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1 | INTRODUCTION

Atopic dermatitis is a chronic inflammatory skin disease caused
by complex interactions among skin barrier defects and immuno-
suppressive disorders. The use of moisturizers in atopic dermatitis
plays an important role in preserving and normalizing skin barrier

Abstract

Background: Studies have shown that there is a high correlation between atopic der-
matitis and decrease in ceramide content in the lipid bilayer of skin. Moreover, it
has been shown that the reduction in ceramide content in the stratum corneum is
unique to atopic dermatitis, indicating that there are particular structural differences
between the lipid bilayers of normal and atopic skin.

Aim: This study aimed to compare the lipid bilayer of the atopic skin with that of the
healthy skin and to establish a structural model of the lipid bilayer for atopy.
Methods: Molecular dynamics simulations were performed using NAMD 2.8. Models
of lipid bilayers of normal skin and atopic skin, and a model of lipid bilayer containing
only ceramide were built with CHARMM-GUI. The thickness, area occupied per lipid,
and alignment of lipids were compared among the three models. Potential mean force
(PMF) of the sodium laureth sulfate (SLES) on lipid bilayers was calculated to predict
the affinity between SLES and lipid bilayers.

Results: Potential mean force calculations showed that the lipid bilayer of atopic skin
was able to absorb the surfactant more easily than that of normal skin.

Conclusions: When the ceramide ratio is low, the thickness of lipid bilayer is reduced
and its structure is weakened. Other structural differences between the lipid layers
of normal and atopic skin included increased area per lipid and poor alignment of
lipids. Further, the atopy lipid bilayer model was found to absorb more SLES than the

normal skin lipid bilayer model.
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functions and is the most basic approach for the treatment of atopic
dermatitis. In particular, the use of proper moisturizers is known to
reduce the degree of frequent relapses and deterioration of skin
condition and is known to have steroid sparing effects.! The discov-
ery of pathological mechanisms of skin barrier defects in atopic der-
matitis, such as filaggrin and ceramide, has led to the advancement

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2020 The Authors. Journal of Cosmetic Dermatology published by Wiley Periodicals LLC

2924 wileyonlinelibrary.com/journal/jocd

J Cosmet Dermatol. 2021;20:2924-2931.


mailto:﻿
https://orcid.org/0000-0003-0726-0203
mailto:﻿
http://creativecommons.org/licenses/by-nc/4.0/
mailto:ktno@yonsei.ac.kr

JUNG ET AL

of research on atopic dermatitis.? Studies have shown that there is
a high correlation between atopic dermatitis and decrease in the
amount of ceramide, which forms the lipid layer of skin. After it was
discovered that ceramide and natural moisturizer supplements were
effective in the treatment of atopic dermatitis, moisturizers have
been steadily developed. Compared with the classic moisturizers,
moisturizing agents containing lipids, mainly ceramide, are known to
enhance the barrier function as they pass through the stratum cor-
neum and are absorbed into the keratinocytes for synthesis of the
intercellular lamella lipid. Such moisturizers can improve the content
and composition of moisture and lipid layers in the skin of patients
with atopic dermatitis and can improve the barrier function of skin.
Moisturization alone can improve the skin barrier function. Studies
have also reported that consumption of foods such as probiotics
leads to increase in moisture content in the skin, which has been
effective in treatment of atopic skin.>* This approach is applied to
patients with side effects to percutaneous absorbents, and it is not
as effective as the moisturizer, which is absorbed directly into the
skin.* To sum up, these studies showed that identifying and supple-
menting the structural features of atopic skin is effective in improv-
ing the atopic symptoms. Thus, using the moisturizers on the market
is a way to improve the structural features of atopic dermatitis. The
moisturizers are available in various forms considering the skin con-
dition of the people. These moisturizers contain minimal cosmetic in-
gredients and often do not contain surfactants because surfactants
can remove the moisture from the skin.

In this study, we aimed to unravel the structural abnormality of
the lipid bilayers, which causes impairment of barrier function in
atopic dermatitis.? Atopic dermatitis decreases the barrier function
of the skin, which results in the skin becoming dry and refractory.
The amount of water in the stratum corneum is one of the charac-
teristic features of the skin barrier. In normal skin, the water content
of the stratum corneum is in the range of 15%-40%,> whereas in pa-
tients with atopic dermatitis, the moisture content of the dry skin lies
below this range.® Penetration of water into the stratum corneum is
dependent on the capability of stratum corneum to attract and retain
water.” The water-binding capacity of dry atopic skin was found to be
reduced when measured with an in vitro microbalance technique. In
patients with atopic dermatitis, the total lipid level, and in particular
the ceramide level, is decreased in the stratum corneum. Studies on
skin barrier deterioration show that the reduction in the total lipid
level and ceramide content in the stratum corneum is unique to atopic
dermatitis.” Ceramide is the main component of intercellular keratin
lipids in the stratum corneum of skin and accounts for about 50%
of the total lipid content in the stratum corneum. As ceramides are
arranged in a layered structure and the layered structure is energeti-
cally stabilized by water molecules filled between the layers, the stra-
tum corneum has moisture retention capability. The ceramide bilayer
is responsible for the overall skin barrier function.%!

Among the various types of ceramides, the fraction of ceramide
type 1 is reduced remarkably in atopic dermatitis. Ceramide type 1
is believed to be a carrier of linoleate, which is responsible for water

barrier function.'> However, lipids such as squalene, cholesterol
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ester, wax ester, triglyceride, free fatty acid, and cholesterol are not
significantly altered in the stratum corneum of atopic dermatitis pa-
tients.”*?%3 It is also known that the efficiency of the barrier function
is enhanced when ceramides are applied along with fatty acids and
cholesterol rather than the application of ceramide alone.**®> When
cholesterol and fatty acids are present in the stratum corneum, the
lipid bilayer maintains its structure even at high temperatures. This
phenomena was demonstrated using molecular dynamics (MD) sim-
ulations.*® Previous studies have shown that a solid lipid bilayer is
formed when fatty acids, cholesterol, and ceramides are present and
mixed in appropriate proportions.17

In this study, we have used MD simulations to identify the differ-
ences between the lipid layer with reduced ceramide content, as seen
in atopic conditions, and the lipid layer of normal skin. Further, we
aimed to examine the skin barrier function of the atopic lipid layer by
calculating the potential mean force (PMF) between sodium laureth

sulfate (SLES), a well-studied skin irritant, and the lipid Iayer.18

2 | METHODS
2.1 | Description of Simulations

In this study, three models of the lipid bilayer of skin were made. The
first modelis a virtual lipid structure consisting of the only ceramide,
which is modeled for comparison purposes with atopic skin model
and normal skin model. The model of the lipid bilayer of atopic skin
was composed of 58 sphingolipid ceramide d18:1/24:0 (CER240)
molecules, 116 cholesterol (CHL) molecules, 116 lignoceric acid
(LIGN) molecules, and 10 500 water molecules in a simulation box
that was approximately 80 A x 80 A x 140 A in size. The model con-
sisted of CER240, CHL, and LIGN in the ratio of 1:2:2, respectively.
And the lipid ratio of normal skin models is 1:1:1. Information on the
molecules used for modeling is provided in Table 1.

All the simulations were carried out in the NPT ensemble with
periodic boundary conditions applied in all directions. The system
had to move along with the molecules. After 1 ns of calculation,
it was observed that the box size converged to size (60,60,122).
Simulation systems were fully equilibrated at 305 K and 1 bar using
the Langevin thermostat and Nosé-Hoover Langevin piston method.
The electrostatic potential energy was calculated using the particle
mesh Ewald method under conducting boundary conditions. The van
der Waals interactions were truncated at 12 A and were smoothly
switched to O from 10 or 12 A. CHARMM22 and CHARMM36 force
field parameter sets were used for the lipid molecules, and TIP3P
water model was used for explicit water MD simulations. The simu-
lations were performed using NAMD 2.13, and the models were vi-
sualized using VMD 1.9.3.1%20 CHARMM-GUI was used to construct
the initial lipid bilayer models.?!

Initial equilibration runs consisted of steepest descent minimi-
zation with 50 000 steps, followed by heating at 305 K over 10 ns,
and then equilibration via temperature coupling using sodium ion

solution.
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2.2 | Calculating order parameters from simulations

The ordering of the alkyl chains in the lipids in the all-atom mem-
brane system can be described by a simple equation, Equation 1.2
The degree of alignment was calculated by considering the mono-
mers that make up the lipid layer one by one. This equation describes
the direction of the C-H bond vector for the lipid layer over all lipids
and all time. In Equation 1, @ is the angle between the C-H bond vec-
tor and the bilayer normal. The angular bracket represents molecular

and temporal ensemble averages.

2
Sep = <3COSZ -1> 1)

The S, order parameter was calculated from the head to the
median and tail of the lipids using the above equation. Order pa-
rameters depend not only on the (dis)order of the system, but
also on orientation. If order parameter is nearly zero, then it can
be considered an unordered system. If order parameter is near
0.5, it indicates a perfectly ordered acyl chain in all conforma-
tions, rapidly rotating around the bilayer. Generally, order pa-
rameters decrease from the interface region to the center of the

bilayer.22

2.3 | Construction of PMF and position dependent
diffusion coefficient profiles for SLES

Symmetrized PMF profiles of SLES were calculated as a function
of the z coordinate of the center of mass of SLES using adaptive
biasing force and thermodynamic integration methods. The PMF
was calculated by moving the SLES along the z-axis, the reac-

tion coordinates, corresponding to the perpendicular axis to the

TABLE 1 Structural information of the

molecules used in the calculation
Name

Sodium laureth
sulfate

Ceramide
(d18:1/24:0)

Lignoceric acid

Cholesterol

lipid bilayer and moving the interior of the lipid bilayer, -40.0 to
+40.0 A (with 0.5 A steps), and over 130 000 calculations per at-

om's z-axis position.

3 | RESULTS

3.1 | Visualization of the lipid bilayers

Figure 1 demonstrates this calculation in cross views. Oxygen is indi-
cated by red balls, and nitrogen is indicated by blue in the head group
of lipids. Pale blue represents a carbon chain. Water and hydrogen
are not shown for effective visualization. Figure 1A shows the lipid
layer composed only of CER240. Figure 1B corresponds to the lipid
layer of healthy skin. Both of these lipid layers appeared to be well
organized as bilayers, and the alignment of the lipids also appeared
to be good. In contrast, in the lipid layer of atopic skin (CER240: CHL:
LIGN = 1:2: 2), some of the cholesterol and lignoceric acid are up-
side down, which resulted in the head positioned in the middle of
the bilayer. Moreover, unlike the CER240 and normal lipid layers, the

alignment of lipids in atopy layer was visibly poor.

3.2 | Structural characteristics of the lipid bilayer

The thickness of the three types of lipid layers measured in z-axis,
which indicates their cross sections, was compared, which is shown
in Figure 2. The thickest lipid layer was the normal lipid layer, which
was followed by CER240 layer. The thinnest layer was the atopy lipid
layer. Over time, a slight increase in the thickness of the lipid layer
was observed in all the lipid layers. The linearity of the thickness
variation of the three lipid layers over 2- to 10-ns time was calcu-
lated. While the R? value of the atopy layer was the least at 0.0385,
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FIGURE 1 Configuration of a bilayer system from a well-equilibrated, constant pressure molecular dynamics simulation performed at
305 K. Only the molecules in the simulation cell are shown. Carbon (canyon chain), nitrogen (red), and the oxygen (yellow) atoms of the lipid
head groups are depicted in (A) CER240, (B) normal layer, and (C) atopy layer

it was 0.8733 and 0.5202 for CER240 and normal layers (the values
were the mean for the two lipid layers), respectively.

Order parameters were used to calculate the degree of alignment
of the lipid layer.?® The calculation results are shown in Figure 3. The
order parameter calculated from the head to the tail of each lipid
showed a high degree of alignment in the middle of the lipid. The
results showed that the S, value decreased toward the tail. The
highest S, value was in the middle of the atopy lipid, but it was
as low as 0.23. Conversely, high-order parameter was observed for
normal layer with an S of 0.43. In lipid layers composed of only
CER240, the highest S of 0.31 was obtained. Relatively constant
order parameter values ranging from 5 to 13 were observed. There
are three possible arrangements of the lipids: a very dense, ordered

— CER240
55+ Normal Layer|
— Atopy Layer

~ 50 +
=,
2
g
S 45}
=
H
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FIGURE 2 After equilibrium calculation at 305 K, the thickness
change of each lipid layer was observed with time change. The
bottom blue graph represents the lipid layer consisting of CER240
only, the middle black graph represents the normal lipid layer, and
the top red graph represents the atopy lipid layer. The unit for lipid
layer thickness is Angstrém (A), and the unit for time is nanosecond
(1077 )

orthorhombic organization; a less dense, ordered hexagonal organi-
zation; and a disordered liquid organization.17 The reduction in cera-
mide content increases the fluidity of the lipid bilayer.

The area occupied by the lipids in the geological layer was cal-
culated. As seen in Figure 4, the lipids in CER240 layer occupied the
smallest area (A?), whereas the lipids in the atopy lipid bilayer occu-
pied the largest area. The degree of variance in the change of lipid
area was 2.59 in CER240 and 5.86 in normal lipid layer, while the
degree of dispersion of atopy lipid was 38.99. Figure 5 is a graph of
the density of atoms in each lipid layer along the z-axis. As seen in
Figure 5A, the thickness of the CER240 lipid layer appeared to be

—— CER240
Normal Layer|
0.4+ —— Atopy Layer
0.3 |
w 02h
0.1 +
0.0
. 1 . 1 . L ) I A
0 5 10 15 20 25

Number of Tale

FIGURE 3 After each lipid layer reached a stabilization state,
the degree of alignment of the lipids was calculated. Deuterium
order parameters were used to graphically map the alignment of
lipids in each lipid layer. In the graph, if the number of tail values

is zero on the x-axis, then it indicates that the carbon atom is in
the head group. The centers of lipid molecules range from 5 to 15
number of tail values. The bottom blue graph represents the atopy
layer, the middle black graph represents the lipid layer consisting
of CER240 only, and the top red graph represents the normal lipid
layer
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FIGURE 4 The stabilization calculation of each lipid layer at 0.020 Normal Layer, Oxygen
room temperature was completed, and the area occupied per lipid Normal Layer, Nitrogen
was calculated. The bottom black graph represents the lipid layer Sl et Cathon
consisting of CER240 only, the middle red graph represents the 0.014
normal lipid layer, and Dthe top blue graph represents the atopy lipid >
layer. The area unit is A%, and the time unit is nanosecond (1077 s) Q 0.012)
a
o
o . . g2 0.008
about 5 nm, with high density of oxygen and nitrogen on the surface §
of the lipid layer. The density of carbon was higher inside the lipid =
0.004
than on the surface of the lipid layer; the highest density was ob-
tained at the absolute value Z = 10. The atomic density of the normal /\
. Lo . . 0.000y H ;
lipid layer showed similar results. However, the atomic density of the | | | | |
atopy lipid layer shown in Figure 5C was different from the previous R al (; 2 a
. - . Z
lipid layers. As observed in Figure 1, the characteristics of the atopy (3
lipid layer were shown in terms of atomic density. First, some oxygen © —_—
and nitrogen atoms were observed in the middle of the lipid bilayer. ' Atopy Layer, Oxygen
The peaks of the distribution of oxygen and nitrogen atoms on the 0.010 :Q:Z;ﬁg; EL‘&
lipid surface were observed to be tailed, unlike the other two lipid
layers. Because of the inverted head and tail positions of some lipids, o 0.008
carbon density was also reduced, but the boundaries were not eas- é
ily distinguished. As observed in Figure 1, some of the lipids in the S 0.006
atopy lipid layer were partially reversed; some of the inverted lipids <§
- . . . . S5 0.004
are shown in Figure 6. The normal lipid layer contained lignoceric °
m
acid at the outermost surface and was placed in the order of choles- 0,002
terol in the lower graph of Figure 6. Cholesterol and fatty acids were
not located in the center of the lipid layer. However, in the atopy lipid 0.000!
layer, some lignoceric acid was found in the center of the lipid layer, _4'0 _2'0 (') 2'0 4'0
where a large amount of cholesterol was also located. V4 (/\)
These results confirmed that the structural characteristics of the
FIGURE 5 Electron density profiles of lipid bilayer simulations.

lipid layer are dependent on the ceramide content. In order to inves-
tigate whether the structural changes in the lipid layer affect the skin
barrier function of the lipid layer, SLES was placed on the surface of
normal and atopy lipid layer and the PMF between the lipid layer and
SLES was calculated. The results are shown in Figure 7.

Sodium laureth sulfate was temporarily at the surface the nor-
mal lipid layer with AG < 0. While transferring it into the normal
lipid bilayer, the AG of the SLES changed to a positive value, and the
highest AG value was observed in the middle of the lipid bilayer. In
case of atopy layer, the AG value of SLES was positive throughout

A, CER240, B, Normal layer. C, Atopy layer

the layer, with no significant difference between the values at the
surface and the middle of the layer. However, it can be seen that
the magnitude of the value was very small, compared to that for
the normal lipid layer. The AG of SLES in the normal lipid layer was
48.9 kcal/mol, whereas the AG of SLES in the atopic lipid layer was
about 20% lower at 10.9 kcal/mol. The alignment of the atopic lipids
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FIGURE 6 Comparison of the electron density of cholesterol
and lignoceric acid in (below) normal and (above) atopy lipid bilayers
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FIGURE 7 Symmetrized potential mean force (PMF) profiles of
sodium laureth sulfate (SLES) through the (black solid line) normal
lipid bilayer and (red solid line) atopy lipid bilayer obtained from
the adaptive biasing force (ABF)
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was degraded compared to that of the normal lipids. A small group
of heads of cholesterol and fatty acids moved around the lipid rather
than the lipid surface due to the increase in the flexibility of the lipid.
According to the concept of PMF, if a force depending on some re-
action coordinate can be extracted, then the constraint force can
be known. The reason this may result in the difference between the
AG values of the normal and atopic lipids is the presence or absence
of water molecules within the lipids. The free energy between SLES
and water molecules was added to reveal the difference in AG values

between normal and atopic lipid levels.

4 | DISCUSSION

As shown in Figure 1B, the lipids were well aligned in the normal
lipid bilayer, and the boundary between the geological layers could
be clearly seen. However, the lipid layers were not well aligned in the
atopy lipid layer (Figure 1C). In particular, some lipids, such as cho-
lesterol and lignoceric acid, had inverted. Perhaps this was because
an increase in cholesterol level and decrease in ceramide content led
to an increase in the fluidity of the lipid layer.!® The surface of the
lipid layer should contain the head group, but in the atopy lipid layer,
tails were seen on the surface. It can be inferred that this reduced
the electrostatic barrier between the lipid layer surface and the lipid
exterior. When a foreign material, particularly oil or surfactant, is ad-
sorbed on the lipid layer, it could traverse across the atopy lipid layer
more easily than other lipid layers, facilitated by the interactions
between the tail portion of the inverted lipids and the hydrophobic
part of the surfactant or other foreign material.?* Figures 2-4 com-
pare the structural characteristics of the normal and atopy lipid bi-
layers. The normal layer was the thickest, and the atopy lipid bilayer
was the thinnest. Considering the previous studies that have shown
the lamellar structure to be well organized, the skin is well protected
when it contains all the intercellular lipids (ceramides, fatty acids, and
cholesterol) for moisturization and protective functions. Further, it
is also known that the ratio of ceramide, cholesterol, and lignoceric
acid is crucial in this context.’ Figure 3 shows the alignment of the
lipids that make up CER240, normal lipid layer, and atopy lipid layer.
As shown in Figure 1, the atopy lipid layer was poorly aligned. The
alignment of the lipid layer with only CER240 was the highest at 0.3,
and the alignment interval was longer than that of the other layers.
This may be due to a homogenous environment in the layer with
only CER240. The results suggest that if the CER content is higher
than necessary, it appears to decrease the alignment of lipids. When
cholesterol and lignoceric acid are in the same ratio as ceramide,
the lipid structure is well aligned, indicating that the skin protection
function of the lipid layer works effectively. The area occupied by li-
pids in Figure 4 was the highest in the lipids in the atopy lipid bilayer.
This may be the consequence of decreased stability due to lack of
alignment, as shown in Figure 3. The alignment of lipids in the atopy
lipid layer was low, and thus, the area occupied per lipid was high,

and the variance of the area was calculated to be 6.6 times more
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than that of the normal lipid layer. Taken together, the results of
Figures 2-4 indicate that the most stable structure is obtained when
the ratio of ceramide, lignoceric acid, and cholesterol is 1:1:1. This is
why researchers maintain this ratio when they set up lipid layers to
study their properties or conduct mass permeation experiments.25

In Figure 5, the density of atoms constituting the lipid layer is
shown at specific locations. Typically, the head groups of lipids are
found on the surface of the lipid layer. Thus, oxygen and nitrogen
atoms are seen on the surface of the lipid layer, while carbon atoms
are observed at a higher density in the middle of the lipid than on the
surface. In CER240 and normal lipid layer, oxygen and nitrogen can
be seen only on the surface of the lipid layer; however, in the atopy
lipid bilayer, they were found in the middle of the bilayer. As shown
in Figure 6, this phenomenon is due to the inversion of the choles-
terol and lignoceric acid molecules in the atopy lipid bilayer.

Thus, the results suggest that the atopy lipid bilayer was struc-
turally inferior to the normal lipid layer. The PMF between SLES and
the lipid layer was calculated to determine the influence of poor
structural integrity on the barrier function of the skin. As shown
in Figure 7, it was thermodynamically disadvantageous for SLES
to pass through normal lipid layers compared with the atopy layer.
Although the atopy lipid layer showed a AG > O, for translocation of
SLES, the absolute value of AG was 20% less than that for the nor-
mal layer, indicating that the atopy layer was not as well equipped
as the normal layer at preventing SLES from penetrating through
the lipid bilayer. Thus, the normal lipid bilayer effectively protects
the skin against SLES compared with the atopy layer. The atopy lipid
bilayer may more readily absorb surfactants such as SLES. SLES is a
commonly used inexpensive surfactant and an irritating substance.
This might explain why atopic dermatitis patients are prone to skin
irritation while using various cleaners or skin protection products

containing SLES.

5 | CONCLUSION

The normal lipid layer and the atopy lipid bilayer were modeled
to compare the structural differences between them. The PMF
between the SLES and lipid layers was calculated, and the results
were compared to determine which lipid layer was more likely to
absorb SLES, a common surfactant and a well-known skin irritant.
The results suggested that SLES could be absorbed by the lipid bi-
layer of atopic skin due to perturbations in the lipid layers. In the
lipid bilayer of atopic skin, cholesterol and fatty acids were inverted,
resulting in various characteristic structural features, which might
eventually lead to deterioration of skin protection function. These
included decreased thickness of the lipid layer, increased area oc-
cupied per lipid, and poor alignment of the lipids in the layers. Thus,
in this study, using MD simulations, we demonstrated that changes
in the composition of the lipid bilayers could lead to lowering of
the electrostatic barrier between the outer layer and the lipid layer
of the atopic skin. Consequently, this could lead to enhancement

in the absorption of foreign materials such as SLES, causing the

stratum corneum of atopic dermatitis patients to become easier to

lose moisture in skin.
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