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Purpose. The anti-ischemic drug trimetazidine (TMZ) acts by a combi-
nation of molecular mechanisms which begin to be understood. Thus,
it acts in the micromolar range to significantly reduce intracellular
acidification during ischemtia. To search for a possible physicochemical
explanation of this phenomenon, we investigated the transfer mecha-
nisms of the various electrical forms of this dibasic drug.

Methods. The transfer characteristics of TMZ were studied by electro-
chemistry at the water/1,2-dichloroethane interface. Cyclic voltamme-
try was used to measure the formal transter potentials of singly and
doubly protonated forms of TMZ (noted TH* and TH3", respectively)
as a function of aqueous pH, and the partition coefticient of neutral
TMZ (log Py) was measured by two-phase titration.

Results. log Py was measured to be 1.04 * 0.06, and the acid-base
dissociation constants in water were deduced to be pKy, = 4.54 *
.02 and pK}; = 9.14 £ 0.02. The partition coefticients of TH* and

TH3* were found (o be respectively log P+ = —3.78 *+ 0.16 and
log P$’H5+ = —9.84 * (.30, which agrees well with the charge being

delocalized on two nitrogen atoms in TH*. The pH-partition profile of
TMZ was then established in the form of its ionic partition diagram,
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ABBREVIATIONS: A, area of the interface; C, intracellular compart-
ment; ¢,, concentration of the ion I; Dy, diffusion coethicient of I in
the water phase; diff(log P{”\), logarithmic difference between the
partition coefticicnts of an ionic and the neutral form of a compound;
E, extracellular compartment; E, applicd potential difference; E[7,
observed half-wave transfer potential of I; F; Faraday constant; /542,
maximum forward peak current; K, concentration ratio between TH*
and T in compartment C; K§£, transmembrane equilibrium constant
for T; M, hydrophobic membrane; P,, partition coefficient of 1; P{",
formal partition coefficient of I; pK¢, dissociation constant in the
organic phase; pK};, dissociation constant in the aqueous phase; R, gaz
constant; T, temperature; T, neutral form of trimetazidine; TH*, singly
protonated form of trimetazidine; TH3*, doubly protonated form of
rimetazidine; z;, charge of I; AE.,. reference clectrode-electrolyte
potential difference; A%, Galvani potential difference between the
phases w and o; A%}, standard transfer potential of I; A¥¢Y", formal
transfer potential of 1; Aj'd,, ., potential difference between the forward
and the reverse peak current; AGY" ™9, standard Gibbs energy of transfer
trom water to oil; v, rate of the potential sweep.
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which showed that the affinity of the ions for the organic phase is pH-
dependent and strongly increased by the intertacial potential.
Conclusions. This behavior suggests a physicochemical mechanism
whereby eftlux of protonated TMZ out of an acidified cell is tacilitated,
in effect exporting protons to extracellular space.

KEY WORDS: trimetazidinc; lipophilicity; proton transfer; ionic par-
tition diagram; ITIES.

INTRODUCTION

Trimetazidine (TMZ) is a dibasic compound (Fig. 1) mar-
keted in a number of countries as a safe cellular anti-ischemic
devoid of hemodynamic effects. The molecular mechanisms of
its anti-ischemic effects in the myocardium and neurosensorial
organs arc insufficiently understood, but recent studies have
revealed a variety of relevant activities (1-4).

Thus, most bioelectric activitics in retina and inner ear are
strongly modificd by ischemia, but these deleterious effects
were prevented by TMZ 107° 1o 107° M in blood plasma.
Myocardial mitochondrial protection was evidenced in many
tests, in particular in the efficacy of oral TMZ to maintain high
levels of ATP despite hypoxia and calcium overload. This action
is not due to an antioxidant effect (which is absent in TMZ), but
to an ability to switch cellular metabolism towards preferential
glucose utilization.

Another noteworthy effect of TMZ 107¢ M is to signifi-
cantly prevent intracellular acidification during ischemia. An
actionon Na*/H* exchange or on Na*, K*-ATPase was excluded,
as was a simple buftering effect. To gain insight into the underly-
ing mechanism, we used electrochemical techniques to study
the pH- and potential-dependent partitioning behavior of TMZ.
Our results indeed suggest a partition mechanism whereby TMZ
could facilitate proton transfer from an acidic to a neutral aquc-
ous compartment, across a lipidic compartment.

The interface between two immiscible electrolyte solutions
(ITIES) is a simple model of biological membranes, and consti-
tutes a powerful means of simulating drug transfer processes.
In this respect, the water/1,2-dichloroethane (1,2-DCE) solvent
system is an interesting complement to the n-octanol/water and
alkane/water systems (5) because the partitioning between water
and 1,2-DCE 1s mainly governed by hydrophobic interactions
and by H-bonding in the water phase (6) The water/1,2-DCE
system gives more weight to H-bonding than the r-octanol/
water system, as seen also in structure-permeation relationships
which consistently demonstratc the importance of H-bonding
between permeant and membranes (7,8).

Electrochemical measurements in this system offer new
opportunities to measure the pharmacokinetically relevant lipo-
philicity of ionizable solutes (9—12). Furthermore, cells function
by creating a potential difference across membranes (sec Mitch-
ell’s chemiosmotic model (13)). Electrochemistry has then the
additional advantage of being able to investigate the interfacial
movement of ions in an electric field as existing in cells. Even

though there is no current/voltage source in the body, concentra-

tion differences between cytosol, intercellular space and mem-
branes creates a potential difference of ~70 mV. This value
could appear very small at first glance, but it must be remem-
bered that the cellular membrane is only 3.5 nm thick. Thus,
the potential gradient across the membrane is ~200,000 Vv
cm™'. In simple biological models such as biphasic systems,

616



pH-Partition Profile of Trimetazidine

OCH,

OCH,

l/\N
HN

Fig. 1. Structure of trimetazidine (neutral form).

the potential is distributed over a much larger distance. Although
the absolute values of the applied potential differences in biomi-
metic systems are much larger than the transmembranar poten-
tials existing in vivo, they are not out of the range of in vivo
potential gradients.

Finally, when an aqueous solution is brought into contact
with an immiscible phase such as 1,2-DCE, the various electri-
cal species are spontancously distributed between the two
phases. The partition of the neutral species depends primarily
on the nature of the solvents, whereas that of the ionic species
depends at the same time on the Galvani potential difference
across the interface, on the acid-base equilibria, on the pH of
the aqueous phase and on the lipophilicity of the neutral species
(10). Coupled with one of the conventional methods used to
determine the partition coefficient of neutral compounds, cyclic
voltammetry was used here to determine the transfer mecha-
nisms of the various ionic forms of trimetazidine (TMZ) and
to assess their respective lipophilicity. These results were then
used to interpret the transport behavior of TMZ in the body
and to relate its physicochemical properties to some of its
biological activities.

THEORETICAL BACKGROUND

The partition of ionizable solutes in biphasic systems
depends on all the acid-base equilibria and also on the Galvani
potential difference across the two phases (noted A%d) (10).
Indeed, the distribution of charged species at thermodynamic
equilibrium is described by the Nernst equation for the ITIES:

w — w A0 E a_i) — w L0 il Ca

Avd = Ayd? + oF ln(ar) = AydY + oF ln( w) ¢
where a; and ¢; stand for the activity and, respectively, for the
concentration of the ion [, z; for the charge, w for the aqueous
phase, o for the organic phase, A% for the standard transfer
potential and A%d{’ for the formal transfer potential of the ion
[. The Galvani potentlal difference is the difference between
the inner potentials of the two adjacent phases. It is equal to
zero when there is no accumulation of charges at the interface.
When positive, the aqueous phase is positively charged (accu-
mulation of cations and/or depletion of anions) and the organic
phase is negative. Ay is distributed between two back-to-back
diffuse Gouy-Chapman layers. The thickness of these two back-
to-back space charged regions is of the order of 10 to 100 nm
depending on the ionic strength of the two electrolyte solutions.
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Moreover, A¥dY is in fact the standard Gibbs energy of
transfer (AG%7°) expressed in a potential scale, and these two
quantities are simply related by:

Jw—
AG(,,WK o

AV (l)=
uF

o @
The standard transfer potential can be understood as a Gibbs
energy of transfer normalized by the charge, and it accounts
for the difference of solvation in the two adjacent phases (14).
As discussed later, A% is a more relevant parameter than
AG%%™° to estimate the lipophilicity of an ionic species.

Upon variation of A%d, the thermodynamic equilibrium
is displaced, and a certain time is needed to reach a new equilib-
rium state. However, for reversible (i.e. kinetically fast) ion
transfer controlled by diffusion at the interface, it can be esti-
mated that the equilibrium is instantaneous, so that Eq. 1 is
valid whatever the rate of the potential sweep, and it can be
rewritten in terms of partition coefficients:

log Py _RTI ( s — ArdY")
Or.w™0
= i wh AL 3)
RTIn10 RTIn10
- P()I Aw
logP!” + 270 10 o

where P; is the partition coefficient of 1 and P{’ its formal
partition coefficient (i.e. its partition coefficient when Ajd = 0).

Contrary to charged species, the partition coefficient of a
neutral species, Py, is a unique quantity related to its standard
Gibbs energy of transfer AG%" by:

af
log Py = log (;) = —
N

Thus, aqueous pH, Aj¢ and log Py influence the nature and
the amount of each species in both phases. At the ITIES, no
redox reaction occurs upon application of a Galvani potential
difference between the two phases, and the current resulting
from a potential sweep is due to a flux of ions across the
interface. It can easily be shown that the aqueous bulk concen-
tration of the transferring species c}* is related to the maximum
forward peak current /247 by the Randles-Sevcik equation (15):

AGHE

RTInl0O @)

172
WD = 04463 7 FA ¢} (%—TF—) (vDy)”? 5

where A is the area of the interface, Dy the diffusion coefficient
of [ in the water phase and v is the rate of the potential sweep.

MATERIALS AND METHODS

Trimetazidine (1-(2,3,4-trimethoxybenzyl)piperazine) was
kindly donated by the Institut de Recherches Internationales
Servier (IRIS, F) and was of pharmaceutical grade. The aqueous
phase was deionized water (Milli-QSP reagent water system,
Millipore) with LiCl (Fluka, CH) as aqueous electrolyte, and
the pH was adjusted to the desired value by addition of HNO;
or LiOH (Fluka). The organic phase was 1,2-dichloroethane
(1,2-DCE) of the highest available purity (Merck, G) with bis
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(triphenylphosphoranyiidene) ammonium tetrakis(4-chlorophe-
nyl)borate (BTPPATPBCI) as organic supporting electrolyte.
As 1,2-DCE is a suspected carcinogen (16), it was handled
with all necessary precautions to avoid inhalation and skin
contact. | mM TMZ was preliminarily dissolved in the aqueous
phase and the experiments were carried out at room temperature
(23 * 2°C). The transfer of TMZ at the water/1,2-DCE interface
was studied by cyclic voltammetry using the following electro-
chemical cell:

10mM LiCl 10mM imM TMZ
Ag|AgCl| ImM BTPPACI ' BTPPATPBCI|[ 10mM LiCI+HNO* [ AgCljAg’
or LIOH to desired pH
dqueous
reference
BTPPA* ion selective electrode
electrode (RE1) L 1,2-DCE water (E2)

The electrochemical apparatus was a home-made four electrode
potentiostat with ohmic drop compensation. The other details
of the electrochemical measurements have been described else-
where (10). In this paper, an increase of potential renders the
aqueous phase more positive with respect to the organic phase,
and the flow of positive charge from the water to the 1,2-
DCE phase is taken as the positive current. The transfer of
trimetazidine was studied between pH 1 and 11, and it has
been verified that the phase in which TMZ was preliminarily
dissolved was irrelevant.

The applied potential difference E is defined as the terminal
potential of the aqueous reference electrode referred to the
terminal potential of the organic phase reference electrode, and
it is related to the Galvani potential difference by:

E= A:)d) + AErcf (6)

where AE, . depends strongly on the nature of the two reference
electrodes, so that E refers only to the electrochemical celi
used, and represents a totally arbitrary scale. Thus, few drops
of 10 mM tetramethyl ammonium chloride (TMACI) were
added to the water phase after each experiment in order to
reference all the half-wave potentials, E}?, deduced from the
voltammograms. Since the formal transfer potential of TMA*
in the absolute Galvani potential difference scale can be esti-
mated (A¥da+ = 160 mV (17)) using an extra-thermody-
namic assumption such as the tetraphenylarsonium
tetraphenylborate (TATB) scale (18), the measured half-wave
potentials E}"? can be transposed to the absolute scale by

applying the following relationship:
El” = AZGY = Efgnr — Adhiar @)

As cyclic voltammetry cannot be applied to uncharged com-
pounds, the partition coefficient of neutral TMZ in water/1,2-
DCE was measured by pH-metric two phase titration (19, 20)
(PCAI1OI, Sirius Analytical Instruments, UK) and was deter-
mined to be log Py = 1.04 = 0.06. The acid-base equilibrium
constants of TMZ in water were also measured by this method
and were found to be: pKj) = 4.54 £ 0.02 and pK}, =
9.14 + 0.02.

RESULTS AND DISCUSSION

The solubility of neutral TMZ (noted T) is very low in
aqueous solution, but it can form soluble singly protonated
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(TH*) or doubly protonated (TH3") species in acidic solution.
Upon application of a Galvani potential difference across the
ITIES, both TH;* and TH* can transfer from water into the
organic phase; the acid-base equilibria are thus modified in the
vicinity of the interface, and a concentration gradient is estab-
lished leading to a flux of ion diffusing from the bulk across
the interface. The aqueous pH drastically influences the transfer,
and electrochemistry at the ITIES is a powerful tool to demon-
strate it.

Cyclic Voltammograms and Physicochemical
Parameters

The half-wave transfer potentials of the two cationic forms
of trimetazidine were determined by cyclic voltammetry as a
function of the aqueous pH, as shown in Fig. 2 for several
experiments achieved with the above electrochemical cell.

These results show that four types of voltammograms can
be differentiated depending on pH. Up to pH 2, only one current
wave was observed within the available potential window. With
respect to the acid-base equilibria, TMZ is mainly in its diproto-
nated form at such pH (pK?; was measured to be 4.5 *+ 0.02),
and the current can be attributed to the transfer of TH3' from
water to 1,2-DCE on the forward scan and to the opposite
process on the reverse scan. The measured half-wave potential
was constant in this pH range and A:,”¢%§+ deduced from Eqn.
7is 291 = 9 mV. The shape of the voltammogram indicates
that this transfer was diffusion-controlied which implies that
the ion transport across the interface was very fast. The revers-
ibility of the transfer is demonstrated by the linear dependence
of the maximum peak current on the square root of the sweep
rate as predicted by the Randles-Sevcik equation (Eqn. S), by
the position of the forward and reverse peaks which is indepen-
dent of the scan rate, and by the value of ~30 mV for the
potential difference between the forward and the reverse peak
current (peak-to-peak separation A}d,,..) which should be R7/
zZF = 59/z mV at 25°C.

Between pH 2 and 4.5, a second current wave appeared
at less positive potentials than that due to TH3*, and it was
generated by a flux of TH* across the interface. Both waves
were reversible, but the peak-to-peak separation corresponded
in both cases to the transfer of a monocharged ion since at pH
2.9 AYdu was 58 and 66 mV for the first and second peak,
respectively. Furthermore, the half-wave potentials were not
constant in this pH range: when pH increased, the wave due
to TH* transfer was shifted to smaller potentials, whereas
Ay 'Tﬁp increased. At pH 4.0, Fig. 2 shows that the first wave
was slightly displaced to the left with respect to that obtained
at pH 2.9 and that the second peak blended in the positive
end of the potential window. This can be explained by the
mechanisms governing the transfer at such pH, as discussed
below in the mechanistic interpretation of the ionic partition
diagram of TMZ.

From pH 4.5 to 9, only one current wave was observed
within the potential window. It resulted from the transfer of
TH* across the water/1,2-DCE interface since it was the only
charged species present at such pH values (pK*%, was measured
to be 9.14 * 0.02). The maximum forward peak current fol-
lowed the bulk concentration of TH* all over this pH range,
the half-wave potential remained constant and A%d%+ was
calculated to be 162 = 9 mV.
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Fig. 2. Typical cyclic voltammograms obtained at various values of aqueous pH for the transfer of trimetazidine
at the water/1,2-DCE interface. The potential scan rate v is 10, 30, 50, 80 and 100 mVs™}; the forward scan
(fwd) is from left to right (upper part of the curves) and the reverse scan (rev) from right to left. The data are
already transposed from the applied potential scale to the absolute Galvani potential scale.

Above pH = pK}, trimetazidine is mainly neutral and
polarization of the interface cannot lead to the transfer of any
form of TMZ. However, a third wave appeared on the volta-
mmograms in Fig. 2 which corresponded to the transfer of a
monocharged species (AYd,.q is always ~60 mV). The transfer
reaction was reversible and the measured half-wave potential
increased by ~60 mV per pH unit. It will be shown below that
this transfer wave is due to the transfer of a proton facilitated
by neutral trimetazidine present in the organic phase.

1t must also be pointed out that the current intensity varied
with the aqueous concentration of protons. When pH
approached pK}Y), the current due to TH* transfer increased
rapidly and that due to TH3* diminished even faster. This was
due to the changing ionic composition of the aqueous phase
upon pH increases, and the measured variations of the maximum
forward peak currents are in good agreement with the fact that
%2 varies with (2)** (see Eqn. 5). Indeed, at v = 100 mVs™!,
Fig. 2 shows that I}}? was 598, 197 and 222 pA at pH 1.1,
4.0 and 6.3, respectively. Estimating in a first approximation

that TH3* and TH* have the same diffusion coefficients in
water, I"*?/(2)*? must only depend on the bulk concentration
of the transferring species, which is in total accordance with
the smaller value obtained at pH 3.96 for which c/{§;+ cannot
be neglected. Finally, above pH = pK7, the peak current was
determined by the concentration of neutral TMZ in the organic
phase and by the proton concentration in the aqueous phase.
These two parameters acted in opposite directions, so that it is
not surprising to obtain a constant value of I[2%f in this domain
of pH.

It must be stressed that the phase in which TMZ was
preliminarily dissolved is irrelevant, because it partitions
between the two phases as soon as they are brought into contact.
Therefore, partitioning of neutral TMZ at high pH does not
disturb the experiments since, as will be demonstrated below,
the recorded current is due to a transfer of proton assisted
by TH*(0).

In addition to the acid-base dissociation constants and the
partition coefficient of TMZ measured by titration, this study
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of the pH dependence of transfer allows to quantify the physico-
chemical parameters determining the distribution of all the spe-
cies involved. These values are compiled in Table 1, and will
be used to draw the ionic partition diagram of TMZ and to
discuss its lipophilicity in water/1,2-DCE.

Ionic Partition Diagram

With two protonation sites, the thermodynamic cycle for
the transfer of a dibase across an ITIES includes cight different
species distributed over the two phases (namely, T, TH*,
TH3" and the proton H*). As can be deduced from the ionic
partition diagram methodology (21), all these species are con-
nected by seven boundary lines representing the equiconcentra-
tion domains of two adjacent species. In the case of TH3(0)
and TH3*(w) for instance, the equiconcentration is reached
when c¢y3+/ctuzs = 1. Thus, the logarithmic term in Eqn. 1
becomes zero, and the boundary line is given by A} & =
AY %’Hgt The same method is used to deduce the other bound-
ary lines from the Nernst equations expressed for each ionic
species and from the definition of the acid-base dissociation
constants, and these lines are the geometric locus delimiting
the domain of predominance of each species involved. With
the experimental results given in Table 1, it is straightforward
to express these boundary lines numerically and to calculate
their end points (see Ref. (21)). The results obtained are dis-
played in Fig. 3 which shows the ionic partition diagram of
trimetazidine in water/1,2-DCE at 25°C.

As the partition of a neutral species is neither pH- nor
potential-dependent, only T(w) is chosen to draw the ionic
partition diagram (sec Ref. (21) for details). The value of the
partition coefficient is incorporated in the predominance domain
of neutral TMZ in Fig. 3 so as to keep in mind that T(w) and
T(0) are present in a proportion given by their logPy . In the
present case, the concentration of neutral TMZ is always ~ 10
times larger in 1,2-DCE than in water. Otherwise, lines a and
b show the limits of the experimental domain for the electro-
chemical cell used, of which the potential window was limited
by the transfer of Ci~ and Li* at low and, respectively, high
potentials (A% - = 470 mV (22) and AY éfi+ = 576 mV
23).

The ionic partition diagram of TMZ offers an instantaneous
view of how experimental conditions influence the nature of
the species in solution and their transfer. Indeed, a displacement
in the ionic partition diagram generates a change of concentra-
tion of all species in both phases. When a boundary line is
crossed, the predominant species changes, which implies that
a reaction occurs. This reaction can be cither the transfer of a
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Fig. 3. lonic partition diagram of trimetazidine at 25°C in water/1,2-
DCE. The circles denote the experimental values deduced from the
voltammograms, while the boundary lines (bold) are determined using
the mean value of A%Y’ given in Table 1. Lines a and b denote the
experimental domain, which is limited here by the transfer of Li* and
Cl~ at high and low potentials, respectively. The numbers differentiate
the various boundary lines between two adjacent species: | stands for
the equiconcentration between TH3* (w) and TH3* (0), 2 for the equi-
concentration between TH3* (w) and TH*(0), and so on.

species from one phase to the other or an acid-base transforma-
tion. It is shown hereafter that this representation greatly helps
the interpretation of the results obtained by cyclic voltammetry.

Transfer Mechanisms

All the experimental values of the formal transfer poten-
tials deduced from the voltammograms have been added to
Fig. 3, which shows the good agreement between theory and
experimental resuits. Indeed, the four pH domains discussed
above are clearly delimited on the ionic partition diagram. Upon
positive polarization of the interface at pH < 2, the boundary
between the predominance domains of TH}*(w) and TH3" ()
(line 1 in Fig. 3) is crossed, and doubly charged trimetazidine
simply transfers from water into 1,2-DCE. At pK}; < pH <
pK, similar considerations apply for TH* which is also forced
to transfer into the organic phase upon polarization.

Outside these two pH domains, the polarization of the
interface generates unexpected phenomena due to the equilibria
linking all species. The proton plays a fundamental role in these
regions, and the mechanisms governing transfer can be deduced
from the nature of the two corresponding predominance
domains. To facilitate the discussion, all the reactions that take

Table 1. Physicochemical Parameters Determining the Thermodynamic Equilibria of Trimetazidine at the Water/1,2-DCE Interface

AZGY [mV) AGY > [kimol ') logPy" difftlog Py )" pk® K2
TH3* 291 £ 9 562 * 1.7 ~9.84 * 030 -10.88 + 0.31 454 + 0.02 6.85 = 038
TH* 162 + 9 15.6 + 0.9 ~2.74 * 0.15 -3.78 * 0.16 9.14 + 0.02 14.77 = 0.249

¢ Log Py is 1.04 = 0.06 and was measured by Sirius pH-metric two phase titration.

b Measured by Sirius pH-metric two phase titration.
¢ Calculated with AY ¢+ = 549 = 10 mV (30).

4 pKg is defined as the negative logarithmic value of the dissociation constant in the organic phase with respect to the proton concentration in
the organic phase and it is deducted from: pK3 = pK3% + logPys+ — logP"™ — logP)+.
¢ Deduced from: pKY, = pK¥ + logP%y+ — logPr— logP+ (see Ref. (10)).
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place with TMZ at the water/1,2-DCE interface arc schemati-
cally shown in Fig. 4.

Boundary line 2 (Fig. 3 and 4) shows that between pH 2
and 4.5, doubly charged TMZ in the aqueous phase has to loose
a proton to cross the interface, since, upon positive polarization
of the interface, we pass from the predominance domain of
TH3*(w) to that of TH*(0). The singly charged species needs
a supplementary input of energy to recover its second proton
and TH*(o) acts then as an ionophore for the proton. The transfer
proceeds by Interfacial Complexation (TIC mechanism) (24)
and this explains why a second wave appeared on the corres-
ponding voltammogram in Fig. 2. The overall mechanism can
thus be summarized as follows:

TH*(w) + H*(w) 2 TH3" (w) dissociation equilibrium (8)

TH*(w) 2 TH*(0) first peak, transfer of TH* 9
TH*(0) + H*(w) 2 TH3" (0) second peak, transfer of H*  (10)
Such a mechanism also agrees with the fact that [742 is much

smaller at pH 2.9 than at pH 1.1, and that the two recorded peaks
were due to a singly charged species crossing the interface. It
is also of interest to note that the smaller the concentration of
TH3* (w), the smaller the potential needed to form TH*(e) and
the larger the supplementary energy required for TH*(o) to
facilitate the transfer of a proton. This result confirms that the
affinity of an ionic species for the organic phase is both pH-
and potential-dependent (see Eq. 3) and that there is only a
well-defined domain of pH where its partition coefficient can
be considered constant.

Above pH = pK%, the predominant species were T(o) and
TH*(0) at low and, respectively, high potentials. To pass from
one domain to the other, neutral TMZ needs to protonate, and,
as already observed in other experiments (11,21,25), the sweep-
ing of potential displaces the thermodynamic equilibria so
strongly that T(o) can in turn act as a protonophore. In this
manner, the current observed in Fig. 2 at pH 11 follows also
from the passage of a proton across the interface.
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Lipophilicity

As expected, neutral trimetazidine is the most lipophilic
species since Table 1 shows that it has the largest partition
coefficient. As generally noted, the hydration energy of charged
species is more negative than their solvation energy in the
organic phase, so that they are better stabilized in water than
in the organic phase. By contrast, neutral TMZ requires energy
to pass from 1,2-DCE into water.

The ionic partition diagram also illustrates the lipophilicity
of the different species present. As shown by Eq. 2, the larger
the formal transfer potential of an ion, the larger the energy
required to let it cross the water/1,2-DCE interface.
Consequently, TH3* is significantly less lipophilic than TH*,
since the boundary line corresponding directly to the transfer
of TH3" (line 1 in Fig. 3 and 4) is positioned at a larger potential
than that representing the transfer of TH* (line 5).

As discussed above, the log P}’ parameter can be slightly
confusing when comparing the lipophilicity of ions of different
charges. In the present case for instance, the value of —9.84
for log PHiiz+ suggests that the doubly charged form of TMZ
can never transfer into the organic phase and hence that it will
never cross biological membranes. However, as the movement
of ions in biology is determined by their electrochemical poten-
tial, the driving force for permeation of ions into biological
barriers by passive diffusion is the transmembrane Galvani
potential difference. Being normalized by the charge, the formal
ion transfer potential A¥¢’ is thus the key parameter of its
lipophilicity. Indeed, for a given electrical work, the water/
organic phase distribution of singly and doubly charged ions
is drastically different. As shown in this study, if the transfer
of TH3* necessitates ~3.6 times more energy than that of TH*,
the Galvani potential difference required for this process is only
~1.8 times larger for TH3* than for TH* (see Table 1). In other
terms, to reach the equiconcentration in the two adjacent phases,
a singly charged ion with the same log PP’ as TH3* would
require twice the potential needed by TH}" (ie. 582 mV).
Consequently, even if both log P{" are equal, these two ions
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Fig. 4. Schematic transfer mechanisms of the various forms of trimetazidine at the water/1,2-DCE interface.
The number are the same as in Fig. 3.
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do not have the same affinity for the organic phase. Due to their
higher charge, the doubly charged ions will be more efficiently
forced towards the organic phase under the influence of polar-
ization. The formal transfer potential scale is thus more informa-
tive than the formal partition coefficient scale to interpret the
lipophilicity of ions and to appreciate their capability to perme-
ate into membranes.

The partition coefficient difference between an ionic and
the neutral form of a compound (defined as difflog P{'y) =

log P{" — logPy) is a recently introduced parameter (o assess

the effect of charge on lipophilicity (14,26). With TMZ, proton-
ation of the neutral species generates a relatively small decrease
in lipophilicity: diflog P+ _r)is —3.78, whereas the common
value of —35 is generally obtained with monocharged species
at the water/1,2-DCE interface. At first glance, this small shift
cannot be understood on the simple basis of its chemical struc-
ture, since only a conformational change can slightly stabilize
the charge by internal conjugation with the ortho oxygen atom.
The nitrogen atoms are positioned in very similar environments,
so that they have approximately the same basicity. Moreover,
the piperazine ring can adopt a “boat” conformation which
markedly decreases the distance between the two nitrogens. In
TH*, the proton can pass from one nitrogen atom to the other.
This induces an important delocalization of the charge which
greatly favors solvation in an organic phase where no H-bond
stabilization is possible (14). However, this effect disappears
upon diprotonation. TH3* is extremely hydrophilic in compari-
son to T and TH*, since Table 1 shows that diftlogPhi3+-1)
= —10.88. In this case, the two charges cannot delocalize, and
as they are close from each other, they induce a very strong
electrostatic field which is very difficult for 1,2-DCE to stabi-
lize. Furthermore, the water molecules forming the first solva-
tion shell are strongly attracted by the doubly charged species,
which explains why the formal transfer potential of TH3" is
very large. Thus, upon transfer from water into 1,2-DCE, the
destruction of the aqueous solvation shell and its replacement
with organic solvent molecules necessitates a very large amount
of energy, and the affinity of TH3" for the organic phase is
then very low.

The difference in lipophilicity between charged and neutral
forms of an ionizable drug can have dramatic consequences
for its pharmacokinetic phase (27-29), and it will be shown
below how the ionic forms of trimetazidine can affect its mem-
brane permeation and thus its pharmacological effects.

Relations Between Physicochemical and
Pharmacological Properties

Administered orally, trimetazidine is first liberated in the
stomach, which greatly favors its dissolution since it is doubly
charged around pH 1. To pass into blood, trimetazidine has yet
to cross several biological barriers. The ionic partition diagram
suggests that this step would require energy, since, at zero
potential and low pH, the doubly charged species in the aqueous
phase dominates. Furthermore, as only TH3" exists at very low
pH, trimetazidine needs to leave the stomach to yield TH*.
Given that the formal Gibbs energy of transfer diminishes when
pH increases, this will greatly facilitate the passage into mem-
branes (indeed, log Piu3+ and log Py, are separated by ~7
units?).
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As for the pharmacodynamically active species acting on
hypothetical target sites, we can simply deduce from the ionic
partition diagram that the monoprotonated species predominates
at physiological pH. High- and low-affinity binding sites for
TMZ have been found in mitochondrial membranes (3), but
the species binding to these sites, and their pharmacodynamic
relevance, remain to be elucidated.

The problem we now examine is a possible relation
between the ionic partition diagram of TMZ (Fig. 4) and its
documented capacity to prevent intracellular acidosis during
ischemia. A traditional and a more recent view of passive
membrane permeation are presented in Fig. SA and 5B, respec-
tively. Assuming no permeation for THY, its concentration in
the two compartments will depend only on pK, and on the two
pH values (Fig. 5SA). When TH* can permeate (Fig. 5B), its

A | IM] E|
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') = < CE = T&E
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Fig. 5. Permeation mechanism for passive drug transfer from an intra-
cellular compartment C to an extracellular compartment E separated
by a membrane M. A) Scenario 1: The traditional view of passive drug
transfer across membranes, with no permeation of the cationic forrn
TH* of the drug T. Assuming that pK, = 9 and that pH is 6 in C and
7 in E, K= c§utic§ = 100071, Kz = cfy+ / B = 100/1, since
K$E = 5/ must obviously be 1. B) Scenario 2: A more recent view
of drug transfer across membranes, with the cationic form also permeat-
ing. Assuming the same conditions as in A), the equality K% =

I = K£E+ must be met, which in effect decreases ¢§y+ and increases
¢4+ until a new equilibrium is reached. C) Scenario 3: An interfacial
potential difference is created between C and M. This will drive TH*(C)
into M, from where it will escape into E (step 1). The excess of TH*(E)
will deprotonate according to pK,, (step 2). Equilibrium between T(E)
and T(C) will tend to be restored in step 3. Equilibrium between T(C)
and TH*(C) will tend to be restored in step 4. A cycle is created which
effectively transfers H* from C to E.
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concentration in an intracellular compartment (noted C) must be
equal to that in an extracellular compartment (E) at equilibrium.
Indeed, as Py +* is constant in absence of interfacial potential,
K§E = PEM.t P = 1and c§y+ = cfyy+ mustexist at equilib-
rium. This condition is obtained by c§y+ decreasing (apparent
decrease of pK, in C) and cFy+ increasing (apparent increase
of pK, in E) until equilibrium is reached, which induces a slight
displacement of the dissociation equilibria in both C and E.
The capacity of such a reaction to compensate for acidosis in
C should be very limited.

The picture changes when an interfacial potential differ-
ence is created, as resulting from fast acidification due to isch-
emia. The results of this study reveal that such a potential
difference will push TH* (c) into the membrane, thus further
and strongly increasing its lipophilicity (Fig. 5C). From here,
TH* will escape into E and deprotonate according to pK,. If E
is an open compartment (e.g. extracellular fluid or blood), the
excess of protons will be eliminated. The cycle continues with
T permeating into C (since ¢§ > ¢§), and T(c) reforming TH*
(¢). The cycle will carry on as long as the interfacial potential
difference persists, and this is in analogy to “‘counter transport”
in which solutes can be transported against their concentra-
tion gradients.

CONCLUSIONS

Cyclic voltammetry at the ITIES has been shown to be a
relevant technique to assess the physicochemical parameters
describing the distribution of the various forms of trimetazidine
in the water/1l, 2-DCE system. The partition coefficients of all
forms of TMZ have been determined in the present study, and
it has been shown that the rather large lipophilicity of the mono-
protonated form of TMZ is due to the delocalization of the
proton. The proximity of the two nitrogen atoms as well as
their similar basicity favors this charge delocalization in TH,
which weakens the induced electrostatic field and thus improves
its solvation in the organic phase. This effect disappears with
TH3*, explaining its much smaller lipophilicity.

The potential-dependent lipophilicity led us to propose a
mechanism of facilitated proton transfer to explain the anti-
acidosis effect of TMZ. The conceptual gap between biophysi-
cal conditions in cells and our physicochemical set-up is of
course broad, but our model offers a plausible mechanism the
pharmacological value of which is worth further assessment.
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