrity.! DOX and
selected CD were placed on a monolayer of BCEC
and the transfer of DOX across this monolayer was ob-
served after 2 h of incubation.'* DOX transport to the
brain at 1 pM without CD corresponds to 100% and is
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Figure 1. Effect of f-CD (), Rame-B-CD (O), and Crysme-B-CD (A)
concentrations on the endothelial permeability coefficient for inulin
after 2 h of incubation. Transport studies were conducted at 37 °C, in
buffered Ringer’s solution at pH 7.4. Each point is the mean of three
different filters and is representative of three series of independent
experiments.

used as a reference (in this case,
Pepox) = 0.4 x 102 cm min~'). The integrity of the
BCEC monolayer was checked by adding inulin. Figure
2 represents the evolution of DOX transport for the var-
ious B-CDs. Addition of each CD improved DOX trans-
port through the BCEC monolayer. The increase was
equal to 1.7, 2, and 3.7 in the presence of B-CD (not sig-
nificant as demonstrated by one-way ANOVA), Rame-
B-CD, and Crysme-B-CD, respectively. It is noteworthy
that Pe(nuiny Was not significantly increased, indicating
that this amelioration of DOX transport was not related
to the loss of barrier integrity (data not shown).

The improvement in DOX delivery could be explained
by two mechanisms. First, an interaction between the
CDs and the BCEC components leading to a fragiliza-
tion of the BBB, without loss of integrity, could be in-
voked. Second, an effect on the P-gp activity could be
also envisaged. To gain an insight into these two ques-
tions, similar studies have been performed in the pres-
ence of urea (crossing the BBB only by passive
diffusion) and in the presence of another P-gp substrate
(vincristine, an antitumoral agent). These two com-
pounds have been co-incubated with the Crysme--
CD. Urea or vincristine and Crysme-B-CD were placed
on a monolayer of BCEC and the transfer of each
compound across this monolayer was observed after
2 h of incubation. Urea or vincristine transport to the

brain at 0.78uM or 50nM without CD
corresponds to 100% and is used as a reference (in
this case cm min ! and

Pe(Ure%) 2.2 X 10
Pe vincristiney = 0.2 % 1077 cm min~ ) Figure 3 represents
the effect of Crysme-p-CD on urea and vincristine trans-
port across the BBB.!® The integrity of the BCEC mono-
layer was checked by adding inulin or sucrose.'® In the
presence of Crysme-B-CD, the urea transport is similar,
whereas the vincristine transport is increased by a
factor of two. In each case, it is important to notice that
Pe(inuiiny OF Pe(sucrosey Was not significantly modified,
indicating that the BBB integrity was preserved (data
not shown).
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Figure 2. Effect of various f-CDs on DOX transport after 2h of
incubation. The transport of DOX to the brain was expressed
according 100% to the reference (1 pM of DOX without CD). The
100% control value represents a Pe of 0.4 x 107> cm min~! obtained
after 2 h. Transport studies were conducted at 37 °C, in buffered
Ringer’s solution at pH 7.4. Each point is the mean of three different
filters and is representative of three series of independent experiments.
The mean scores were significant using one-way ANOVA (p < 0.001).
*p <0.05, **p<0.01 versus control (n =9 BCEC monolayers/treat-
ment; Dunnet test).
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Figure 3. Effect of Crysme-f-CDs on urea and vincristine transport
after 2 h of incubation. The transport of vincristine or urea to the brain
was expressed according 100% to the reference (50 nM of vincristine
and 0.78 uM of urea without CD). The 100% control value represents a
Pe of 22x1073cmmin~! for urea and 0.2x 107> cmmin~! for
vincristine obtained after 2 h. Transport studies were conducted at
37 °C, in buffered Ringer’s solution at pH 7.4. Each point is the mean
of three different filters and is representative of three series of
independent experiments. The mean scores were significant using
one-way ANOVA (p <0.001). **p <0.01 versus control (n =9 BCEC
monolayers/treatment; Dunnet test).

The methylated B-CDs are able to increase the transport
of a P-gp substrate and have no effect on the urea trans-
port. These results indicate that this phenomenon is P-
gp specific and it is not due to a fragilization of the
BBB. A modification of P-gp activity probably takes
place.

P-gp was observed to be located in the caveolae of
BCEC on our in vitro model of BBB.!” Caveolae are
flask-shaped plasma membrane invaginations involved
in many cellular events such as signal transduction, lipid
and protein sorting, endocytosis, and potocytosis. Cave-
olar microdomains are enriched in glycosphingolipids,
cholesterol, sphingomyelin, and a number of signal
transduction molecules.'® On our in vitro model of
BBB, it was demonstrated that cholesterol is important
for the transport activity of P-gp because in the presence
of cholesterol-depletion agents, P-gp activity was
reduced.!’

So, in our study, the modification of P-gp activity is
probably due to a cholesterol extraction from the plas-
ma membrane in the presence of these CDs. Indeed,
we have already demonstrated that B-CD released cho-
lesterol from BCEC® and in this way cholesterol efflux
studies were envisaged in the presence of methylated
B-CDs. Figure 4 represents the percentage of cholesterol
extracted from endothelial cells by the B-CD and its
methylated derivatives at the concentration used
above.!?

Release of cholesterol from BCEC was clearly depen-
dent on the nature and the concentration of the CDs
used. Indeed, the cholesterol efflux was equal to 16%,
21%, and 31% for B-CD (at 1 mM), Rame-B-CD (at
1 mM), and Crysme-B-CD (at 2.5 mM), respectively.
The most important efflux induced by methylated-B-cy-
clodextrin can be explained by the values of association
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Figure 4. Cholesterol released from BCEC after 2 h of incubation in
the presence of various p-CDs. The quantity of [*H]cholesterol in the
BCEC for the control was equal to 55400 = 2280 d.p.m/well. Results
are expressed as a percentage of cholesterol released from BCEC
compared to the control. Each percentage is the mean of three different
filters and is representative of three series of independent experiments.
The mean scores were significant using one-way ANOVA (p < 0.001).
*p < 0.05, versus control (n =9 BCEC monolayers/treatment; Dunnet
test).

constants with cholesterol (B-CD/cholesterol = 20,000 M !
compared to Rame-p-CD/cholesterol = 57,000 M~ 1)20
and the higher concentration used in the case of
Crysme-B-CD. In addition, other studies of cholesterol
efflux mediated by B-cyclodextrin or Rame-B-cyclodex-
trin have shown that Rame-B-cyclodextrin was a greater
cholesterol extractor compared to B-cyclodextrin.?! In
addition, it is very important to notice that the DOX
transport increase is related to this efflux. The more
significant the cholesterol efflux is, the higher the
DOX delivery is. These results demonstrate that the
methylated B-CDs used are implicated in
the deliverance of P-gp substrates by modifying the
P-gp activity.

Similar observations have been reported on Caco-2 cell
monolayers. The enhancing effect of dimethyl-B-cyclo-
dextrin (DM-B-CD) on the oral bioavailability of
tacrolimus (an immunosuppressor, P-gp substrate) on
Caco-2 cell monolayer is due, at least in part, to its
inhibitory effect on the P-gp-mediated efflux.>> The
inhibitory effect of DM-B-CD on P-gp could be attrib-
uted to the release of this transporter from apical mem-
branes into the medium as secondary effects through
cholesterol depletion in caveolae.?> Another study has
shown that the treatment of Madin Dardy Canine Kid-
ney (MDCK) cells with Rame-B-CD did not affect via-
bility but altered the structural appearance of the
MDCK cells and abolished efflux of rhodamine 123
(a P-gp substrate).>* The presence of Rame-B-CD re-
duced significantly the amount of cholesterol in the raft
fractions. These results show that removal of cholester-
ol modulates the membrane lipid composition, changes
the localization of P-gp, and results in loss of P-gp
function.

In conclusion, methylated B-CDs are able to reduce the
P-gp activity by extracting the cholesterol from BCEC.
This behavior allows to increase the delivery of P-gp
substrates. The effect obtained for doxorubicin deliver-
ance is in the same order of magnitude as those depicted
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in vivo in the absence of P-gp.?> Now, further works are
necessary to target specifically the BBB.
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was determined with a liquid scintillation counter (Tri-
Carb 2100TR).

All transport studies were conducted at 37 °C, in buffered
Ringer’s solution at pH 7.4. Ringer Hepes (RH) solution
containing DOX, inulin, and CD, at the required concen-
trations, was placed at time zero in the apical compart-
ment. The plates were then placed on a rocking platform.
At selected times, 30, 60, and 120 min after the addition of
the solution, the insert was moved to other wells of the
plate to minimize back diffusion of compound to the upper
compartment. Three inserts with BCEC monolayer and
three without cells were assayed for each solu-
tion.Amounts of [*HJinulin and ['*C]doxorubicin in each
compartment was determined with a liquid scintillation
counter (Tri-Carb 2100TR).

Amounts of ['*Clurea and [*H]vincristine in each com-
partment were determined with a liquid scintillation
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