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Melatonin directly interacts with cholesterol and
alleviates cholesterol effects in
dipalmitoylphosphatidylcholine monolayers

Youngjik Choi,ab Simon J. Attwood,c Matthew I. Hoopes,d Elizabeth Drolle,ab

Mikko Karttunenbd and Zoya Leonenko*abc

Melatonin is a pineal hormone that has been shown to have protective effects in several diseases that are

associated with cholesterol dysregulation, including cardiovascular disease, Alzheimer’s disease, and certain

types of cancers. Cholesterol is a major membrane constituent with both a structural and functional

influence. It is also known that melatonin readily partitions into cellular membranes. We investigated the

effects of melatonin and cholesterol on the structure and physical properties of a 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC) monolayer as a simple membrane model using the Langmuir–Blodgett

(L–B) monolayer technique and molecular dynamics (MD) simulations. We report that melatonin increases

the area per lipid and elastic compressibility of the DPPC monolayer in a concentration dependent manner,

while cholesterol has the opposite effect. When both melatonin and cholesterol were present in the

monolayer, the compression isotherms showed normalization of the area per molecule towards that of the

pure DPPC monolayer, thus indicating that melatonin counteracts and alleviates cholesterol’s effects.

Atomistic MD simulations of melatonin enriched DPPC systems correlate with our experimental findings

and illustrate the structural effects of both cholesterol and melatonin. Our results suggest that melatonin is

able to lessen the influence of cholesterol through two different mechanisms. Firstly, we have shown that

melatonin has a fluidizing effect on monolayers comprising only lipid molecules. Secondly, we also observe

that melatonin interacts directly with cholesterol. Our findings suggest a direct nonspecific interaction of

melatonin may be a mechanism involved in reducing cholesterol associated membrane effects, thus

suggesting the existence of a new mechanism of melatonin’s action. This may have important biological

relevance in addition to the well-known anti-oxidative and receptor binding effects.
Introduction

Melatonin is a pineal hormone produced in the brain.1 It is a
small molecule (the structure is shown in Fig. 1) that can easily
partition into the lipid membrane and change its biophysical
properties.2 Melatonin has been shown to have protective
effects in several diseases, including cardiovascular disease3

Alzheimer’s disease,4 and certain types of cancers.5 In many
cases the protective effects involved were non-specic and
receptor-independent.5,6 Understanding the non-specic inter-
action of melatonin with lipid membranes may have important
potential therapeutic applications, since the membrane action
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of melatonin may play a role in its cytoprotective effects.7

Although a detailed understanding of the interaction of mela-
tonin with cellular membranes is currently unknown, it may be
of crucial importance for the development of new therapeutic
applications.

One of the questions of particular importance is related to
cholesterol. It has been proposed that melatonin may directly
compete with cholesterol for binding with the PC group in
lecithin reverse micelles,8 and this relationship may be
Fig. 1 Chemical structure of the melatonin molecule.

This journal is © The Royal Society of Chemistry 2014
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important in cholesterol implicated diseases, such as cardio-
vascular diseases3 Alzheimer’s disease9 and certain types of
cancers.10 Previous publications on melatonin and cholesterol
show that serum total cholesterol and LDL cholesterol levels
have been negatively correlated with melatonin levels in pre-
and post-menopausal women.11 Several in vitro studies of
atherosclerosis development, in relation to cardiovascular
diseases, have reported that melatonin reduced plasma levels of
total cholesterol, very low-density lipoprotein (VLDL)-choles-
terol and low-density lipoprotein (LDL) cholesterol in hyper-
cholesterolemic rats.3 Although the exact mechanism is
unknown, it is thought that melatonin may possibly augment
endogenous cholesterol clearance.3

Cholesterol is an ubiquitous constituent of lipid membranes
in general and is particularly rich in membrane ra regions. It
has recently attracted a lot of attention in relation to several
diseases such as Alzheimer’s4,9 and cancer.12 Against amyloid-b
peptide toxicity involved in Alzheimer’s disease, melatonin has
been shown to have cytoprotective effects that are independent
of its membrane receptors. Furthermore, regarding amyloid
toxicity, it has been shown that melatonin is distinctly advan-
tageous over other antioxidants, such as vitamins C and E.4

Melatonin’s anticancer effect on prostate cancer cells has also
been found to be receptor independent.12 Given the general
non-specicity of melatonin’s therapeutic effects, and the
indications that melatonin directly inuences the membrane
through non-specic interactions, we focus our attention on the
non-specic effects of melatonin in model membranes in
comparison to cholesterol.

Previous studies have demonstrated melatonin’s ability to
non-specically bind to and interact with the lipid membrane,
and to alter its biophysical properties. It has been postulated
that melatonin may lie between the phosphocholine head
groups and change the structure and uidity of the lipid
membrane.2,13 Various techniques have been used, including
Fourier transform infrared spectroscopy, differential scanning
calorimetry, spectrophotometry, atomic force microscopy,
Langmuir monolayer, uorescence and ESR spectroscopies,
viscosimetry, nuclear magnetic resonance (NMR), neutron
scattering, and MD simulations.2,7,8,13–17 It was shown that
melatonin decreases the main phase transition temperature in
a variety of different lipid systems. This implies that it induces
higher uidity in membrane lipids.2,13,15,18 On the other hand,
decreased membrane dynamics have also been reported in
DPPC,17 DPPG,16 rat brain homogenate,19 and in DMPC.13,20 Our
recent work utilizing neutron scattering and MD simulations
showed that melatonin induced thinning of the membrane in
DOPC and DPPC, which indicates higher membrane uidity.2

One of the previous studies focused on melatonin and choles-
terol in lecithin reversed micelles using NMR and FTIR spec-
troscopy.8 They indicated that melatonin and cholesterol
compete for binding to the lipid head groups. However, the
precise effects on the biophysical properties of cholesterol-
containing lipid assembly were not assessed.

We investigated how melatonin changes the structural and
mechano-elastic properties of model phospholipid monolayers.
We compared these effects with those induced by cholesterol in
This journal is © The Royal Society of Chemistry 2014
order to further the understanding of the molecular interac-
tions of melatonin with phosphatidylcholine assemblies.
Langmuir–Blodgett (L–B) isotherms and atomistic MD simula-
tions were used to study the effects of melatonin on the lateral
compression and structure of a DPPC monolayer. We tested the
effect of melatonin on model DPPC and DPPC/cholesterol
systems, which are commonly used lipid models for lipid
membrane and membrane ras.21

Materials and methods
Chemicals and sample preparation

Melatonin, cholesterol, and DPPC were all purchased from
Sigma-Aldrich in powder form and were used without further
purication. Melatonin was directly dissolved inMillipore water
(resistivity > 18.2 MU) by gentle agitation to yield the nal
solutions used in the monolayer subphase.20

Lyophilized, powdered 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC) was dissolved in chloroform (1.0 mg mL�1).
10 mL of the DPPC solution was deposited using a micropipette
on to a Langmuir–Blodgett microtrough (NIMA, UK) with a
subphase volume of approximately 50 mL. Melatonin solutions
in water were used as the subphase at 0.2 mM, and 1.0 mM
concentrations, to allow melatonin partitioning from water
subphase into the lipid monolayer. Such high pharmacological
concentrations of melatonin have been used in previous mela-
tonin and membrane studies before.14,15,20,22 We chose such
concentrations in order to observe its effects most clearly.
Cholesterol enriched monolayer samples were prepared by
dissolving cholesterol and DPPC in chloroform and spreading
the chloroform solution on to the trough. Cholesterol to lipid
percentages were: 5%, 20%, 33% and 100% by mol%. 10 mL of
the sample solution was deposited for each isotherm experi-
ment. The compression rate for the isotherms was 80 cm2

min�1 or 9.8 Å2/molecule � min. The subphase was kept at
room temperature at 24 �C. The isotherms were repeated in at
least triplicate in order to obtain an accurate average for each
concentration and averaged isotherms are shown in the results.

Each pressure versus area isotherm represents an average of
between three and six separate experiments, with the error bars
calculated as standard errors of the mean.

The elastic compressibility (C) was calculated from
the pressure versus area isotherm using eqn (1). Cs

�1 is the
compression modulus, A is the area in the trough, p is the
pressure.

Cs
�1 ¼ �A(dp/dA) (1)

In general, a lower Cs
�1 value means an increase in the

monolayer compressibility.23

Atomistic MD simulations

We performed MD simulations of pure DPPC, DPPC with 20%
cholesterol and DPPC with 12% melatonin at the temperature
of 320 K and a pressure of 1 bar. The simulation box had 512
lipids fully hydrated with about 28 000 water molecules. The
simulations were run with the GROMACS (version 4) soware
Soft Matter, 2014, 10, 206–213 | 207
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package24 and the GROMOS 53a6 force-eld.25 The protocol we
applied is the same that has been successfully used in our
previous studies.2,26,27 The model for melatonin is the same that
was used in our previous study.2 To summarize the protocol and
the rest of the models: for water, we used the simple point
charge (SPC) model,28 the SETTLE29 algorithm was used to
constrain bond lengths for water and LINCS30 was used for the
lipids. The Lennard–Jones interactions were smoothly switched
off and a cutoff of 0.9 nm was used. The electrostatic interac-
tions were computed using the particle-mesh Ewald method31,32

with a real space cutoff of 1.4 nm, beta spline interpolation
(of order 4), and a direct sum tolerance of 10�6. Full periodic
boundary conditions were applied and a time step of 2 fs was
used. For initial relaxation, the steepest decent algorithm was
used. About 120 ns NpT simulation was run as the nal step of
equilibration before the production runs. The Parrinello–Rah-
man33 and the Parrinello–Donadio–Bussi v-rescale34 algorithms
were used for baro- and thermostats with relaxation times of
0.5 ps and 0.1 ps respectively.

Results
L–B monolayer compression isotherms

DPPC monolayer pressure versus area isotherms were recorded
using the L–B trough. Fig. 2 shows the independent effects of
both melatonin and cholesterol on DPPC monolayer isotherms
and elastic compressibility. We chose to compare the changes in
the monolayer area per molecule as well as in the compressibility
modulus of all the groups at the pressure 11.5 mNm�1. The shi
in the isotherms area per molecule was less obvious with error
bars overlapping at the high pressure regions (pressures > 20mN
m�1). The increased error in the isotherms in the higher pressure
regions may be indicative of a solubilizing effect on the lipid
molecules into the subphase,35,36 but also may be due to
increased molecular order and tightened molecular packing by
Fig. 2 DPPC monolayer isotherms with melatonin and cholesterol. (A) Pr
or DPPC co-spreaded with cholesterol, subphase water. The inset shows
at pressure p¼ 11.5 mNm�1 (B) Relative compressibility modulus change
m�1. The blue and red arrows of (A) illustrate the concentration depende
respectively.

208 | Soft Matter, 2014, 10, 206–213
increasing head group hydration.37 At a pressure of 11.5mNm�1,
differences induced by melatonin were most noticeable. We
chose the lower pressure of 11.5 mN m�1 to demonstrate the
differences in the isotherms in terms of the area per molecule.
This pressure corresponds closely to the mean molecular area of
60–64 Å2, which is equivalent to what is found for DPPC bila-
yers.38,39 Hsu et al. considered 60 Å2 to be the most appropriate
bilayer equivalent molecular area40 Fig. 2A shows the compres-
sion isotherms for pure DPPC monolayers spread on a water
subphase and DPPC with cholesterol increasing from 5 to 33mol
% and a pure cholesterol monolayer (100% cholesterol).
Increasing amounts of cholesterol shi the isotherms down and
to the le as compared to the pure DPPC control (Fig. 2A). This is
in good agreement with previously reported data.41 Melatonin is
known to dissolve in water and is also able to partition into the
monolayer from the water subphase.13When the lipid monolayer
was spread onto a subphase containing melatonin, we observed
a shi of the isotherm up and to the right. This is opposite to the
shi induced by cholesterol. This indicates a concentration
dependent increase in the area per molecule as compared
to the pure DPPC control due to incorporation of melatonin into
the monolayer, as shown in the inset (Fig. 2A). The isotherms for
the 5% cholesterol-enriched monolayer also showed a very slight
increase in the area per molecule. Higher concentrations of
cholesterol (>5%) showed decreased area per molecule for all
concentrations, indicative of increased lipid packing density
(condensing effect). The overall trend of the concentration
dependent effect of cholesterol is in good agreement with
previous reports.41,42

The calculated elastic compressibility modulus (Cs
�1)

decreased in the presence of melatonin (Fig. 2B). At a pressure
of 11.5 mN m�1 the compressibility modulus at 1 mM mela-
tonin decreased by 20 � 10 mN m�1 relative to the pure DPPC
isotherm. The decrease in the Cs

�1 values shows that melatonin
enhances the elastic compressibility, thus reducing the stiffness
essure versus area isotherms of DPPC with melatonin in the subphase,
the relative shift in the area per molecule fromDPPC control measured
(DCs

�1) compared to DPPC control, measured at pressure p¼ 11.5 mN
nt shift in the area per molecule induced by melatonin and cholesterol,

This journal is © The Royal Society of Chemistry 2014
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of the monolayer. In contrast to melatonin, cholesterol
increased the Cs

�1 values compared to those observed for the
DPPC monolayer in a concentration dependent manner from
4 � 7 mN m�1 at 5% cholesterol to 196 � 22 mN m�1 at 100%
cholesterol, thus making the monolayer stiffer and less
compressible.

In order to assess the effects of cholesterol and melatonin
together, we spread DPPCmonolayers containing cholesterol (5,
20, and 33 mol%), and a pure cholesterol monolayer (100%),
onto the subphase of melatonin solutions (0.2 mM and 1.0 mM).
The corresponding pressure versus area isotherms are shown in
Fig. 3. Fig. 3A–D show isotherms for DPPC monolayer with
progressively increasing concentrations of cholesterol from 5 to
20, 33 and 100 mol% of cholesterol. All isotherms show a
normalization and recovery toward the DPPC only isotherm, in
terms of lipid area per molecule. In Fig. 3A, DPPC with 5 mol%
cholesterol andmelatonin showed an area permolecule increase
compared to DPPC with cholesterol-only. Monolayers with 20%
cholesterol spread on a melatonin subphase are shown in
Fig. 3B. The LE to LE/LC (Liquid Expanded/Liquid Condensed)
phase transition (the characteristic kink in the DPPC isotherm
just below 10 mN m�1) diminishes due to the effects of
Fig. 3 Isotherms with both cholesterol (co-spread with DPPC except fo
subphase). (A) DPPC with 5% cholesterol and melatonin in the subphas
DPPC with 33% cholesterol with melatonin in the subphase. (D) Pure c
dashed circles in figures A and B indicate the presence of the LE/LC pha

This journal is © The Royal Society of Chemistry 2014
cholesterol. Melatonin’s effect of increasing the area per mole-
cule is also seen. The lack of clear LE to LE/LC phase transition
in the isotherms with melatonin indicates that cholesterol
effects on the phase transition of the monolayer persisted even
with the highest concentration of melatonin tested.

Monolayers with high (33 mol%) cholesterol and with
melatonin in the subphase in Fig. 3C showed a similar trend as
with the previous hybrid isotherms (shown in Fig. 3A and B).
The inuence of cholesterol has completely diminished the LE
to LE/LC phase transition kink (indicated by circles in Fig. 3A–
C). Melatonin increased the area per molecule, but the inu-
ence of cholesterol on the shape of the isotherm was persistent.
Fig. 3D shows pure cholesterol isotherms with melatonin in the
subphase. Without any phospholipids present, melatonin
increased the area per molecule of cholesterol, indicating its
capacity to partition into the cholesterol monolayer and modify
the molecular arrangement of cholesterol in monolayers.

Summarized effects of melatonin on cholesterol enriched
DPPC and pure cholesterol monolayers are shown in Fig. 4A. The
change in area per molecule relative to pure DPPC at p ¼ 11.5
mN m�1 is shown for all cholesterol samples and at all mela-
tonin concentrations. Melatonin increases the area per molecule
r the 100% cholesterol) and melatonin (0.2 mM and 1.0 mM melatonin,
e. (B) DPPC with 20% cholesterol with melatonin in the subphase. (C)
holesterol monolayer isotherms with melatonin in the subphase. The
se transition. In figure C the LE/LC transition is no longer visible.

Soft Matter, 2014, 10, 206–213 | 209
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Fig. 4 (A) Relative change in the area per molecule. Measured at pressure p¼ 11.5 mNm�1, increasingmelatonin in the subphase of cholesterol/
DPPC monolayers increased the area per molecule in all concentrations of cholesterol. (B) Relative change in the compressibility modulus in
monolayers with cholesterol.
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in all of the isotherms in a concentration dependent manner.
Fig. 4B shows the relative change in the compressibility
modulus, compared to pure DPPC at p ¼ 11.5 mN m�1, for all
cholesterol containing samples and at all melatonin concentra-
tions. Melatonin decreased the compressibility modulus for all
samples, except the 5 mol% cholesterol, in a concentration
dependent manner. The compressibility change for the 5 mol%
sample is very close to that of the pure DPPC sample and the
slight increase for the 1.0 mM sample is within error.
MD simulations

MD simulations were performed at 320 K. This is above the
main transition temperature for DPPC bilayers. This tempera-
ture was chosen to be able to compare with the monolayer
results: at 297 K, DPPC monolayers are in the liquid expanded
phase (corresponds to the liquid disordered or La phase for a
bilayer) up to a surface pressure of about 15 mN m�1.43 Thus,
the results from the bilayer simulations should provide a very
good qualitative picture of the molecules’ behaviors in the
monolayer system.

Fig. 5 shows a snapshot from the MD simulation of mela-
tonin inside a DPPC monolayer (melatonin molecules shown in
orange). Melatonin locates just below the DPPC headgroups
within the acyl chain regions with the indole group facing away
Fig. 5 A snapshot of MD simulations of melatonin in a DPPC mono-
layer (melatonin molecules shown in orange). Melatonin locates just
below the DPPC headgroups within the acyl chain regions with the
indole group facing away from the polar headgroups.

210 | Soft Matter, 2014, 10, 206–213
from the polar headgroups. Unlike cholesterol, which is able to
align its ring system with the lipid hydrocarbon chains, mela-
tonin’s smaller ring system and hydrophobicity of the indole
group do not allow such alignment. Instead, melatonin rather
pushes the chains apart and causes lipid disorder. Fig. 6 shows
a detailed comparison between pure DPPC, DPPC + cholesterol,
and DPPC + melatonin systems, resolving structures of indi-
vidual lipid, cholesterol and melatonin molecules. The location
of melatonin molecules within the DPPC monolayer is below
the DPPC headgroups well within the acyl chain region.
Detailed MD simulations of DPPC and DPPC with cholesterol
systems were reported before and not shown here.27 Here, we
concentrate on the comparisons between the effects of choles-
terol and melatonin. We have zoomed into a small region to
demonstrate the effects of cholesterol and melatonin. The
effects shown in the snapshots are general and observed
throughout the systems. The addition of cholesterol leads to a
15% decrease in the area per lipid as compared to a pure DPPC
system. This is also apparent when comparing Fig. 6A and B.
Melatonin has a stronger effect in the opposite direction as
shown in Fig. 6C. The DPPC acyl chains become more disor-
dered and the area per lipid increases by�4%. As a comparison
of the gures shows, unlike cholesterol, which tends to
hydrogen bond with the lipids, the smaller melatonin mole-
cules are located well below the phosphocholine (PC)
Fig. 6 Snapshots of MD simulations illustrating the packing of DPPC
molecules with melatonin or cholesterol. (A) Pure DPPC monolayer,
(B) DPPC with cholesterol (yellow): the smooth side of the cholesterol
ring system interacts with the palmitoyl chains. (C) DPPC with mela-
tonin (orange) added shows that the tails of the lipids become more
disordered.

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 Schematics illustrating packing of DPPC molecules in a
monolayer containing melatonin and/or cholesterol. (A) Pure DPPC
monolayer showing even spacing of the phosphatidylcholine mole-
cules spread over the air/water interface; (B) monolayer enriched with
cholesterol causes the lipids to condense and form closely packed
domains, decreasing overall area per lipid headgroup; (C) monolayer
with melatonin, which likely locates between the headgroups
increasing overall area per lipid headgroup. (D) When cholesterol and
melatonin are both present, densely packed domains created by
cholesterol may co-exist with widely spaced areas created by the
presence of melatonin, leading to an overall area per lipid headgroup
similar to the control. Side view: ball and stick schematic represents
single DPPC molecules, orange and red molecules represent choles-
terol and melatonin respectively; top view: circles represent space
occupied by lipid groups alone (black), enriched with cholesterol
(orange) and enriched with melatonin (red).

Paper Soft Matter

Pu
bl

is
he

d 
on

 0
7 

N
ov

em
be

r 
20

13
. D

ow
nl

oa
de

d 
on

 1
4/

01
/2

01
4 

17
:0

8:
13

. 
View Article Online
headgroups penetrating deeper in the acyl chain region.
Cholesterols’ hydroxyl groups readily formed hydrogen bonds
mostly with the carbonyl groups of the lipids. This is in full
agreement with previous studies, see ref. 44 for a review.
Melatonin behaved differently: the interactions of melatonin
were largely dependent on the hydrophobic interactions of the
indole groups and the acyl chains. MD simulations also indi-
cated increased presence of water molecules inside the mono-
layer with melatonin present (data not shown).

Discussion

Overall, the resulting changes in the lipid biophysical properties
due to melatonin were an increased area per molecule and a
decreased compressibility modulus of the monolayers. These
effects were consistently observed for the full range of mono-
layer compositions tested: from pure lipid monolayer to pure
cholesterol monolayer and the various mixtures. The results
suggest that melatonin has both a spreading effect on the
DPPC/cholesterol molecules, and also a soening effect on the
monolayers. The ndings are in agreement with previous
reports that showed increased molecular area and decreased
thickness in a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) monolayer with melatonin13 and in both 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) and DPPC bilayers.2

An especially notable result of this study is that we have
evidence for direct interaction between cholesterol and mela-
tonin (shown in Fig. 3D as well as in Fig. 4B). The pure choles-
terol monolayer showed an increase in the area per molecule
and a decrease in compressibility modulus, whenmelatonin was
present in the subphase and partitioned into the monolayer.
This suggests that melatonin is able to incorporate between both
the phospholipids and also in between cholesterol molecules.
Previously, it was known that melatonin prevented membrane
uidity decrease due lipid peroxidation, for which its anti-
oxidative properties have been attributed.14,15,22,45 Our results
show that melatonin interacts directly with the lipids and the
cholesterol molecules, thus increasing membrane uidity and
alleviating cholesterol’s condensing effect in the membrane.

A summarizing schematic of our results is shown in Fig. 7.
We hypothesize that melatonin and cholesterol, when mixed in
the lipid monolayer, will counteract each other’s effects, result-
ing in a monolayer similar to the original DPPC monolayer with
the characteristic molecular area for DPPC. The resulting hybrid
L–B isotherms, when both melatonin and cholesterol were
present in the monolayer, were close but did not fully recover to
match the normal DPPC control isotherm (Fig. 3B and C). Thus,
attributes of cholesterol in the isotherms remained in conjunc-
tion with the increased molecular area due to melatonin. In
Fig. 7D, we depicted melatonin’s inuence on the monolayer as
not disturbing the cholesterol rich domains. However, it is likely
that both the cholesterol rich domains as well as the lipids are
affected as melatonin had similar effects in the pure cholesterol
monolayer as it did in the pure lipid monolayers.

Our MD simulation data shows that both cholesterol and the
lipid molecules form hydrogen bonds, however, melatonin’s
interaction was mainly driven by hydrophobicity. Thus, it is
This journal is © The Royal Society of Chemistry 2014
possible that melatonin is able to interact with both cholesterol
and the phospholipids through hydrophobic interactions
without necessarily strongly inuencing the hydrogen bonding
among the cholesterol and DPPC molecules. However, Bon-
giorno et al.8 reported that melatonin’s ability to hydrogen bond
through its –NH groups is similar to the ability of cholesterol’s
–OH groups in lecithin reverse micelles. Thus, both the hydro-
phobic interaction as well as through hydrogen bonding both
might be at play. In an analogous manner, hydrophobicity can
limit or allow small molecules, such as ethanol and methanol,
to form hydrogen bonds with lipids.39,46,47 Such effects may also
depend on concentration.39 Our data on mixed monolayers
containing cholesterol, DPPC and melatonin showed that the
attributes of cholesterol in diminishing the LE to LE/LC tran-
sition, as well as melatonin’s inuence in increasing the area
per molecule were both present in the mixed isotherms (Fig. 3).
This may indicate that melatonin inuences the monolayer
without necessarily specically targeting and disturbing the
cholesterol–lipid interactions, which are mainly driven by
Soft Matter, 2014, 10, 206–213 | 211
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hydrogen bonding. Therefore, the hydrophobic interaction may
have a greater inuence on the overall monolayer biophysical
properties than its ability to disturb the hydrogen bonding.

Our MD simulations show that both cholesterol and mela-
tonin reside below the DPPC headgroups. Cholesterol displayed
its well-known condensing and ordering effects,27,44 but mela-
tonin induced disorder along the acyl chains (Fig. 6) of the
DPPC molecules and an increase in the lipid area per molecule
as already seen in our previous bilayer study.2 Previous works on
the orientation of melatonin in the lipids have postulated
melatonin to locate between the headgroups of DPPC.8,18 In
contrast, our present MD data and recent work2 show that it
resides below the lipid heads, penetrating deeper into the acyl
chain regions than what was previously hypothesized. This is
due to the hydrophobicity of the indole group and a competi-
tion between hydrogen bonding, steric and hydrophobic effects.
Such competition is difficult to characterize quantitatively, but
we illustrate this by comparing the behaviors of cholesterol and
its analogues.48–50 For example, the difference in behavior
between melatonin and cholesterol resembles the difference
between cholesterol and demethylated cholesterol.49 Despite
the fact that demethylated cholesterol has the ability to
hydrogen bond via its OH-group, demethylation (removal of the
methyl groups from cholesterol’s rough side) leads to larger
uctuations in its orientation despite enhanced van der Waals
interactions. On the other hand, the effect of hydrogen bonding
can be seen by comparing cholesterol to ketosterone. In ketos-
terone, cholesterol’s OH-group is replaced by a ketone group
which is not able to hydrogen bong like the OH group. This
allows the molecule to move around and even undergo ip-ops
inside the bilayer.51 Being a smaller molecule, the uctuations
in melatonin’s orientation are large and the competition
between hydrogen bonding, hydrophobicity and van der Waals
interactions leads to behavior that resembles both of the above
examples. The importance of steric effects for cholesterol and
one of its analogues has been shown in detail by Martinez-Seara
et al.27 Their results demonstrate the importance of close
interactions with the sterol ring, its methyl groups and the acyl
chains. In the case of melatonin, the small indole ring is not
able to interact strongly with the acyl chain, allowing it to move
more freely under the head group region close to the glycerol
backbone. This gives rise to an increased membrane area and,
hence, disorder along the acyl chains. Based on our observation
that the monolayers with both cholesterol and melatonin yield
similarly shaped isotherms as that of cholesterol enriched
monolayers, we hypothesized that melatonin may incorporate
into the cholesterol enriched monolayer without disturbing the
condensed microdomains created by the presence of choles-
terol (Fig. 7D). However, further studies are needed to verify the
exact molecular level arrangement of cholesterol and melatonin
in a lipid monolayer, and it is also possible that melatonin
affects the molecular spacing within the cholesterol-enriched
domains as well.

Melatonin’s inuence in decreasing the elastic compress-
ibility modulus, as well as the increase in the area per molecule
may involve increased water interaction with the head groups,
for several reasons. It has been reported by other groups that
212 | Soft Matter, 2014, 10, 206–213
melatonin can augment hydration of the head groups.19 The
increase in the hydration of the lipid head groups may reduce
the prevalence of highly dense liquid condensed areas within
the monolayer, since it increases the area per lipid that
promotes the acyl chain dynamic motional freedom (i.e.
uidity) due to entropy.52 Increased lipid molecular area and
acyl chain uidity due to hydration would naturally lead to
lowering the thickness of the bilayer,53–55 which was also
reported for melatonin.2,13

Conclusion

Our results show thatmelatonin has a signicant inuence on the
compressibility of DPPC monolayers in an opposing manner to
that of cholesterol. With melatonin present, both an increase in
the area per molecule, as well as a decrease in the compressibility
modulus of the monolayer were observed in a concentration
dependent manner. The results indicate that both cholesterol and
melatonin have a sustained inuence on the monolayer, which
supports the co-existence of the two molecules rather than a
competitive exclusion. Signicantly, pure cholesterol monolayers
without any phospholipids also showed increased area per
molecule and decreased elastic compressibility modulus with
melatonin. Our MD results are in a good agreement with experi-
ments and indicate an increase in DPPC lipid tail disorder and
molecular area due to the presence of melatonin, which is
opposite to the condensing effect of cholesterol.

Our results suggest that melatonin has a direct uidizing effect
in the membrane and counteracts the condensing effect of
cholesterol. The results suggest that melatonin may be actively
involved in counteracting cholesterol-induced changes of
membrane structure and properties. High cholesterol induced
membrane changes have been associated with various diseases
such as cardiovascular diseases,3 cancer,5 and Alzheimer’s
disease.4 The results of our study demonstrate that melatonin’s
ability to provide protection against such diseasesmight involve, at
least in part, its receptor independent interaction with the cell
membrane.
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