
Capsaicin Fluidifies the Membrane and Localizes Itself near the
Lipid−Water Interface
Alejandro Torrecillas, Monika Schneider, Ana M. Fernańdez-Martínez, Alessio Ausili,‡ Ana M. de Godos,
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ABSTRACT: Capsaicin is the chemical responsible for making some peppers spicy hot,
but additionally it is used as a pharmaceutical to alleviate different pain conditions.
Capsaicin binds to the vanilloid receptor TRPV1, which plays a role in coordinating
chemical and physical painful stimuli. A number of reports have also shown that
capsaicin inserts in membranes and its capacity to modify them may be part of its
molecular mode of action, affecting the activity of other membrane proteins. We have
used differential scanning calorimetry, X-ray diffraction, 31P NMR, and 2H NMR
spectroscopy to show that capsaicin increases the fluidity and disorder of 1,2-palmitoyl-
sn-glycero-3-phosphocholine membrane models. By using 1H NOESY MAS NMR based on proton−proton cross-peaks between
capsaicin and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine resonances, we determined the location profile of this molecule
in a fluid membrane concluding that it occupies the upper part of the phospholipid monolayer, between the lipid−water interface
and the double bond of the acyl chain in position sn-2. This location explains the disorganization of the membrane of both the
lipid−water interface and the hydrophobic palisade.
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Capsaicin (8-methyl-N-vanillyl-6-nonenamide) is found in
many types of peppers corresponding to the genus

Capsicum and is what makes them spicy hot. In addition to
that, capsaicin is widely used as an ingredient in creams of topical
use as an analgesic and to treat different medical conditions such
as psoriasis. It is known that at submicromolar concentrations
capsaicin specifically binds and activates the TPRV1 receptor in
sensory nerves, which is responsible for eliciting sensations such
as hotness, burning, or pain.1,2 However, at higher concen-
trations (micromolar or even millimolar), it may activate signals
coming from a wide variety of receptors and membrane proteins,
such as the cystic fibrosis transmembrane conductance
regulator,3 the epidermal growth factor receptor,4 the large
conductance calcium-activated potassium channels,5 airway
anion transporters,6 and the NorA efflux pump,7 among others.
These proteins do not have any evident links among them, and
hence the way in which capsaicin interacts with them is not
understood. Capsaicin, however, is a lipophilic molecule, and
hence its incorporation to membranes should be expected. It has
been described in the past that it is able to alter the bilayer
membrane.8,9 In this way, it has been shown that capsaicin
regulates voltage-dependent sodium channels by altering lipid
bilayer elasticity.10 In addition to that, capsaicin has an
antioxidant role, and it has been suggested that this is exerted
by activating the plasma redox system in erythrocytes.11 The
form in which other similar phytochemicals such as curcumin
modulate membrane structure has been described in detail,12−15

and this is also the case for genistein15 and resveratrol14,16 and
other molecules like the antidepressant desipramine,17 all of

them altering the order of the membrane. These molecules have
been shown to affect the activity of membrane proteins.15,18,19

Given the importance of capsaicin in pharmacology and in the
study of cell signaling, it seems interesting to obtain detailed
information about the way in which this molecule modifies the
membrane properties and its localization in the bilayer.
Following this interest, a very recent molecular dynamics study
proposed that capsaicin localizes at the bilayer/solution
interface.15

In this paper, we have used a combination of physical
techniques, such as DSC, 2H NMR, 31P NMR, and X-ray
diffraction, to show that capsaicin fluidifies and disorganizes
DPPC membranes. In addition, we have used 1H NOESY MAS
NMR to show that the polar ring of capsaicin molecules is located
close to the lipid−water surface with a bending in the
hydrophobic nonenamidyl chain, which will interact with the
part of the fatty acyl chains of phospholipids closer to the
membrane surface.

■ RESULTS
Capsaicin Affects the Order of a DPPC Membrane

Model. The effect of capsaicin on Lβ′ to Pβ′ phases and from Pβ′
to Lα transitions taking place in DPPCmembranes was measured
by DSC, and the calorimetric profiles of the thermotropic gel-to-
liquid-crystalline transition of DPPC (DPPC/DPPC-d62, 1:1
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molar ratio) and capsaicin up to a DPPC/capsaicin 3:1 molar
ratio are shown in Figure 1. The pretransition of this DPPC

started at 29.5 °C, and the onset of the main transition (Tc) at
38.9 °C. The addition of capsaicin to give a DPPC/capsaicin
molar ratio of 19:1 shifted and smeared the pretransition that was
barely discernible at 22.6 °C. The pretransition totally
disappeared at a 7:1 DPPC/capsaicin molar ratio. Furthermore,
the presence of increasing concentrations of capsaicin gave place
to a progressive reduction in the size of the main transition peak,
a broadening of the transition peak and a shift of the Tc transition
temperature toward lower temperatures. This behavior reflects a
reduction in the order of the membrane induced by the
interposition of capsaicin molecules between the acyl chains of
DPPC, which disrupts their regular packing in the Lβ′ and Pβ′
phases. At high concentrations of capsaicin, such as a 3:1 DPPC/
capsaicin molar ratio, the transition peak showed at least three
components, probably indicating the presence of some more
phases, those of them appearing at lower temperatures richer in
capsaicin. ΔH values (in kcal/mol) for the main transitions were
8.31 (DPPC), 6.01 (19:1 molar ratio), 5.95 (7:1), and 3.72 (3:1).
Since anionic lipids constitute about 25% of natural

membranes DSC measurements were carried out comparing
the effect of capsaicin on an unsaturated phospholipid, POPC,
and on a mixture POPC/POPG (4:1 molar ratio). In both cases,
capsaicin was added to give a phospholipid/capsaicin molar ratio
of 5:1. Supplementary Figure 1 shows that the effect of capsaicin
was similar to that seen for DPPC, with a broadening of the phase
transition and a decrease of the size of the peak, indicating a
decrease of ΔH.
Capsaicin Increases the d-Spacings in the Gel State of

DPPC Membranes. Information on the structural character-
istics of DPPC/capsaicin systems was obtained by small-angle X-
ray diffraction (SAXD). When phospholipids are organized into
multilamellar structures, they give rise to reflections with relative
distances of 1:1/2:

1/3:
1/4:

1/5. This technique not only defines the

macroscopic structure itself but also provides the interlamellar
repeat distance in the lamellar phase. The largest first order
reflection component corresponds to the interlamellar repeat
distance (d value), which is composed of the bilayer thickness
and the thickness of the water layer between bilayers.20 Figure 2A
shows the SAXD diffraction patterns for pure DPPC at different
temperatures. At 15 °C, the SAXD patterns of pure DPPC
showed sharp Bragg reflections such as 65.4:32.6, 21.7, 16.3, and
13.1 Å, up to the fifth order, with spacings related as
1:1/2:

1/3:
1/4:

1/5, indicating the existence ofmultilamellar vesicles.
Measurements in the wide angle (WAXD) region provide
information about the packing of the phospholipid acyl chains.
The wide angle pattern for DPPC at 15 °C (Figure 2B) showed a
sharp reflection at 4.21 Å and a broad shoulder at 4.10 Å,
indicative of an Lβ′ gel phase with hydrocarbon side chains tilted
relative to the normal of the bilayer phase and pseudohexagonal
chain packing.21 At 30 °C, the SAXD pattern was essentially the
same, reflecting an Lβ′ phase in pure DPPC and the same pattern
again in WAXD as at 15 °C. At 38 °C, that is, above the
pretransition temperature but below the main transition, the
SAXD pattern was different with an increase in d-spacing,
although keeping the ratios characteristic of a bilayer structure:
73.8:36.5:23.0:16.7 Å. The increase in d-spacing is indicative of a
Pβ′ structure of pure DPPC at this temperature. Accordingly with
this change in structure, the WAXD pattern shows for this
temperature a symmetric broad reflection at 4.18 Å. Finally at 45
°C, that is, above the main phase transition, according to DSC,
SAXD shows a decrease in d-spacing to 67.2:33.7:21.3,
characteristic of bilayer in Lα phase, confirmed by a broad and
diffuse spacing in WAXD. All these X-ray results are in very good
agreement with previously reported ones.22

At 15 °C, the presence of capsaicin induced a progressive
increase in the value of the interlamellar repeat distance (Figure
2C−H). The sample with a 19:1 DPPC/capsaicin molar ratio
showed a broad peak (Figure 2C,D), and estimating the
interlamellar repeat distance from the peak maximum would
give 73.5 Å. Spacings at 37.4, 22.9, and 16.2 Å were also detected.
It should be underlined that WAXD for this temperature shows a
broad and symmetric peak, indicating that the lipid is in a phase
with hexagonal packing, unlike the tilted Lβ′ present in pure
DPPC at this temperature. At 45 °C, both SAXD and WAXD
patterns were similar to those observed in pure DPPC. At 15 °C,
the DPPC/capsaicin sample with a 7:1 molar ratio (Figure 2E,F)
showed a first spacing in the SAXD pattern with a maximum at
74.2 Å and others d-spacings at 37.1 and 23.5 Å, indicating a
bilayer structure. As in the previous sample described, the
WAXD diffractogram showed a wide and symmetric peak at 4.15
Å, indicative of a phase with hexagonal packing, unlike the tilted
Lβ′ present in pure DPPC at this temperature. No substantial
changes with respect to pure DPPC were observed at 45 °C.
At 15 °C (Figure 2G), the DPPC/capsaicin system with a 3:1

molar ratio showed very wide reflections with a high repeat
interlamellar distance of 75.6 Å and a second order reflection at
37.8 Å, indicating the presence of a bilayer but with a loss of
macroscopic order. In addition, the WAXD study showed at 15
°C a very broad peak at 4.14 Å (Figure 2H). At 45 °C, the SAXD
and WAXD profiles were similar to the samples containing less
capsaicin or even pure DPPC.
To test whether this increase in d-spacings was due to an

effective increase in the thickness of the bilayer, background-
subtracted SAXD patterns for DPPC and DPPC/capsaicin
systems in the liquid crystalline phase were analyzed using the
global analysis program (GAP). Figure 3 shows the correspond-

Figure 1. Heating scan thermograms, obtained by using differential
scanning for mixtures of DPPC/DPPC-d62 (1:1 molar ratio) and
capsaicin. The phospholipid/capsaicin molar ratios are given on the
traces. Temperatures corresponding to phase transitions are also shown.
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ing one-dimensional electron density profiles along the bilayer
normal calculated from the SAXD diffraction patterns for DPPC
in the absence and in the presence of capsaicin. The dp−p value
(dB or distance between both phosphates of the bilayer) was
calculated for the different samples. It can be observed that the
presence of capsaicin in the liquid crystalline phase has a
negligible effect on membrane thickness, with dp−p = 46.0 Å for
pure DPPC and 46.4, 46.6, and 46.4 Å, for the 19:1, 7:1, and 3:1
samples, respectively (see Figure 3), and since only a very small
change was observed in the d-spacings values at this temperature,
it is concluded that in the fluid condition membranes were not
changed in either the thickness of the bilayer or the water layer of
the multilamellar systems. At 15 °C, however, an increase in the
thickness of the membrane was observed to be occasioned by the
presence of capsaicin so that whereas pure DPPC presents a dp−p
of 42.0 Å, that is increased to 42.9, 45.0, and 46.9 Å for the 19:1,
7:1, and 3:1 samples, respectively. Therefore, the presence of
capsaicin in the gel phase really increased the thickness of the
membrane, although this is not the case when the membrane is
fluid.

31P NMR and 2H NMR Measurements Demonstrate
That Capsaicin Disorders DPPCMembranes andModifies
Vesicle Ellipticity. The effect of capsaicin on the phase
polymorphism of DPPC was further investigated by 31P NMR
spectroscopy. The 31P NMR spectra of aqueous dispersions of
DPPC codispersed with different amounts of capsaicin recorded
at various temperatures showed patterns with asymmetric line
shape with a high-field peak and a low-field shoulder at all

temperatures, characteristic of bilayer structure (Supplementary
Figure 2). Table 1 shows the chemical shift anisotropy (Δσ)
values for the different samples. In the gel state (26 °C), the line
shape of pure DPPC is broadened (Δσ = 68.1 ± 1.0 ppm)
compared with the liquid crystalline state (52 °C) where the line
shape is considerably narrower (Δσ = 45.5 ± 1.1 ppm). In the
presence of capsaicin, Δσ values are reduced at all temperatures,
so at 26 °C, it went down to 62.8± 0.3 ppm in the 19:1 sample, to
51.9± 0.8 ppm in the 7:1 one, and to only 42.6± 0.5 ppm for the
3:1 sample. It is therefore evident that capsaicin disorders the
membrane and that in the case of the 3:1 sample themembrane is
already fluid even at 26 °C. Similarly in the case of the 7:1 sample
and at 34 °C, Δσ was 42.7 ppm, indicating a fluid state again. It
should be remarked that the spectral pattern obtained at all
temperatures and molar ratios DPPC/capsaicin indicate a bilayer
structure of the membranes, with no isotropic structures,
showing that capsaicin did not induce micellization of the
phospholipids at these concentrations (Supplementary Figure
2). Another interesting observation is that the polar headgroup is
totally disordered at 26 °C in the 3:1 sample, whereas WAXD
(Figure 2) revealed the existence of some order up to 30 °C,
which can be interpreted as capsaicin affecting mainly the order
at the lipid−water interface and not so much in the core of the
membrane.
To get further insight into the effect of capsaicin incorporation

on DPPC membranes, we performed 2H NMR experiments.
Figure 4A depicts the spectra at different temperatures of a
DPPC/DPPC-d62 (1:1 molar ratio) membrane from 26 to 48 °C.

Figure 2. Small angle (A, C, E, and G) and wide angle (B, D, F, and H) X-ray diffraction profiles of DPPC/capsaicin mixtures: Pure DPPC (A, B);
DPPC/capsaicin 19:1, molar ratio (C, D); DPPC/capsaicin 7:1, molar ratio (E, F); DPPC/capsaicin 3:1, molar ratio (G, H). Temperatures are shown
on the traces. Values corresponding to d-spacings in Å are also given on the diffractograms.
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At temperatures below the transition temperature (Tc), the
spectra were powder patterns characteristic of a gel phase. At 38
°C and higher, the spectra corresponded to a fluid-phase bilayer
and were axially symmetric with some resolved quadrupole
splittings arising from methylene segments in the acyl chains.
The spectra obtained after the addition of capsaicin to DPPC

to give a DPPC/capsaicin molar ratio of 19:1 (Figure 4B) were
very similar to those from pure phospholipid, except that the
phase transition occurred at a lower temperature, and at 32 °C,
the pattern of the spectrum already corresponded to a bilayer that
is undergoing the transition from gel phase to fluid. A similar
pattern was observed when the DPPC/capsaicin molar ratio was

7:1 (Figure 4C), and in this case, the spectrum at 28 °C already
indicated that the transition was taking place at this temperature.

Figure 3. Small angle X-ray diffraction profiles at temperatures above (45 °C) and below (15 °C)DPPC/capsaicin mixture transition temperatures. The
different compositions of themixtures are given in DPPC/capsaicin molar ratio. Beside the temperatures, the distances between the phosphate groups of
the bilayers (dp−p) are given in Å (within parentheses).

Table 1. Chemical Shift Anisotropies, Δσ (ppm), of the 31P-
NMR Spectra Obtained from Pure DPPC and in the Presence
of Different Concentrations of Capsaicin (DPPC/Capsaicin
Molar Ratios), at Different Temperaturesa

T (°C) DPPC 19:1 7:1 3:1

26 68.1 ± 1.0 62.8 ± 0.3 51.9 ± 0.8 42.6 ± 0.5
30 63.1 ± 0.9 61.3 ± 0.2 46.6 ± 0.9 42.1 ± 0.7
34 60.4 ± 0.4 57.1 ± 1.2 42.7 ± 1.7 42.6 ± 0.9
38 47.6 ± 0.5 46.7 ± 1.6 42.6 ± 0.4 42.1 ± 0.4
52 45.5 ± 1.1 45.6 ± 0.9 42.3 ± 0.9 41.5 ± 0.4

aThe figures shown are mean values ± SD from three measurements.

Figure 4. 2H-spectra of mixtures composed by equimolar mixtures of
DPPC-d62 and DPPC (mixtures named as DPPC) and capsaicin at the
phospholipid/capsaicin molar ratios shown. The temperatures (in °C)
are also given beside the spectra.
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In the case of the 3:1 sample, Figure 4D revealed that the
transition was also lowered and took place at 28 °C.
However, capsaicin had another interesting influence on the

spectra. For example, the spectra corresponding to pure DPPC
obtained at high temperatures exhibits a small deviation from a
Pake line shape, indicating a slight elongation of the phospholipid
vesicles in the external magnetic field used in these experi-
ments.23 These spectral changes affect the distribution of spectral
intensity but not the effective deuterium quadrupole splitting. In
the presence of capsaicin, a certain redistribution of spectral
intensity close to maximum splitting was observed, while the
methyl splittings remained unchanged, indicating that capsaicin
reduced vesicle ellipticity.
In order to better discern the effect of capsaicin on

membranes, the first spectral moment, M1, was calculated for
each spectrum.M1 measures the average spectral width, and since
each phase has a distinct spectral width, it will also have a
characteristic M1 that is proportional to the average order
parameter. The variations inM1 with temperature can be used to
characterize membrane phase transitions and the molecular
order of a membrane. Nevertheless, it should be taken into
account that below the phase transition, the gel phase spectral
shape is sensitive to dynamics. Pure DPPC (Figure 5A) showed
values of about 140 kHz at low temperatures (below Tc), with a
decrease to about 73 kHz at higher temperatures, clearly defining
the phase transition, which started at about 35 °C and culminated
at about 38 °C. The addition of capsaicin (Figure 5A) at 19:1
DPPC/capsaicin molar ratio did not changedM1 values except at

36 °C, that is, within the range of coexistence of gel and fluid
phases, with a considerably decrease from 117.7 kHz in DPPC to
83.8 kHz in the 19:1 sample. More dramatic effects were
observed when the concentration of capsaicin was increased to
give a DPPC/capsaicin 7:1 molar ratio, because in this case there
was a clear decrease in the phase transition starting now at 28 °C
and ending at about 34 °C. It is also noteworthy that a decrease in
M1 values was observed, especially for the 3:1 sample at all
temperatures with respect to DPPC, indicating that capsaicin
disorders the membrane hydrophobic core. This effect was
clearer at temperatures below the phase transition.
Since not all the individual methylene signals in the powder

spectra shown in Figure 4 were completely resolved, the spectra
above the transition temperature were transformed into oriented
ones by means of the dePaking procedure (not shown). The
quadrupole splittings (Δνi), that is, the distances between the
pairs of symmetric peaks, are related to the smoothed order
parameters profiles SCD

i of the various CD2 acyl chain segments
according to the equation

Δ =
⎛
⎝⎜

⎞
⎠⎟v

e Qq
h

S
3
4

i i
2

CD

where e2Qq/h is the quadrupole coupling constant, 167 kHz.24

The smoothed order parameter is higher in the carbon segments
next to the glycerol backbone and continuously decreases along
the acyl chain toward the terminal methyl group. This gives rise
to a peak pattern consisting of Pake doublets, with the outermost
peak pair corresponding to the plateau of superimposed peaks
from carbon segments 3−625,26 and the innermost pair of peaks
representing the terminal methyls (not shown). As can be
observed in Figure 5B, the smoothed order parameter profiles
corresponding to 48 °C, SCD, were not much changed for any
carbon segment by the addition of capsaicin at a DPPC/capsaicin
molar ratio of 19:1 with respect to pure DPPC, in agreement with
the results observed when studying M1 with respect to
temperature (Figure 5A). However, clear decreases in the
smoothed order parameter profiles were observed for higher
concentrations of capsaicin, especially when the molar ratio was
3:1. At this ratio, the decrease affected all carbon segments,
except the terminal methyl group. This suggests that the
capsaicin molecule is set up in the membrane with its main axis
parallel to the acyl chains of the phospholipid.

1H NOESY MAS NMR Studies. This NMR technique was
used to help with the localization of capsaicin in the membrane.
The 1H chemical shift assignments of POPC and capsaicin are
shown in Figure 6A. POPC was used for these experiments
because, at variance with DPPC, it forms fluid membranes at 25
°C and also allows the detection of specific 1H-resonances thanks
to its double bond, which correspond to the middle of the
hydrophobic chains, whereas phospholipids like DPPC only
allow the observation of a big resonance arising from most of the
methylene protons of the fatty acyl chains. These assignments
were confirmed by integration of peaks to estimate the number of
protons from which each resonance was arising. Figure 6B shows
the two-dimensional MAS-NOESY spectrum. Some important
cross-peaks indicating intermolecular POPC−capsaicin inter-
actions are highlighted. Interactions corresponding to the phenol
ring and to the alkyl chain of capsaicin were observed. Only cross-
peaks that were arising from nonoverlapping resonances are
considered. In order to detect cross peaks arising from
intramolecular cross relaxations, COSY experiments were carried

Figure 5. (A) Temperature-dependent changes of the M1 and (B)
smoothed order parameter profiles at 45 °C, for the DPPC/capsaicin
mixtures as given beside the plots.
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out, and any peak also detected in this way was excluded from the
analysis.

The cross-relaxation rate corresponds to the amount of
magnetization transfer between capsaicin and POPC protons
and allows the measurement of the frequency of collision
between functional groups belonging to these molecules. In the
single-mixing time approximation used in this work, cross-
relaxation rates are proportional to normalized cross-peak
volumes. These normalized volumes are plotted in Figure 7 for
the different protons of capsaicin offering information allowing
the estimation of the disposition of the capsaicin molecule in the
membrane. It can be seen that protons bound to C18 of
capsaicin, that is, belonging to the methoxy group bound to the
phenol ring (Figure 7), interact mainly with protons bound to
carbons G3 (glycerol backbone) andC3 of the fatty acyl chains of
POPC and to a lesser extension with protons bound to carbons
situated near the double bond of the oleoyl chain indicating that
they are close to the beginning of the acyl chain. Moreover, the
cross relaxation rate with (CH2)n and CH3 of the fatty acyl chains
were very small, confirming that the phenolic ring of capsaicin is
close to the membrane surface. In agreement with that, protons
bound to carbons 2/6 and 5, all of them belonging to the phenol
ring of capsaicin, are interacting mainly with protons bound to
carbons of this region such as G3 and C3. On the other hand,
protons bound to carbons 16/17 located at the end of the
hydrophobic chain of capsaicin interact mainly with protons
bound to carbons located at the center of the oleoyl chain as is the
case of those around the double bond and also with C3. After
these results, the disposition of the capsaicin molecule depicted
in Figure 8 is proposed, showing that the phenol ring is located
near the lipid−water interface, so that the hydroxyl group could
interact with water. Given the interactions observed for the distal
part of the nonenamidyl chain, it is proposed that the amide bond
is also located near the lipid−water interface and the non-
enamidyl chain is interacting with the segment of the fatty acyl
chains of POPC from the ester bond to the center of the
phospholipid monolayer, that is, to the proximity of the oleoyl
double bond.

Figure 6. (A) 1H MAS NMR spectrum of POPC/capsaicin (3:1 molar
ratio). Assignments of the different resonances are done according to
previous reports for POPC46,47 and for capsaicin.48 Assignments were
confirmed by integration of the resonances and comparison between
them. (B) 1HNOESYMASNMRof POPC/capsaicin (3:1 molar ratio),
at a mixing time of 300 ms. Cross-peaks used to estimate interactions
between phospholipid and capsaicin are highlighted.

Figure 7.Normalized POPC−capsaicin cross-peaks obtained from the analysis of the 1HNMRNOESY spectrum. Only cross-peaks that are not coming
from overlapped resonances are used. Capsaicin proton assignments are shown at the right and POPC assignments at the left. POPC proton
assignments are N(CH3)3 (γ), N−CH2−CH2 (β), CH2−CH2−O (α), O−CH2−CH (G3), CH2−CH−CH2 (G2), CH−CH2−O (G1), CH2−CH2−
COO (C2), CH2−CH2−COO (C3), CH2C, CHCH, (CH2), and CH3 (see references in the legend to Figure 6A).
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■ DISCUSSION

Given the wide variety of effects produced in cells by capsaicin
and that its mode of action is not clear when acting on many
proteins that are not specific receptors for this phytochemical, it
is necessary to know in detail how this molecule interacts with
biological structures. Since capsaicin possesses a hydrophobic
character, it can be assumed that it will be preferentially localized
in biomembranes, and certainly most of its biological effects can
be traced to membrane proteins.15 It was proposed that capsaicin
affects the phase transition of DPPC, altering the structure of the
membrane and creating fluid phase immiscibility and decreasing
the lamellar Lα to HII phase of DEPE, which is taken as an
indication of alteration of the curvature of the membrane.9 We
have used in this paper DPPC and POPC membranes, because
these are well characterized models very adequate for the use of
the physical techniques employed here.
DSC shows alteration of the phase transition with formation of

more than one structure, giving rise to capsaicin rich phases. The
effect of capsaicin on DPPC membrane polymorphism is now
documented in detail by SAXD andWAXD studies, showing that
capsaicin insertion in DPPC membranes modifies its structure
and increases the d-spacings in a concentration dependent
manner that is more evident in the rigid gel state. Since the
repetitive distance from which the d-spacing arises is the
summation of the thickness of the lipid bilayer plus the
associated water layer, the analysis of electronic density is
necessary to discern which modifications are induced by
capsaicin. This analysis proved that the increase in d-spacings
observed with the membrane at both temperatures, below and
above the gel to fluid transition, was mainly due to an increase in
the thickness of water layer and only partially to the distances
between both phosphate groups in the bilayer. It is noteworthy
that the electronic profiles show that at high capsaicin
concentrations such as 7:1 and 3:1 (DPPC/capsaicin molar
ratios), there is a widening of the space located between both
monolayers, indicating a condensation of the phospholipid
layers. Since 31P NMR did not detect any isotropic component
(Supplementary Figure 2, in Supporting Information), the
additional structures revealed by DSC should be DPPC/
capsaicin complexes laterally segregated in the membrane.

The results obtained from 2H NMR spectroscopy also show
the fluidification effect produced by capsaicin in DPPC and the
shift of the phase transition toward lower temperatures as the
concentration of capsaicin was increased. The first spectral
moment, M1, shows that capsaicin decreases the order of the
membrane at temperatures both above and below of the phase
transition. The progressive decrease in the order of the bilayer
induced by increasing concentrations of capsaicin was also
confirmed by the SCD smoothed order parameter profile obtained
after the dePaking of the spectra, affecting most of the bilayer. It
is noteworthy that 31P NMR also revealed a fluidification effect of
capsaicin, in this case focusing on the lipid−water interface. In
order to localize capsaicin in the membrane, it should be noticed
that Δσ values indicate a remarkable fluidification in the polar
headgroup even at 26 °C in the DPPC/capsaicin sample (3:1
molar ratio) (Table 1), whereas WAXD showed (Figure 2) that
some order still existed at this temperature, and also 2H NMR
(Figure 5A) showed some order for this sample and temperature.
It can be concluded that capsaicin affects more the order of the
polar part of the membrane than that of the hydrophobic core,
and this is in very good agreement with the 1H-NOESY NMR
experiments reported in this paper. Other previous studies have
successfully used a combination of 31P NMR and 2H NMR to
measure the peptide induced disorder of the membrane by
antimicrobial peptides.27−29

In general, these results are indicative of the establishment of a
molecular interaction between the phospholipid acyl chains and
the capsaicin molecule, perturbing the cooperative behavior of
the phospholipid, which can be explained by the intercalation of
the capsaicin molecule between the DPPC molecules. Our 1H
NOESY MAS NMR studies confirm that part of the capsaicin
molecule (the nine carbon alkyl chain) aligns itself principally
with the main directions of the phospholipid acyl chains.
According to our results, we propose a model (Figure 8) in which
the hydroxyl and the amide groups of capsaicin are placed near
the lipid/water interface allowing them to establish hydrogen
bonding with water and other polar interactions with the polar
head of the phospholipids. This location explains the
perturbation of the phospholipid acyl chains, and the decrease
of the onset of the gel to liquid-crystalline phase transition

Figure 8. Proposed docking of POPC (POPC128a.pdb) and capsaicin deduced from the 1H NOESY MAS NMR experiment. This diagram was
elaborated by using PyMOL (www.pymol.org).
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temperature observed by the incorporation of capsaicin to the
membrane. This location of capsaicin allows the interaction of
the molecule with the interfacial region of the bilayer and
explains the previous observation indicating that the presence of
capsaicin produces an increase in the fluorescence polarization of
2-anthroyloxystearic acid (2-AS), both below and above Tc.

9

Recent work on the TRPV1 channel has shown that capsaicin
interacts with domains S1−S4 of this channel, and the tendency
of this phytochemical to localize in the membrane as we describe
will be fully compatible with this.30,31 Additionally, molecular
dynamics studies recently published supports the disposition in
the membrane of the capsaicin molecule as it is deduced from our
experimental data.32

It is widely documented in the literature that the alteration of
membrane properties affects the function of proteins embedded
in the membrane,33 and this has been observed by membrane
alterations induced by different phytochemicals.15 In direct
connection with that, the existence of a plasma membrane-
dependent thermosensory pathway in mammalian cells has been
demonstrated, whereby heat shock factor-1 (HSF-1) would
become activated primarily through subtle changes in the fluidity
state of the plasma membrane, which would in turn activate the
transient opening of the specific TRPV1 channels, allowing a
specific calcium-dependent signal to propagate and activate HSF-
1.34 The increase in fluidity produced by capsaicin has been
found in several other biomembrane systems such as the
gastrointestinal tracts,8 bovine aortic endothelial cells, altering
migration, which is an integral part of angiogenesis,35 or HEK-
293 cells in which capsaicin modulates the function of GABAA
receptor by altering the membrane.36

High concentrations of capsaicin have been used in some
experiments, especially in the case of 1H NOESY MAS NMR,
because this is the only way of visualizing capsaicin. .In other
cases, like with 2H NMR, 31P NMR, DSC, and XRD a range of
concentrations have been employed. In any case all techniques
agree with respect the main conclusions of this work, as with the
localization of capsaicin in the membrane and its fluidifying
effect, at all the concentrations used.
In summary, we describe in detail the way in which capsaicin is

located in the membrane and how it modifies the physical
properties of the membrane with a loss of order, an increase in
fluidity, and an increase in the thickness of the water layer in
direct contact with the bilayer, explaining the many biological
effects that have been described for this phytochemical.

■ MATERIALS AND METHODS
Materials. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG),
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and 1,2-dipalmi-
toyl-d62-sn-glycero-3-phosphocholine (DPPC-d62) were obtained from
Avanti Polar Lipids (Birmingham, LA, U.S.A.). Capsaicin and all other
chemicals were highly pure from Sigma Chemical Co. (Madrid, Spain).
Methods. Preparation of Samples for DSC. Samples were prepared

by dissolving in chloroform/methanol (2:1) the desired amounts of
lipids, including DPPC-d62 and nonlabeled DPPC in a 1:1 molar ratio.
Capsaicin was also prepared in the same solvent and mixed with the
phospholipid in the desired proportion. The mixture was then dried
under a nitrogen stream and finally under vacuum. Samples were
hydrated by dispersing them in 100 mM NaCl, 25 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes), pH 7.4, buffer,
using deuterium-depleted water, and multilamellar vesicles were
prepared. The sample was then centrifuged, and the pellet was dispersed
and resuspended at 55 °C, that is, at a temperature above the phase
transition of DPPC, and 2 mg samples of phospholipid, pure or
containing capsaicin, were resuspended in 0.5 mL of buffer and vortexed.

The samples and the same volume of buffer (used as reference) were
degassed for 10 min before loading the calorimeter. Thermograms were
recorded by using a Microcal VP scanning calorimeter (Microcal,
Northampton, MA). The scanning of all of the samples was carried out
over a 10−90 °C temperature range at a heating rate of 60 °C/h. Data
from the thermograms were recorded and analyzed using Microcal
Origin 5.0 software. The traces were normalized, depending on the
DPPC concentration of each sample. The thermal behavior of liposomes
was evaluated by determining the linear onset and completion
temperatures of the pretransition and the main transition (Tc) and by
calculating ΔH corresponding to the main transition of DPPC in the
samples.

X-ray Diffraction. Simultaneous small (SAXD) and wide (WAXD)
angle X-ray diffraction measurements were carried out using a modified
Kratky compact camera (MBraun-Graz-Optical Systems, Graz Austria),
incorporating two coupled linear position sensitive detectors (PSD,
MBraun, Garching, Germany) to monitor the s-ranges [s = 2 sin θ/λ, 2θ
= scattering angle, λ = 1.54 Å] between 0.0075 and 0.07 and 0.20−0.29
Å−1, respectively. Nickel-filtered Cu KR X-rays were generated by a
Philips PW3830 X-ray generator operating at 50 kV and 30 mA. The
detector position was calibrated by using silver stearate (small-angle
region, d-spacing at 48.8 Å) and lupolen (wide angle region, d-spacing at
4.12 Å) as reference materials. Samples for X-ray diffraction were
prepared as described above for DSC bymixing 15mg of DPPC/DPPC-
d62 in equimolar ratios and the appropriate amount of capsaicin in
chloroform/methanol (2:1, molar ratio). Multilamellar vesicles were
formed as described above for DSC measurements. After centrifugation
at 13000g, the pellets were placed in a steel holder with cellophane
windows, which provide a good thermal contact with the Peltier heating
unit. X-ray diffraction profiles were obtained for 10 min exposure times
after 10 min of temperature equilibration. Background corrected SAXD
data were analyzed using the program GAP (global analysis program)
written by Georg Pabst and obtained from the author.37,38 This program
allowed us to retrieve the membrane thickness, dB = 2(zH + 2σH), from a
full q-range analysis of the SAXD patterns.39 The parameters zH and σH
are the position and width, respectively, of the Gaussian used to describe
the electron-dense headgroup regions within the electron density
model. The water layer was then given by dW = d − dB.

2H NMR Measurements. Samples for 2H NMR were prepared as
described for DSC by using a total quantity of 15 mg of phospholipid,
including perdeuterated and nonlabeled DPPC in a 1:1 molar ratio and
capsaicin added to the desired proportion. Samples were hydrated by
dispersing them in 100 mM NaCl, 25 mM Hepes, pH 7.4, buffer, using
deuterium-depleted water, and multilamellar vesicles were prepared.
The sample was then centrifuged, and the pellet was dispersed in 300 μL
of buffer and transferred to NMR glass tubes.

2H NMR experiments were carried out on a Bruker Avance 600
instrument (Bruker, Etlingen, Germany) at 92.123 MHz using the
standard quadrupole echo sequence.40 The spectral width was 150 kHz,
with a 10 μs 90° pulse, 40 μs pulse spacing, 3.35 μs dwell time, 1 s
recycling time, and 50 Hz line broadening, with an accumulation of
15000 transients. Spectra were acquired at temperatures ranging from
20 to 50 °C, raising the temperature in 2 °C steps. The first moment,M1,
was calculated for each spectrum of the different samples and at each
temperature using the following equation:41
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where ω is the frequency shift from the central (Larmor) frequency,
f(ω) is the spectral intensity, x is the frequency shift range (between−60
and 60 kHz) and A is defined as

∑ ω=
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Spectra were dePaked by numerical deconvolution with the software
supplied by Bruker. The dePaked spectra correspond to the spectra that
would be obtained from a planar membrane with its bilayer normal
aligned parallel to the applied static magnetic field, thus enhancing
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resolution and facilitating analysis of individual spectral peaks.25,42,43

These spectra were compared with the original ones to ensure that the
relevant features were maintained during the dePaking process.

31P NMR Measurements. The same samples used for 2H NMR and
the same spectrometer operating at 242.9 MHz were also used to collect
31P NMR spectra. All spectra were obtained in the presence of a gated
broad band proton decoupling (5 W input power during acquisition
time), and accumulated free inductive decays were obtained from up to
8000 scans. A spectral width of 48536 Hz, a memory of 48536 data
points, a 2 s interpulse time, and a 90° radio frequency pulse (11 μs)
were used with inverse gated decoupling 1H. Prior to Fourier
transformation, an exponential multiplication was applied, resulting in
a 100 Hz line broadening.

1H NOESYMAS NMR. POPC (25 mg) and the appropriate amount of
capsaicin were used to prepare multilamellar vesicles in deuterated
water, by using a procedure similar to that described above for other
NMR measurements. NMR experiments were performed on a Bruker
Avance 600 spectrometer, operating at 600 MHz, equipped with a
HRMAS probe and using ZrO2 of 4 mm BL4 rotors with Kel-f BL4 caps
at 25 °C. The spin rate was 8 kHz; data points were 1024 of 16 scans, and
the spectral width was 20 ppm. The relaxation delay was 3.5 s, and the
mixing time was 300 ms. Two-dimensional NOESY experiments were
acquired using 90° pulses of 5.5 μs. Data were processed using TopSpin
2.1 software, supplied by Bruker.
The location probability was estimated from data obtained at a mixing

time of 300 ms, according to44
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A t

A t Xt

( ( ))

( ( ))ij
ij
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m
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where σij is the cross-relaxation rate, Aij is the cross-peak volume, Ajj is
the diagonal peak volume, and tm is the mixing time of the NOESY
spectrum. It has been discussed17 that a single mixing time MAS-
NOESY experiment is sufficient for characterizing intermolecular
interactions in membranes as supported by previous extensive work.44,45
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