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a b s t r a c t

In a previous paper, using a biophysical model system to study the passive diffusion of the statin molecules
through the cell membrane, our group demonstrated that statins could cross biological membrane by
passive diffusion (Sarr et al. [40]). However, in the liver, the uptake of statins would also be medi-
ated by organic anion transporting polypeptides (Oatps) like Oatp2 a member of this family. Thus,
a novel biochromatographic approach was developed in our laboratory to study the transmembrane
transport of statins and an Oatp2 inhibitor via this carrier family. For this, the Oatp2 protein was immo-
bilized via its amino groups on a chromatographic support using an “in situ” immobilization technique.
For the first time, using this novel biochromatographic concept, the effect of magnesium chloride salt
(MgCl2) on the pharmacomolecule–Oatp2 binding was investigated. It was shown an Mg2+-dependent
pharmacomolecule–protein association and a potential facilitated diffusion of these pharmacomolecules
into biological membrane. This association process was due to the central positive potential pore of the

Oatp2. Indeed, at pH 7.4, all the pharmacomolecules studied were ionized (i.e. negatively charged) and so
interact with this positive potential pore. However, an increase of the Mg2+ concentration led a decrease
of the pharmacomolecule–Oatp2 association attributed to ion pair formations between the Mg2+ cation
and molecules. Moreover, the decrease of this affinity could be explained by an ion attraction between
the Cl− anion of the MgCl2 salt and the positively charged pore of the protein. This novel biochromato-
graphic column could be useful to find a specific reversible inhibitor for these transporters and so open

vesti
new perspectives to be in

. Introduction

Statins or HMG-CoA-reductase inhibitors are widely used in
linics [1,2]; therefore it is very important to know their pharmaco-
ogic and pharmacokinetic processes in human because the ability
o cross biological membrane (by passive or active diffusion) affects
trongly the pharmacokinetic behaviour of drugs and their capacity
o access the receptor site. It is well known that, after oral adminis-
ration, drugs are absorbed and distributed throughout the body by
assive diffusion processes. For many drugs like statins, membrane
ransporters limit or facilitate these processes in an active way. For
he liver, the uptake of statins is mediated by organic anion trans-
orting polypeptides [3,4]. As well, many recent publications have

een demonstrated the active uptake of many statins, like pitavas-
atin, fluvastatin, pravastatin and rosuvastatin by the organic anion
ransporting polypeptides into the liver [5–7]. Oatps form a super-
amily of sodium-independent transport systems that mediate the

∗ Corresponding author. Tel.: +33 3 81 66 55 44; fax: +33 3 81 66 56 55.
E-mail address: yves.guillaume@univ-fcomte.fr (Y.C. Guillaume).

731-7085/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2009.11.029
gated.
© 2009 Elsevier B.V. All rights reserved.

transmembrane transport of a wide range of compounds [8,9]. They
play an important role in drug absorption, disposition, and excre-
tion [4,10]. Oatps proteins are highly expressed in the physiological
barriers in the body, including the liver, intestine, kidney, endothe-
lial cells of the brain capillaries and epithelial cells in the choroid
plexus [5,11,12]. These transporters are generally believed to func-
tion as electroneutral anion exchangers [13]. One of these families
consists of the Oatp-related transporters and includes organic
anion transporting polypeptide 2 (Oatp2; Slc21a5) which is a liver
transporter that mediates the uptake of a variety of structurally
diverse compounds [14–16]. A study of Li et al. demonstrated
that Oatp2 is a bidirectional transporter and can mediate either
net uptake or efflux of organic solutes [15]. Based on hydropathy
analysis, this family of transporter peptides consists of membrane
proteins with 12 putative membrane-spanning domains [17]. They
function as sodium-independent exchangers or facilitators [17,18].
The uptake of some phamacomolecules by the Oatp2 trans-
porter was abolished or decreased by some compounds such as
rifamycin. Indeed, many studies have been demonstrated that this
hydrophobic antibiotic exhibits differential inhibition on Oatp2
and interfere with organic anion uptake [19,20]. However, several

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:yves.guillaume@univ-fcomte.fr
dx.doi.org/10.1016/j.jpba.2009.11.029
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uestions remain unanswered such as the development of specific
nhibitors for individual Oatps and the elucidation of interactions
f Oatps with other proteins [11].

Magnesium plays important roles in the structure and the func-
ion of the human body. Magnesium is involved in more than
00 essential metabolic reactions [21]. Recent work showed that
he beneficial effects of the statin drugs are paralleled and com-
lemented by those of magnesium [22]. Indeed, Mg2+–ATP is the
ontrolling factor for the rate-limiting enzyme in the cholesterol
iosynthesis sequence that is targeted by the statin pharmaceuti-
al drugs [22]. Several results support the hypothesis that defective
embrane function could be the primary lesion underlying the

ellular disturbances that occur in Mg deficiency [23–25].
In this study, the effect of magnesium chloride salt on the statin

nd rifamycin/Oatp2 binding was analyzed using a novel biochro-
atographic approach to provide further insight into the role of

onic interactions in binding of these anionic substances to Oatp2
rotein.

. Experimental and methods

.1. Apparatus

The HPLC system for these measurements consisted of a Hitachi
7100 pump (Merck, Nogent sur Marne, France), a Rheodyne

njection valve with a 20 �L sample loop (Cotati, CA, USA), and
Shimadzu UV–vis detector. The MODULO-CART HS UPTISPHERE
NH2 (50 mm × 4.6 mm ID), where the amine support (terminal

NH2 groups) was bound onto 3 �m silica particle size of 120 Å pore
iameter, was purchased from Interchim (Montluçon, France).

.2. Reagents

Water was obtained from an Elgastat option water purification
ystem (Odil, Talant, France) fitted with a reverse osmosis cartridge.
ravastatin (prava), mevastatin (meva), atorvastatin (atorva), flu-
astatin (fluva), and rifamycin (rifa) were purchased from Sigma
nd VWR (Paris, France). The four statins and rifamycin were
epicted in Fig. 1. Oatp2 was obtained from Interchim (Montluçon,
rance). N,N′-Disuccinylimidyl carbonate (DSC) was purchased
rom Sigma (Paris, France). Magnesium chloride was purchased
rom Merck (Paris, France). Potassium dihydrogen phosphate and
ipotassium hydrogen phosphate used for the preparation of the
obile phases were of analytical grade and purchased from Prolabo

nd Merck (Paris, France). The preparation of the Oatp2 column via
he “in situ” technique is given below.

.3. Immobilization technique of Oatp2 on DSC-activated
minopropyl silica

The “in situ” immobilization technique was used to prepare
novel Oatp2 column in our laboratory. The immobilization of
atp2 via the amino groups of the protein on to aminopropyl silica
re-packed column activated with DSC was carried out as follows
26,27]. Briefly, the column was first washed with acetonitrile at
ow-rate 0.5 mL/min. Then the stationary phase was activated by
ecycling 2.25 g of DSC in 100 mL acetonitrile for 18 h at the same
ow-rate followed by washing first with 60 mL acetonitrile and
hen with 60 mL of 1 mM phosphate buffer (pH 7.0). A solution of
00 �g (0.5 mg) Oatp2 was dissolved in 10 mL of a phosphate buffer

1 mM) and the protein solution continuously circulated through
he column at a flow-rate of 0.3 mL/min. After 40 h the column was
ashed with 200 mL of 20 mM phosphate buffer (pH 7.4), 200 mL

f a 0.5 M solution of NaCl and finally with 100 mL of a 0.2 M glycine
olution to block the remaining activated groups.
Fig. 1. Chemical structures of statins and rifamycin.

The column was rinsed with a 50 mM solution of phosphate
buffer (pH 7.4). The total mass of immobilized protein (425 �g) in
the column was determined by elemental analysis. For this analy-
sis, four fractions of the stationary phase were removed from the
head to the end of the column.

The maximum relative difference of the amount of immobilized
protein between these different measurements was always 0.5%
making a homogeneous protein distribution in the column from
the ends to the core.

2.4. Chromatographic operating conditions

The mobile phase consisted of 0.05 M sodium phosphate buffer
(pH 7.4; human plasma pH). The concentration range of Mg2+

varied, respectively, from 0 to 3 mM (including its biological con-
centration range 0.75–1.00 mM). 7 Mg2+ cation values (i.e. 0.0, 0.6,
1.0, 1.4, 1.8, 2.2 and 3.0 mM) were included in this range. Experi-
ments were run over the temperature range 10–35 ◦C and at 254 nm
and 300 nm detection wavelengths for, respectively, statins and
rifamycin. For all the experiments, no phosphate buffer pH dif-
ference was observed. Throughout the study, the flow-rate was
maintained constant and equal to 0.3 mL/min. 20 �l of the most
concentrated sample was injected and the retention time was

measured. For the determination of the adsorption isotherms (see
below), for each statin or rifamycin studied, the equilibration of the
column was carried out with 15 concentrations of solute molecule
(0–7 �M) in the mobile phase to obtain a stable detection. 20 �L of
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Table 1
Values of the retention contribution of the two kind of sites kA and kB , the retention
factor k (k = kA + kB) (extrapolated at Cm = 0) and the non-linear regression coeffi-
cients r2 and F (Langmuir model; Lang), for the statin molecules and rifamycin at a
bulk solvent pH 7.4 and T = 298 K, standard deviations are in parentheses.

Solute molecule kA kB k r2; F-Lang

Pravastatin 0.43 (0.01) 0.01 (0.01) 0.44 (0.01) 0.9997; 7882
Mevastatin 0.79 (0.01) 0.03 (0.01) 0.82 (0.01) 0.9999; 700,895

The plots of ln k in relation to 1/T were determined with a cor-
relation coefficient r2 higher than 0.97. Using Eq. (2) the enthalpy
values (�H◦) were calculated. For all the pharmacomolecules, �H◦

depended on the magnesium concentration (Fig. 2).

Table 2
Evaluation of retention factor for Oatp2 column to column, reproducibility.

Column Retention factor k

Mevastatin Rifamycin
F.S. Sarr et al. / Journal of Pharmaceutic

he most concentrated solute sample was injected at least 3 times
nd the retention time was measured.

.5. Langmuir distribution isotherms

Using the Oatp2 stationary phase, statins and rifamycin could
ightly bind to the matrix of the column. The determination of the
angmuir distribution isotherms was described in a previous study
or the analysis of specific binding sites of a series of acetylcholine
sterase inhibitors on an acetylcholine esterase stationary phase
28]. For this, the perturbation technique was used [29–32]. This

ethod makes possible the determination of adsorption isotherms
y measuring the retention times of small sample sizes injected
nto a column equilibrated with sample solutions at different con-
entration levels. Briefly, the column is first equilibrated with a
olution containing the compound dissolved in a non-adsorbable
olvent. Then a small sample volume containing higher concen-
ration of the compound is injected onto the column. After the
njection, the equilibrium condition is disturbed and the pertur-
ation waves reach the column outlet, a peak is registered by the
etector. Therefore, if statins and rifamycin bound on two sites on
he stationary phase, i.e. a specific site (site A with an adsorption
onstant KA) and a column saturation capacity ˛A and a second site
hich is non-specific (sites B with an adsorption constants KB and
column saturation capacity ˛B), then the solute retention factor

k) directly proportional to the slope of its adsorption isotherm is
iven by the following equation [29–32]:

= t − t0

t0
= �

dCS

dCm
= �

(
˛AKA

(1 + KACm)2
+ ˛BKB

(1 + KBCm)2

)
(1)

q. (1) was fitted to the solute retention factor k by a non-
inear regression and the parameters kA = �KA˛A and kB = �KB˛B

orresponding to the retention contributions of the two kinds
f sites under linear conditions were calculated. Valuable infor-
ation about the processes driving statins (or rifamycin)–Oatp2

ssociation mechanism can be further gained by examining the
emperature dependence of statin and rifamycin retention [33,34].
nder linear conditions, the temperature dependence of the reten-

ion factor is given by the following relationship:

n k =
(

−�H◦

RT

)
+

(
�S◦

R

)
+ ln � (2)

here R is the gas constant, T is the column temperature in Kelvin,
H◦ and �S◦ are, respectively, the solute enthalpy and entropy

hanges accompanying the transfer of the statins and rifamycin
rom the bulk solvent to the Oatp2 surface. If the Oatp2 stationary
hase, statins and rifamycin and solvent properties are temper-
ture invariant, a linear van’t Hoff plot is obtained and from the
lope �H◦ and �S◦ can be calculated.

. Results and discussion

.1. Langmuir distribution isotherms and column stability

As immobilization of Oatp2 on silica support could lead to non-
pecific interactions, the retention contributions of these two kind
f sites, i.e. kA and kB were determined from Eq. (1) at pH 7.4
nd 298 K. For each statin and the rifamycin molecule and for
ach solute concentration in the mobile phase, the most concen-
rated sample was injected into the chromatographic system and

ts retention factor was determined (see Section 2.5). The variation
oefficients of the k values were <0.2% indicating a high repro-
ucibility and a good stability for the chromatographic system.
sing a weighted non-linear regression (WNLIN) procedure, the
onstants of Eq. (1) were used to estimate the retention factors. The
Atorvastatin 1.53 (0.01) 0.02 (0.01) 1.55 (0.01) 0.9999; 585,875
Fluvastatin 2.10 (0.01) 0.035 (0.01) 2.13 (0.01) 0.9998; 9284
Rifamycin 1.64 (0.01) 0.02 (0.01) 1.66 (0.01) 0.9999; 460,980

slope of the curve representing the variation of the estimated reten-
tion factors (k) (Eq. (1)) versus the experimental values (0.999; ideal
is 1.000) and r2 (0.997) indicate that there is an excellent correla-
tion between the predicted and experimental retention factors. The
non-linear regression coefficient r2 and the F value (from the Fisher
test with the confidence level at 95%) were determined. These are
shown in Table 1. The F value constitutes a more discriminating
parameter than the r2 value when assessing the significance of the
model equation. From the full regression model, a Student’s t-test
was used to provide the basis for the decision as to whether or not
the model coefficients were significant. Results of Student’s t-test
show that no variable can be excluded from the model. These results
showed that Eq. (1) describes accurately the association behaviour
of statins and rifamycin with Oatp2. As well an important conclu-
sion can be given from these data, i.e. the interactions between
statins or rifamycin with the matrix of the stationary phase were
neglected (the kA and kB values were given in Table 1 and kB � kA).
Therefore the non-specific binding sites of the Oatp2 column could
be negligible. To evaluate the column to column reproducibility,
three Oatp2 columns were prepared under identical conditions.
The retention factors were obtained with rifamycin and mevas-
tatin used as tested analytes (Table 2). The mobile phase consisted
was a 0.05 M sodium phosphate buffer pH 7.4 and the column
temperature was maintained equal to 25 ◦C. The results showed
that the technique was reliable and reproducible. As well, typical
reproducibility of this Oatp2 column in retention time measured as
relative standard deviation was <0.6%. After half a year and more
than 40 times injections, the decrease for the values of retention
factor on this column was <1.7%.

3.2. Thermodynamic origins of the solute molecule binding to
Oatp2

In this section, the k values of each statin and rifamycin rep-
resenting their retention on the Oatp2 stationary phase were
determined in the entire range of temperatures with various Mg2+

concentration values in the mobile phase at pH 7.4 and for a sam-
ple concentration in the mobile phase equal to zero; i.e. Cm = 0.
1 0.82 (0.01) 1.66 (0.01)
2 0.79 (0.02) 1.68 (0.01)
3 0.84 (0.02) 1.67 (0.02)

Mobile phase: 0.05 M sodium phosphate buffer pH 7.4, column temperature: 25 ◦C.
Standard deviations in parentheses.
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where n is, respectively, the net number of salt ions displaced
Fig. 2. Enthalpies (�H◦ , kJ mol−1) of all phamacomolecules vs. ln c.

The enthalpy change of association was negative indicating that
he pharmacomolecule–Oatp2 formation is enthalpically governed.
his means that van der Waals interactions and hydrogen bonding
both characterized by negative enthalpy changes at these tem-
eratures) are engaged at the pharmacomolecule–Oatp2 interface
onfirming strong interactions between the pharmacomolecules
nd the Oatp2 protein.

On this new Oatp2 column, the retention order of the pharma-
omolecules was prava < meva < rifa < atorva < fluva. Meier-Abt and
o-workers proposed a common transport mechanism for all Oatps,
hereby substrates are translocated through a central, positively

harged pore in a rocker-switch type of mechanism [35]. Many
ecent publications have been demonstrated the active uptake of
tatins by organic anion transporting polypeptides into the liver
5–7]. Moreover, an inspection of the protein active site indicates
hat the positively charged pore of the protein interacts with the
egatively charged carboxylate group of the molecules. Indeed,
any studies have been demonstrated that Oatp2 was an elec-

roneutral anion exchanger [13,15,36]. The positive electrostatic
ore potential of this protein should also facilitate the binding and
he transport of negatively charged compounds [14]. Meier-Abt et
l. suggested equally that Arg 181 (arginine 181) was responsi-
le for the positive potential of the pore and represented the only
harged/pore that could contribute to the substrate-binding site of
he Oatp family including the Oatp2 [35]. Therefore, the negatively
harged carboxylate group of statins and rifamycin at pH 7.4 inter-
ct with the central positively charged pore of the Oatp2. Thus, it
as a favourable electrostatic interaction of statins and rifamycin
ith the positive potential of the Oatp2 active site.

These data showed that pravastatin exhibited a lower retention
n Oatp2 protein at the physiological pH 7.4. Indeed a study of
obayashi et al. demonstrated that pravastatin was transported at
cidic pH by OATP-B [37] which is an organic anion transporter.
herefore, it is suggested that the uptake of pravastatin may be
ow at the basolateral membrane of liver because the pH in these
egions is not so acidic. Thus, the uptake of pravastatin was better
t acidic pH than neutral pH. This result could be explained by the
ow retention of this pharmacomolecule on Oatp2 protein at pH
.4.

As well, rifamycin exhibited similar results as observed for
tatins (Fig. 2) suggesting that rifamycin could be a competitive
nhibitor because it was bound on the same protein active site
han statins [19]. Indeed, many studies showed that the com-
etitive inhibition pattern suggests the possibility that rifamycin

ight represent Oatp substrate [19,38]. Furthermore, this inhibi-

ion would be reversible because rifamycin was bound to Oatp2
rotein through weaker non-covalent interactions such as hydro-
en bonds and van der Waals forces. Indeed, irreversible inhibitors
Fig. 3. Ln k of pharmacomolecules vs. ln c in the mobile phase at T = 35 ◦C.

covalently modify a protein and display time-dependent inhibition
[39]. The kinetic determination of irreversible inhibitor associa-
tion with Oatp2 can be carried out in our future study using the
parameters of protein activity inhibition.

In order to gain further insight into the mechanism of statins
and rifamycin binding to Oatp2, the magnesium concentration
(c) effect was studied. The plots ln k versus ln c were drawn. c
varied from 0.6 to 3.0 mM. Fig. 3 reports the curves obtained
for all pharmacomolecules at T = 35 ◦C. These plots showed that
the pharmacomolecule retention decreased when salt concentra-
tion increased in the mobile phase. It can be explained by the
ionic attraction with the negatively charged carboxylate group of
two statins and the Mg2+ cation which decreased the pharmaco-
molecule interaction with the protein active site. Indeed, a previous
study [40] had demonstrated that the Mg2+ cation and the carboxy-
late group negatively charged of two statin molecules could form
an ion pair. Consequently, the ionic attraction between the pos-
itively charge side chain of Arg 181 and the negatively charged
carboxylate group of the molecules [35] decreased and thus the
pharmacomolecule–Oatp2 affinity was decreased. Moreover, the
decrease of this affinity could be explained by an ion attrac-
tion between the Cl− anion of the MgCl2 salt and the positively
charged pore of the protein. Thus, the pharmacomolecule associa-
tion decrease with the protein was also attributed to a competition
effect between the salt ions and the charged pharmacomolecules
for binding with Oatp2.

It was also important to note that this unfavourable association
observed when the Mg2+ concentration increased was accompa-
nied by a low decrease of the thermodynamic data corresponding to
this molecular association which became weakly negative (Fig. 2).
In many studies, increasing Mg2+ concentration in the mobile phase
involved a decrease of the water solubility of apolar compounds
by electrostriction of the mobile phase [40,41]. This induced a
change in water activity, i.e. the hydrophobic effect, due to its
osmotropic character [42,43]. This hydrophobic effect was reflected
by an increase of the thermodynamic terms that became less neg-
ative [40,44].

Considering nMg2+ as the excess of magnesium cation at the
pharmacomolecule–Oatp2 binding, k can be linked to the change
in salt concentration, c, using the following equation [45]:

∂log k

∂logMg2+ = −nMg2+ (3)
Mg2+
or bound in forming the pharmacomolecule–Oatp2 association.

The nMg2+ values were determined from the slope of the
curve ln k versus ln c (Fig. 3). These values were shown in
Table 3. The positive values of nMg2+ reflected the decrease of the
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Table 3
The nMg2+ values of pharmacomolecule–Oatp2 association at all the temperatures studied.

Temperature (◦C) Pravastatin Mevastatin Atorvastatin Fluvastatin Rifamycin

10 0.00 0.32 0.19 0.24 0.09
15 0.09 0.37 0.23 0.29 0.18
20 0.15 0.39
25 0.16 0.74
30 0.17 0.86
35 0.19 0.88
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ig. 4. Temperature dependence of the released magnesium (nMg2+ ) of all pharma-
omolecules.

harmacomolecule–Oatp2 association. Indeed, the ionic associa-
ion between Mg2+ and the carboxylate groups of two molecules
ould explain the positive number of Mg2+ exchanged and also the
ecrease of the pharmacomolecule–Oatp2 binding. Hinz et al. [46]
stablished that the magnesium binding heat effect (�HMg2+ ) asso-
iated with a magnesium release during a binding reaction can be
escribed by the following simple function:

HMg2+ = −2.3RT2

(
∂nMg2+

∂T

)
Mg2+

(4)

or example, Fig. 4 reports the curves obtained for pravastatin, ator-
astatin and rifamycin. As the temperature increased the nMg2+ also
ncreased and (∂nMg2+ /∂TMg2+ ) had a positive value. For example, at
5 ◦C the corresponding nMg2+ value of fluvastatin was 0.45. Thus,
rom Eq. (4), �HMg2+ has a negative value, and as the Mg2+ con-
entration increased, the binding enthalpy contributes favourably

o the free energy of binding. As well, using the above relation, the

HMg2+ value was determined at 35 ◦C for fluvastatin and rifamycin
12.34 kJ mol−1 and −13.05 kJ mol−1, respectively. A same order of
agnitude was obtained during the Mg2+–Human Serum Albumin

HSA) binding [44].

ig. 5. Enthalpy–entropy compensation of statins and rifamycin at all the magne-
ium concentrations.

[

[
[

0.26 0.31 0.19
0.34 0.28 0.22
0.39 0.33 0.25
0.56 0.45 0.31

In order to determine the pharmacomolecule binding mecha-
nism on Oatp2 protein, an enthalpy–entropy compensation was
also investigated. The plot �H◦ versus �S◦* was drawn for all
the pharmacomolecules and at all the Mg2+ concentrations in the
mobile phase (Fig. 5). The coefficient correlation for the linear fit
was equal to 0.98. This degree of correlation can be considered
adequate to verify enthalpy–entropy compensation, indicating that
statins and rifamycin bound effectively on the same positive poten-
tial pore of Oatp2 protein.

4. Conclusion

In this paper, a novel biochromatographic column was devel-
oped to study the binding affinity of statins and rifamycin to an
organic anion transporting polypeptide 2 (Oatp2). For this, the
Oatp2 protein was immobilized via the amino groups of the pro-
tein on a chromatographic support. For the first time, in order
to elucidate the pharmacomolecule–Oatp2 binding mechanism,
the role of the magnesium chloride salt was examined at pH
7.4. It was shown that the pharmacomolecule–protein association
was Mg2+-dependent. Indeed, an increase of the Mg2+ concentra-
tion led a decrease of this association due to ion pair formations
between (i) the Mg2+ cation and pharmacomolecules and (ii) Cl−

anion and the positive potential pore of the protein. This binding
affinity decrease was also accompanied with a positive num-
ber of magnesium release (nMg2+ ). Our work indicated that our
biochromatographic approach could soon become very attractive
for studying the transmembrane transport of other substrates. As
well, this novel biochromatographic column could be useful to find
a specific inhibitor for these transporters and so open new perspec-
tives to be investigated in the future.
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