Effects of novel triple-stage antimalarial ionic liquids on lipid membrane models
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ABSTRACT

Primaquine-based ionic liquids, obtained by acid-base reaction between parent primaquine and cinnamic acids, were recently
found as triple-stage antimalarial hits. These ionic compounds displayed significant activity against both liver- and blood-stage
Plasmodium parasites, as well as against stage V P. falciparum parasites. Remarkably, blood-stage activity of the ionic liquids
against both chloroquine-sensitive (3D7) and resistant (Dd2) P. falciparum strains was clearly superior to those of the respective
covalent (amide) analogues and of parent primaquine. Having hypothesized that such behaviour might be ascribed to an
enhanced ability of the ionic compounds to permeate into Plasmodium-infected erythrocytes, we have carried out a differential
scanning calorimetry-based study of the interactions between the ionic liquids and membrane models. Results provide evidence,
at the molecular level, that the primaquine-derived ionic liquids may contribute to an increased permeation of the parent
drug into malaria-infected erythrocytes, which has relevant implications towards novel antimalarial approaches based on

ionic liquids.
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Ionic Liquids (IL) derived from active pharmaceutical ingredi-
ents (API) may open new perspectives towards low-cost rescuing
of classical drugs, given that most available API are found in the
cationic or anionic form.'”> One example is that of antimalarial
drugs, most of which are administered as salts (e.g., primaquine
bisphosphate, chloroquine bisphosphate, mepacrine hydro-
chloride, proguanil hydrochloride, sodium artesunate, among
others).*> As such, antimalarial API can be combined with either
an inert counterion or a counterion displaying additional biological
properties, eventually producing novel drug-derived IL (API-IL)
with therapeutic interest. In this connection, and following our
long-term research focus in rescuing antimalarial drugs like pri-
maquine (PQ, 1),°"'? or chloroquine (CQ, 2),'>'* we have recently
developed PQ-derived ionic liquids (PQ-IL, 3a,b).!> These com-
pounds were found as triple-stage antimalarial hits, i.e., were
active against both liver- and blood-stage Plasmodium parasites,
as well as against mature (stage V) P. falciparum parasites. Remark-
ably, blood-stage activity of these PQ-IL 3a,b against both chloro-
quine-sensitive (3D7) and resistant (Dd2) P. falciparum strains

was clearly superior to those of the respective covalent analogues
(4a,b) and of parent primaquine, 1.'° This was somewhat puzzling,
as 3a,b and 4a,b (Fig. 1) differ from each other in the nature of the
bond established between the primaquine and the cinnamic acid
building blocks: in 3a,b, both motifs are bound through an ammo-
nium carboxylate ionic bond, whereas in 4a,b, the same motifs are
linked through a covalent amide bond; in other words, 3a,b may be
regarded as a new ionic formulation of PQ, alternative to commer-
cial primaquine phosphate, whereas 4a,b substantially differ from
the parent drug, including in aspects as relevant as the absence of
an aliphatic amine group, traditionally regarded as a key feature in
antimalarial 8-aminoquinolines, like PQ.>'® As such, one would
expect PQ-IL 3a,b to more closely mimic the antimalarial profile
of PQ than 4a,b, namely the low blood-stage activity of the parent
drug.

In view of the above, we decided to further investigate a possi-
ble explanation for the increased blood-stage activity of PQ-IL 3a,b,
as compared to covalent analogues 4a,b, whose chemical synthesis
has been described elsewhere.'>'® Although the full picture about
the mechanism of action of antimalarial 8-aminoquinolines (8-AQ)
like PQ remains to be elucidated,!” PQ-IL 3a,b are not expected to
act on intraerythrocytic Plasmodia in a way that considerably
diverges from that of the parent drug, or other antimalarial 8-AQ.
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Fig. 1. Structures of classical antimalarial drugs primaquine (1), chloroquine (2),
primaquine-derived ionic liquids (3a,b) previously found as triple stage antimalar-
ial hits,'® and their covalent counterparts 4a,b.'?

Hence, we hypothesized that 3a,b might owe their enhanced
blood-stage activity to a better ability to permeate through the
membranes of Plasmodium-infected erythrocytes (PiRBC), and sub-
sequently internalize the intraerythrocytic parasitophorous vac-
uole (PV). Accordingly, we envisaged that additional drug-
membrane interaction studies would be useful to gain deeper
insight, at the molecular level, into the antimalarial action of PQ-
IL 3a,b, while also relevant towards development of next-genera-
tion antimalarial API-IL with higher efficacy and safety.'® In this
connection, interactions of PQ-IL 3a,b, and their covalent analogues
4a,b, with lipid membrane models were investigated using differ-
ential scanning calorimetry (DSC).'® To such end, multilamellar
vesicles (MLV)?® were used as membrane models due to their posi-
tional order, undergoing a much more cooperative gel-fluid phase
transition than large unilamellar vesicles (LUV) that do not have a
positional order normal to the plane of the bilayer, which results in
diffuse peaks difficult to be analysed by DSC.>! Membrane models
were assembled using zwitterionic and anionic phospholipids:
multilamellar vesicles (MLV) of the zwitterionic phospholipid,
1,2-dipalmitoyl-rac-glycero-3-phosphocholine (DPPC), were cho-
sen as a simple but suitable model of the human cell membrane,
mimicking the neutral surface charge of membrane of non-infected
mammalian erythrocytes, mainly composed of phosphatidyl-
cholines.?>?* Although the parasite membrane model is much
more complex containing different lipids and proteins, the charge
of parasite’s membrane contains an increased content in negatively
charged phospholipids and for that reason the negatively charged
phospholipid, 1,2-dipalmitoyl-sn-glycero-3-phospho-rac-(1-glyc-
erol) (DPPG) was selected to prepare MLV.?* Moreover, the compo-
sition of PiRBC is very similar to that of the parasite, which is able
to traffic phospholipids between RBC and its membrane.”” Results
obtained provide support to our working hypothesis, as follows.
In vitro activity of primaquine-derived IL, 3a,b, against blood-
stage parasites of CQ-sensitive and resistant P. falciparum strains
was recently found as superior to those of both the parent drug,
1, and of covalent analogues 4a,b.'® This was an interesting finding,

since (i) primaquine and similar antimalarial 8-AQ usually have no
or low blood-stage activity, and (ii) the activity enhancement
observed emerged from simple replacement of the usual drug'’s
counterion (phosphate) by cinnamate ions. We rationalized that
the observed effect would hardly be due to a significant change
in the mode of antimalarial action of PQ-IL 3a,b in regard to PQ
itself, but instead arise from an increased permeation of this anti-
malarial API into PiRBC, when formulated as PQ-IL 3a,b. As such,
we studied the effect of PQ-IL on model RBC and PiRBC membranes
through assessment of their influence on the thermodynamic
behaviour of DPPC and DPPG MLV. Tables 1 and 2 show the calori-
metric results obtained for each PQ-IL with the membrane model
of DPPC and DPPG, respectively. The thermodynamic description
is based on the parameters characterizing the pre-transition and
the main transition temperature. The pre-transition corresponds
to the transition from gel (LB’) to a rippled gel phase (Pf’), whereas
the main transition temperature corresponds from gel to liquid
crystalline (Lot) phase transition of the liposomes.?® Each of these
phase transitions temperatures are characterized by a temperature
(Tm and Ty, respectively), and an enthalpy (AHy, and AHp, respec-
tively). The obtained thermodynamic parameters for the pure
lipids without and with the ILs are listed in Tables 1 and 2.

The phase transition observed for MLV of pure DPPC is charac-
terized by a Ty of 41.5°C, a T, of 36.2°C with an AH, of
7.3 kj-mol~! and an AHp of 1.14 k]J-mol~' (Table 1). In the case of
DPPG, the T, obtained was 40.3 °C, the T, 34.5 °C with an AHy,
of 6.8 k]-mol~! and an AHp of 0.74 kJ-mol~! (Table 2). The observed
thermodynamic parameters for the lipids are in very good agree-
ment with literature values.?’

The calorimetric results support a pronounced interaction
between PQ-IL 3a,b and the membrane models (Tables 1 and 2),
since these IL change the features of lipids thermodynamic param-
eters, by decreasing the melting temperatures and increasing the
transition enthalpy of the lipids. Moreover, the results point to a
differential interaction according to the phospholipid composition,
being the interaction also influenced by the specific IL. In the pres-
ence of 3a,b, the T, of DPPC is 40.7 and 40.2 °C, respectively
(Table 1). The main phase transition temperature decreases, which
is indicative of a fluidification of the membrane induced by both
compounds, and specially by 3b. The AH,, obtained was
9.60 kJ-mol~! and 9.30kJ-mol~! in the presence of 3a and 3b,
respectively. The decrease in AH points to a destabilization of

Table 1

Thermodynamic parameters, as obtained by DSC analysis of phase pre-transition and
phase transition of DPPC MLV alone and in the presence of primaquine ionic (3a,b)
and covalent (4a,b) derivatives.

Lipid Drug  Tm(°C) Tp(°C)  AHm (K-mol™')  AHp (kJ-mol')
DPPC - 41.5 36.2 7.22 1.14
DPPC 3a 40.7 - 9.60 -
DPPC 3b 40.2 - 9.30 -
DPPC 4a 40.1 - 8.56 -
DPPC 4b 40.1 - 7.91 -
Table 2

Thermodynamic parameters, as obtained by DSC analysis of phase pre-transition and
phase transition of DPPG MLV alone and in the presence of primaquine ionic (3a,b)
and covalent (4a,b) derivatives.

Lipid Drug T, (°C) T, (°C)  AHp, (kJ-mol™')  AH, (k]-mol~")
DPPG - 40.3 345 8.70 0.74

DPPG 3a 38.1 - 9.31 -

DPPG 3b 383 - 9.82 -

DPPG 4a 39.0 32.7 10.30 0.60

DPPG 4b 39.0 324 9.30 0.43




the model membrane. In addition, the broadening of the main tran-
sition by the presence of 3a,b reinforces the destabilization effect
induced by these IL, due to their intercalation within the lipid
bilayer.'® Moreover, PQ-IL are able to abolish the pre-transition
from Lp’ to PP’ of DPPC. This observation agrees with the noticed
marked interaction of the drug primaquine with the zwitteronic
phospholipid head groups, which seems to be related with the
intercalation of this drug within the lipid bilayers.'® The destabi-
lization effect in the lipid bilayers depends of the chemical struc-
ture of the compounds, as 3b seems to be responsible for a more
pronounced change in the bilayers. PQ-IL 3a is less lipophilic than
3b, where the presence of the more hydrophobic isopropyl group is
probably responsible for a deeper penetration of this compound
into the lipid bilayers.?®

The non-charged covalent analogues 4a,b are also able to
strongly interact with DPPC. In the presence of both compounds,
the T,, of DPPC is 40.1°C (Table 1). The AH,, obtained was
8.56 k]-mol~! and 7.91 k]-mol~! in the presence of 4a and 4b,
respectively. Thus, the main transition temperature decreases in
both cases, and therefore both compounds promote fluidification
of the model membrane. In all cases, the disappearance of LB’ to
Pp’ transition and the increment of the AH reinforces the pro-
nounced interactions of these compounds with the membrane
model.

Differences are more dramatic when analyzing results pre-
sented in Table 2. Hence, it is clear that PQ-IL 3a,b both strongly
interact with the negatively charged model membrane (DPPG). In
the presence of 3a and 3b, the T,, of DPPG is 38.1 and 38.3 °C,
respectively (Table 2). The AHy, obtained was 9.31 k]-mol~! and
9.82 kJ-mol ! in the presence of 3a and 3b, respectively. Thus, both
compounds induce a pronounced disordering effect on the struc-
ture of DPPG bilayers. In other words, the increased AH,, caused
by incorporation of PQ-IL reflects a large reduction in the coopera-
tivity of the transition. Moreover, the pre-transition of the DPPG
bilayers is completely abolished in the presence of PQ-IL, indicat-
ing that these compounds destabilize the gel phases of DPPG.'®

In turn, although incorporation of the non-charged analogues
4a,b in DPPG bilayers also leads to an alteration of the lipid mix-
ture layer arrangement and chain packing, effects are clearly less
pronounced. In the case of 4a, the T, obtained was 39.0 °C, the
T, 32.7°C with an AH, of 10.30k]-mol™! and an AH, of
0.60 kJ-mol~! (Table 2). In the presence of 4b, the T,, of DPPG is
also 39.0 °C, a Tp of 32.4 °C with an AH,, of 9.30 k]-mol~! and an
AHp of 0.43 k]-mol~! (Table 2). Thus, both compounds lead to a
decrement of the transition temperatures and an increment of
the AH, but with an overall lower destabilization effect on the neg-
atively charged phospholipids bilayers, as compared with their
ionic counterparts, 3a,b. This difference may be explained by the
more pronounced electrostatic interactions of the charged anti-
malarial drugs with the polar head groups of the phospholipids,
which in turn may underlie a more effective permeation of PQ-IL
3a,b into PiRBC, as compared to 4a,b, thus explaining why the for-
mer have increased blood-stage antimalarial activity than the
latter.

To summarize, the interactions of novel primaquine-derived
antimalarial compounds, 3a,b and 4a,b, with membrane models
were assessed using DSC. Drug-membrane interaction studies are
gaining importance in understanding the global mechanism of
action of antimalarial drugs, especially in those cases where, like
in antimalarial 8-AQ, such mechanism remains to be elucidated.'®
Results herein reported point to a differential interaction depen-
dent of the charge of the head groups of the phospholipids, and
on the structure of the antimalarial compound. Globally, results
show that the four compounds tested are able to interact with
the model membranes, as in all cases a decrease in Ty, and T,
and an increase in AH were observed. The compounds were all

able to intercalate the zwitterionic lipid bilayers, which mimic
membranes of healthy RBC, making them more fluid. However,
the same type of effects were clearly more pronounced on nega-
tively-charged lipid bilayers that mimic membranes of PiRBC,
and also of intraerythrocytic parasites, especially for ionic deriva-
tives 3a,b, as compared to their uncharged counterparts 4a,b. This
may underlie the fact that ionic compounds 3a,b have stronger
antimalarial effects against intraerythrocytic parasites, than their
covalent analogues, 4a,b. It should be noted that the increased per-
meability of many drugs into PiRBC has been often ascribed to the
so-called “New Permeability Pathways” (NPP), i.e., new channel
proteins that are recruited (or activated) into the membranes of
RBC once these become infected, allegedly to promote parasite
growth and viability by facilitating uptake of nutrients and dis-
charge of toxins;*°—>* actually, cinnamic acid derivatives had been
earlier suggested to internalize PiRBC via NPP,>° which prompted
us to engage into a preliminary study of compounds 4 as NPP inhi-
bitors; although some inhibition could be observed (data not
shown), it was not strong enough to explain the low nanomolar
in vitro activities of these compounds. Moreover, the higher
lipophilicity of 3b with respect to 3a may be correlated with the
more pronounced effect of the former as compared to the latter;
this agrees with previous studies in our group on N-cinnamoylated
derivatives of chloroquine'*!® and mepacrine,>> where the more
lipophilic p-isopropyl-substituted derivatives were amongst the
most active in vitro against blood-stage P. falciparum. Such beha-
viour might be associated to a stronger ability of those compounds
to disturb membranes of PiRBC and/or of intraerythrocytic para-
sites, a hypothesis that is presently under investigation.

In conclusion, our results provide evidence, at the molecular
level, that IL derived from antimalarial API may contribute to an
increased permeation of the parent API into malaria-infected ery-
throcytes. As such, new API-IL derived from other classical anti-
malarial scaffolds are being studied in our group, and new
findings thereof will be timely reported that might reveal relevant
implications towards novel IL-based antimalarial approaches.
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