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Abstract

Recently, immobilized artificial membranes (IAMs) have been introduced as HPLC column packing materials. IAMs consist of phosphatidyl-
choline residues, the most common phospholipids in natural membranes, covalently bound to silica propylamine and consequently mimic fluid
phospholipid bilayer. Thus, the immobilized artificial membrane provided a biophysical model system to study the passive diffusion of the statin
molecules through the cellular membrane. Statins or 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA R) inhibitors are widely used
for reducing the circulating atherogenic lipid fractions and decreasing cardiovascular morbidity and mortality. This paper describes magnesium
cation (Mg?*) effect on five statin molecules (pravastatin, mevastatin, atorvastatin, simvastatin and fluvastatin)-IAM surface association using a
molecular chromatography approach. An analysis of the thermodynamics (i.e. enthalpy (AH®), entropy (AS°*)) of the interaction of the statin
molecules with the immobilized monolayer was also carried out. The AH® and AS°* values were negative due to van der Waals interactions
and hydrogen bonding between the statin molecules with the polar head groups of phospholipid monolayer (polar retention effect). However, the
increase of statin—-IAM association, with the Mg?* concentration increase, was associated with an increase of these thermodynamic data. This
explains that this interaction was also governed by hydrophobic and electrostatic bonds which became preponderant. The statin elution order
was: Pravastatin <& < Mevastatin < Atorvastatin <& Simvastatin < Fluvastatin. This result confirmed that pravastatin, which exhibited the lowest
association with the lipid monolayer, was taken up by a membrane transporter. It appeared equally that Mg?* supplementation (Mg?* concentration
range 0.0-2.6 mmol L™!, including its biological concentration range, i.e. 0.75-0.90 mmol L~!) could increase the statin passive diffusion into
hepatocytes and their pharmacological actions on cholesterol biosynthesis.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

High plasma cholesterol has been acknowledged, since mid-
20th century, as a major heart disease risk factor [1-3]. Indeed,
hypercholesterolemia plays a crucial role in the development
of atherosclerotic diseases in general and coronary heart dis-
ease in particular [2—4]. Several studies showed that serum
magnesium concentration has been reported to be inversely
associated with atherogenic lipid fractions. Indeed, the mag-
nesium deficit is an important factor in the physiology of the
cardiovascular apparatus and the pathogenesis of cardiovas-
cular diseases [5—7]. More recently, introduced drugs such as
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statins and fibrates are widely used for reducing the circulating
atherogenic lipid fractions and decreasing cardiovascular mor-
bidity and mortality [8]. Statins or 3-hydroxy-3-methylglutaryl
coenzyme A reductase (HMG-CoA reductase) inhibitors are
the first-line pharmacologic therapy for hypercholesterolemia
[9,10]. Statins drugs represent the most successful class of drugs
for the treatment of hypercholesterolemia and dyslipidaemia
implicated in the pathogenesis of coronary heart disease and
atherosclerosis [11,12]. Atherosclerotic disease is considered to
be the leading cause of death and loss of disability-adjusted life-
years worldwide [13]. Statins, which are reversible inhibitors
of microsomal enzyme HMG-CoA reductase, play an important
part in the reduction of plasma cholesterol levels more precisely
low density lipoprotein (LDL) cholesterol [14]. Studies have
demonstrated that statin adverse effects (like myositis and rhab-
domyolysis (severe myopathy involving muscle breakdown) and
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pharmacokinetic interactions are linked to the increase of this
systemic bioavailability [15,16]. Recent work showed that the
beneficial effects of the statin drugs are paralleled and comple-
mented by those of magnesium [1]. Indeed, Mg?*-ATP is the
controlling factor for the rate-limiting enzyme in the cholesterol
biosynthesis sequence that is targeted by the statin pharma-
ceutical drugs. Statins, like Mg, have activities important in
cardiovascular and overall health [1]. Indeed, statins and mag-
nesium inactivate the enzyme, HMG-CoA reductase, which
converts HMG-CoA to mevalonate, the initial step in cholesterol
biosynthesis [1].

Statins, drugs of the 21st century, were used by 20 million
people and are the most prescribed medications in the world
[17]. Therefore, it is very important to know pharmacologic
and pharmacokinetic processes of their lipid-lowering drugs in
human because the ability to cross biological membrane strongly
affects the pharmacokinetic behaviour of drugs and their capac-
ity to access the receptor site. At present, the reference parameter
to predict passive diffusion through the biological barriers is
lipophilicity expressed as the logarithm of the partition coeffi-
cient between on organic solvent and on aqueous phase (log P)
[18]. This parameter is however only useful when polar group
interactions between the solute and the phospholipids bilayers
are minimal or absent [15]. It lacks structural similarities to
cell membranes, reflecting only the hydrophobicity of a com-
pound and is not suitable for highly polar and ionic compounds
[19,20]. 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
development unfolded new perspectives for rapid evaluation
of drug partitioning into cell membranes [16,21]. IAMs con-
sist of phosphatidylcholine residues covalently bound to silica
propylamine and consequently mimic fluid phospholipid bilayer
[22,23]. This technique is an acceptable method for the predic-
tion of membrane permeability of drugs [16,21,24] particularly
for ionisable compound due to the fact that the position of
the polar compounds in biomembranes is strongly affected by
electrostatic and/or hydrogen bound interactions with phospho-
lipids [25,26]. Excellent correlations have been demonstrated
between IAM chromatography indices and biological systems
such as the prediction of the intestinal absorption of structurally
diverse compounds [21,24,27] and of skin permeability coeffi-
cients [28]. TAM technique provided a biophysical model system
to study the passive diffusion of the statin molecules through the
cell membrane.

As the beneficial effects of the statin drugs are paralleled and
complemented by those of magnesium and as pharmacokinetic
interactions are reflected by the statin bioavailability, the aim of
this study was to investigate the effect of the Mg?* concentra-
tions in the bulk solvent (i.e. the mobile phase) and the column
temperature 7 on the binding process of five statin molecules
with IAM. The shapes of the van’t Hoff plots were used to
assess the effects of temperature and Mg?* concentrations in
the mobile phase on the statin—-IAM association. The thermody-
namic data corresponding to the statin—-IAM physico-chemical

process were calculated. As well, enthalpy—entropy compensa-
tion of this association was investigated to evaluate the main
parameter controlling this binding mechanism.

2. Experimental and method
2.1. Apparatus

The high performance liquid chromatography (HPLC) sys-
tem was consisted of a Hitachi L 7100 pump (Merck, Nogent
sur Marne, France), a Rheodyne 7125 injection valve (Cotati,
California, USA) fitted with a 20 nL sample loop, and a Shi-
madzu UV-Visible detector. Retention data of statins were
obtained with a 100.0 mm x 4.6 mm [AM-PC-DD2 (immobi-
lized artificial membrane-phosphatidylcholine-drug discovery)
packing (Interchim, Montlugon, France). The stationary phase
of this column was consisted of diacyl double chain ester
phosphatidylcholine (PC) ligands surface-bounded to an
aminopropylsiloxane-bonded silica substrate and was end
capped by mixed propionic and decanoic alkylamine groups. A
major advantage of this particular JAM chromatographic station-
ary phase (i.e. IAM-PC-DD) is that it had the shortest retention
times of commercialized IAM packing [29-31]. It was also more
readily and reproducibility synthesized commercially. More-
over, the IAM-PC-DD packing was stable like the ester packing
leading a better modelization of the drug membrane transport
[30,31]. Data were calculated using the Microsoft office Excel
2003 software.

2.2. Solvent and samples

The five statins (STCOOH) were depicted in Fig. 1.
Pravastatin (prava), mevastatin (meva), atorvastatin (atorva),
simvastatin (simva) and fluvastatin (fluva) were 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). Boric acid (0.2 mmolL™1)
and tetraborate (0.05 mmol L™!) were obtained from Prolabo
and Merck (Paris, France), respectively. The mobile phase was
consisted of 60/40 (v/v) tetraborate buffer—-methanol with mag-
nesium (Mg2+) concentrations equal to 0.0, 0.6, 1.0, 1.4, 1.8,
2.0, 2.4 and 2.6 mmol L™! (including its biological concentra-
tion range, i.e. 0.75-1.0 mmol L~1). Each mobile phase was
adjusted to a pH value equal to7.0. The buffer was stocked for
1, 2 and 4 h at ambient room temperature to study the accuracy
of their pH values. No fluctuations were observed. The maxi-
mum relative difference of mobile phase pH value was always
lower than 0.4% [32]. Experiments were carried out over the
temperature range 5-45°C (5, 10, 15, 20, 25, 30, 35, 40 and
45°C) and at a 254 nm detection wavelength. The chromato-
graphic 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 0.7%, meaning that
after 30 min the chromatographic system was sufficiently equi-
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Fig. 1. Chemical structures of the statins (STCOOH).

librated for use [33]. Throughout the study, the flow rate was
maintained constant and equal to 0.5 mL/min.

2.3. Thermodynamic relationships

The affinity chromatography IAM stationary phase allows
to study the statin interaction on the IAM surface. Indeed, the
retention factor (k') is proportional to the association constant
K of the statin on the IAM surface and can be described by the
following equation:

K = &K (1)

where @ is the [TAM column phase ratio (volume of the stationary
phase divided by the volume of the mobile phase).

The solute binding to the IAM can be expressed in terms of
retention factor k¥’ using the well-known van’t Hoff equation:

—AH°

Ink' = + AS°* 2)

o

AS* = A%

+Ino 3

where R is the gas constant (8.32 J/mol/K), T is the column
temperature in Kelvin, AH® and AS° are, respectively, the solute
enthalpy and entropy changes accompanying the transfer of the
statins from the bulk solvent to the IAM surface. AH° and AS°*
can be calculated from the slope and intercept of linear van’t Hoff
plot. This provides a suitable way to estimate the thermodynamic
constants AH° and AS° if the phase ratio is known or can be
calculated. Although, AS® is not usually provided because of the
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ambiguity in the phase ratio for commercial use, AS°* varies
identically with AS°.

2.4. Bulk solvent Mg** effects

When the Mg?* of the bulk solvent changed, a fuller descrip-
tion is essential, which explicitly maintains conservation of mass
of each species and take into account binding of Mg?* to the
IAM, STCOOH, and the complex ITAM-STCOOH:

IAM(Mg>"), + STCOOHMg?t) 5 + ny 2+ Mg>*
= 1AM - STCOOH(Mg>") “)

where nyg2+ = C — (A + B) is the number of Mg?* linked to
this STCOOH binding reaction of IAM.
The association constant of this equilibrium was given by:

[IAM - STCOOH]

= 5
[TAM] [STCOOH] [Mgz‘*‘]nMg2+ ©)
Eq. (5) can be rewritten as:
Ko
(6)

K = 4[Mg2+]nMg2+

where Ky is the K values for ny,2+ = 0. Taking the logarithm
of Eq. (6) gives:

log K = log Ko — nye2+ log[Mg?*] with — log[Mg?*]
= PMg** (7)
After derivation of Eq. (7) we obtained:
dlog K

TPMigsT = e ®)
Combining (1) and (8), the following is obtained:

dlogk’

apMgT e ®

3. Results and discussion

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 5 to 35 °C. Experiments were
carried out at pH 7.0 and with various Mg?* concentrations (0.0,
0.6,1.0,1.4,1.8,2.0,2.4,2.6and 3.0 mmol L") in the buffer sol-
vent. Eq. (2) showed that with an invariant statin-biomembrane
association mechanism over the temperature range being stud-
ied, the association enthalpy AH® remained constant and a plot
of In 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 asso-
ciation. Linear van’t Hoff plots were obtained with correlation
coefficients r higher than 0.96 for all fits for all the magnesium
concentrations studied. This linear behaviour is thermodynami-
cally expected if the statin-biomembrane association mechanism
is independent of temperature. According to Eq. (2) the thermo-
dynamic parameters (AH®° and AS°*) were calculated. All the

PMg*
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Fig. 2. Enthalpies (AH°, kT mol~!) of meva and fluva vs. PMg?*.

statins exhibited a similar linear variation (+2 > 0.85) for the ther-
modynamic data regardless of the PMg>* (Figs. 2 and 3). For
example, the corresponding equations for fluvastatin were:

AH® = —10.33PMg>" — 40.96, r=0.998 (10)

AS°* = —530PMg>t — 14.42, r=0.998 an

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 when the statin molecules were
transferred from the bulk solvent to the phospholipid mono-
layer (IAM). The negative value of the thermodynamic data
was usually the case for several pharmacomolecule-IAM asso-
ciation [34]. This transfer was enthalpically driven and can be
described as the replacement of weak statin/solvent interactions
by strong statin/lipid surface interactions. This indicates that
enthalpic factors associated with hydrogen bonding and van der
Waals interactions (characterized by negative enthalpy changes
at these temperatures) [35] of the statin molecules with the lipid
monolayer dominate the binding rather than entropic factors
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
association process (polar retention effect [34]). On the IAM
surface, the elution order of statin molecules at all the Mg2+

PMg*
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r‘ﬁ IS'O*
L
@

Fig. 3. Entropies (AS°*, no units) of meva and fluva vs. PMg?*.
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Fig. 4. Ink’ for all statins vs. PMg?* (—log Mg?*) in the bulk solvent at a column
temperature equal to 35 °C.

concentrations remained constant:
Prava << Meva « Atorva << Simva < Fluva

Pravastatin exhibited the lowest association with the lipid mono-
layer. This can be explained by the lowest hydrophobicity of this
statin molecule [14,36]. IAM, which is only constituted by a
phospholipid monolayer, allowed to study the statin passive dif-
fusion [21]. Thus, this result confirmed the studies which showed
that pravastatin was taken by a membrane transporter [37-39].
Among the five statins, fluvastatin exhibited the lowest thermo-
dynamic data and the highest affinity with the IAM surface. For
example, at [Mg>*]=1.00mmolL~" AH°=—41.13kJ mol~!
and AS°*=—14.46 (no units). This can be explained by the
hydrophobicity of this statin molecule [36]. 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
[40].

In order to elucidate the effect of Mg?* cation concentrations
in the bulk solvent on the statin-IAM association, the loga-
rithm of the retention factor ¥’ were plotted against PMg>* for
each statin molecule and for a large variation range of PMg?*
(—0.42 < PMg?* <0.22). The slope of the plots In k" vs. PMg>*
was similar for all statins. Fig. 4 reported the curves obtained at
T=35°C for all the statins. These plots showed that the statin
retention was Mg>* dependent. Indeed, statin-IAM associa-
tion increased significantly with salt concentration increase in
the bulk solvent. Then, in the biological Mg?* concentration
(0.75-0.90 mmol L~1), an increase of Mg2+ led an enhance-
ment of the statin~-IAM association (i.e. an increase of the statin
passive diffusion). It has been known for several years that
increasing the ionic strength of a bulk solvent increased its sur-
face tension [41-43]. Increasing statin—-IAM association can be
classically attributed to the osmotropic character of the mag-
nesium cation [41]. In fact, increasing Mg>* concentration in
the bulk solvent involved a decrease of the water solubility of
apolar compounds by electrostriction of the bulk solvent (i.e.
increase in bulk mobile phase surface tension) [42]. Previous

studies had demonstrated that this change in water activity (i.e.
the hydrophobic effect) played an important role in the solute
molecule-biomembrane association mechanism [44]. Thus, this
change in the water activity led to a favourable statin—-IAM
binding. The Mg?* cation and the carboxylate group negatively
charged of two statin molecules could form an ionic association
which could increase the statin hydrophobicity and therefore the
statin-IAM association. As well, the Mg?* cation, the carboxy-
late group of the statin molecule and the phosphate group of
the IAM surface could formed a second ionic association [45]
which could decrease the electrostatic repulsions between the
statin molecule and the IAM surface and therefore lead to a
favourable statin—-IAM association. Indeed, in a previous paper
[46] where the statin-IAM binding mechanism was analyzed
at a pH range 5.7-7.0, it was shown that the decrease of this
statin—IAM association observed when the pH increased was
due to the electrostatic repulsions between the statin carboxy-
late group negatively charged and the phosphate group of the
IAM surface. Consequently, this ion pair formation induced a
decrease of the ionic interaction (i.e. the electrostatic repulsions)
and then the statin-IAM association was increased. It was also
important to note that this favourable statin-IAM association
observed when the Mg?* concentration increased was accom-
panied by an increase of the thermodynamic data corresponding
to this molecular association which became progressively less
negative. For example, the plots of the thermodynamic terms
AH° and AS°* of mevastatin and fluvastatin vs. PMg>* were
illustrated in Figs. 2 and 3. The magnesium cation tends to
enhance retention of the statins on the IAM by minimizing the
statin contact area exposed to the bulk solvent. Consequently
both the statin molar enthalpy and entropy associated to the
bulk solvent decreased leading an increase of the thermody-
namic data [47] classically attributed to favourable hydrophobic
interactions [33,42,48].

From Eq. (9) (nyg2+ = dlog k'/dPMg**) the slope of the
curve Ink’ vs. PMg?* (Fig. 4) gives the number of magne-
sium at the statin—IAM interface implied in the binding process.
These values were shown in Table 1. For example, at 35°C
the corresponding nye2+ value of fluvastatin was —0.52. The

negative values of ny;2+ reflected the exclusion of Mg?* when
statin bound to the phospholipid monolayer. The ionic asso-
ciation between Mg>* and (i) the carboxylate groups of two
statin molecules and (ii) the phosphate group of IAM explained

Table 1
The g2+ values of statin—-IAM association at all the temperature studied
Temperature (°C) Prava Meva Atorva Simva Fluva
5 —0.26 —-0.33 —0.34 —0.38 —-0.37
10 —-0.22 —0.44 —0.41 —0.40 —0.38
15 —0.29 —0.52 —0.50 —0.42 —0.43
20 —0.31 —0.49 —0.52 —0.47 —0.45
25 —0.33 —0.50 —0.53 —0.52 —0.51
30 —0.56 —0.53 —-0.53 —0.58 —0.54
35 —0.53 —0.54 —0.56 —0.61 —0.52
40 —0.90 —-0.53 —0.62 —0.76 —0.57
45 —0.82 —0.74 —0.76 —0.74 —0.62
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the negative number of Mg”* exchanged. These nyg2+ values
were temperature dependent. Hinz et al. [49] established that
the magnesium binding heat effect (A Hyy,2+) associated with a
magnesium release during a binding reaction can be described
by the following simple function:

AHyp: = —2.3RT2(8ng“Tg“) (12)
PMgZt

For example, the plot ny,2+ of simvastatin vs. temperature

was given in Fig. 5. All the other statins exhibited a similar

linear variation (%> 0.80). As the temperature increased, the

number of magnesium released ny,2+ increased linearly and

(Onye2+/0T) PMa2+ had a negative value. Thus, from Eq. (12),

AHMgz+ has a positive value, and as the Mg2+ increased, the
binding enthalpy contributes non-favourably to the free energy
of binding. As well, using the above relation, the AHMg2+ value
was determined at 35 °C for simvastatin and atorvastatin 18.13
and 14.51 kI mol !, respectively. These values were in the same
order of magnitude as the AHy;,>+ values obtained during the
Mg?*-human serum albumin (HSA) binding [50].

In order to gain further insight into this binding mechanism,
enthalpy—entropy compensation (EEC) was also investigated.
Enthalpy—entropy compensation temperature is a useful ther-
modynamic approach to the analysis of physico-chemical data
[44]. Mathematically the entropy—enthalpy compensation can
be expressed by the following equation:

AH® = BAS° + AG; (13)

AGy is the corresponding Gibbs free energy variation at the
compensation temperature . According to this last equation,
when enthalpy—entropy compensation is observed with a group
of compounds in a particular chemical interaction, all the com-
pounds have the same free energy AG% at the temperature
[51,52]. The plots AH® vs. AS°* were drawn for all the statin
molecules and at all the Mg+ concentrations in the bulk solvent
(Fig. 6). The coefficient correlation for the linear fit was equal to
0.83. According to several authors [53,54], it can be deduced that
the fraction of the free energy that arises from the enthalpy con-
tributions is the same for all the statin molecules and the Mg?*
concentrations in the bulk solvent. Similarly, the fraction of the
total free energy arising from the entropy contributions is the

T (k)
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Fig. 5. Temperature dependence of the released magnesium (12y;g2+ ) of simva.
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Fig. 6. Enthalpy—entropy compensation of statins at all the Mg?* concentrations.

same. But, since different mechanisms 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 Mg?* concentration in the
bulk solvent. However, all the studied molecules have similar
biological activity on cholesterol biosynthesis [36]. These two
conditions (EEC and similar biological effects) seem to imply a
similarity of properties of all the statins studied.

4. Conclusion

In this paper, the role of the magnesium cation (Mg2+) on the
statin—-IAM binding mechanism was examined at pH 7.0. It was
shown that the statin—-IAM association was Mg+ dependent.
Indeed, an increase of the Mg2+ concentration led an increase
of the statin—-IAM association classically attributed to salt effect
(i.e. hydrophobic bonds) and to ion pair formations between the
Mg?* cation and statin molecule to bind to IAM surface. More-
over, the enhancement of the hydrophobic interactions induced
an increase of the thermodynamic values which became progres-
sively less negative. These results demonstrated that the mecha-
nism of statin—IAM binding was mainly controlled by hydrogen
and van der Waals interactions coupled with hydrophobic and
electrostatic bonds. It can be also noted in this study that
pravastatin exhibited the lowest association with the IAM lipid
monolayer which allowed to study the statin passive diffusion.
This result confirmed that the pravastatin uptake into hepatocytes
needed a membrane transporter. Enthalpy—entropy compensa-
tion suggested that statins have an identical retention mechanism
with the phospholipid monolayer. Ultimately, it appeared in
this manuscript that, in the biological Mg?* concentration (i.e.
0.75-0.90 mmol L’l), an increase of the Mg2+ concentration
led an enhancement of the statin—~IAM association (i.e. their
passive diffusion) and consequently a possible decrease of their
systemic bioavailable. Then, this study tends to show that an
Mg?* supplementation could increase the statin pharmacolog-
ical action on cholesterol biosynthesis and probably decrease
their adverse effects like myositis and rhabdomyolysis. These
results raised important questions that should be answered to
further understand the magnesium supplementation effect on
the statin passive diffusion through the cellular membrane.
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