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Abstract

Capsaicin is a natural compound with pharmacological and toxicological effects, which given its hydrophobicity, can influence the
structure of membranes. The interaction of capsaicin with model membranes of dipalmitoylphosphatidylcholine and dielaidoylphos-
phatidylethanolamine has been studied by using differential scanning calorimetry, fluorescent probe spectroscopy and *1P_nuclear
magnetic resonance. Capsaicin remarkably affects the phase transition of dipalmitoylphosphatidylcholine, shifting the transition
temperature to lower values, and giving rise, at relatively high capsaicin concentrations, to the appearance of two peaks in the
thermogram. These peaks may correspond to separated phases as indicated by the partial phase diagram. Whereas capsaicin did not affect
the fluorescence polarization of the probes diphenylhexatriene and trimethylammonium-diphenylhexatriene, it clearly affected that of the
probe 2-anthroyloxystearic acid, indicating that the perturbation produced by capsaicin on the membrane would be mainly at the position
where this fluorophore is located. On the other hand, capsaicin, at relatively low concentrations, gives rise to immiscible phases in the
presence of dielaidoylphoshatidylethanolamine and decrease the temperature of the lamellar to hexagonal H;, phase transition. At
concentrations of capsaicin higher than 0.3 mol fraction, isotropic phases were detected. The possible implications of the effects of

capsaicin on biological membranes are discussed.
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1. Introduction

Capsaicin is the pungent ingredient in a wide variety of
red peppers of the genus Capsicum (Fig. 1). A large
number of studies [1-3] have established the molecule of
capsaicin as an important probe for sensory neuron mecha-
nism, but the mechanism underlying the neuronal effects
of capsaicin is not completely clear. The available evi-
dence indicates that capsaicin interacts with a specific
recognition site (receptor) on the cell membrane [4,5],
leading to activation of a cation channel and inducing
depolarization and Ca®* influx. It has been also suggested
that the unique action of capsaicin on a particular popula-

Abbreviations: 2-AS, 2-anthroyloxystearic acid; DEPE,
dielaidoylphosphatidylethanolamine; DPPC, dipalmitoylphosphatidyl-
choline; DSC, differential scanning calorimetry; DPH, 1,6-diphenyl-
1,3,5-hexatriene; 31P-NMR, 1p_nuclear magnetic resonance; T, main gel
to liquid-crystalline phase transition temperature; TMA-DPH, 1-(4-(tri-
methylammonium)phenyl)-6-phenyl-1,3,5-hexatriene.
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tion of sensory neurons is most likely due to the functional
make up of their plasma membrane structure. Capsaicin, a
lipophilic molecule, will dissolve in lipid structures and
affect membrane fluidity and /or ion permeability of the
plasma membrane, resulting in Ca®* (and possibly other
cations) to stream across the membrane [3,6]. Since the
activity of capsaicin takes place at the membrane level, it
might involve an initial interaction of the molecule with
the membrane phospholipids, even if these phospholipids
are not the final ‘target’ of capsaicin.

Moreover, capsaicin exerts other cell non-selective ac-
tions on non-sensory neurons and non-neuronal cells. These
non-selective effects include inhibition of cardiac muscle
excitability [7], inhibition of visceral smooth muscle activ-
ity [8], and inhibition of platelet aggregation [9]. In addi-
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Fig. 1. Structure of capsaicin (¢rans-8-methyl-N-vanillyl-6-nonenamide).
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tion, capsaicin has been reported to influence a variety of
enzymatic activities [10,11] and other cell and tissue func-
tions [12]. The molecular mechanism of capsaicin’s non-
selective effects remain to be disclosed but do not seem to
be mediated by a specific receptor [13], instead they may
be due to a direct interaction of capsaicin with the cell
membrane and thereby influencing the structure and func-
tion of the membrane. Recently it has been reported that
capsaicin inhibits the aggregation of platelet in response to
different stimuli [14] and that capsaicin has effects on
physical properties (fluidity) of non-neuronal cell plasma
membranes [15].

In addition to the extremely valuable use of capsaicin as
a tool for investigating the role of sensory neurons in
biological functions, it has been speculated on the implica-
tion for human therapeutics as capsaicin and its analogues
(vanilloids) comprise a class of potential non-narcotic,
non-steroidal analgesic-antiinflammatory agents [16]. Topi-
cal capsaicin creams are already in use, but as yet their
efficacy is inconclusive [17,18]. In the therapeutic action
of capsaicin, the interaction with the lipid membrane might
be important.

From this point of view, the knowledge of the interac-
tion between capsaicin and membrane lipids may help to
get insight into the mechanism of action of the drug,
particularly in its non specific effects. The aim of this
work is to study the interaction of the capsaicin molecule
with phospholipid model systems of different composition.
Membrane model systems are widely used to study the
mechanism of interaction of biologically active lipophilic
molecules with membranes [19-21]. It is known that dis-
persion of individual or mixtures of phospholipids of
biological origin or synthetic ones can adopt several struc-
tures, including the micellar phase, the familiar bilayer
phase, the hexagonal Hy phase and lipidic particles {22].
The ability of different lipids to adopt these different
liquid-crystalline structures is known as ‘lipid-polymor-
phism’. These non-bilayer structures can greatly affect the
functional behavior of the membrane [23]. For example,
the energetics and kinetics of transport across membranes
may in principle be modulated by the internal stresses
across the lipid bilayer, which in turn is a direct function
of the tendency of the lipid components to adopt non-
lamellar phases [24]. On the other hand, there is strong
evidence that the function of membrane proteins can be
affected by the modification of the properties of the lipid
matrix in which they are embedded [25]. Since lipid poly-
morphism has such potentially biological importance, in
this report we check also whether capsaicin may modulate
it. We chose dielaidoylphosphatidylethanolamine (DEPE)
as a phospholipid model system, since phosphatidyl-
ethanolamine is the major class of phospholipid in eukary-
otic systems which spontaneously adopts hexagonal H
phases in the presence of excess aqueous buffer at physio-
logical temperatures. At the same time, we present a
detailed study on the interaction of capsaicin with dipalmi-

toylphosphatidylcholine (DPPC), as a model of the most
important class of membrane phospholipids, the phos-
phatidylcholines.

The interaction of capsaicin with phosphatidylcholine
and phosphatidylethanolamine was studied by using differ-
ential scanning calorimetry (DSC) and *' P-nuclear mag-
netic resonance (*' P-NMR). DSC has been used to assess
the influence of capsaicin on the phase behavior of the
phospholipids. Calorimetric data were analyzed by con-
structing partial phase diagrams and the effect of capsaicin
on the fluidity of the membrane has been also investigated.
We found that capsaicin promotes hexagonal H, phases
formation in DEPE system. The modulation of DPPC
thermotropic properties and DEPE polymorphic behavior
by capsaicin is discussed in the light of the possible
mechanism of action of its non-selective effects.

2. Materials and methods
2.1. Materials

Dioleoylphosphatidylcholine, palmitoyllysophos-
phatidylcholine, dipalmitoylphosphatidylcholine (DPPC)
and dielaidoylphosphatidylethanolamine (DEPE) were ob-
tained from Avanti Polar Lipids, (Birmingham, AL, USA).
Capsaicin (8-methyl-N-vanillyl-6-nonenamide) and 1,6-di-
phenyl-1,3,5-hexatriene (DPH) were obtained form Sigma
(Poole, Dorset, UK). 2-Anthroyloxystearic acid (2-AS)
was obtained from P-L Biochemicals (St. Goar, Germany).
1-(4-(Trimethylammonium)phenyl)-6-phenyl-1,3,5-
hexatriene (TMA-DPH) was obtained from Molecular
Probes (Junction City, OR, USA). Organic solvents were
obtained from Merck (Darmstadt, Germany). Twice dis-
tilled and deionized water was used.

2.2. Differential scanning calorimetry

The lipid mixtures for calorimetry measurements were
prepared by combination of chloroform/methanol (1:1)
solutions containing S pmol of the phospholipid and the
appropriate amount of capsaicin when indicated. The or-
ganic solvents were evaporated under a stream of dry N,
free of O,, and the last traces of solvents were removed by
a further 1-2 h evaporation under high vacuum. After the
addition of 1 ml of 0.1 mM EDTA, 100 mM NaCl, 10 mM
Hepes, pH 7.4 buffer, multilamellar liposomes were formed
by mixing, using a bench-vibrator, always keeping the
samples at a temperature above the gel to liquid-crystalline
phase transition temperature of the lipid. The suspensions
were centrifuged at 10000 rpm in a bench microfuge and
the pellets were collected and placed into small aluminum
pans. Pans were sealed and scanned in a Perkin-Elmer
DSC-4 calorimeter, using a reference pan containing buffer.
The heating and cooling rates were 4°C/min in all the
experiments. The DSC instrument was set at a sensitivity
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of 1 mcal/s. Peak areas were measured by weighing paper
cut-outs of the peaks For the determination of the total
phospholipid contained in a pan, this was carefully opened,
the lipid was dissolved with chloroform/methanol (1:1)
and the phosphorus contents were determined using the
method of Botcher et al. [26]. The instrument was cali-
brated using indium as standard.

In order to obtain the phase diagrams, the solidus and
fluidus points were determined from the beginning of the
heating and cooling thermograms (i.e., onset temperatures)
respectively. In our type of calorimeter the point at which
the thermogram returns to the baseline (i.e., completion
temperature) is partially determined by instrumental fac-
tors. By that reason Philips et al. [27] introduced the
procedure that we are using here. Heating and cooling
thermograms were very similar. However, in the case of
the H, — L, phase transition of DEPE a hysteresis of
5° C was observed with respect to the L , — H; transition.
This hysteretic behavior of the L, & Hj; transition has
been previously observed via calorimetry and *P.NMR in
several phosphatidylethanolamine systems [28—30] and it
has been explained by the slower water transport in the H,
phase than in the L, phase [31]. For the sake of simplicity
the fluidus line for the L, «> H; phase transition in Fig. 7
was corrected for this hysteresis, allowing a direct observa-
tion of the effect of capsaicin on the transition.

In order to check the incorporation of capsaicin into the
membranes, capsaicin was extracted from vesicles using
n-pentane and its concentration was determined using an
€551 = 2500 M~ in methanol. It was found that, even for
the most concentrated samples, more than 90% of the
added capsaicin was incorporated into the membrane.

2.3. Fluorescence spectroscopy

Samples for fluorescence polarization measurements
were prepared by mixing organic solutions of lipids, cap-
saicin and the appropriate amounts of fluorescent probes
(200:1, mol/mol) and multilamellar liposomes were
formed as described above. Measurements were carried out
using a Shimadzu RF-540 spectrofluorimeter. Excitation
and emission wavelengths were 360 and 430 nm for DPH
and TMA-DPH and 341 and 446 nm for 2-AS, respec-
tively. To ensure that depolarization due to light scattering
did not occur, the value of polarization was measured
before and after diluting the sample. In cases where dilu-
tion gave an increase in polarization, the samples were
diluted again until the value of polarization had reached a
maximum and was no longer concentration dependent.

31 .
2.4. 7' P-Nuclear magnetic resonance

The samples for > P.NMR were prepared by combina-
tion of organic solutions containing 50 mg of phospholipid
and the appropriate amount of capsaicin, evaporation of
the solvents and formation of multilamellar vesicles as

described above. The suspensions were centrifuged at
10000 rpm in a bench microfuge and pellets were placed
into conventional 5 mm NMR tubes and *' P-NMR spectra
were obtained in the Fourier Transform mode in a Varian
Unity 300 spectrometer. All chemical shift values are
quoted in parts per million (ppm) with reference to pure
lysophosphatidylcholine micelles (0 ppm), positive values
referring to low-field shifts. All spectra were obtained in
the presence of a gated-broad band decoupling (5 W input
power during acquisition time) and accumulated free in-
ductive decays were obtained from up to 600 scans. A
spectral width of 25000 Hz, a memory of 8 K data points,
a 1.3 s interpulse time and a 80° radio frequency pulse
were used. Prior to Fourier transformation, an exponential
multiplication was applied resulting in a 100 Hz line
broadening.

3. Results

3.1. Interaction between capsaicin and phosphatidyl-
choline systems

We first studied the effect of capsaicin on the ther-
motropic phase transition of DPPC. The DSC profiles
obtained for pure DPPC and mixtures of DPPC with
capsaicin are shown in Fig. 2. For the pure phospholipid
the main gel to liquid-crystalline phase transition tempera-
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Fig. 2. DSC thermograms for mixtures of DPPC /capsaicin. The concen-
tration of capsaicin in the membrane (mol fraction) is expressed on the
curves. The profiles correspond to heating scans.
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Table 1

The enthalpy changes (AH, kcal/mol) for the gel to liquid-crystalline
phase transition of mixtures of DPPC/capsaicin and DEPE /capsaicin at
different capsaicin mol fractions

Capsaicin mol fraction AH (kcal /mol)
DPPC DEPE

0 8.5 8.3
0.01 8.8 7.0
0.03 7.5 7.2
0.05 8.1 7.1
0.07 8.4 7.0
0.10 8.4 6.9
0.15 8.7 7.0
0.20 7.5 7.2
0.30 79 7.7
0.50 8.2 7.8
0.75 8.9 8.1

ture (T,) appears at 41° C, this value being in good agree-
ment with those reported before [32]. The thermotropic
pretransition of DPPC is abolished at low concentration of
capsaicin and can no longer be detected at mol fractions
higher than 0.03. The presence of low concentration of
capsaicin makes the main transition to broaden and shift to
lower temperatures. Increasing the concentration of cap-
saicin produces a further broadening and shift of the
transition peak to lower temperatures and induces the
appearance of two well resolved peaks in the thermogram.
Both peaks, already observed at a capsaicin mol fraction of
0.15, are shifted to lower temperatures as the content of
capsaicin is increased. Despite this significant effect on the
thermogram, capsaicin does not significantly affect the
enthalpy change of the gel to liquid-crystalline phase
transition of DPPC (Table 1).

Using the DSC data from heating and cooling experi-
ments, the partial phase diagram corresponding to the
DPPC/capsaicin system was constructed and it is shown
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Fig. 3. Partial phase diagram for the mixture of DPPC /capsaicin. Open
circles are obtained from DSC heating scans and black squares from DSC
cooling scans. Lg indicates a gel phase and L,, a liquid-crystalline phase.
Lg " indicates that different gel phases coexist and L, * and L, "~
indicate that different fluid phases coexist. Dashed lines separate different
regions of the diagrams.

in Fig. 3. The solidus line displays a near ideal behavior at
low concentrations of capsaicin, the temperature decreas-
ing as the capsaicin mol fraction increases. Only at the
highest capsaicin mol fractions tested (0.5 to 0.75) a gel
phase immiscibility is observed, since the solidus line
keeps horizontal at a temperature value of 26°C. The
fluidus line shows clear differences with the solidus line.
At very low capsaicin concentrations (up to 0.03-0.05 mol
fraction) the fluidus line displays a near ideal behavior. A
fluid phase immiscibility is observed, since the fluidus line
keeps horizontal at a temperature value of 40.2°C, in a
concentration range from 0.05 to 0.2 mol fraction. Increas-

Fig. 4. Polarization values for (a) DPH (squares) and TMA-DPH (triangles) and (b) 2-AS (circles), incorporated into DPPC containing different capsaicin
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Fig. 5. DSC thermograms for the mixture DEPE /capsaicin. The concen-
tration of capsaicin in the membrane (mol fraction) is expressed on the
curves. The profiles correspond to heating scans.

ing the capsaicin content produces a dramatic decline of
the fluidus line which leads to a new fluid immiscibility at
the highest capsaicin mol fraction mixtures (0.5 to 0.75).

The possible effect of capsaicin on phosphatidylcholine
lipid polymorphism was investigated by means of > P-NMR
on dioleoylphosphatidylcholine and on lysophosphatidyl-
choline systems. Incorporation of capsaicin into dioleoyl-
phosphatidylcholine bilayers does not change the phospho-
lipid phase (data not shown). Pure lysophosphatidylcholine
forms micelles in aqueous solution, which due to fast
tumbling and lateral diffusion of the lipids give rise to a
narrow isotropic signal [33]. The presence of capsaicin
does not change the lineshape of the signal (data not
shown).

To investigate the effect of capsaicin on the phospha-
tidylcholine membrane fluidity, fluorescence polarization
measurements were carried out on DPPC/capsaicin sys-
tems using different fluorescent probes. Fig. 4A shows that
the presence of capsaicin does not affect the fluorescence
polarization of either DPH or TMA-DPH below and above
the main gel to liquid-crystalline phase transition of DPPC.
However, the presence of capsaicin at molar fractions
higher than 0.2 produces and increase in the fluorescence
polarization of 2-anthroyloxystearic acid (2-AS), both be-
low and above T, (Fig. 4B).

3.2. Interaction between capsaicin and phosphatidyl-
ethanolamine systems

The effect of capsaicin on the thermotropic phase transi-
tions of DEPE is shown in Fig. 5. Aqueous dispersions of
DEPE can undergo a gel to liquid-crystalline phase transi-
tion in the lamellar phase and in addition a lamellar to
hexagonal Hy; phase transition [34]. This is shown in the
thermogram corresponding to DEPE dispersed in buffer
(Fig. 5, upper part). The gel to liquid-crystalline phase
transition occurs around 37° C and the bilayer to hexagonal
H|; phase transition occurs around 63° C in agreement with
previous data [34]. The latter has a much smaller transition
enthalpy due to the fluid character of both the lamellar and
the hexagonal H,, phase [35]. In the presence of capsaicin
a new transition occurs at the low-temperature side of the
gel to liquid-crystalline phase transition. The size of this
new peak increases at the expense of the main peak when
the amount of capsaicin is increased. Only the peak located
at low temperature is present in the samples containing 0.5
and 0.75 mol fractions of capsaicin. However, the effect of
capsaicin on the bilayer to hexagonal H; phase transition
is different. Incorporation of increasing amounts of the
molecule results in a shift of the transition to lower
temperatures so that at a capsaicin mol fraction of 0.5 the
transition can no longer be observed. The presence of low
concentrations of capsaicin (mol fraction 0.01) produces a
slight decrease in the enthalpy change of the gel to liquid-
crystalline phase transition of DEPE, but increasing cap-
saicin concentrations does not cause further changes (Ta-
ble 1).

The effect of capsaicin on the thermotropic phase transi-
tions of DEPE was further investigated by means of
*'P-NMR (Fig. 6). DEPE when organized in bilayer struc-
tures gives rise to a characteristic asymmetrical > P-NMR
line-shape, with a high-field peak and a low-field shoulder
[36]. The chemical shift anisotropy (measured as 3 times
the chemical shift difference between the high-field peak
and the position of isotropically-moving lipid molecules) is
approx. 40 ppm in the liquid-crystalline state, in agreement
with previous data [36], characteristic of an axially sym-
metrical shift tensor (Fig. 6A). In the gel state (at 25° O),
as shown in Fig. 6A, the lineshape is broadened, possibly
due to increased ('H-*'P) dipolar interactions [37). In the
hexagonal H,; phase (Fig. 6A, 70° C), due to rapid lateral
diffusion of the phospholipids around the tubes of which
this phase is composed, the chemical shift anisotropy is
further averaged, resulting in a line-shape with a reversed
asymmetry, i.e., a high-field shoulder and a low-field peak
with two-fold reduction in absolute value of chemical shift
anisotropy [22,38). Incorporation of capsaicin at a 0.1 mol
fraction produces a small effect on the L, <> H;; transition
(Fig. 6B) resulting in the appearance of the characteristic
spectrum corresponding to the hexagonal H, phase at
temperatures slightly lower than those at which this is
observed in the pure phospholipid. At 61° C a hexagonal
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Fig. 6. 1 p.NMR spectra at different temperatures corresponding to pure DEPE (A); DEPE /capsaicin, 0.1 mol fraction (B) and DEPE /capsaicin, 0.5 mol
fraction (C). The inset in part C corresponds to the amplification of the spectrum at 42° C.

Hj; structure is present, whereas the pure phospholipid is
still organized in extended bilayer structures (Fig. 6A). It
is also observed that at 35° C where the pure phospholipid
is organized in a gel lamellar phase (Fig. 6A), the presence
of capsaicin (0.1 mol fraction) induces the appearance of
fluid lamellar structures. The presence of higher concentra-
tion of capsaicin (0.5 mol fraction, Fig. 6C) give rise to the
appearance of a spectral component with resonance posi-
tion at 0 ppm (at temperatures of 35°C and higher)
indicating that the spectrum originated form DEPE is
progressively replaced by a spectrum characteristic of
phospholipid molecules undergoing a rapid motion that
leads to a nearly complete averaging of the chemical shift
anisotropy. Increasing the temperature produces a progres-
sive enhancement of the isotropic component at the ex-
penses of the lamellar one. Above 42° C, the isotropic peak
is the only one which is observed (Fig. 6C).

From the DSC data a partial phase diagram was con-
structed. In order to get more insight into the polymorphic
behavior of DEPE /capsaicin systems, the information
about the structural organization of the phospholipid ob-
tained from *'P-NMR experiments has been incorporated
into the phase diagram as well. For a capsaicin concentra-
tion range from 0 to 0.3 mol fractions, the system displays
a near-ideal behavior, the temperature for both the gel to
liquid-crystalline and the bilayer to hexagonal H, phase
transitions decreasing as the concentration of capsaicin
increases, except for the appearance of a solid-immiscibil-

ity at a capsaicin molar fraction of 0.05, as the solidus-line
keeps horizontal from that concentration on. From a given
capsaicin concentration within this range (0 to 0.3 mol
fraction), increasing the temperature gives rise to the con-
secutive transition from L (gel phase) to L, (liquid-crys-
talline phase) to H,, (hexagonal H, phase), the region of
co-existence of L, + H,, phases being particularly very
narrow which indicates the high degree of cooperativity of
this transition. At capsaicin concentration higher than 0.3
mol fraction, the bilayer to hexagonal H;; phase transition
cannot be further observed and there is a solid and fluid
immiscibilities in the gel to liquid-crystalline transition as
both the solidus and the fluidus lines remain horizontal.
Inclusion of the *'P-NMR data make the phase diagram
more complex. For a 0.5 mol fraction of capsaicin, when
the temperature is raised from 35° C to 42° C a bilayer and
a isotropic signal are found superimposed in the spectrum
(Fig. 6C) indicating a region of co-existence of both
phases. Above 42° C only isotropic phases are observed.

4. Discussion

The molecule of capsaicin consists of three main sec-
tions, a lipophilic alkyl chain at one end, connected via a
acyl-amide linkage to the vanillyl group bearing the polar
hydroxyl group at the other end of the molecule (Fig. 1).
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This amphiphilic nature make biological membranes one
of the most likely sites of capsaicin action.

The aim of this work is to provide information on the
interaction of capsaicin with lipid vesicles formed by two
different classes of phospholipids of major relevance,
phosphatidylcholine and phosphatidylethanolamine. We
have performed the study of the interaction of capsaicin
with these model membranes by using different physical
techniques such as DSC, *' P-NMR and fluorescence spec-
troscopy.

We will discuss first the interaction of capsaicin with
DPPC bilayers. We used DSC in order to characterize the
influence of capsaicin on the thermotropic properties of the
phospholipids. The profile of a DSC thermogram of a
phospholipid phase transition is determined by the transi-
tion temperature and the enthalpy change. Determining the
temperatures of the transitions allows the construction of
phase diagrams, which provide information regarding the
equilibrium between gel and liquid-crystalline phases.

For DPPC /capsaicin systems we observe a progressive
broadening of the transition peak and a shift of the T, to
lower temperatures (Fig. 2). These results are indicative of
the establishment of a molecular interaction between the
phospholipid acyl chains and the capsaicin molecule, per-
turbing the cooperative behavior of the phospholipid which
can be explained by the intercalation of the capsaicin
molecule between the DPPC molecules. Therefore these
observations are compatible with part of the capsaicin
molecule (the nine carbon alkyl chain) aligning itself
principally with the prevailing directions of the phospho-
lipid acyl chains. The hydroxyl and the amide groups of
capsaicin would be placed near the lipid /water interface
where they could form hydrogen bonding with water and
may also establish other types of interactions with the
polar part of the phospholipids. These polar interactions
will keep the capsaicin molecule in the upper part of the
phospholipid palisade. Such a location would perturb the
phospholipid acyl chains, and consequently we found that
capsaicin significantly decreased the onset temperature for
the gel to liquid-crystalline phase transition. However, we
have found that capsaicin failed to significantly perturb the
AH of the transition (Table 1). At concentration of 0.15
and higher mol fractions of capsaicin a second peak ap-
pears in the thermogram. According to the phase diagram
(Fig. 3) this might be due to a lateral phase separation of a
capsaicin-rich domain. Nevertheless, enough capsaicin
seems to remain in the bulk phase so that there is a further
shift of T_. It has been described that the free energy of the
lipid bilayer may be modulated not only by the interaction
between hydrocarbon chains but also between the head
groups [39] and that the headgroups and interfacial interac-
tion markedly influence the lipid-phase behavior [40]. The
location of capsaicin allows the interaction of the molecule
with the interfacial region of the bilayer and probably the
perturbation exerted by capsaicin at this level may partially
compensate the effects at the level of the acyl chains, in

terms of changes of AH. It seems that the presence of
capsaicin results in that the packing of some phospholipids
can be perturbed at lower temperatures but that these
modified molecules (which probably give rise to the low
temperature endotherm in the thermogram at high cap-
saicin content) undergo the transition with a AH similar to
that of the unperturbed phospholipids. Similar effects on
the gel to liquid-crystalline phase transition of DPPC, i.e.,
a decrease of 7, with no change in AH, have been
previously reported for C5-C,, alcohols and C,-C,, fatty
acids [41].

In the partial phase diagram corresponding to
DPPC /capsaicin (Fig. 3) the fluidus line keeps horizontal
in a concentration range from 0.05 to 0.2 mol fraction,
indicating a fluid phase immiscibility. This is an interest-
ing observation which has been reported for unsaturated
fatty acids [42], diacylglycerols [43] and retinol [20]. This
type of immiscibility was predicted on the basis of theoret-
ical calculations for mixtures of DPPC and anaesthetics
[44], where a relatively strong interaction between the
anaesthetic was supposed, so that clusters were formed.
Our results can also be explained by a process of forma-
tion of capsaicin-rich domains when capsaicin is incorpo-
rated into DPPC membranes. In the L}, region (L, indicat-
ing that different fluid phases coexist), DPPC and cap-
saicin rich fluid domains should be present. When the
temperature decreases below 40° C the system enters a
region of coexistence of fluid and solid phases (Lg+ L;
region). When the temperature is further decreased below
the solidus line, which displays near-ideal behavior, the
system enters the L region, where only one solid phase is
present. At the highest capsaicin mol fractions tested the
system presents gel and fluid immiscibilities. From the
temperatures of the two peaks observed in the thermogram
of these concentrated samples (Fig. 2) it seems that two
different capsaicin-phospholipid domains should be pre-
sent, one richer in capsaicin than the other. These two
capsaicin domains are present both in the fluid phase
above 35°C (region L *, where L” * represents another
region presenting fluid coexisting phases different from
L;) and in the gel phase below 26° C (region Lj, where
L, indicates that different gel phases coexist), with a
region of coexistence of fluid and solid phases (region
Lg+L.%).

When we studied the effect of capsaicin on the fluidity
properties of DPPC using TMA-DPH, (localized near the
phospholipid headgroup because of its cationic headgroup)
and DPH (which reports on the conditions nearer the core
of the bilayer) we found that capsaicin does not affect the
fluidity of the bilayer neither below nor above the gel to
liquid-crystalline phase transition of DPPC. This is in
agreement with the data reported in [14] for dimiris-
toylphosphatidylcholine /cholesterol systems where no ef-
fect of capsaicin on the DPH fluorescence anisotropy was
found. However, when we used a different fluorescent
probe, a fatty acid with a anthroyloxy group located near
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the lipid/water interface, 2-AS, we found that high con-
centrations of capsaicin produced a rigidification of the
membrane both below and above the transition tempera-
ture of the phospholipid. 2-AS, due to its structure and
location in the membrane, seems to be a better reporter of
the effect of capsaicin, and this result indicates that at high
concentrations of capsaicin, when capsaicin rich domains
segregate in the membrane, the lipids are in a more
ordered state. It is interesting to note that high concentra-
tions of capsaicin were found to significantly reduce the
fluidity of red cell and peritoneal mast cell membranes
[15].

We will now consider the effect of capsaicin on DEPE
system. From our calorimetric experiments it can be con-
cluded that the effect of capsaicin on the gel to liquid-
crystalline phases transition of DEPE is different to that
observed on DPPC in that increasing concentrations of
capsaicin in DEPE induces lateral phase separation. At
difference with DPPC systems, at very high capsaicin
concentrations only one phase exists. The effect of cap-
saicin on the bilayer to hexagonal H,, phase transition is
different, since incorporation of increasing concentration
of capsaicin results in a progressive decrease of the transi-
tion temperature. It can be suggested that upon capsaicin
incorporation, part of the DEPE molecules and most likely
those interacting with capsaicin, give rise to a broad
bilayer to hexagonal H,, phase transition which is shifted
to lower temperatures and which cannot be detected in the
thermogram due to its increased width and low energy
content. The remainder of the DEPE molecules still show a
slightly perturbed transition. Upon increasing the capsaicin
content, the fraction of unperturbed DEPE molecules de-
creases, so that the enthalpy of the detectable transition
decreases, and eventually at the highest capsaicin concen-
tration the transition is not observed. This interpretation
was confirmed by our ' P-NMR experiments which showed
that capsaicin is able to promote hexagonal Hy; structures
at lower temperatures than those observed for pure DEPE.
At a capsaicin concentration of 0.1 mol fraction this effect
is small as the transition to Hy phase is only shifted down
by about 3° C (Fig. 6B). At the highest capsaicin concen-
trations (Fig. 6C) we also found the presence of an isotropic
signal in the spectra. It should be noted that the origin of
an isotropic resonance in the *'P.NMR spectra is not
known with certainty since it may correspond to regions of
the bilayer surface with a relative high curvature or it
could be also originated by a separate phase, either cubic
or an isotropic melt. It has been previously described that
N-methyldioleoylphosphatidylethanolamine can form
structures which give rise to isotropic signals at tempera-
tures well bellow those at which a hexagonal Hy; phase is
first observed [45,46], and something similar has been also
reported for mixtures of unsaturated phosphatidyleth-
anolamines and phosphatidylcholines [47-51]. The kinetic
model of the lamellar to hexagonal H; phase transition
mechanism suggested by Siegel and coworkers [31,52,53]
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Fig. 7. Partial phase diagram for the system DEPE /capsaicin. Black
symbols are obtained from DSC heating scans and open symbols from
DSC cooling scans. Circles correspond to the gel to liquid-crystalline
phase transition and squares to the bilayer to hexagonal-H; phase
transition. L indicates a gel phase, Lg * indicates that different gel
phases coexist, L, indicates a liquid-crystalline phase, L, * indicates
that different liquid-crystalline phases coexist, Hy; indicates a hexagonal-
H; phase and I indicates an organization of lipids undergoing isotropic
motion.

includes the formation of inverted micellar intermediates
and interlamellar attachment structures which will produce
isotropic spectral resonances signals in *'P-NMR. The
appearance of isotropic signals in DEPE has been previ-
ously reported for mixtures of this lipid with tocopherol
[19] and retinoids [21]. From the phase diagram (Fig. 7), it
can be concluded that at very low capsaicin concentrations
the system behaves as nearly ideal but increasing the
concentration produces, first, a gel immiscibility, and then
a gel and fluid immiscibilities. At high temperatures the
system evolves to a phase composed of isotropically mov-
ing phospholipid present in capsaicin-lipid domains.

Fig. 8. A theoretical representation of the association between capsaicin
and phospholipids in membranes. DEPE is presented at the top, capsaicin
is at the center and DPPC is presented at the bottom. Protons have been
removed for clarity.
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In Fig. 8 a representation of the possible location of
capsaicin in phospholipid membranes is presented. In this
figure, the nine carbon alkyl chain of the capsaicin molecule
is aligned along the phospholipid acyl chains, whereas the
hydroxyl and the amide groups of capsaicin are located
closer to the lipid/water interface. This location at the
upper part of the phospholipid palisade could explain the
effect observed on the DPPC membranes. This location
would enable the polar part of the molecule of capsaicin to
establish hydrogen bonding with the polar head of the
phospholipids, which in the case of DEPE membranes,
could lead to an effective reduction of the headgroup area
of the phospholipid, explaining the facilitating effect of
capsaicin on the formation of hexagonal H; structures.

In summary, capsaicin is able to be incorporated in
phospholipid membranes, probably aligning itself with the
phospholipid acyl chains, perturbing the packing of the
lipids and affecting their thermotropic properties. When
considering the possible action of capsaicin in biological
membranes, it is interesting to note that, as shown above,
the system may present immiscibilities, which could give
rise to the formation of domains, where the concentration
of capsaicin could be specially high. The formation of
domains would facilitate the activity of capsaicin even
when its concentration is very low. It should be noted also
that capsaicin shows fluid-phase immiscibility, a remark-
able effect, given the normal fluid condition of biological
membranes. On the other hand capsaicin is able to affect
lipid polymorphism on phosphatidylethanolamine systems,
promoting the hexagonal H-phase. The results of this
work clearly show that capsaicin far for being an inert
molecule, drastically affects the structural properties of the
most abundant natural phospholipids in biological mem-
branes, i.e., phosphatidylcholines and phosphatidyl-
ethanolamines. Interestingly, capsaicin can promote the
formation of non-lamellar phases and these non-bilayers
structures can greatly affect the functional behavior of the
membrane [23].

We believe that the results presented here could be
useful in order to get insight into the interaction of cap-
saicin with membranes and to the understanding of the
non-specific effects of the drug, opening the possibility,
which needs to be further explored, that some of the
non-specific effects of capsaicin might be exerted through
the alteration of membrane function produced by the inter-
action of this molecule with the lipidic component of the
membrane.
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