
Journal of Chromatography B, 868 (2008) 20–27

Contents lists available at ScienceDirect

Journal of Chromatography B

journa l homepage: www.e lsev ier .com/ locate /chromb

Statins (HMG-coenzyme A reductase inhibitors)–biomimetic membrane
binding mechanism investigated by molecular chromatography

Fatimata Seydou Sarr, Claire André, Yves Claude Guillaume ∗
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Many studies have demonstrated that the statin beneficial effects on cardiovascular diseases like coronary
are linked to their hypocholesterolemic properties. These lipid-lowering drugs are the first-line pharmaco-
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logic therapy for hypercholesterolemia. In this paper, the interaction of a series of statin molecules STCOOH
(pravastatin (prava), mevastatin (meva), simvastatin (simva) and fluvastatin (fluva)) with a phosphatidyl-
choline monolayer immobilized on to porous silica particles has been studied using a biochromatographic
approach (molecular chromatography). The immobilized artificial membrane (IAM) provided a biophys-
ical model system to study the binding of the statin molecules to a lipid membrane. For all the test statin
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1. Introduction

Cholesterol is an important part of a healthy body. However, a
high level of cholesterol in the blood, i.e., hypercholesterolemia,
represents a major risk for coronary heart disease. Indeed, hyper-
cholesterolemia has been acknowledged, since mid-20th century,
as a major heart disease risk factor [1,2]. Atherosclerosis, the most
common cause of vascular diseases and the principal cause of
coronary diseases, is due to the presence of atherome plate contain-
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ts were observed at all temperatures. An analysis of the thermodynam-
y (�S◦*)) of the interaction of the statin molecules with the immobilized
t. The �H◦ and �S◦* values were negative due to van der Waals interac-
tween the statin molecules with the polar head groups of the phospholipid
ct). The statin elution order was: Prava≪Meva < Atorva � Simva < Fluva.
data of each statin molecule confirmed that pravastatin, which exhibited

e lipid monolayer, was taken up by a membrane transporter. In addition,
ention factor with the lipid membrane extrapolated to a total aqueous

IAM) was measured and compared to the octanol–water partition coef-
gnificant correlation showed an affinity enhanced with the increase in
confirmed that the hydrophobic forces played an important role in the
association mechanism. As well, the affinity of STCOOH to IAM is high and
solvent pH, because the number of protons linked to binding is low. This
ake into account the electrostatic interaction in this association mecha-

the binding process is accompanied by protons release and at higher pHs
in the phospholipid monolayer phosphate group pKa has been proposed to
er of protons exchanged at pHs higher than ≈7.0. This demonstrated that
nction as a general base/proton shuttle by facilitating the deprotonation

tive residue in the IAM surface could play a catalytic function.
© 2008 Elsevier B.V. All rights reserved.

ing cholesterol, lipids and blood cells. This obstruction of arteries
can involve cardiac vascular accidents like coronary heart dis-
ease [3]. Thus, it is very important to use drugs to reduce the
cholesterol levels, more especially the LDL-Cholesterol (Low Den-
sity Lipoprotein-Cholesterol).

These 20 last years, an important number of therapeutic drug
classes for treated patients with dyslipidemia, i.e., hypercholes-
terolemia have been developed such as statins, fibrates, niacin and
others lipid-lowering drugs. Statins or 3-hydroxy-3-methylglutaryl
coenzyme A reductase (HMG-CoA reductase) inhibitors are the
first-line pharmacologic therapy for hypercholesterolemia [4–6].
Indeed, statins block hepatic synthesis of cholesterol by inhibi-
tion of rate-limiting enzyme (HMG-CoA reductase) for hepatic
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cholesterol biosynthesis and upregulate LDL receptors in the liver,
resulting in decreased levels of circulating cholesterol [7]. The
hepatic enzyme, HMG-CoA reductase catalyzes the formation of
mevalonate, the crucial and committed step in the biosynthe-
sis of cholesterol, isoprenoids and other lipids and these statin
molecules have high affinity for the enzyme active site [7]. In
humans, HMG-CoA reductase is the rate-limiting step in cholesterol
synthesis and represents the sole major drug target for contempo-
rary cholesterol-lowering drugs [7,8]. Statins are a well-established
class of drugs in the treatment of hypercholesterolemia, and have
been shown to significantly reduce the risk of cardiovascular mor-
bidity and mortality in the world [5,9–11]. Indeed, many studies
have been demonstrated the important place on statins in the
treatment of hypercholesterolemia and many diseases like heart,
renal transplantations, atherosclerosis, Alzheimer [12–14]. Statins
are classified according to their origin: fungal metabolites (natu-
ral statins) like mevastatin, simvastatin, pravastatin and synthetic
statins like atorvastatin, fluvastatin [1].

Statins, drugs of the 21st century, were used by 20 million peo-
ple and are the most prescribed medications in the world [13].
Therefore, it is very important to know pharmacologic and pharma-
cokinetic processes of their lipid-lowering drugs in human because
the ability to cross biological membrane strongly affects the phar-
macokinetic behaviour of drugs and their capacity to access the
receptor site. At present, the reference parameter to predict the
solute molecule passive diffusion through these biological barriers
is lipophilicity, expressed as the logarithm of the solute partition
coefficient between an organic solvent and an aqueous phase (log P)
[15]. This parameter is however only useful when polar group
interactions between the solute and the phospholipids bilayers are
minimal or absent [16]. It lacks structural similarities to cell mem-
branes, reflecting only the hydrophobicity of a compound and is
not suitable for highly polar and ionic compounds [17–21]. Since
phospholipids are the main lipidic constituents of biomembranes,
their use as partitioning phase can be expected valuable to mimic
drug–biomembrane interactions.

Recently, immobilized artificial membranes (IAMs) have been
introduced as HPLC column packing materials and this devel-
opment unfolded new perspectives for rapid evaluation of drug
partitioning into cell membranes [22,23]. IAMs consist of phos-
phatidylcholine residues covalently bound to silica propylamine
and consequently mimic fluid phospholipid bilayer [24–27]. This
technique is an acceptable method for the prediction of membrane
permeability of drugs [22,23,28] particularly for ionizable com-

pounds due to the fact that the position of the polar compounds in
biomembranes is strongly affected by electrostatic and/or hydro-
gen bound interactions with phospholipids [29,30]. IAMs were
convenient model of drug passive transport across all cells includ-
ing target cells. Excellent correlations have been demonstrated
between IAM chromatography indices and biological systems such
as the prediction of the intestinal absorption of structurally diverse
compounds [23,28,31] and of skin permeability coefficients [32].

The aim of this work was to study the association mechanism of a
series of statin molecules with an immobilized artificial membrane
in order to predict their ability to cross biological membrane. More-
over the thermodynamic driving forces for the statin molecules
with phosphatidylcholine monolayers were analyzed.

2. Experimental and method

2.1. Solvents and samples

The five statins (STCOOH) were represented in Fig. 1. Pravas-
tatin, mevastatin, atorvastatin, simvastatin and fluvastatin were
r. B 868 (2008) 20–27 21

purchased from Sigma and VWR (Paris, France). Water was obtained
from an Elgastat option water purification (Odil Talant, France)
fitted with a reverse osmosis cartridge. Methanol was supplied
by Carlo Erba (Val de Reuil, France). Sodium dihydrogenophos-
phate and di-natriumhydrodenophosphate were obtained from
Prolabo and Merck (Paris, France), respectively. The mobile phase
consisted of 60/40 (v/v) 0.05 mol L−1 sodium phosphate buffer
(PBS)–methanol adjusted at different pH varying between 5.7 and
7.0 (5.7, 6.0, 6.3, 6.7 and 7.0). The buffer was stocked for 1, 2 and
4 h at ambient room temperature to study the accuracy of their pH
values [33]. No fluctuations were observed. The maximum relative
difference of mobile phase pH value was always lower than 0.3%.
To avoid the presence of significant non-linear effects, the solute
amount added onto the column corresponded to the smallest sam-
ple size allowing the detection of the statin molecule in all operating
conditions. Statin solutions were prepared in the mobile phase at a
concentration of 1 mM and 20 �L was injected at least three times.
As well, experiments were carried out over the temperature range
10–35 ◦C (10, 15, 20, 25, 30 and 35 ◦C) and at a 254 nm detection
wavelength. The chromatographic system was left to equilibrate
at each temperature for at least 30 min before each experiment.
To study this equilibration, the retention time of fluvastatin was
measured after 22, 23 and 24 h. The maximum relative difference
between retention times of this solute molecule was never more
than 0.6%, meaning that after 30 min the chromatographic system
was sufficiently equilibrated for use [34]. Throughout the study, the
flow rate was maintained constant and equal to 0.5 mL/min.

2.2. Apparatus

The HPLC system consisted of a Hitachi L 7100 pump (Merck,
Nogent sur Marne, France), a Rheodyne 7125 injection valve
(Cotati, CA, USA) fitted with a 20 �L sample loop, and a Shi-
madzu UV–vis detector. Statin retention data were obtained
with a 100.0 mm × 4.6 mm IAM–PC–DD2 (immobilized artificial
membrane–phosphatidylcholine–drug discovery) packing (Inter-
chim, Montluçon, France). The column stationary phase consisted
of diacyl double chain ester phosphatidylcholine (PC) ligands
surface-bounded to an aminopropylsiloxane bonded silica sub-
strate and was end capped by mixed propionic and decanoic
alkylamine groups. A major advantage of this particular IAM chro-
matographic stationary phase (i.e., IAM–PC–DD) is that it had the
shortest retention times of commercialized IAM packing [35–37].
It was also more readily and reproducibility synthesized commer-

cially. Moreover, the IAM–PC–DD packing was stable like the ester
packing leading a better modelization of the drug membrane trans-
port [36,37].

2.3. Thermodynamic relationships

The solute retention on the IAM stationary phase can be evalu-
ated using the retention factor k′:

k′ = t − t0

t0
(1)

where t is the solute retention time and t0 is the column void time.
To obtain the thermodynamic retention time, i.e., the accurate mea-
sure of solute retention, t was determined by calculating the first
moment of the peak as previously described [38]. The void time was
determined using the mobile phase peak. The retention times and
column void time were corrected for the extracolumn void time.
It was assessed by injections of solute onto the chromatographic
system when no column was present.

At infinite dilution, i.e., under linear elution conditions, and
assuming that non-specific interactions between solute and chro-
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COOH
Fig. 1. Chemical structures of the statins (ST

matographic support was negligible, the retention factor k′ can be
related to the association constant K between the statin molecule
and IAM as follows:
k′ = �K (2)

where � is equal to the ratio of the active binding site number in the
column (mL) over the void volume of the chromatographic column
(VM).

Valuable information about the processes driving the
statin–IAM association mechanism can be further gained by
examining the temperature dependence on statin retention
[39,40]. The temperature dependence of the retention factor is
given by the following relation:

ln k′ =
(−�H◦

RT

)
+ �S◦∗ (3)

with

�S◦∗ = �S◦

R
+ ln �

where �H◦ and �S◦ are, respectively the enthalpy and entropy of
transfer of the statin molecule from the bulk solvent to the IAM
stationary phase, T is the absolute temperature and R is the gas
constant. If the IAM stationary phase, solute molecules and solvent
properties are independent of temperature and �H◦ and �S◦ are
), the HMG-like portion and the HMG-CoA.

temperature invariant, a linear van’t Hoff plot is obtained. From the
slope and intercept �H◦ and �S◦* can be calculated.
2.4. Lipophilicity determination

The retention time t of each statin molecule was determined
on six different organic modifier–phosphate buffer mobile phase
ratios. Using Eq. (1), the retention factor k′ was calculated for
each methanol fraction ˚ (v/v) in the mixture methanol/phosphate
buffer (0.05 mol L−1, pH 7.0). According to the solubility parameter
concept [41], the relationship between the solute retention on the
IAM surface and the methanol fraction ˚ can be described by the
following equation:

log k′ = A˚2 − S˚ + D (4)

where A, S and D are constants. D represents the logarithm
of the statin retention factor for a total aqueous mobile phase,
i.e., ˚ = 0 and was noted log k′

w−IAM. The log k′
w−IAM value was

derived from polynomial extrapolation at ˚ = 0 of plots of
log k′ versus ˚ (Eq. (4)) for each statin molecule. The use
of log k′

w−IAM as hydrophobic parameter was demonstrated by
Hulshoff and Perrin [42]. Indeed, the molecular lipophilicity
(i.e., the partition coefficient of a solute molecule between an
aqueous phase and a lipid phase) is the reference parameter
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the immobilized phosphatidylcholine in the stationary phase over
the range of experimental temperatures as it was observed for bile
salt–membrane interactions [45]. According to Eq. (3), these linear
van’t Hoff plots provided a conventional way of calculating the ther-
modynamic parameters. All the statins exhibited a similar parabolic
variation (r2 > 0.90) for the thermodynamic data regardless of the
bulk solvent pH (Figs. 2 and 3). For example the corresponding
equations for pravastatin were

�H◦ = 13.03pH2 − 172.72pH + 545.98 r2 = 0.96 (11)

�S◦∗ = 5.55pH2 − 74.03pH + 235.15 r2 = 0.97 (12)

Additional experiments were carried out at extracellular pH, i.e.,
7.4. For each statin molecule, the difference between the exper-
imental thermodynamic parameters (i.e., using van’t Hoff plots
as explained above) and the values calculated with the second
order equations were always <0.5% showing that the polynomial
expressions (i.e., �H◦ and �S◦* vs. pH) can be used to model the
F.S. Sarr et al. / J. Chrom

Table 1
Experimental lipophilicity (log k′

w−IAM), computed lipophilicity (log P), median
inhibitory concentration (IC50, nmol L−1) and pKa values of statin molecules

Statins log k′
w−IAM log P IC50 pKa

Prava 3.36 2.20 44.00 4.36
Meva 4.06 4.00 23.00 4.40
Atorva 5.35 5.70 10.00 3.95
Simva 4.90 4.70 9.00 4.45
Fluva 4.45 4.50 18.00 4.15

to predict passive diffusion through the biological membranes
[15]. As well, excellent correlations have been demonstrated
between IAM chromatography indices and biological systems
such as the prediction of the intestinal absorption of structurally
diverse compounds [23,28,31] and of skin permeability coefficients
[32].

The computed lipophilicity (i.e., the octanol–water partition
coefficient) log P, used as well to predict drug transport across bio-
logical membranes and derived from an atomic fragment database
using XLogP software, were taken from the PubChem database
(Table 1) [43].

2.5. Bulk solvent pH effects

When the pH of the bulk solvent changed, a fuller description is
essential, which explicitly maintains conservation of mass of each
species and take into account binding of H+ to the IAM, STCOOH,
and the complex IAM·STCOOH:

IAM(H+)A + STCOOH(H+)B + nH+ H+ � IAM · STCOOH(H+)C (5)

where nH+ = C − (A + B) is the number of protons linked to this
STCOOH binding reaction of IAM.

The association constant of this equilibrium was given by

K = [IAM · STCOOH]

[IAM][STCOOH][H+]n (6)

Eq. (6) can be rewritten as

K = K0

[H+]n (7)

where K0 is the K values for [H+] = 1 mol L−1. Taking the logarithm
of Eq. (7) gives

log K = log K0 − nH+ log[H+] (8)
After derivation of Eq. (8) we obtained:

∂ log K

∂pH
= nH+ (9)

Combining Eqs. (1) and (9), the following is obtained:

∂ log k′

∂pH
= nH+ (10)

3. Results and discussion

3.1. Thermodynamic parameters

The retention factor k′ of each statin under study was deter-
mined with the immobilized artificial membrane in the entire range
of temperature, i.e., from 10 to 35 ◦C. Experiments were carried out
with various pH (5.7 ≤ pH ≤ 7.0) of the phosphate buffer. All the
experiments were repeated three times. The variation coefficients
of the k′ values were less than 1% indicating a high repeatability
and good stability for the chromatographic system. Eq. (3) showed
that with an invariant statin–biomembrane association mechanism
r. B 868 (2008) 20–27 23

Fig. 2. �H◦ (kJ mol−1) vs. pH for pravastatin.

over the temperature range being studied, the association enthalpy
�H◦ remained constant and a plot of ln k′ in relation to 1/T leads
to a straight line with an enthalpic slope and entropic origin. For
all statins, when the temperature increased there was a decrease in
the statin–biomembrane association. Linear van’t Hoff plots were
obtained with correlation coefficients r higher than 0.98 for all
fits. It was previously demonstrated that for some solute molecule,
their binding with a phosphatidylcholine monolayer can lead to a
phase transition of the IAM surface around 25 ◦C [44]. In this work,
the observed linear relationships excluded a phase transition of
statin retention with the IAM surface at pH 7.4. Negative enthalpies
indicated that it was energetically more favourable for the statin
molecule to be associated with the lipid surface. Negative entropies
showed an increase in the order of the chromatographic system

Fig. 3. �S◦* (no units) vs. pH for pravastatin.
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versus IC50 was illustrated in Fig. 6. This plot showed that the
IC50 values have been successfully correlated (r2 > 0.96) with the
log k′

w−IAM values. This relationship showed that more a molecule
cross the cellular membrane by passive diffusion and reached its
active site more it is potent. For example pravastatin, which exhib-
ited the lowest association with the IAM surface, presented an IC50
equal to 44.00 nmol L−1. This IC50 value showed that pravastatin
was less potent than other statins which were in contrary more
lipophilic with IC50 values twice (mevastatin) or four times (sim-
vastatin) lower [51]. Indeed, pravastatin is relatively hydrophilic
with a log P = 2.20 and a log k′

w−IAM = 3.36 compared with other
statins (Table 1). Therefore pravastatin, which presents a greater
hydrophilicity, would have lower rates of passive diffusion [51].
This result confirmed previous studies showing that pravastatin
was taken by a membrane transporter [14,52,53].

Among the five statins, fluvastatin exhibited the lowest thermo-
dynamic data. For example, at pH 7.0 �H◦ = −36.06 kJ mol−1 and

◦
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Fig. 4. Plot of log k′ vs. methanol fraction ˚ (v/v) for pravastatin at 25 ◦C.

when the statin molecules were transferred from the bulk solvent to
the phospholipid monolayer. This transfer was enthalpically driven
and can be described as the replacement of weak statin/solvent
interactions by strong statin/lipid surface interactions. This indi-
cates that enthalpic factors associated with hydrogen bonding and
van der Waals interactions (characterized by negative enthalpy
changes at these temperatures [46]) of the statin molecules with
the lipid monolayer dominate the binding rather than entropic fac-
tors relate to the changes in the mobility of the statin molecules
and the lipid monolayer fluidity. These results confirmed the great
importance of the polar sites of the IAM surface on this associa-
tion process (polar retention effect). On the IAM surface, the statin
elution order was

Prava ≪ Meva < Atorva � Simva < Fluva

Pravastatin exhibited the lowest association with the lipid
monolayer. This can be explained by the lowest hydrophobicity of
this statin molecule [9,11,13,47]. In order to gain further insight into
the effect of lipophilicity in this statin–IAM association, a compar-
ison between log k′

w−IAM and log P was carried out.
The log k′ value was plotted against the methanol fraction ˚

(v/v) at 25 ◦C for each statin molecule. For example, the plot of
pravastatin was shown in Fig. 4. The slope of the plots log k′ versus ˚
was similar for all statins. log k′ values decreased with the increase
percentage of methanol (˚) in the mobile phase. This decrease was
not linear and had a polynomial shape. In our study, the polyno-

′
mial correlation of log k versus ˚ displayed r values ranging from
0.99 to 1.00 for all statins. From Eq. (4) the log k′

w−IAM values were
obtained for the five statin molecules (Table 1).

These log k′
w−IAM values were compared with the log P values

and the following regression Eq. (13) was obtained:

log k′
w−IAM = 0.58 log P + 1.99 r2 = 0.95 (13)

A visual inspection of the relationship between log k′
w−IAM and

log P was provided by Fig. 5. This significant correlation suggested
that the retention behaviour is similar for all the statin molecules
and they may mainly interact with the lipophilic part of IAM chains.
The IAM stationary phase contain non-polar packing material but
this column with phosphatidyl chain analogues offers polar heads
as first contact site for solutes [48]. This result showed an affin-
ity enhanced with the increase in the molecule lipophilicity and
confirmed that the hydrophobic forces played an important role
in the statin molecule–biomembrane association mechanism [49].
As well, a second comparison between statin passive diffusion and
their potency to inhibit the HMG-CoA reductase was carried out. For
this, the median inhibitory concentration of each statin molecule
(i.e., IC50) was used to illustrate the statin relative potency to block
r. B 868 (2008) 20–27

Fig. 5. Plot of log k′
w−IAM vs. log P for the five statin molecules.

the crucial enzyme (i.e., HMG-CoA reductase) in the biosynthesis of
cholesterol. In all the statin molecules, the HMG-like portion (Fig. 1)
is covalently linked to a rigid hydrophobic group, which ranges from
very hydrophobic to partly hydrophobic. Consistent with the pres-
ence of the HMG-like moiety, all statins are competitive inhibitors
of the enzyme with respect to binding of HMG-CoA (Fig. 1) [7].
However, the active site of this enzyme is located in a long carboxyl
terminal domain in the cytosol [50]. Thus, to inhibit this enzyme,
the statin molecules must cross the biological membrane. The IC50
values were presented in Table 1 (data from [7]). The plot log k′

w−IAM
�S * = −12.60 (no units). This can be explained by the increase
of the apparent lipophilicity of this statin molecule due to its
amphiphilic character and to the intra-molecular hydrogen bonds
between the carboxylate group (−COO−) and the hydroxyl group

Fig. 6. Comparison between experimental lipophilicity (log k′
w−IAM) at 37 ◦C and the

median inhibitory concentration (IC50, nmol L−1) values of statin molecules.
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Fig. 7. log k′ vs. pH for simvastatin at 25 ◦C.

(−OH) (log P = 4.50 and log k′
w−IAM = 4.45) [43,46]. As well, the

polar substituent on the compound (−F substituent, two −OH sub-
stituents) on the fluvastatin enhanced the lipid surface affinity by
increasing hydrogen bonds between the solute molecule and the
polar head groups of the IAM surface. This was associated with the
lowest entropy state classically attributed to the release of the water
molecules surrounding the solute molecule when the fluvastatin
was transferred into the phospholipid monolayer [54].

3.2. pH effect on statin–IAM association

The logarithm of the retention factor k′ was plotted against the
pH at 25 ◦C, for each statin molecule and for a variation range of pH
(5.7 ≤ pH ≤ 7.0). The slope of the plots log k′ versus pH was similar
for all statins. Fig. 7 reports the curve obtained for simvastatin. The
line shown in Fig. 7 was obtained by fitting the experimental data to
a quadratic function of the pH (r2 ≥ 0.98). The agreement between
the experimental data and this second order relationship between
log k′ and pH is excellent and suitable for accurate description of
the statin–lipid surface association in the whole pH range ana-
lyzed. At pH 7.4, for each statin molecule, the difference between the
experimental log k′ data and the values calculated using these sec-
ond order relationships were always <0.6%. Thus, the second order
polynomial between log k′ and pH can be used at extracellular pH.
As well, this second order relationship demonstrated that this plot
showed a curvature at a critical pHc value around 7.0. More precisely
the theoretical critical pHc values were, respectively equal to 6.96,

7.37, 7.36, 7.27 and 7.25 for pravastatin, mevastatin, atorvastatin,
simvastatin and fluvastatin. For pH � pHc an initial decrease in the
statin–IAM surface association was observed, followed by a weak
variation in the statin molecule affinity for the binding surface at
pH > pHc. The non-linearity of the plot log k′ versus pH showed that
hydrophobic effect, van der Waals and hydrogen bonds were not
the only forces which intervene in this association mechanism. For
the very low pH values (pH � pHc), the five statin molecules were
in a molecular form and their carboxylate group was not ionized
(Fig. 1). It is well known that the interactions between ionic species
in aqueous solution are characterized by small positive enthalpy
and entropy changes [33,55]. For example, �H◦ and �S◦* values
determined for the association of Zn2+ on human albumin were,
respectively equal to 30.21 J mol−1 and 19.33 (no units) [56]. Thus,
for pH < pHc, as �H◦ and �S◦* became progressively more nega-
tive when pH increased (Figs. 2 and 3), the repulsion between the
phosphate groups of the IAM surface and the carboxylate group
negatively charged of the statin molecule increased (according
their pKa values (Table 1), all the statin molecules were nega-
tively charged in this pH range). This decrease of the electrostatic
interactions was accompanied by a reduction of the statin–IAM
r. B 868 (2008) 20–27 25

Fig. 8. nH+ vs. pH for the statin molecules at 25 ◦C.

surface association process. These electrostatic repulsions between
the phosphate head groups of the IAM surface and the carboxylate
group negatively charged of the statin molecule demonstrated that
the lack of cholesterol had no influence on the statin–IAM associa-
tion. Indeed, cholesterol is considered as a sterol (a combination
steroid and alcohol), and had no ionized groups. When choles-
terols are incorporated into a phospholipid bilayer, phospholipid
head groups provide “cover” to shield the non-polar part of choles-
terol from exposure to water [57]. Indeed, according to a study of
Tsamaloukas and co-workers, cholesterol was intercalated between
lipids without occupying much space in the head group region, so
that it was screened from water by the head groups like under
an umbrella [58]. From Eq. (10) the slope of the curve log k′ ver-
sus pH gives the number of protons H+ (nH+ = ∂ log k′/∂pH) at the
statin–IAM interface implied in the binding process. The negative
values of nH+ reflected the exclusion of H+ when statin bound to
the phospholipid monolayer. Fig. 8 showed that the magnitude of
nH+ values decreased linearly with pH and was equal to zero at
pH ≈ 6.96 for pravastatin for example. At 25 ◦C, the pH values for
which nH+ = 0 were 7.37, 7.36, 7.27 and 7.25 for, respectively mev-
astatin, atorvastatin, simvastatin and fluvastatin (Fig. 8). Thus for all
the solute molecules at pH lower than ≈7.0, the number of protons
exchanged was negative which means that a residue of the IAM
surface or of the statin molecule should decrease its pKa value as a
consequence of binding and release protons. At this point it is inter-
esting to consider that a common property of the IAM surface is the
lowering of pKa of the carboxylic group of bound STCOOH. Poten-
tiometric measurements have revealed that the carboxylic proton

of STCOOH is released quantitatively to the buffer upon binding at
pH lower than ≈7.0 [59]. This carboxylic group could be respon-
sible for the negative number of protons exchanged. At pH higher
than ≈7.0, protons are taken up upon binding, which means that
a residue of the IAM surface or of the statin molecule increases its
pKa. The phosphate group of the phospholipid monolayer is related
via a hydrogen bonding to the carboxylic group of STCOOH and
could play a role in the deprotonation of STCOOH. An increase in
the pKa of this phosphate group in the IAM surface upon binding
would lead to a positive number of protons exchanged. A proton
shuttling role for the phosphate group (i.e., a catalytic function)
was thus shown for the first time. There are several reasons that
can explain these changes in pKa values. For instance, a variation in
the micropolarity of the environment surrounding the polar sites of
the IAM surface as a result of statin binding is a possibility. As well,
the enthalpy change �H◦ is the sum of a term which is independent
of the buffer and a term proportional to the change of ionization of
the buffer. Since the number of protons released is practically zero
around 7.0, the intrinsic binding enthalpy which does not depend
on the ionizations of the groups of the statin molecules or the IAM
surface were thus, respectively −24.21, −26.73, −29.45, −31.97 and
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Table 2
Thermodynamic parameters �H◦ (kJ mol−1) and �S◦* of statin molecules binding
to IAM at pH 7.0

Statins �H◦ (kJ mol−1) �S◦* (no units)

Prava −24.21 −11.07
Meva −26.73 −9.81

Simva −29.45 −9.93
Atorva −31.97 −11.65
Fluva −36.06 −12.60

Fig. 9. �H◦ (kJ mol−1) vs. �S◦* for all statin molecules and pH values of the bulk
solvent.

−36.06 kJ mol−1 for pravastatin, mevastatin, atorvastatin, simvas-
tatin and fluvastatin (Table 2).

3.3. Enthalpy–entropy compensation

Enthalpy–entropy compensation (EEC) temperature is a useful
thermodynamic approach to the analysis of physico-chemical data
[23]. Mathematically the entropy–enthalpy compensation can be
expressed by the following equation:

�H◦ = ˇ�S◦ + �G◦
ˇ (14)

�G◦
ˇ is the corresponding Gibbs free energy variation at

the compensation temperature ˇ. According to Eq. (14), when
enthalpy–entropy compensation is observed with a group of com-
pounds in a particular chemical interaction, all the compounds have
the same free energy �G◦

ˇ at the temperature ˇ [60]. The plot �H◦

versus �S◦* at 25 ◦C (Eq. (14)) was drawn for the statin molecules for

all the pH values (Fig. 9). A regression line was obtained (r2 > 0.84).
According to several authors [61,62], it can be deduced that the
fraction of the free energy that arises from the enthalpy contri-
butions is the same for all the statin molecules and the pH bulk
solvent. Similarly, the fraction of the total free energy arising from
the entropy contributions is the same. But, since different mecha-
nisms could result in the same proportion of enthalpy and entropy
relative to the overall free energy, it cannot be deduced rigorously
that the statin molecule association mechanism on the IAM surface
was independent of the statin molecule structure and the pH bulk
solvent. However, all the studied molecules have similar biological
activity. These two conditions (EEC and similar biological effects)
seem to imply a similarity of properties of all the studied statins.

4. Conclusion

In this present work, the statin binding mechanism on the IAM
surface was examined. The results demonstrated that statin reten-
tion was pH-dependent. Indeed, for pH � pHc (pHc ≈ 7.0) an initial
decrease in the statin–IAM surface association was observed, fol-
lowed by a weak variation in the statin molecule affinity for the
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binding surface at pH > pHc. Thus, for pH < pHc when pH increased,
the electrostatic repulsion between the phosphate groups of the
IAM surface and the carboxylate group negatively charged of the
statin molecule increased. This decrease of the electrostatic inter-
actions was accompanied by a reduction of the statin–IAM surface
association process. At pHs lower than ≈7.0, the binding process
is accompanied by protons release and at higher pHs, protons are
taken up. A change in the phosphate group pKa of the phospho-
lipid monolayer has been proposed to contribute to the positive
number of protons exchanged at pHs higher than 7.0 and its cat-
alytic role on the deprotonation of STCOOH was shown. Moreover,
the thermodynamic data of this association process demonstrated
that this statin binding mechanism on the IAM surface was prin-
cipally governed by hydrogen and van der Waals bonds to which
were added electrostatic and hydrophobic secondary interactions.
These hydrophobic interactions were confirmed by the establish-
ment of a significant correlation between the logarithm of the statin
retention factor with the lipid membrane extrapolated to a total
aqueous bulk solvent at pH 7.0 (log k′

w−IAM) and the octanol–water
partition coefficient (log P). Enthalpy–entropy compensation sug-
gested that statins have an identical retention mechanism with
the phospholipid monolayer. As well, it was shown that pravas-
tatin exhibited the lowest association with the IAM lipid monolayer.
This result associated with IC50 data of each statin molecule con-
firmed that, its active uptake into hepatocytes needed a membrane
transporter. Many studies have demonstrated that this transporter
was the OATP-C hepatic (a Na+-independent organic anion trans-
porter peptide-C). OATPs (organic anion transporting polypeptides)
are a group of membrane solute carriers expressing in multiple
tissues including the liver, lungs, and kidneys. Among this super-
family, OATP-C is expressed in the human liver and involved in the
hepatic uptake of a number of important substrates, including ther-
apeutic drugs. Mevastatin, atorvastatin, simvastatin and fluvastatin
exhibited higher affinity with IAM surface than pravastatin. Thus,
these statins could efficiently cross the cellular membrane without
a transporter by passive diffusion. Further experiments are now in
progress in our laboratory in order to immobilize OATPs on the IAM
surface so as to get further insight into the role of these transporters
on the statin molecule diffusion into the cell membrane.
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