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SC; stratum corneum
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General Introduction

The skin consists of three layers: the epidermis, dermis, and subcutaneous tissue. The
outermost epidermis is divided into the stratum corneum (SC), stratum granulosum, stratum
spinosum, and stratum basale, in order from the skin’s surface. The topmost SC acts as an
outside-in skin barrier, preventing the entry of allergens, pathogenic microorganisms, chemicals,
and other harmful substances, and as an inside-out skin barrier it inhibits the leakage of water,
ions, proteins, and other bodily fluids from the organism.! These skin barrier functions are
achieved by the mille-feuille-like multilayered structure of corneocytes and intercellular lipids.

Chemical substances can penetrate the skin through the transcellular, transintercellular,
and transappendageal pathways, depending on the substance.? Substances that are easily
absorbed transdermally are liposoluble substances with a molecular weight of 500 Da® or less
and a log P of 1 to 3.*9 The intercellular route is recognized as the primary route of skin
penetration.

Intercellular lipids are mainly composed of ceramide (CER), cholesterol (CHOL), and
free fatty acids (FFA).® The average molecular weight of these lipids is approximately 500 Da.”
These intercellular lipids have a characteristic multilamellar structure, and X-ray scattering
measurements show two coexisting lamellar phases with repetition distances of ~13 nm and ~6
nm derived from long- and short-period lamellar structures, respectively.®) In addition, the side-
aligned packing structures of lipid chains forming this lamellar structure include orthorhombic,
hexagonal, and liquid/fluid phases with different packing densities.” When a 500 Da lipophilic
molecule is applied to the surface of the SC, it is absorbed into the liquid/fluid phase region by
way of the difference in the chemical potential of the interface and it penetrates by diffusion.”
The skin barrier function is closely related to the lamellar and packing structures formed by
intercellular lipids, and it is extremely important to understand the properties of these structures.

Although it has been suggested that these packing structures have domains,'? the details
of these domains have not been verified, and the relationship between domain distribution and
impaired skin barrier function has not been examined in detail. In addition, several studies have

examined the relationship between transepidermal water loss (TEWL), an indicator of skin



barrier function, and packing structure,''™'®) but the participants included patients with
inflammatory skin diseases with compromised skin barrier function such as atopic dermatitis,
and the relationship between reduced skin barrier function and lipid composition and packing
structure in healthy participants has not been fully verified.

To understand the molecular mechanisms of skin barrier formation, the contribution of
major lipid classes and subclasses to the lipid composition of intercellular lipids has been
studied using lipid model systems. Lipid models range from simple three-component lipid

14—

models of the major lipid classes!*!” to complex compositions of lipid models with more

components, 829

Among these, the major lipid class, CER, has a structure in which fatty acids are amide-
linked to the amino groups of sphingoid bases, but has structural diversity in the headgroups of
its hydrophilic groups. The number of CER subclasses has increased with the evolution of
analytical methods,?!® and can now be classified into 25 CER subclasses based on differences
in the combination of 5 long-chain bases and 5 fatty acids, with 1,327 unbound CERs and 254
protein-bound CERs in 23 subclasses in the human SC.*?

CERs and FFAs are diversely distributed in chain length*®3! because the carbon chain
lengths of their long-chain bases, fatty acid portions, and fatty acid chains are elongated by the
fatty acid elongase ELOVL.**® Therefore, the effects of CER subclasses on packing structure
and permeability’’*! and the chain length of CER subclasses and FFAs have been investigated
by using lipid models.*>*> In skin diseases such as atopic dermatitis'""?*3D and psoriasis,*®
abnormalities of increased CER[NS] (NS = nonhydroxy-sphingosine) and CER[AS] (AS
=alpha-hydroxysphingosine) produced via sphingomyelin and decreased CER[NP] (NP = non-
hydroxy-phytosphingosine) and increased short-chain CERs and short-chain FFAs are observed.

On the other hand, there are examples of lipid models that mimic the lipid composition
of atopic dermatitis, an inflammatory skin disease, focusing on the sphingosine/sphinganine
ratio.*”) However, there are limited examples of the lipid composition of intercellular lipids with
impaired skin barrier function in which the effects on lamellar and packing structures were

examined in lipid models reflecting not only differences in the CER headgroup structure but



also carbon chain length of CERs and FFAs,*» and there are no detailed analyses of the
properties of packing structures of lamellar structures with different periodicities.

The aim of this study was to elucidate the mechanism of skin barrier function
impairment in healthy participants and to identify agents that improve barrier function.

In Chapter 1, I prepared an intercellular lipid model containing alpha-hydroxy CERs
and short-chain FFAs with reference to the lipid composition of intercellular lipids with
impaired skin barrier function, such as inflammatory skin diseases, to clarify the effects of lipid
composition ratio on lamellar structure, packing structure, phase transition, and mixing
properties. The purpose of this study was to elucidate the mechanism of skin barrier function
degradation. Intercellular lipid models with different lipid composition ratios were prepared
and analyzed by differential scanning calorimetry (DSC) and X-ray diffraction measurements.

In Chapter 2, I aimed to clarify the mechanism of skin barrier function degradation in
human SC samples with complex lipid compositions by analyzing in detail the differences in
CER composition, CER chain length, and packing structure of panel groups with different
transdermal water transpiration, an indicator of skin barrier function. The domain distribution
of the packing structure was evaluated by Fourier transform infrared spectroscopic imaging.
The lipid composition of CER was also validated by measuring it with shotgun lipidomics in
electrospray ionization tandem mass spectrometry.

The objective described in Chapter 3 was to screen agents that improve skin barrier
function and evaluate whether the selected agents actually have skin barrier function-improving
effects. alpha-hydroxy CER-containing intercellular lipid models were prepared, and useful
amino acids were screened by DSC. To further confirm the barrier function-improving effect of
the selected acetylhydroxyproline, the effect on the lamellar and packing structure of excised
human SC was verified by time-resolved small-angle wide-angle X-ray scattering

measurements.



CHAPTER 1

Phase separation in lipid lamellae result from ceramide conformations

and lateral packing structure



1. Introduction

The SC intercellular lipid not only protects the living body from invasion by allergens
and pathogens but also suppresses water evaporation. Thus, it plays a pivotal role in the skin’s
barrier function.* Intercellular lipids are made up of CERs, CHOL, cholesterol esters and
FFAs).%”

Intercellular lipids form a characteristic microstructure, comprising a short lamellar
structure and a long lamellar structure with a repeating distance of approximately 6 and 13 nm,
respectively.? The lamellar period is inversely correlated with TEWL, a representative index
of the skin’s barrier function.!'*?) In fact, the lamellar period is shorter in patients with atopic
dermatitis than in healthy subjects.!" On the other hand, intercellular lipids of human SC have
different packing structures of hydrocarbon chains, and it is known that orthorhombic (Orth)
and hexagonal packing (Hex) and liquid crystals coexist as different sublattices.*” The density
of lateral hydrocarbon chain packing is decreased in the order of Orth, Hex, and liquid crystal.>®

Increasing TEWL indicates deterioration of the SC’s barrier function. Some reports
have indicated that differences in the hydrocarbon chain packing of intercellular lipids are also
correlated with TEWL.!"1%13) However, it is difficult to elucidate the relationship between lipid
composition and packing structure due to the intricate lipid composition of human intercellular
lipids; there are 342 CER species, grouped into 12 subclasses on the basis of chain length and
head group structure.?**" Many studies were conducted to investigate the influence of lipid
composition on hydrocarbon chain packing by mimicking the intercellular lipids of the human
SC.174352-%9) 1n this context, some groups reported that two different CER conformations
formed in distinct phases of lamellar periodicity.>¢>

I previously reported that phases of different periodicity coexist in the CER[ADS]
(ADS=N-(alpha-hydroxyoctadecanoyl)-dihydrosphingosine), CHOL, and palmitic acid (PA)
complex model in which structural analysis was carried out using simultaneous small-angle X-
ray scattering (SAXS) and wide-angle X-ray diffraction (WAXD) measurements at constant
temperature.'” However, the details of the packing structure of the two phases observed in these
intercellular lipid models are unclear. H solid-state NMR spectroscopy, ®>”) neutron diffraction

measurement, and X-ray diffraction measurement without temperature scanning, could not



discriminate the differences in packing structure in phases with different lamellar periods.!'”>%

58)

In order to determine the characteristics of hydrocarbon chain packing of each lamellar
structure, I needed to conduct structural analysis using simultaneous SAXS and WAXD
measurements.

The utility of structural analysis of intercellular lipids by simultaneous SAXS and
WAXD measurements has previously been reported.’” I used intercellular lipid models
(CERJADS]/CHOL/PA) with different lipid compositions from what we have reported
previously.!? I characterized the packed structure and the lamellar structures by analyzing the
temperature-scanning simultaneous SAXS and WAXD measurements against two phases with

different lamellar periodicities.



2. Experimental
2.1. Materials

(28,3R)-2-(2-hydroxyhexadecanoyl)aminooctadecane-1,3-diol  (95%): Ceramide
[ADS]-C18/16(CER[ADS]) was supplied by Takasago International (Tokyo, Japan).
Cholesterol (CHOL: 99%) and palmitic acid (PA: 99%) were purchased from Sigma-Aldrich
(St. Louis, MO). Chloroform and methanol were certified grade. Other chemicals used were
reagent grade.
2.2, Lipid model

The lipid composition of the bilayers of CER[ADS], CHOL, and PA selected
centroids of three previously reported clusters.'” The centroids of each cluster (Fig. 1) are
representative of the three lipid bilayer groups. In previous reports, clusters were classified into
four different types; however, the focus of this study was CER[ADS]. Hence, I selected three
models that tended to increase the proportion of CER[ADS] instead. The representative
composition of the three models are summarized in Table 1.

The CER[ADS]/CHOL/PA bilayer in Model 1 contains a high molar ratio of PA. In
contrast, the CER[ADS]/CHOL/PA bilayer in Model 3 contains a low molar ratio of PA. I

observed that the ratio of PA decreases while the ratio of CER and CHOL increases from

Model 3

L ]
Model 2
Model 1

¥ - - - - - - +0
0 50 100
PA

Fig. 1. CER[ADS], CHOL, and PA Models

Closed circles indicate the lipid composition of each model.



Table 1. Composition of Various CER[ADS] Containing Model Lipid Mixtures.

Short lamellar phase A (25°C) Short lamellar phase B (25°C) Phase Phase
Model (‘om.position.a%lc.l mol(?r ratio Repeat Repeat separated 5e]fa1‘aled
(CER[ADSJ/CHOL/PA) Peak position (nm™") distance Peak position (nm™") distance _)I'_):s‘ :H?P
(nm) (nm) (25°C) (25°C)
1 17.8:5.5:76.6 gl =1.362, q2=2.724, ¢3=4.084 461 ¢gl=1461,42=3.019.¢43=4476 430 + -
2 26.5:13.9:59.6 gl =1354,g2=2714, ¢3=4.048 464 ¢gl=1447,42=2968. g3=4448 434 + +
3 36.6:42.8:20.6 gl =1.362, g2=2.724, ¢3=4.084 4061 ¢gl=147542=2991.¢g3=4462 426 - +

Lamellar organization with their repeat distances are shown.

Model 1 to Model 3. I prepared our lipid model in accordance with the method of
Bangham.!”%) The lipid mixture is shown in Table 1 was dissolved in chloroform:methanol
(2:1, v/v). A rotary evaporator was later used to remove the solvent and obtain a thin lipid film,
which was dried in a vacuum for about 24 h. In order to adjust the total lipid concentration to
10 mM in the eggplant flask, 10 mL of acetate buffer (pH 5.3 was added and the lipids hydrated
for 30 min above the phase transition temperature (about 85°C). After removing the film from
the flask, it was subjected to ultrasonic liquid processor irradiation (VCX 130 PB, Sonics &
Materials, Inc., Newtown, CT, U.S.A.) for 5 min above the phase transition temperature (about
85°C). The CER[ADS]/CHOL/PA bilayer suspension was stored at room temperature
overnight. The vesicle aggregates were suction-filtered and dried, and used as an intercellular
lipid model.

2.3. Simultaneous small-angle X-ray scattering and wide-angle X-ray diffraction
measurements

The SAXS and WAXD profiles of the CER[ADS]/CHOL/PA bilayers were obtained
at the BL40B2 (Structural Biology II Beamline) in SPring-8 (Hyogo, Japan). The X-ray
wavelength was 0.083 nm and the sample-to-detector distance was approximately 540 mm. The
scattering intensity / (in arbitrary units) was measured as a function of the scattering angle (9),
from which the scattering vector (¢) was calculated in reciprocal nm. The latter is defined as ¢
= (4n sin 0)/A, where A is the wavelength. From the positions of a series of equidistant peaks
(gn), the periodicity (d) of a lamellar phase was calculated using the equation d = 2n n/gn, where
n is the order number of the scattering peak. When a characteristic peak position (reciprocal

space) is related to the real space, I use the term spacing, which is equal to 2n/g at that peak



position. The reciprocal spacing ¢ = (4x sin 0)/A was calibrated from the lattice spacing (d =
5.838 nm; d is the lamellar repeat distance) of a silver behenate crystal at room temperature.
The exposure time was 30 s. The diffraction pattern was circular averaged to obtain a radial
intensity profile. A sample cell containing the CER[ADS]/CHOL/PA membrane was sealed
with a polyimide film and placed in the sample holder of the X-ray diffractometer. The
temperature of the sample was controlled between 25°C to 85°C using differential scanning
calorimetry (FP-99; Mettler-Toledo, Tokyo, Japan), and the temperature was measured with a
thermocouple embedded in the sample holder. All the experiments were performed with a

heating scan at a rate of 0.83 K min™

. Hence, the total exposure time was about 72 min in a
single scan. The X-ray scattering profile was recorded every 2.5°C.
2.4. Data analysis

I applied Lorentz functions to fit the SAXS profiles and Gaussian functions to fit the
WAXD profiles.

In wide-angle analysis, the apparent ratio of hexagonal/orthorhombic hydrocarbon

chain packing (Ruexortn) was defined as:

(hs—2X1Ni7)/3
L7

RHex/orth =

Where I;5 is the intensity of the diffraction peak at ¢ = 15.0 nm’!, and 7,7 is that of the
peak at ¢ = 17.0 nm™'. The denominator indicates the apparent area derived from Orth and the
numerator indicates the apparent area of Hex. 2x/;7 means the apparent area derived from Orth
in the area of the diffraction peak at ¢ = 17.0 nm!. When Orth and Hex appear in the
CER[ADS]/CHOL/PA bilayer at the equivalent ratio, the Ruexorn value is 1. Greater Ruex/orth
values indicate that Hex is dominant in the CER[ADS]/CHOL/PA bilayers.

In addition, scattering data were analyzed by generalized indirect Fourier
transformation (GIFT) method software package.®” Using the thickness scattering parameter of
a pair distance distribution function (PDDF), P{(q) corresponds to the convolution of the
electron density profile of the mono-bilayer. Hence, electron density profiles i.e. DECON
profiles, Ap(r), can be obtained via deconvolution of the PDDF.%> The DECON profile is the

electron density profile for the lipid bilayer from the hydrophobic group terminal to the
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hydrophilic group terminal, including hydration water effects with the electron density of water
as the zero ordinate, Ap(7) = 0.
3. Results
3.1.Membrane properties and microstructure of CER[ADS]/CHOL/PA bilayers

I determined the different conformations of our CER[ADS]/CHOL/PA samples.
SAXS gives information about ordered multi-lamellar structures and enables detection of lipid
lamellar structures and corresponding repeat distances of various lipid membranes. WAXD
gives information about the lateral packing present in lamellar structures. When the lipid alkyl
chains are packed hexagonally, a singlet is observed at around ¢ = 15 nm™! while lipid tails that

partly adopt an Orth result in two peaks at approximately g = 15 and 17 nm™'. The corresponding

a)
I
b)
M'}\"—/—V\A‘—'\ Model 3
) HEX/Orth
E —_
5, # 3
=y =
[ g7 Orth
EJ 12 3 g Model3 é Model 2
= = HEX/Orth
1
Model 2
J\\f\# = @ 8
*
1
1 Model 1 Orth
* o 3 Model 1
1 2 3 l 5 13 14 15 16 17 18
g (nm-") g (hm™)

Fig. 2. SAXS and WAXD Profile of Various CER[ADS] Containing Lipid Membranes Used in Our Study

(a) In the SAXS profiles, the Roman numerals (I, II, III...) indicate the different scattering orders of the Phase A, and
refer to the orders of scattering peaks of the cell with a repeat distance of 4.6 nm. The Arabic numbers (1, 2, 3...) indicate
the different scattering orders of the Phase B, and refer to the orders of scattering peaks of the cell with a repeat distance
of 4.3 nm. Peaks originating from the crystalline PA domains are indicated with an asterisk (*). Peaks originating from the
crystalline CHOL domains are indicated by the hashtag (#). (b) In the WAXD profiles, Orth and Hex denote reflections

attributed to hexagonal, orthorhombic lateral packing, respectively.

scattering patterns of these lipid membranes are shown in Fig. 2.
10



The scattering patterns of Models 1 and 2 at 25°C (Fig. 2 (a)), are characterized by the
presence of scattering peaks at about g; ~ 1.3, g2~ 2.7, and g3 ~ 4.1 nm’!, with a repeat distance
of about 4.6 nm. This pattern indicates the formation of the short periodicity phase (Phase A).
However, besides the presence of Phase A, an additional phase was also observed. This
additional phase is characterizing by scattering peaks at about g; = 1.4, g2 = 3.0, and g3 = 4.5
nm! with a repeat distance of about 4.3 nm, indicating the formation of another short periodicity
phase (Phase B). The lamellar period of about 4.6 nm is shorter than the 6 nm period of the
short lamellar structure observed in the human SC.* This is due to the short chain length of
CER[ADS]-C18/C16 used in this study.

Phase separation of FFA and CHOL reportedly occurs in the intercellular lipid
model.!>% In pure crystals of PA, a scattering peak is observed at ¢ = 1.76 nm™'. In pure CHOL
crystals, however, a scattering peak is observed at ¢ = 1.82 nm''. In the scattering patterns of
the Models 1 and 2 (Fig. 2 (a)), the peaks are positioned at ¢ = 1.76 nm™!, and the crystalline PA
phase is separated. As-PA has a similar chain length to the fatty acid chain of CER[ADS]-
C18/16, PA is particularly poorly compatible with CER[ADS], therefore, phase separation of
PA is often observed.!>4%)

In the scattering patterns of Models 2 and 3 (Fig. 2 (a)), the peaks are positioned at g
~ 1.82 nm’!, and the crystalline CHOL phase was separated. Other studies have reported that
phase-separated CHOL does not affect the multilamellar lipid organization. !> In our SAXS

profiles at 25°C, two peaks were observed at ¢ =1.36 nm 'and ¢ = 1.48 nm™!

, indicating that
Phases A and B coexist with crystalline PA and CHOL (Fig. 2 (a)). In WAXD profiles of Models
1 and 2 at 25°C, two peaks are observed at ¢ = 15 and 17 nm’!, indicating that Orth and Hex
coexist (Fig. 2 (b)). On the other hand, in Model 3 (Fig. 2 (b)), no peak was observed at g = 15
and 17 nm™!, but multiple diffraction peaks were observed at different positions around g = 13.1,
13.5, 13.9, and 15.3 nm™". Accordingly, Phase A and Phase B do not form Orth and Hex in
Model 3. Table 1 summarizes the scattering peak position, repeat distance, and phase-separated
crystals observed in each model. As indicated in Table 1, in the lipid model using

CER[ADS]/CHOL/PA, I found that Phases A and B were observed at any lipid composition

ratio. Table 2 summarizes the diffraction peak positions, lattice constant, peak intensities,
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sublattices of the diffraction peaks, Ruex/orh 0bserved in each model. In Table 2, the Ruexorth of
Model 2 is higher than that of Model 1 i.e. Model 1 has the highest ratio of Orth.

3.2. Changes in X-ray profiles with temperature

Table 2. Composition of Various CER[ADS] Containing Model Lipid Mixtures

Hexagonal (25°C) Orthorhombic (25°C) HEX/OR peak ratio*
Model o 250
Peak position (nm H Peak intensity (a.u.) Peak position (nm B Peak intensity (a.u.) (23 )
1 15.274 8404.276 17.062 1403.565 1.33
2 15.636 7284.696 17.420 846.288 2.20

3 - o - - o

Lipid lateral packing is shown. The HEX/OR peak ratio as determined by the Gaussian peak fitting procedure of the

WAXD profile at 25°C are also presented.

The SAXS and WAXD data from each model are plotted against temperature in Fig.
3. To analyze the difference in packing structure between Phases A and B, the peaks around ¢
~ 1.3, 1.4, 13.9, 15, and 17 nm’! in the temperature range 25-85°C, I plotted the profiles of
intensity / versus the reciprocal spacing ¢ in Fig. 4. Regarding selection of the diffraction peak
with ¢ = 13.9 nm™!, the diffraction peak with the highest intensity at 25°C was selected from
among the multiple diffraction peaks shown in Fig. 3 (f). For the peak intensity observed around
g = 15 nm’! ( 1s), due to the diffraction derived from the Orth and Hex overlap, the value of

Tnex (( 15— 2%117)/3) was used to analyze the diffraction only from Hex.
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Fig. 3. SAXS and WAXD Profile of Typical CER[ADS]/CHOL/PA Bilayers Belonging to Each Model
Monitored at 25-85°C

Data shown are SAXS profiles (left row) and WAXD profiles (right row) of Model 1 (a and b, respectively), Model 2
(c and d, respectively), and Model 3 (e and f, respectively). The peaks originating from the crystalline PA domains are
indicated by the asterisk (*). The peaks originating from the crystalline CHOL domains are indicated by the hashtag (#).

PhA, Phase A; PhB, Phase B; L, liquid crystal phase.



The peak intensity observed around ¢ =~ 1.36 nm™ ( /13) derived from Phase A, which
is a short lamellar structure with a lamellar distance of about 4.6 nm, decreases from around
45°C to around 65°C with increasing temperature (Fig. 4 (a) and (c), respectively).
Corresponding to the thermal behavior of /3, the peak intensity observed around ¢ = 15 nm™!
(Inex) and ¢ = 17 nm™! (117) derived from Orth and Hex decreases from around 45°C to around
65°C (Fig. 4 (b) and (d), respectively). In Fig. 5 (a), the peak positions of the scattering peaks

observed at ¢ = 1.36 nm™' in both Model 1 and Model 2 are significantly shifted to the wide-
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Fig. 4. Changes in X-ray Scattering Peak Intensities of Typical CER[ADS]/CHOL/PA Bilayers Belonging to
Each Model as a Function of Temperature at 25-85°

Data shown are SAXS profiles (left row) and WAXD profiles (right row) of Model 1 (a and b, respectively), Model 2 (¢ and
d, respectively), and Model 3 (e and f, respectively). Numbers on the left figures represent parameters of intensity near g =~ 1.3
nm ™' and ¢ = 1.4 nm™!, while those on the right represent parameters near ¢ = 13.9 nm™! (13.9), ¢ = 15 nm™' ((Jex : 15— 2x117)
/3),and g = 17 nm™! ( [17). In Model 3, the scattering peak observed at around ¢ = 1.49 nm™! is hidden by the strong scattering

peak derived from the lamellar liquid crystal near ¢ = 1.54 nm™' at 45°C and above.



lamellar period. In Models 1 and 2, Phase A seemed to form an Orth and Hex.

In contrast, the peak intensity /1 4 observed around ¢ ~ 1.48 nm™! derived from Phase
B, which is a short lamellar structure with a lamellar distance of about 4.3 nm, correspond to
the changes in /139 as a function of temperature (Fig. 4 (a)—(d)).-In Models 1 and 2, Phase B did
not seem to form either Orth or Hex. Souza et al. reported a phase (Phase y in the paper) that is
formed at a CHOL ratio of 60% or more in the CER/CHOL binary model and undergoes a
phase transition at 75°C with a lamellar period of 4.27 nm.%® The lamellar period, phase
transition temperature, and diffraction peak of this Phase y and Phase B have similar
characteristics. Souza et al. reported that multiple diffraction peaks of Phase y are insufficient
to determine the crystalline form of this phase, but the complex diffraction peaks are the result
from either lateral phase separation or uneven packing of the layers.®® The constituent lipids of
Phase B are thought to be composed mainly of CER and CHOL. The diffraction peak observed
at ¢ = 13.9 nm™! derived from Phase B has not been focused so far, but in the X-ray diffraction
profile of human SC reported by Doucet et al., a diffraction peak was observed prominently
around ¢ = 13.9 nm™! in the deep portion of the SC,>* suggesting that a packing structure similar
to Phase B also forms in human SC. Bouwstra ef al. mentioned that a 4.3 nm phase with a Phase
B-like lamellar period was observed in a pilot study on the psoriasis scale in the human SC. 7

In Model 3 (Fig. 4 (e) and (f)), the peak intensity observed around ¢ =~ 1.36 nm™ ( 1;3)
derived from Phase A decreases from around 45°C; however, the decrease in peak intensity is
gradual from 55-65°C, and the thermal behavior does not agree with /139. Moreover, in Fig. 5
(a), the lamellar period of the scattering peak observed around ¢ = 1.36 nm™' from Phase A
shows that the lamellar period gradually increases from 25—75°C until the peak disappears. In
contrast to Models 1 and 2, there was no apparent shortening of the lamellar period associated
with a phase transition. I observed that in Phase A of Model 3, lamellar liquid crystals were
formed above 25°C. In Model 3, where Phase A does not cause phase transition because it is a
lamellar liquid crystal, an increase in intensity was not observed for /1.4 and /139 (Fig. 4 (e) and
).

On the other hand, in small angle /14 observed around ¢ = 1.49 nm™' derived from

Phase B, the peak position was shifted to ¢ = 1.54 nm™" at 45°C or higher, and as the peak
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position shifted to ¢ = 1.54 nm™!, an increase in peak intensity was observed and a phase
transition to lamellar liquid crystal was observed (Fig. 5 (b) and Fig. 4 (e)). It was difficult to
analyze after 45°C, but I assumed that the peak intensity of /1.4 in Model 3 also decreased after
45°C as in Models 1 and 2, and the thermal behavior corresponds to /i3 .9.

I found that the packing structure formed in Phase A varies depending on the lipid

composition, and that Phase B forms a crystal structure different from Orth and Hex in each

model.
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Fig. 5. Changes in the X-ray Scattering Peak Position of Typical CER[ADS]/CHOL/PA Bilayers Belonging
to Each Model as a Function of Temperature (25-85°C)

Data shown are parameters for peak positions near ¢ =1.36 nm™' (a) and ¢ =1.48 nm™' (b) of each model.

3.3. Electron density profile (DECON profile)

Figure 6 shows the calculated electron density profile for each sample. The DECON
profile is the average of the data from Phases A and B. The DECON profile rose slowly,
increasing from the hydrophobic portion toward the hydrophilic portion and converging on the
zero value at » = approx. 2.8 nm (Fig. 6 (a)). The region where the zero value is obtained is
thought to coincide with the region where hydration water exists near the hydrophilic part. Since
twice the zero value distance exceeds the lamellar periodicity, a hydration layer appears to have

formed near the hydrophilic part of the lipid.

17



The electron density for Model 3 is higher than that for Models 1 and 2 (lower CHOL
and CER concentrations) at distances of 1.7-2.2 nm from the hydrophobic group terminus. The
electron density of CHOL is reportedly higher than that of hydrophobic chains and equal to that
of water. Hence, this indicates that condensed CHOL is localized to the region from the middle
part of the hydrophobic groups of intercellular lipids to the vicinity of their hydrophilic groups
at distances ranging from 1.7-2.5 nm (Fig. 6 (a)). Although it is not possible to determine the
physical properties of the bilayer from the DECON profile alone, it can be inferred that the
flexibility of the bilayer is high since CHOL is relatively abundant. These findings support the
specificity of Model 3, where Phase A forms lamellar liquid crystals above 25°C, and in Phase
B, the transition to the lamellar liquid crystal phase occurs at around 50°C, compared with the

other models.
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The r (nm) is estimated from the distance of the bilayer center. Schematic membrane model of Phase A and Phase B for
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4. Discussion

In this study, I observed Phase A and Phase B structures using an intercellular lipid
model (Models 1-3) consisting of the three components, CER[ADS]/CHOL/PA. In interpreting
the lamellar periodicity of Phase A, considering that the distance of all-trans C—C bonding is
0.127 nm,*® the maximum chain length of alpha-hydroxy fatty acid is 2.29 nm.’® The
calculated length of the hairpin-shaped CER molecules®”*” facing each other within a bilayer
membrane has a lamellar period of about 4.6 nm, which is the length of the alkyl chains>® and
coincides with the lamellar period of Phase A.

Phase B is thought to correspond to a scattering peak of an unknown 4.3 nm phase in
human SC that has a slightly weaker intensity in the vicinity of the scattering peak derived from
the main short lamellar structure.”” Of note, Phase B is present in the human SC, which is
presumed to be consistent with lattice defects. The lamellar periodicity of Phase B is shorter
than that of Phase A. Given the shorter lamellar periodicity of Phase B, some possible
explanations have been proposed in previous reports. Since Phase B has a crystal structure, it
is unlikely that its lamellar periodicity is shortened by increasing the fluidity of the alkyl chains.
To increase fluidity, the CER may adopt either a partially open alkyl chain form called a V-
shaped structure®®>7¢471-78) or an inclined alkyl chain form.’® The expected length of the
lamellar period for a V-shaped structure is approximately 4.2 nm, which is consistent with our
results.

An increase in electron density between 0—0.5 nm in the hydrophobic region of Model
1-3 is not supported by the DECON profile in Fig. 6 (a). The CER conformation of Phase B
has been proposed to form a V-shaped structure in each Model, but since an increase in electron
density was not observed in the hydrophobic region, I concluded that a distinct intercalation did
not form.

From these results, I concluded that the conformation of CER in Phase B observed in
this study was a V-shaped structure. The lipid arrangement of Phase A and Phase B is shown in
Fig. 6 (b). The lateral packing structure of Phase B indicates that CER[ADS] formed a V-shaped

structure, neither Orth nor Hex.
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On the other hand, if I focus on the differences between Phase A and Phase B between
the three models, Phase A in Model 3 did not form Orth and Hex, unlike in Models 1 and 2.
Instead, in Model 3, Phase A formed lamellar liquid crystals above 25°C. I believe that this
difference is influenced by the high CHOL ratio in Model 3, but it is difficult to discuss the
influence of CHOL concentration in isolation from other factors. CHOL reportedly contributes
to the formation of crystal structures over a specific range of CHOL ratio values in the
intercellular lipid model, and does not act only in the direction of fluidization.”” Bouwstra et
al. reported that liquid crystals are formed by adding FFAs to the intercellular lipid model
(CER/CHOL).”™ PA are also thought to contribute to membrane fluidization in Phase A of
Model 3. In addition to FFA, the effects of CER saturation and the presence of unsaturated fatty
acid chains presumably also affect membrane fluidity. Although our experimental system is
different, CHOL acts as a membrane stabilizer for liposomes composed of phosphatidylcholine
with unsaturated fatty acids in studies using liposomes. On the other hand, CHOL enhances the
membrane fluidity of liposomes composed of phosphatidylcholine with saturated fatty
acids.”%? Although the molecular structures of phosphatidylcholine and CER are different, the
CER[ADS] used in our study is composed of saturated fatty acids, so it is also affected by
CHOL and forms a lamellar liquid crystal with high membrane fluidity, thereby reducing
membrane stability. Based on the above discussion, 1 concluded that fluidization is
characteristically promoted in Phase A of Model 3 due to the influence of both CHOL and PA
at a CER[ADS]/CHOL/PA composition ratio of approximately 1:1:1 (mol/mol).

In Model 3 (Fig. 3(e)), a phase transition of Phase B to the liquid crystal phase is
observed at around 50°C, whereas in Models 1 and 2, no such phase transition is observed (Fig.
3 (a) and (c)). Models 1 to 3 have different lipid compositions in Phase B. Although the
constituent lipids of Phase B are thought to be mostly CER and CHOL, the CHOL ratio is higher
in Phase B of Model 3 as the phase transition to lamellar liquid crystals occurs at around 50°C.
On the other hand, Phase B in Models 1 and 2 is thought to be composed mainly of CER and
CHOL, but has a characteristically low CHOL ratio and characteristically high CER ratio.
Moreover, Phase B in Models 1 and 2 does not undergo a phase transition to lamellar liquid

crystals.
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To investigate the relationship between the skin’s barrier function and short FFA
species,’! I used PA in our study. The presence of a small amount of FFA with a short chain
length of either Cis, Cis, or Cy in the intercellular lipid model ( CER[NS] or
CERmix/CHOL/FFAs : 1/1/1, mol/mol) decreases the conformational order of the intercellular
lipid model and increases its permeability.3!

PA can weaken intermolecular interactions in the non-polar region depending on its
abundance.’ With regards to the packing structure, studies focused on the phase transition
temperature®® and order parameter’® have found that CER species containing non-hydroxy
fatty acids have a denser structure than those with an alpha-hydroxyl group.

CER[AS] having an alpha-hydroxy group has a positive correlation with TEWL.!"
The V-shaped structure was verified in this study which formed in the intercellular lipid model
using a combination of CER[ADS] with an alpha-hydroxy group and PA as a short-chain FFA.
The V-shaped structure may occur commonly in the CER subclasses containing an alpha-
hydroxy group.

The abundance of short FFAs is increased in damaged skin,’” and in the skin of
patients with atopic dermatitis, which have a shorter lamellar structure than healthy skin.!'"
Hereafter, it is necessary to verify whether the V-shaped structure is formed by the combination

of CER containing alpha-hydroxy FFA subclasses and FFA of short chain length in actual skin.

In order to maintain barrier function, it is important to understand differences in the
lateral packing of intercellular lipids. In this study, I proposed that the combination of
CERJ[ADS] and PA as a short-chain FFA species, could cause the CER conformation to adopt a
V-shaped structure. This structure is neither Orth nor Hex, but another crystal structure, possibly
a monoclinic crystal. The lamellar structure with a lamellar period of about 4.2 nm, which was
conventionally considered as an unknown phase, is considered to be a phase formed mainly of
CER and CHOL, in which a CER forms a V-shaped structure similar to Phase B.

I found that temperature scanning simultaneous SAXS and WAXD measurement is a

powerful tool for studying the difference in the characteristics of the packing structures. Using
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this method, I have elucidated the different lamellar periods between Phases A and B for the
first time.

Further experiments using membrane transport experiments and temperature scanning
FT-IR measurements will provide a well-defined packing structure for Phase B and clarify its
relationship with barrier function. In the future, I will consider how the composition of CER
subclasses and shorter fatty acid chains in the packing structure reduce barrier function. In
addition, a comprehensive understanding that includes CER biosynthetic pathways is required
to clarify the effect of different CER subclasses on the barrier function of intercellular lipids. I
intend to pursue such studies and propose measures to control CER conformations in order to

learn how the barrier function of intercellular lipids can be enhanced.
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5. Conclusions

In the intercellular lipid model using short chain FFA and CER[ADS], two kinds of
lamellar structures with different lamellar periods, Phase A and Phase B, were formed.
Hydrocarbon chain packing of Phase B formed neither Orth nor Hex regardless of the lipid
composition. Our results also suggest that Phase B had a V-shaped CER conformation which
formed a crystal structure. This means that an increased ratio of short chain FFA in FFA species
led to the malformation of a lamellar structure with a low Orth ratio that would reduce barrier
function. These differences in lamellar periods and hydrocarbon chain packing are thought to
be caused by differences in CER conformations. Barrier function may be enhanced by
controlling the ratio of CER subclasses and the conformation of CER. The combination of FFA

chain length and CER subclasses are the key.
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CHAPTER 2

Distribution of domains formed by lateral packing of intercellular

lipid in the stratum corneum
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1. Introduction

Intercellular lipids in the SC protect the body from allergens and pathogens and inhibit
water evaporation, thereby serving as a barrier. Intercellular lipids are composed of CERs, and

FFAs.®? Intercellular lipids exert their barrier function by forming a characteristic lamellar

8) 9,83)

structure® consisting of orthorhombic and hexagonal packing structures and liquid crystals.

A study involving electron diffraction measurement reported different domain sizes of

9 Additionally, the proportion and

orthorhombic and hexagonal packing structures.!
distribution of the crystalline and liquid-crystalline structures are considered to affect barrier
function. A relationship between the packing structure and TEWL value was proposed based

8)  To assess the skin barrier, it is

on the phase transition behavior of intercellular lipids.
important to clarify the microdomain distribution within the packing structures rather than the
averaged information.

In the past, X-ray diffraction and electron diffraction were used to analyze the crystal
structure of the packing structure, whereas the analysis of the liquid crystal was difficult because

of the influence of keratin-derived diffraction.””?

More recently, however, the packing
structure of intercellular lipids, including liquid crystals, has been analyzed by Fourier
transform IR spectroscopy (FTIR). Differences in packing structure were evaluated by
confirming the shift of the peak derived from CH> symmetric stretching vibration of the alkyl

chains of intercellular lipids.3**>

Imaging analysis of the packing structure of SCs has been
performed in vertical SC cross sections by transmission FTIR.®*® In addition, Raman
spectroscopy was used to evaluate the planar distribution of packing structures in intercellular
lipid models.**#"-%) However, the horizontal distribution of the packing structure of intercellular
lipids in the SC has not been examined.

Further clarification of the distribution and proportions of domains formed by

orthorhombic and hexagonal packing structures and liquid crystals in the human SC will help
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identify the relationship between the proportion of each constituent and TEWL, an index of
barrier function. This approach will contribute to the development of more effective skin care
products that improve barrier function. In this study, I used focal plane array (FPA)-based
FTIR imaging technology®® to analyze the shift of the CH, symmetric stretching vibration-
derived peak around 2850 cm™ and thus calculate the distribution and proportions of domains
formed by packing structures in SC cell units. The distribution was analyzed using human SC
samples from high- and low-TEWL skin. The correlation between this distribution and the
lipid composition of CERs was determined using electrospray ionization tandem mass
spectrometry (ESI-MS/MS)-based shotgun lipidomics. Recently, the chain length
distributions of FAs and sphingoid bases of CERs have been reported.’®**» However, the
relationship between these distributions and TEWL remains unclear. I therefore also analyzed

CER subclasses and their carbon chain lengths.
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2. Experimental

2.1. Materials

Methanol, propan-2-ol, chloroform, acetyl chloride, and ammonium acetate were of
analytical grade. Deuterated CER[NS] D3 (36:1;2, [sum of carbon atoms in long-chain bases
(LCBs) and FAs]:[sum of double bonds in LCBs and FAs];[sum of hydroxyl groups in LCBs
and FAs] (cat# 2201) was purchased from Matreya LLC (State College, PA, USA). N-
tricosane (cat#91447, purity >99.5%) were purchased from Supelco (Bellefonte, PA, USA).
Calcium fluoride plates were provided by Japan High Tech (Fukuoka, Japan).
2.2. Skin sampling

All sampling from human subjects was performed with informed consent in
accordance with the Declaration of Helsinki after approval by the Bioethics Committee of
Interface, Inc. (Akita, Japan) (decision number IF19-037). Exclusion criteria were as follows:
current or prior skin diseases, current allergic diseases, current medication use, pregnancy, and
exposure to UV radiation in a context other than daily activities. Human skin SCs were
obtained from 36 healthy Japanese female donors between the ages of 25 and 69 years.
Subjects washed the skin surface of the cheek area with cleansing gel and creamy soap. After
washing, subjects spent at least 15 minutes in a thermo-hydrostatic chamber at 20 °C and 50%
humidity. All SC samples were prepared as described in Sadowski .2

The SC sampling site for tape stripping was the middle of the left cheek. To prevent

any influence by factors such as washing or cosmetics application, the uppermost SC layer was
removed twice with D-Squame tape (D100, CuDerm corporation, Dallas, TX, USA). Then, a
third stripping was performed, and the SC sample was used for lipid quantification analysis.

Copper grids (Thin Bar Grid, Gilder Grids Ltd., Grantham, UK) (cat# G2200C or cat#
G2650C: 200 or 600 mesh) for electron microscopy coated with acrylic adhesive (POLYTHICK,

Sanyo Chemical Industries, Ltd., Kyoto, Japan) were used to obtain SC cells with intact
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intercellular lipids. Grids with the adhesive applied only to the copper frame portion were
made by applying a POLYTHICK / ethyl acetate (1:3) solution, absorbing the excess solvent
with filter paper, and drying. To collect SC cell samples after three stripping sessions with D-
squame tape, a grid was pressed on the sampling site for 5 seconds and removed to store the SC
cells attached to the grid.  SC cells within the cheek area of six subjects, described below, were
collected according to the protocol. Five SC cells were analyzed per subject.
2.3. Transepidermal water loss measurements to determine barrier function

TEWL was measured using a Vapometer (SWL5001JT, Delfin Technologies Ltd.,
Kuopio, Finland). Three measurements were performed at the center of the left cheek, in
adjacent locations to prevent overlap.
2.4. Skin conductance

Skin conductance was measured using a SKICON-200EX (Yayoi Co. Ltd., Tokyo,
Japan). Five adjacent measurements were performed in the same location as the TEWL
assessment. The lowest and highest values were excluded, and the remaining three values
were used for statistical analysis.
2.5. FTIR imaging measurements

From a total of 36 subjects, the five with the highest TEWL and the five with the lowest
TEWL were selected. The three subjects with the highest TEWL and lowest SC water content
in vivo and the three with the lowest TEWL and the highest SC water content in vivo were then
chosen for analysis. Subject Nos. 11, 37, and 45 comprised the high-TEWL group, while
Subject Nos. 18, 19, and 44 comprised the low-TEWL group. The domains formed by packing
structure distribution of SC intercellular lipids in the grids was measured by FPA-based FTIR
imaging. The instrument used was a Hyperion3000 FTIR microscope combined with a
Vertex70 Fourier transform infrared spectrometer (Bruker Optik GmbH, Ettlingen, Germany).
The microscope was equipped with a 36x Cassegrain objective and a 64 x 64 mercury cadmium
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telluride FPA detector with 2 um pixel resolution. SC cell samples with the widths of 30—80
um were analyzed in transmission mode. The samples were scanned 64 times in the spectral
range of 900—-3900 cm™! with a resolution of 4 cm™, and the average spectrum was analyzed.
The domains formed by packing structure was determined according to the shift of the peak
position derived from CH;, symmetric stretching vibration, which was inferred from the center
of gravity of the peak.?” FT-IR data were processed and analyzed using the OPUS 7.2 software
suite (Bruker Optik GmbH).

First, I validated whether the phase transition of n-tricosane, which is well known to
be characterized by thermotropic phase behavior,3*4°% could be detected using the position of
the CH, symmetric stretching band. This alkane has been found to exist in four different
phases: orthorhombic, face-centered orthorhombic (FCO) or pseudo-hexagonal, hexagonal, and
liquid crystal, in the temperature range of 28—51 °C with phase transition temperatures of
40.4 °C, 45.8 °C, and 47.6 °C, respectively.?) n-Tricosane was measured under the same
conditions as for SC cells. To collect spectra from n-tricosane, a small amount of powder was
placed between the calcium fluoride plates (the thickness of n-tricosane was less than 2 um).
Prepared plates were set on an automatic heating stage (10036, Linkam Sci. Instr., Tadworth,
UK). In the temperature studies, the n-tricosane plates were heated at the rate of 1 °C/min,
and spectra were collected at 1 °C increments between 28 and 51 °C. The temperature was

maintained while each spectrum was collected.
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Figure 7 shows a bright-field image of SC cells in the grid and an image of the incident
infrared light on the sample. The distribution of the domains formed by intercellular lipid

packing structure was analyzed for five SC cells per subject.

Corneocytes Infrared beam

[@\/ Corneocytes

/ Intercellular lipids
Exposed region
128 ym

128
um

Detector: FPA

Detector: FPA

Fig. 7. Incidence of IR Radiation on a Sample in FPA-Based FTIR Imaging Measurements

(A) Bright field image of optical micrograph of SC cells attached to the frame of a copper grid for electron microscopy.
The SC cell layer was stripped from the surface of human skin by the grid stripping method, then FPA-based FTIR imaging
was performed. Bar indicates 20 um. (B) Top-view image of the FPA detector. When irradiated with infrared light and
detected by a 64 x 64 FPA detector with 128 um per side, pixel information with a resolution of 2 um is obtained. The
distribution of the domains formed by packing structure of hydrocarbon chains of intercellular lipids on SC cells was

identified. The red frame indicates the analysis area. (C) Side-view image when infrared light is incident on the sample.

2.6. Quantification of CERs by ESI-MS/MS-based shotgun lipidomics

The nonacyl-CER content of tape-stripped SCs from the high- and low-TEWL groups
was examined by ESI-MS/MS-based shotgun lipidomics.???7?®  Acyl-CERs were excluded
because the ionization methods are different, and it is therefore difficult to compare the results
to those of nonacyl-CERs. Samples for CER analyses were prepared from the third strip of
tape. SCs were extracted from tape strips, then analyzed and quantified as follows, using the
method described in Sadowski et al.*”

Samples were injected directly into a QExactive mass spectrometer (Thermo Fisher

Scientific, Waltham, MA, USA) equipped with a TriVersa NanoMate ion source (Advion
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Biosciences, Ithaca, NY, USA), and immediately analyzed in both positive and negative ion
modes with a resolving power of Ru/z=200=280000 for MS and Riz=200= 17500 for MSMS.
MSMS fragmentation was performed at 35% normalized collision energy and was triggered by
an inclusion list covering the corresponding MS mass ranges.”” Combining both MS and
MSMS data, all CER subclasses were monitored as acetate adducts. The previously reported
precursor ions and confirmatory MSMS fragments?>**"7%®) are summarized in Table S1.

An internal standard of 14 pmol CER[NS] D3 36:1;2 (18:1;2, 18:0;0) per sample was
used in this study because CER[NS] is not natively present in skin samples. Quantification
was performed by normalizing the isotopically corrected intensity of the monoisotopic peak of
each native species to the isotopically corrected intensity of the monoisotopic peak of the
internal standard. The amounts of CER molecular species were calculated from the ratios of

characteristic MSMS fragments, as described previously.””

Nonacyl-CERs were normalized
by deuterated CER[NS].

CERs are divided according to subclass and chain length.*® Figure S1 shows that
differences between the 8 CER subclasses are due to varying combinations of two types of acyl
chains (non-hydroxy and alpha-hydroxy) and the acid-amide bonds of four types of sphingoid
bases (dehydrosphingosine, sphingosine, phytosphingosine, and 6-hydroxyl).2%!%?
Quantitative data were used to calculate the total amount of nonacyl-CERs (pmol/pg (the
amount of protein)) and the percent of each CER amount relative to the total nonacyl-CER
amount (%). A Squamescan 850A (Heiland Electronic GmbH, Wetzlar, Germany) was used
to determine the amount of protein in SCs. The amount of protein for correction was
calculated based on the regression equation optical density (OD) = 0.623x + 2.703 (R = 0.85),
following the method of Voegeli et al.'®!

2.7. Lipid extraction

A tape-stripped sample containing one stripping disc was placed in a 2 mL
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polypropylene tube, and 900 pL of methanol containing an internal standard was added for lipid
extraction. Samples were shaken at 4 °C and 1400 rpm for 1 hour. The extract was then
transferred to a multi-well plate and dried in a speed vacuum concentrator. The dried extracts
were resuspended in an acquisition mixture of 7.5 mM ammonium acetate in
chloroform:methanol:propan-2-ol (1:2:4, V:V:V). All liquid handling steps were performed
using a Hamilton Robotics STARIet robotic platform equipped with Anti Droplet Control for
pipetting of organic solvents.
2.8. Data analysis

Welch’s t-test with Bonferroni’s multiple comparison was used to analyze the
difference in the proportions of domains formed by packing structures between the high- and
low-TEWL groups. Welch’s ¢-test was used to analyze skin parameters, total amount of CER,
and the average data from studies of packing structures. Two-way ANOVA was performed
to analyze quantitative data on subclass distribution and chain length distribution of CERs. The

significance level for rejection of the null hypothesis was set at p < 0.05.
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Fig. 8. FPA-Based FTIR Imaging Results Showing Intercellular Lipids in SCs from Each Subject

The upper row indicates the high-TEWL group: (A) subject No. 11, (B) subject No. 37, and (C) subject No. 45. The
lower row indicates the low-TEWL group: (D) subject No. 18., (E) subject No. 19., and (F) subject No. 44. Based on the
spectral information derived from intercellular lipids, the domains formed by packing structure is mapped by color
according to the position shift information of the peak derived from the CH: symmetric stretching vibration for
approximately 70 spectra detected by the FPA detector. Each domains formed by packing structure is shown according to
the color bar. The white domain indicates a region larger than 2852 cm™. Bar indicates 5 um. OR, mainly orthorhombic
packing domain; OR/HEX, mainly orthorhombic and hexagonal packing domain; HEX/LIQ, mainly hexagonal and liquid

crystal domain; LIQ, mainly liquid crystal domain.
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3. Results
3.1. Skin parameters
Table 3 shows the skin parameters of the six selected subjects: Subject Nos. 11, 37,
and 45 had high TEWL values (high-TEWL group) and Subject Nos. 18, 19, and 44 had low
TEWL values (low-TEWL group). The skin of the high-TEWL group had a low moisture
value while that of the low-TEWL group had a high moisture value. The skin parameter results

of all subjects are shown in Table S2.

Table 3. Summary of Skin Parameters

Group High-TEWL Low-TEWL Means + S.D. p-Value
(High-TEWL
Subject No. No. 11 No. 37 No. 45 No. 18 No. 19 No. 44 High-TEWL Low-TEWL ‘;Ft\?{“‘)'
Age 24 45 25 63 69 48 31.3+11.8  60.0=10.8  0.036*
TEWL (g/m*/h) 15.6%0.5 21.6+0.1 16.2+0.2 74203 7.5+0.1 75204 17.8+33 7.5x0.1 0.032*
Skin conductance 85.0+6.2 47.7+75 91.0+x7.8 176,746 189.0+144 1563+214 746235 1740165  0.005%*
(uS)
Total amount of 276 278 201 197 373 418 251.4+251 3293*675 0459
nonacyl-CERs
(pmol/ug)

Mean FTIR sym- 28494+ 1.7 2850.0*+2.1 2849.7+09 2848.5+3.0 2849.1*+09 28487+0.7 2849.7+0.3 28488+0.3 0.021*
metric stretching
peak position
(em™ )

TEWL (mean + standard deviation (S.D.)), skin conductance (mean + S.D.), CER quantification results, averaged
packing structure information, and the results of Welch’s s-test comparing the high- and low-TEWL groups are

summarized. [*(p< 0.05), ** (p<0.01)]

3.2. Thermotropic phase transitions of n-tricosane

Figure S2 shows the results for the thermotropic behavior of the position of the CH»
symmetric stretching mode of n-tricosane. These phase transitions were clearly indicated by
the temperature dependence of the magnitude of the position of the CH2 symmetric stretching
vibration with respect to the orthorhombic-FCO and hexagonal-liquid crystal phase transitions,
except for the FCO-hexagonal phase transition. Within the orthorhombic phase (28—40 °C),

the CHz symmetric stretching mode was centered at 2848.4 cm™!.  Within the FCO and
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hexagonal phases (41—47 °C), the CHa symmetric stretching mode was centered at 2850.3 cm .
In the liquid crystal phase (48-51 °C), the CH, symmetric stretching mode reached a plateau at
28523 cm .
3.3. Analysis of the distribution of domains formed by intercellular lipid packing
structure based on FPA-based FTIR imaging

Figure 8 shows a representative example of domains formed by packing structure
distribution according to FPA-based FTIR imaging of SC cell samples. Based on the shift of
the peak position due to the phase transition of n-tricosane, peak position values less than
2848.4 cm™! were identified as mainly orthorhombic packing domain (OR), those between
2848.4 cm™ and 2850.3 cm™! were identified as mainly orthorhombic and hexagonal packing
domain (OR/HEX), those between 2850.3 cm™ and 2852.3 cm™! were identified as mainly
hexagonal and liquid crystal domain (HEX/LIQ), and those larger than 2852.3 cm™ were
identified as mainly liquid crystal domain (LIQ) with high fluidity. The deep blue areas show
OR, the red areas show HEX/LIQ, and the white areas show LIQ. The distribution of packing
structures was not uniform, resulting in domain formation. Typical IR spectra of OR, HEX, and

LIQ are shown in Figure S3.
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Table S3 shows the number of pixels analyzed in five independent SC cells per subject.
FPA-based FTIR imaging was carried out to determine the distribution of domains formed by
intercellular lipid packing structures. Figure 9 shows the proportions of domains formed by

packing structures in each group. The average FTIR symmetric stretching peak positions
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Fig. 9. Proportions of Domains Formed by Intercellular Lipid Packing Structures in SCs Based on FPA-
Based FTIR Imaging Measurements

The top and bottom three columns represent the high-TEWL and low-TEWL groups, respectively. Proportions are shown
from left to right as OR, OR/HEX, HEX/LIQ, and LIQ. Five SC cell samples were collected from each subject by grid
stripping, and the proportions of domains formed by packing structures were confirmed based on information from a total
of about 350 spectra. OR, mainly orthorhombic packing domain; OR/HEX, mainly orthorhombic and hexagonal packing

domain; HEX/LIQ, mainly hexagonal and liquid crystal packing domain; LIQ, mainly liquid crystal domain.

calculated from all the pixels in each subject are shown in Table 3. The peaks were
approximately 2849.7 cm™! in the high-TEWL group and approximately 2848.8 cm™ in the low-
TEWL group. The mean value of the FTIR symmetric stretching peak positions differed

significantly between the two groups.
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Figure 10 compares the peak proportion of each domain between the two groups. The number
of pixels attributed to OR, counted at wavenumbers below 2848.4 cm™!, was significantly higher
in the high-TEWL group than in the low-TEWL group. The number of pixels for OR/HEX,
counted at wavenumbers between 2848.4 cm™ and 2850.3 cm’!, showed no significant
difference between the two groups, but this domain had the largest proportion. The low-
TEWL group had an OR proportion ranging from 3—-8%, whereas the high-TEWL group had

an OR proportion ranging from 13-26%. The maximum proportion of liquid crystals was
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Fig. 10. Differences in the Proportions of Domains Formed by Packing Structures between High- and Low-
TEWL Groups

SC cells containing intercellular lipids were collected from the high- and low-TEWL groups and analyzed by FPA-based
FTIR imaging. Peak position values below 2848.4 cm™! are classified as OR, those between 2848.4 and 2850.3 cm™ as
OR/HEX, those between 2850.3 and 2852.3 cm™! as HEX/LIQ, and those above 2852.3 cm™' as LIQ. From left to right,
comparisons of the OR, OR/HEX, HEX/LIQ, and LIQ proportions are shown. Welch’s t-test results showed significant
differences between groups for OR proportion. Data are presented as means+S.D., n=3. [* (p <0.05)]. OR, mainly
orthorhombic packing domain; HEX/LIQ, mainly hexagonal and liquid crystal packing domain; LIQ, mainly liquid crystal

domain.
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estimated to be about 32% in high-TEWL skin and about 10% in low-TEWL skin. The
proportion of domains containing LIQ in intercellular lipids is relatively small, and the
crystalline phase, OR/HEX, constitutes the major domain at 60—80%.
3.4. Lipid identification and quantification

To evaluate differences in CER composition, the quantitative results for each CER
subclass are shown in Figure 11. Two-way ANOVA of CER composition in the high- and low-
TEWL groups showed no significant difference. I compared the lipid composition of each CER
subclass according to chain length. CERs consist of sphingoid chains and FA chains joined by

amide bonds (Fig. S1), and the lipid compositions of these components were determined.
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Fig. 11. Differences in CER Composition between the High- and Low-TEWL Groups

-l - L

OR/HEX HEX/LIQ LiQ

The relative abundance of FTIR stretching
peak position (%)

ESI/MS/MS-based shotgun lipidomics was used to analyze the lipid composition of CERs in SC samples collected from
the two groups by tape stripping, and the quantitative results were compared among the nonacyl-CERs. The red columns
show the mean values of the three subjects in the high-TEWL group, and the blue columns show the mean values of the
three subjects in the low-TEWL group. Two-way ANOVA results showed no significant differences in the distribution of

the quantitative values among subclasses. Data are presented as means + standard error (S.E.), n=3.
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Table 4 shows the results of two-way ANOVA of CER chain length distribution between the
high- and low-TEWL groups. Significant differences in C-chain distribution were observed for
CER[NP], CER[ADS] (ADS = alpha-hydroxy-dihydrosphingosine), and CER[AP] (AP =
alpha-hydroxy-phytosphingosine). Although not significantly different, a trend toward more
CERJ[AS] was observed in the high-TEWL group.  Significant differences in the S-chain were

observed for CER[NP], CER[ADS], and CER[AP].

Table 4. Summary of the Comparison of the Chain Length Distributions of CER Subclasses

p-Values

CER subclass

C-chain S-chain
CER [NDS] 0.475 0.547
CER [NS] 0.824 0.908
CER [NP] 0.041* 0.026*
CER [NH] 0.100 0.196
CER [ADS] 0.005** 0.003%*
CER [AS] 0.050 0.165
CER [AP] 0.026* <0.001%*
CER [AH] 0.491 0.545

The chain length distribution of the C-chain and S-chain of the eight subclasses of nonacyl-CERs were compared

between the high- and low-TEWL groups by two-way ANOVA. [*(p< 0.05), ** (p<0.01)]
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Figure 12 shows the proportions of FA chains by chain length in CER subclasses
containing alpha-hydroxy groups. The proportions of C16, C24, and C26 FA chains were
higher than those of other molecular species in CER[AS], and were greater in the high-TEWL
group. The proportion of C24 FA chains was higher than those of other molecular species in
CERJ[AP], and was greater in the high-TEWL group. On the other hand, CER[ADS] was less
abundant than other alpha-hydroxyceramide subclasses, but it showed a broad distribution of
FA chains with high proportions of C24 to C27, including odd-numbered chains, and most

proportions were lower in the high-TEWL group. The proportions of the contents of S-chain
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Fig. 12. Proportions of FA Chains According to Chain Length in CER Subclasses Containing alpha-
Hydroxy Groups
The relative abundance of each CER to the total nonacyl-CERs (%) was quantified by ESI/MS/MS-based shotgun

lipidomics. (A) CER[ADS], (B) CER[AS], (C) CER[AP], (D) CER[AH]. Data are presented as means +S.D., n=3.
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species by chain length are shown in Figure 13. In the S-chain, the proportion of C18 FA
chains that were not elongated was higher than the proportions of other molecular species in
CERJAS] and CER[AP], whereas the proportion of C18 FA chains was increased in the high-
TEWL group compared to the low-TEWL group. Although no significant difference in
CER[AH] (AH = alpha-hydroxy-6-hydroxysphingosine) was observed between the high- and

low-TEWL groups, the proportion of C18 FA chains was higher in the high-TEWL group.
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Fig. 13. Proportions of Sphingoid Bases According to S-Chain Length in CER Subclasses Containing
alpha-Hydroxy Groups
The relative abundance of each CER to the total nonacyl-CERs (%) was quantified by ESI/MS/MS-based shotgun

lipidomics. (A) CER[ADS], (B) CER[AS], (C) CER[AP], (D) CER[AH]. Data are presented as means + S.D., n=3.
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Figure 14 shows the proportions of FA chains by chain length in CER subclasses containing
non-hydroxy groups. The proportions of C24 and C26 FA chains were higher than those of
other molecular species in CER[NP], and were greater in the low-TEWL group. The
proportions of the contents of S-chain species by chain length are shown in Figure 15. In the
S-chain, the proportions of C16, C17, and C18 FA chains that were not elongated were greater

in the low-TEWL group.
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Fig. 14. Proportions of FA Chains According to Chain Length in CER Subclasses Containing alpha-
Hydroxy Groups
The relative abundance of each CER to the total nonacyl-CERs (%) was quantified by ESI/MS/MS-based shotgun

lipidomics. (A) CER[NDS], (B) CER[NS], (C) CER[NP], (D) CER[NH]. Data are presented as means + S.D., n=3.
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Fig. 15. Proportions of Sphingoid Bases According to S-Chain Length in CER Subclasses Containing
alpha-Hydroxy Groups
The relative abundance of each CER to the total nonacyl-CERs (%) was quantified by ESI/MS/MS-based shotgun

lipidomics. (A) CER[NDS], (B) CER[NS], (C) CER[NP], (D) CER[NH]. Data are presented as means + S.D., n=3.
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4. Discussion

This study is first to visualize the distribution of the domains formed by packing
structure of intercellular lipids in SC cell units using FPA-based FTIR imaging, and it confirmed
that the proportions of OR, OR/HEX, HEX/LIQ, and LIQ differed between the high- and low-
TEWL groups. This measurement method accurately captured the phase transition behavior
of n-tricosane, and the phase transition temperatures shown in Fig. S2 were estimated to be
about 41 °C for orthorhombic-FCO and about 48 °C for hexagonal-liquid crystal, consistent
with previously reported values.’>+%%)

Conventionally, X-ray diffraction measurements have been used to evaluate the
packing structure in terms of the hexagonal/orthorhombic ratio (Ruexaorn).!”>>1%?  However,
intercellular lipids contain not only orthorhombic and hexagonal packing structures, but also

983 Our FPA-based FTIR imaging could determine the LIQ proportion.

liquid crystals.

The FPA-based FTIR imaging method used in this study is based on more than 4,000
spectra of 64 x 64 FPA elements. Furthermore, by collecting samples in SC cell units by grid
stripping, it was possible to evaluate the distribution of domains formed by intercellular lipid
packing structures in SC monolayers, which are easily penetrated by IR and are aligned
horizontally. Our results revealed that the high-TEWL group had a significantly decreased
OR proportion. The proportions of HEX/LIQ and LIQ tended to be higher in the high-TEWL
group. The domain size of the packing structure has been determined using electron diffraction

19" Our method made it possible to visualize the planar distribution of domains

measurements.
formed by packing structures consisting of a heterogeneous mixture of OR, OR/HEX,
HEX/LIQ, and LIQ. No consistent trend was observed in the sizes of these domains. There

was a heterogeneous planar distribution of domains formed by packing structures, suggesting

the existence of defects in the barrier of the microdomain.
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I revealed that the proportion of OR was lower in the domains formed by packing
structure distribution near the surface of the SC in skin with high TEWL, and that this decreased
proportion affected barrier function.

The reason for the decreased OR proportion in the high-TEWL group was evaluated
in terms of the ratio of each CER class to the total nonacyl-CERs and the ratios of FAs or
sphingoid bases by chain length for each alpha-hydroxyceramide subclass to the total nonacyl-
CERs. The ratio of each CER class to the total nonacyl-CERs in this study (Fig. 11) was

consistent with those in earlier studies.?*!?

A high correlation has been reported between
TEWL and the relative abundance of CER[AS].!Y Irevealed that not only CER[AS] but also
the proportion of CER[AP] was increased in the high-TEWL group (Fig. 11). By contrast, a
decrease in CER[NP] was observed in high-TEWL skin (Fig. 11), consistent with previous
reports showing a negative correlation between TEWL and the relative abundance of
CER[NP].!) The characteristics of the distribution of FA chain lengths in alpha-
hydroxyceramides (CER[AS], CER[AP] and CER[AH]) were consistent with those of a study
by Kawana et al’” The change in the distribution of FA chain lengths in CER[ADS],
CER[AP], and CER[AS] (Table 4) suggests that alpha-hydroxyceramide influences the
domains formed by packing structure proportion. Similarly, the differences in the distribution
of C- and S-chain lengths in CER[NP] (Table 4) suggests that these differences affect the
proportion of each phase. Figure 14 shows that the C-chain length distribution of CER[NP]
shows a characteristic decrease in the long C24 and C26 hydrocarbon chains in the high-TEWL
group, which is thought to be one of the factors reducing hydrophobic interactions and thus
lowering barrier function. The S-chain length distribution of CER[NP], shown in Figure 15,
indicates that there are more C16, C17, and C18 hydrocarbon chains with short hydroxyl groups
in the high-TEWL group, which also reduces hydrophobic interactions and can impair barrier

function.
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In particular, the present study showed that alpha-hydroxyceramides with abundant
C24 and C26 elongated FA chains in the C-chain were increased in the high-TEWL group (Fig.
12). I previously reported that the combination of short-chain CER[ADS]-C18/16 (sum of
carbon atoms in LCB/FA) and short-chain free FAs results in a packing structure with low

103,109 This is thought to be due to the reduced hydrophobic interaction

barrier function.
between CER[ADS] and short-chain free FAs.!%*!%  Short-chain free FAs were increased in
SCs from atopic eczema patients®", and it is assumed that short-chain free FAs are similarly
increased in high-TEWL skin. Therefore, the high proportions of C24 and C26 FA chains in
the CER[AS] and CER[AP] alpha-hydroxyceramide subclasses are prone to weaken the
packing structure by reducing hydrophobic interactions. The results are also consistent with
a study of lipid model membranes, which reported that alpha-hydroxylation of CERs (CER[AS]
and CER[AP]) decreased resistance to water loss.*’  On the other hand, the finding that the
distribution of S-chain lengths in CER[ADS] and CER[AP] differed between the high- and low-
TEWL groups (Table 4) suggests that the difference in the distribution of S-chain lengths affects
the proportion of domains formed by packing structures. Figure 13 shows that in the chain
length distribution of CER[ADS], there was generally a low proportion of long C22 saturated
hydrocarbon chains in the high-TEWL group. When the S-chain is dihydrosphingosine, there

is no 4,5 trans double bond in the sphingoid base, and free rotation between carbon atoms is not

constrained. Furthermore, because there is no additional hydroxyl group at the C4 position, the
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interfacial area per head group is smaller than that of phytosphingosine CER>?, facilitating the
formation of a more tightly packing structure, and the long C22 saturated hydrocarbon chain is
thought to contribute to maintaining barrier function. By contrast, Figure 13 shows that in the
chain length distribution of CER[AP], there were generally more S-chains with long C22
hydroxyl groups in the high-TEWL group. Compared to sphingosine CER, CER[AP] is
characterized by a larger interfacial area per head group and difficulty in forming a densely
packing structure®?, and the decrease in hydrophobic interaction due to the difference in alkyl
chain lengths between CER and free FAs may contribute to reduced barrier function.

It was suggested that the decreased OR proportion in the high-TEWL group was caused
by change in the total CER content of CER[AS], CER[AP]and CER[NP], and by the changes
in the distribution of their chain lengths.

The mean subject age was higher in the high-TEWL group than in the low-TEWL
group (Tables 3 and S2). Therefore, changes in CER chain length distribution may be influenced
by age. Future studies should confirm whether these changes are still observed after excluding
the effect of age.

Visualizing the distribution of the domains formed by packing structure and
elucidating CER subclass alterations in intercellular lipid constituents will facilitate a detailed
understanding of skin barrier function. This visualization technique is different from other
visualization methods for the whole face, water content'®>, and TEWL.!’® Our method
characterizes the distribution of the domains formed by packing structure at the microscopic
level, and can obtain images of the lipid molecular structure in a single corneocyte. It is

expected to be able to detect changes in the lipid molecular structure after topical application
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of cosmetics and pharmaceuticals that demonstrate high transdermal absorption or the ability

to improve barrier function.
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5. Conclusion
The distribution of the domains formed by packing structure in the SC was analyzed
using FPA-based FTIR imaging. This method enabled us to determine the proportions of OR,
OR/HEX, HEX/LIQ, and LIQ, which has not previously been achieved with conventional
averaged peak positions. I also successfully visualized the distribution of domains formed by
packing structures in skin SC, and showed that these structures were heterogeneous. The OR
proportion was lower in the SC of the high-TEWL group, and this is thought to be associated

with the increased proportion of particular alpha-hydroxyceramides in the SC.
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CHAPTER 3

Amino acids and their n-acetylated derivatives maintain the skin's

barrier function
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1. Introduction

The SC plays an inside-out barrier function to inhibit water evaporation from the body
and an outside-in barrier function to prevent the entry of external allergens. The barrier function
of the SC is regulated mainly by intercellular lipids, which include CERs, CHOL, and FFAs®?.
Intercellular lipids form lamellar structures with different periodicities®. The lamellar structures
are composed of different hydrocarbon-chain packing structures, including Orth, Hex, and a
fluid or liquid crystal state'”. The lamellar structure of intercellular lipids was influenced by
SC water content!®®). The ratio of Orth in the lateral packing has been reported to decrease in
the surface layer of the SC'?. The outflow of constituent lipids due to detergent from the SC
surface layer has also been proposed to occur!® The barrier function of SC intercellular lipids
is routinely exposed to various risks, including dehydration and excessive washing which can
cause the failure of SC maturation.

Barrier function has been proposed to be enhanced by a high Orth ratio'?. Based on
the results of our previous study, I hypothesized that increasing the Orth ratio by applying non-
toxic agents to defective SC will instantaneously improve barrier function. Some chemical
agents were previously determined to be transdermal absorption enhancers that affect the
intercellular lipid barrier by promoting fluidity and decreasing the Orth ratio!'®!13). However,
agents that can restore the intercellular lipid packing structures directly have thus far not been
identified except for CER3>!1*119 and FFA''®, which are known intercellular lipids.

I attempted to identify ingredients that can improve the hydrocarbon-chain packing
structure from among known moisturizing ingredients. I focused on natural moisturizing factors
(NMF)!'”) abundant in the SC. Amino acids are a major class of NMF, and their derivatives are
widely used as moisturizing agents. In addition, I previously observed lamellar structures with
different periodicities and hydrocarbon-chain packing properties using an intercellular lipid
model (N-(alpha-hydroxyoctadecanoyl)-dihydrosphingosine (CER[ADS])/Palmitic  acid
(PA)/CHOL). This difference in lamellar structures are thought to be caused by the difference
in whether or not FFA are contained in the membrane!®®. In the lipid bilayer, FFA are subject
to mutual control of the Born energy, which desorbs charged carboxyl groups from the lipid

bilayer, and the hydrophobic interaction energy, which retains the protonated FFA in the lipid
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bilayer!!'®. It is assumed that the hydrocarbon-chain packing structure can be improved by
controlling the position of FFA in the lamellae with charged substances such as amino acids.

Therefore, the effects of improving the hydrocarbon-chain packing structure of NMF
were investigated using those models. N-Acetyl-L-hydroxyproline (AHYP), which maintains
barrier function''”, is widely used in cosmetics. In this report, I determined the effects of
improving the hydrocarbon-chain packing structure of the amino acid derivative acetyl
hydroxyproline (AHYP).

In this study, I determined the effects of improving the hydrocarbon-chain packing
structure of amino acids by applying to an established intercellular lipid model. The amino acids
used in this study were either neutral, acidic, or basic. In order to study their effects on our
model, I first performed DSC. DSC is a powerful methodology that can reveal structural
changes of lipids in bilayers and lamellae by measuring phase transition enthalpies. The
structural changes identified were subsequently analyzed in detail using SAXS and WAXD.
Next, for any amino acid that showed significant effects in the intercellular lipid model, I
performed structural analysis using time-resolved SAXS and WAXD measurements to

determine if similar structural changes are observed in human SC.
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2. Experimental
2.1. Chemical reagents

L-Serine (Ser, >99%), L-alanine (Ala, >99%), L-glutamine (Gln, >99%), and r-(+)-
arginine (Arg, >99%) were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).
L-glysine (Gly, >99%) and glutamic acid (Glu, >99%), were purchased from Kanto Chemical
Co., Inc. (Tokyo, Japan). -hydroxyproline (Hyp, 98.5%), N-acetyl-.-hydroxyproline (AHYP,
99%), and N-acetyl-L-glutamine (AGLN, 98.5%) were purchased from Kyowa Hakko Bio
(Tokyo, Japan). (28,3R)-2-(2-hydroxyhexadecanoyl)aminooctadecane-1,3-diol
(95%):Ceramide [ADS]-C18/16 (CER[ADS]) was generously supplied by Takasago
International (Tokyo, Japan). Palmitic acid (PA, >99%) and cholesterol (CHOL, >99%) were
purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.). Methanol and chloroform used were
of reagent grade. All other chemicals used were reagent grade.
2.2. Preparation of lipid model

A lipid model containing CER[ADS], PA, and CHOL (CER[ADS]:PA:CHOL,
26.5:59.6:13.9, %mol) was prepared as previously reported®’1%®). Since the Orth ratio of this
lipid model resembled that of human SC'”, I did not alter its lipid composition ratio. The lipid
model was therefore prepared as follows. The lipid mixture was dissolved in methanol:
chloroform (1:2, v/v) in an eggplant-shaped flask. The solvent was removed by a rotary
evaporator in vacuo for 24 h. The thin lipid film was hydrated for 30 min above the phase
transition temperature (~85°C) using acetate buffer (pH 5.3). After the film was removed from
the flask, it was subjected to ultrasonic irradiation (VCX 130 PB, Sonics & Materials, Inc.,
Newtown, CT, U.S.A.) for 5 min above the phase transition temperature (approx. 85°C). The
total lipid concentration was adjusted to 10 mM using acetate buffer. In addition, amino acids
were added to the bilayer suspension, and their total concentration was adjusted to 0.1 M at
room temperature. Due its low solubility, Glu was used at saturated concentration i.e. 57 mM.
The CER[ADS]/PA/CHOL bilayer suspension was stored overnight at room temperature.
Vesicle aggregates were suction-filtered and dried, and used as the intercellular lipid model for
our experiments.

2.3. DSC measurements
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DSC measurements were carried out using a DSC-7020 (Hitachi High-Tech Co.,
Tokyo, Japan), over temperatures ranging from 20—120°C with heating scans at a rate of
2.5°C/min. Lipid models weighing approximately 6—12 mg were placed in aluminum pans with
covers (Seiko Instruments Co., Chiba, Japan).
2.4. Preparation of human SC sheets

Human abdominal SC sheets were purchased from Biopredic International (Saint-
Grégoire, France). The procedure to separate SC sheets from human skin was as follows. Skin
was floated on 0.25% (w/v) trypsin dissolved in phosphate-buffered saline (PBS), pH 7.4, at
30°C for 4 h. Thereafter, the SC was separated from the skin. Prepared SC sheets were rinsed
three times in distilled water. Either 20% AHYP (w/w) or water as a control was applied to the
dried SC.
2.5. SAXS and WAXD measurements

SAXS and WAXD profiles of our intercellular lipid model were obtained using

BL40B2 located at the SPring-8 (Hyogo, Japan). Sample-to-detector distance and the X-ray
wavelength were approximately 540 mm and 0.083 nm, respectively. The energy of the X-rays
was 15 keV. X-ray scattering and diffraction data were collected using an R-Axis VII imaging
plate detector (Rigaku, Tokyo, Japan); exposure time was 30 s. Sample temperature was
maintained at 32°C using an FP-99 DSC (Mettler-Toledo, Tokyo, Japan). A sample cell
containing intercellular lipid model was sealed with polyimide film (Kapton EN, Du Pont-Toray
Co., Ltd., Tokyo, Japan) and placed in the X-ray diffractometer’s sample holder.
2.6. Time-resolved SAXS and WAXD

Time-resolved SAXS profiles of human SC sheets were obtained using the BL40B2
located at the SPring-8. Measurement conditions were the same as for our intercellular lipid
model. An approximately 5 mg of the SC was placed in a 1-mm capillary glass tube.
Immediately after the sample solution was applied to the SC, X-ray exposed for 60 s and
repeated at 120 s intervals up to 60 min after application at 32°C.

WAXD profiles of human SC sheets were obtained using BL19B2 located at the

SPring-8. Sample-to-detector distance and the X-ray wavelength were approximately 769 mm

and 0.049 nm, respectively. The energy of the X-ray was 25 keV. X-ray diffraction data were
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collected using PILATUS 2M semiconducting detector (Dectris Ltd., Baden-Daettwil,
Switzerland). Sample temperature was maintained at 32°C using an FP-99 DSC. For WAXD
measurement, approximately 0.2 mg SC were stacked and set at the edge of a 1 mm capillary
glass tube so that X-rays were emitted perpendicularly to the glass tube. Each sample was
exposed for 30 s at 150 s intervals up to 15 min after sample solution application. Diffraction
intensity was standardized by the incident X-ray intensity in front of the sample.

The scattering and diffraction intensities / were plotted as a function of the scattering
vector ¢, defined as g = (4nsind)/A, where @ is the scattering angle and A is the wavelength. The
periodicity of the lamellar phases d from the positions of series of equidistant peaks (gn) using
the equation d = 2nn/q,, where n is the order number of the scattering peak. Spatial calibration
was performed using silver behenate. The circular average of the scattering and diffraction
patterns was calculated to obtain a radial intensity profile.

2.7. Data analysis

The resulting SAXS and WAXD profiles were analyzed using the software Origin
(Light Stone Co., Tokyo, Japan) to determine the integrated intensity, peak position, and full
width at half maximum (FWHM). SAXS profiles were fitted using the Lorentzian function and
WAXD profiles were fitted using a Gaussian function. The increase in FWHM indicates
disturbance of the lamellar structure. Due to weakening of the interference effect, the scattering
peak becomes a broad peak.

The resulting DSC thermograms were analyzed using the software Origin (Light Stone
Co., Tokyo, Japan) to determine the transition enthalpy and phase transition temperature. DSC
thermograms were fitted using a Gaussian function. Transition temperatures were determined
as the maxima of the endothermic transition peaks.

w

. . 2A
Lorentzian function : y = f—r—
Y= Yo T 4(x—Xg)%+w?

—41n(2)(x—xg)?

w2

G o function - v = A
aussian function : y = yg+ \[T exp
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Here, yo is the offset for baseline correction; the peak area is represented by A, w is the full

width at its half maximum, and the center of the peak is denoted as xo.
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3. Results
3.1. Effect of amino acids on the nanostructure of CER[ADS]/PA/CHOL bilayers

I previously reported that the intercellular lipid model (CER [ADS]/PA/CHOL) used
in this study contains two phases with different lamellar periodicities. I found that Phase A has
a 4.6 nm periodicity lamellar structure with Orth and Hex packing. In contrast, Phase B has a
4.3 nm periodicity lamellar structure with packing structure different from that of Orth and Hex.
The hydrocarbon-chain packing structure of Phase B also has a lower proportion of Orth relative
to Phase A. Therefore, I concluded that Phase B has a weak barrier function.

Figure 16(a) shows a lipid model thermogram while Fig. 16(b) shows the change in
normalized integrated intensity of each lamellar phase as a function of temperature. The original
thermogram of our lipid model is shown in black while Phase A-derived, Phase B-derived, and
mainly PA-derived fitted curves are shown in green. The phase transition temperature of the

endothermic peak observed by DSC and the temperature range and FWHM of the scattering

(a) Dsc (b) SAXs
=300 —o- 1l,1.34 11,1.46 11,173
S 16
2z 14
-400 - Z
) g 12
£ -
= o 1 00N \orY
] 5 Soved
— -500 | S o8
g i)
= £ 06
-+ kel
L g oa
[+
600 -
E 02
o
; \
o y
25 35 45 55 65 75 85
-700 ; ; ; ; . .

T T T ! Temperature [°C]
20 30 40 50 60 70 80 90 100 110 120

Temperture [°C]

Fig. 16. Three Phases with Different Thermal Characteristics in a Lipid Model

DSC thermograph and SAXS profiles of the CER[ADS]/PA/CHOL lamellae lipid model used in our study. (a) DSC
thermograph of the lipid model. Three endothermic peaks generated by performing curve fitting based on the Gaussian
distribution are shown as green lines. The cumulative fitting curve is shown as a red line. (b) Overlay plot of the change
in normalized integrated intensity of each lamellar phase, namely Phase A, Phase B, and PA Phase as a function of

temperature (25-85 °C). (Color figure can be accessed in the online version.)

intensity of the lamellar structure observed by SAXS are summarized in Table 5. Based on their
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thermotropic behavior, endothermic peaks were classified as either PA-derived, Phase A-
derived, and Phase B-derived in the order of the lower phase transition starting temperatures.
The characteristic of lamellar structures with different periodicities determined by SAXS can
be attributed to DSC measurements.

Amino acids were applied and evaluated during preparation of the intercellular lipid

Table 5. Phase Transition Temperatures and FWHM of Phase A, Phase B, and PA Phase Are Summarized

Phase A Phase B PA phase
Measurement method
T(°C) FWHM T(°C) FWHM T(°C) FWHM
DSC 61.16 3.78 67.24 3.36 60.76 9.10
SAXS 60-62.5 0.12 65-72.5 0.14 45-62.5 0.06

model. Table 6 summarized the transition enthalpies, phase transition temperatures, and FWHM
of individual amino acids that were applied. Neutral amino acids, namely Ser, Ala, Hyp, and
Gln, caused a large change in both Phase A and Phase B in terms of transition enthalpy, phase
transition temperature, and FWHM. In contrast, a group of acidic amino acids comprising
AHYP, AGLN, and Glu caused FWHM to increase, as well as both the phase transition
temperature bands, Phase A and Phase B. Those compounds possess a negative charge on either
their side chain or their alpha-carboxyl group. A basic amino acid, Arg, reduced the transition
enthalpy in Phase A.

The thermogram that I obtained following AHYP application was shown in Fig. 17.

Table 6. Sample Categories and DSC Measurement Parameters for Each Lamellar Phase

Phase A Phase B

. Total enthalpy

Sample Categories ) < )
AH (ul/mg) 7(°C) FWHM AH (u)/mg) 7(°C) FWHM change ZAH (x/mg)

Control — 352.50 61.16 3.78 200.85 67.24 3.36 553.35
Ser Neutral 278.00 63.80 3.80 151.88 69.79 3.40 429.88
Ala 380.27 63.16 3.89 164.26 68.75 341 544.52
Gly 159.95 63.62 4.62 156.88 70.29 3.82 316.83
Hyp 375.95 64.65 3.83 277.32 69.12 3.46 653.27
Gln 362.89 65.00 5.25 245.43 69.73 316 608.31
AHYP Acidic 305.95 65.88 12.00 258.54 74.61 4,74 564.49
AGLN 361.12 67.10 12.39 289.51 74.49 4.97 650.63
Glu 275.90 65.56 9.77 370.99 73.16 527 646.88
Arg Basic 109.64 62.94 2.90 266.53 69.59 3.56 376.10

The phase transition temperature of Phase A was 65.9°C, higher than that of the control (61.2°C).

Similarly, the phase transition temperature of Phase B was 74.6°C, higher than that of the
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control (67.2°C). In contrast, the phase transition temperature zone corresponding to phase-
separated PAs decreased to between 40-55°C.

Since the amino acid derivative AHYP maintains barrier function'?"

, it is widely used
in formulating cosmetics. I therefore decided to conduct a more detailed study focused on

AHYP.
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Fig. 17. Thermograph of Lipid Model with AHYP Applied
Three endothermic peaks generated by performing curve fitting based on the Gaussian distribution are shown as green

lines. The cumulative fitting curve is shown as a red line.

3.2. Effect of AHYP on the nanostructure of CER[ADS]/PA/CHOL bilayers

I focused on AHYP, which had a significant effect on the intercellular lipid model
CER[ADS]/ PA/CHOL, using SAXS measurements. SAXS measurements are useful for
analyzing lamellar structures and determining the lamellar period of lipid membranes. Figures
18(a) and 18(b) showed the scatter profiles of lipid model at 25°C for application of AHYP and
control. Scattering peaks observed at approximately g1 = 1.3, g2 = 2.7, and ¢3 = 4.1 nm’! were
derived from lamellar structures with a lamellar period of 4.6 nm, and the scattering patterns

indicate the presence of a Phase A of short-period lamellar structures. Scatter peaks from other
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structures were also observed in the vicinity of scatter peaks from Phase A. This distinct scatter

peak was observed at approximately g1 = 1.4, g2 = 3.0, and g3~ 4.5 nm™!, with a lamellar period

(a) AHYP (b) AHYP
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(c) Control (d) Ccontrol
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I

! 2 3 4 ° 13 14 15 16 17 18

g [nm ] g nm-1]
Fig. 18. SAXS and WAXD Profiles of CER[ADS]/PA/CHOL Lamellae at 25 °C
SAXS (left row) and WAXD profiles (right row) of a lipid model following AHYP application (a and b, respectively) are
of 4.3 nm derived from the lamellar structure, indicating the presence of Phase B in the short-

period lamellar structure.
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The peak positions, peak intensities, and FWHM of Phases A and B are summarized
in Table 7. In the AHYP-applied model, the FWHM of Phase A was reduced to 0.075 compared
with 0.122 for the control. Similarly, FWHM of Phase B was reduced to 0.119 compared to
0.138 for the control. In addition, I observed no change in the ratio of Phase B/Phase A in the
integrated intensity comparison and not intensity comparison, but this ratio decreased to 0.36
following AHYP application compared with 0.51 for that of the control. SAXS analysis, which
complemented the DSC measurement, showed a decrease in the intensity of Phase B relative to
Phase A (Table 7). Additionally, AHYP application decreased Phase B. Next, I investigated the
effect of AHYP on human SC by measuring SAXS and WAXD simultaneously.

Table 7. Peak Position, Peak Intensity, FWHM, and Peak Intensity Ratio Determined by Simultaneous SAXS

and WAXD Measurements
Phase A (25°C) Phase B (25°C) 1 Ak ratio®
FWHM FWHM Ph B/Ph j\- Eg:lk ratio
Peak position (nm ") Peak intensity (a.u.) Peak position (nm ") Peak intensity (a.u.) (2570)
Control 1.345 10289 0.122 1.474 5214 0.138 0.51
AHYP 1.371 63028 0.075 1.486 22530 0.119 0.36

* The abbreviations PhA and PhB correspond to Phase A and Phase B, respectively.
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3.3. Effect of AHYP on the human SC determined by SAXS

Either AHYP or water, as a control, was applied to SC at 25°C and changes were
determined by time-resolved SAXS. The result revealed the changes in lamellar structure as
shown in Figs. 19(a) and 19(b). The scatter peaks observed at approximately g1 = 0.97, g2 =
1.85, and ¢3 =~ 2.80 nm™! were from short-period lamellar structures with a period of 6.4 nm.
Scattering peaks from other structures were also observed in the vicinity of peaks from short-
period lamellar structures. This distinct scatter peak was observed at approximately g1 =~ 0.44
and ¢3 = 1.33 nm™!, and the lamellar period was derived from a lamellar structure of 14.2 nm,

indicating the presence of a long-period lamellar structure.
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Fig. 19. SAXS Profile of Phase X

SAXS profiles collected from the CER[ADS]/PA/CHOL lamellae used in our study are shown. Note the changes in X-
ray scattering peak intensities of the lipid model following application of either AHYP or water. SAXS intensity profiles
collected from 0 to 60 min are indicated by a change in intensity from dark to light blue (black line: 0 min) (a) SAXS
profiles with AHYP applied. (b) SAXS profiles of a control lipid model. Roman numerals (III) indicate the scattering 3rd

order of the LPP. Arabic numerals indicate the different scattering orders of the SPP.
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Fig. 20. SAXS Profiles Collected from 0 to 60 min after Application of Either AHYP or Water
(a) Parameters for integrated intensity where scattering peak was observed at approximately g~ 1.53 from Phase X. (b)

Overlay plot of the change in normalized integrated intensity from Phase X of each application sample.

Those lamellar structures showed values close to those previously reported for the
short periodicity phase (SPP) in SC, but they were slightly longer than the 13.4 nm lamellar
period reported for the long periodicity phase (LPP) in SC.» No significant changes in SPP and
LPP were observed when AHYP and water were applied. However, I observed a different
lamellar structure (Phase X) with a lamellar period of 4.1 nm, whose scattering peaks were
observed at approximately g1 = 1.53, g2 = 3.06, and ¢3 = 4.59 nm™'. I considered the phase
transition temperature of Phase X to be around 65°C (Fig. S4), and it had the same thermal
property as the phase transition of Phase B at around 65°C in the intercellular lipid model.'>
Since the peak position of Phase X differs depending on individual differences in the SC,'??
the peak position g1 = 1.47 (Fig. S4) that I observed in this study is thought to be derived from
Phase X. This idea is consistent with the peak position g1 =~ 1.474 (Table 7) for Phase B. Based
on these observations, I believe that Phase X correspond to Phase B in the intercellular lipid
model. I therefore focused on this Phase X. Figure 20 showed the consequences of the
integrated intensity due to the change in Phase X. When water was applied, the integrated

intensity from Phase X was temporarily increased. However, the scattering intensity of Phase
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X did not change between before and 60 min after applying water. When AHYP was applied,
however, I verified that the scattering intensity derived from Phase X decreases by half over
time. Figure 20(b) showed the results of comparing the integrated intensity change (Fig. 20(a))
as I/lp. Even when the initial values were uniform, the scattering integrated intensity derived
from Phase X decreased following AHYP application.

3.4. Effect of AHYP on human SC determined by WAXD

I determined AHYP’s effects on the hydrocarbon-chain packing structure, which
significantly altered the CER[ADS]/PA/CHOL ratio of intercellular lipid model, was
determined by WAXD. Supplemental Figure S4 shows the WAXD profiles of AHYP and water
applied to human SC at 25°C. Figure 21 shows the consequences of the change in the integrated
intensity derived from Hex (/1ex) and Orth (/17). Inex was calculated from the integrated intensity
of diffraction peaks observed around ¢ = 15 nm™ (Pis) and ¢ = 17 nm™ (P17). /17 was calculated
from the integrated intensity of Pi7. These results are consistent with the sample data from
human SC with AHYP measured by WAXD profiles (Fig. S5).

I verified that /17 derived from Orth increased 9 min after the start of dehydration, but
returned to the same integrated intensity as before application 15 min after the start of
dehydration. When water was applied, however, the /7 decreased with dehydration after
application. After 15 min of dehydration, the intensity was decreased, as was the Orth ratio.
Therefore, I propose that the application of water disrupted the hydrocarbon-chain packing

structure of intercellular lipids during the dehydration process.
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Fig. 21. WAXD Profiles Collected from 0 to 15 min after the Application of Either AHYP or Water

(a) Parameters for integrated intensity where scattering peaks were observed at approximately g= 15 nm™! from Hex
((Ttiex : 115=2 x117)/3) and g= 17 nm! from Orth (/17) with either AHYP applied or (b) water as control. (c) Overlay plot of
the change in /17/[uex ratio. (d) Normalized integrated intensity from data shown in (a). (¢) Normalized integrated intensity

from data of (b). (f) Normalized /17/Inex ratio from data shown in (c).
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Discussion

In this study, I found that AHYP maintains lipid packing structure by using intercellular
lipid model, and verified its effects on human SC. I propose that AHYP altered the intercellular
lipid packing structure by electrostatic interactions. I also propose that applying AHYP to the
intercellular lipid model increased the phase transition temperature of Phase A and improved
the membrane’s thermal stability. I had proposed two possible mechanisms: either the lipid
composition of Phases A and B has changed, or that AHYP application changed the lipid
configuration.

Bouwstra et al. previously reported that cholesterol sulfate reduces the ratio of
lamellar phases with similar lamellar period to that of Phase B in their intercellular lipid model.
They reported that the sulfonic acid group of dissociated cholesterol sulfate increases the
interface area per lipid molecule and decreases the packing density, thereby increasing the
solubility of CHOL.*” In our study, I inferred that AHYP did not enhance CHOL solubility
based on the absence of observed reduction in phase-separated CHOL in Fig. 18(a). I assumed
that the carboxylic groups of acidic amino acids act as negative charge donors in our
intercellular lipid model. This idea was supported by not only the increase in phase transition
temperature for Phases A and B, but also the increase in FWHM of both phases. In our previous
study, I considered Phase A as being composed of CER, CHOL, and PA, whereas Phase B was
composed of only CER and CHOL.!*® Moore et al. determined that in the PA-based domain,
the phase transition temperature range of perdeuterated PA in their intercellular lipid model was
42.5-62°C,'?) which agrees with the phase transition temperature range derived from the
scatter peak at ¢ = 1.73 nm™'. I concluded that this scattering peak was derived from the
crystalline phase composed mainly of PA (i.e. the PA Phase). The carboxylic groups of acidic
amino acids were negatively charged in acetate buffer with a pH of about 5.3. I thought that the
negative charges of these acidic amino acids suppressed PA elimination from Phase A due to
electrostatic repulsion.'?® I hypothesized that maintaining PAs within Phase A leads to local
lipid composition changes and increases the phase transition temperature; however, suppressing
PA elimination also leads to non-uniformity in the hydrocarbon-chain packing structure,

resulting in increased FWHM.
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I observed that acidic amino acids elevate the phase transition temperature and FWHM,
especially in N-acetylated amino acids, AHYP and AGLN (Table 6), whose amino groups were
protected by the acetyl group. I hypothesized that the electrostatic interaction between
negatively charged acidic amino acids and dissociated PA suppresses PA elimination from Phase
A. In contrast, the positively charged amino acid, Arg, reduced not only the transition enthalpy
but also Phase A (Table 6). I assumed that electrostatic attraction between positively charged
Arg and negatively charged PA promotes PA withdrawal from Phase A.

Amino acids without charged side chains, namely Ala, Hyp, and Gln, did not cause
major changes in either Phase A, Phase B, or the phase transition temperature of FWHM. Those
absence of major changes was probably due to the absence of electrostatic repulsion against PA.
In contrast, Gly was observed to have a decreased transition enthalpy in both Phases A and B.
Most amino acid NMFs have uncharged side chains.!?® The observed decrease in enthalpy may
be caused by stereological affinity with Gly. Since acidic amino acids were less abundant than
other major amino acids among NMF'?* in the SC, the effects that acidic amino acids exert
must be distinguished from the moisturizing effect of NMF.!?¥ Lamellar conformation may also
be maintained by highly dissociative lipids such as cholesterol sulfate.®”-1%%

In this study, I determined that AHYP exerted a prominent effect using an established
intercellular lipid model. AHYP application to human SC halved the integrated intensity of
Phase X (Fig. 19), which was considered a hydrocarbon-chain packing structure with low
barrier function.'® In contrast, the integrated intensity of Phase X was temporarily increased
by applying water, although it eventually returned to its original condition (Fig. 20). Similar
changes in water content were reported in the short periodicity phase.!%®1?® AHYP application
increased the Orth ratio, suggesting that the ordered hydrocarbon-chain packing structure was
maintained. Based on those data, I proposed that AHYP improves barrier function by reducing
Phase X in human SC.

Considering the mechanism of Phase X change in human SC, AHYP inhibits Phase B
formation in the intercellular lipid model used in this study. Inhibiting CER conformation
changes was thought to increase the order within the hydrocarbon-chain packing structure due

to the elimination of FFAs.
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At pH 5.3, about 25% of FFA in human SC is dissociated'?? based on the Henderson-
Hasselbalch equation.!?” Making the pH of the superficial layer of the SC more acidic should
therefore suppress FFA dissociation. The pH deep inside the SC is believed to be approximately
7.4,57 and that is where FFAs are thought to be more than 90% dissociated!?>!?” from
intercellular lipids, which suggests that Phase X was more likely to occur. Since the pH of deep
inside the SC is difficult to control, delivery of electrostatically interacting agents that can
inhibit FFA dissociation is the key factor to reducing Phase X. Small molecules such as AHYP
and acidic amino acids are ideal for those purpose.

To date, moisturizing agents are thought to exert their effects based on hydration,
occlusion, and physiological effects. No agents are known to maintain barrier function by
physicochemical action on intercellular lipids. In this study, I verified that the proportion of
intercellular lipids in human SC is decreased by applying water. This finding suggested that SC
barrier function may be impaired even by washing one’s face without cleaning agents. AHYP
application was proposed to maintain the ordered hydrocarbon-chain packing structure of
intercellular lipids, and the Orth ratio. AHYP, an N-acetylated acidic amino acid, was previously
proposed as a useful agent that maintains the barrier function of intercellular lipid by
physicochemical action.

Narangifard reported that the lamellar structure and lipid arrangement of intercellular
lipids change during human SC maturation.'?® This report suggested that the intercellular lipid
hydrocarbon-chain packing structure is not rigid but is, instead, plastic. It also proposed that the
efflux of lipids by the lavage agent also occurs in plastically intercellular lipids. Lipid efflux
might be appeared to depend on lipid solubility, and the order of lipid elution from intercellular
lipids is FFA, CHOL, and CER.!'") Short-chain FFAs have been found to influence the
formation of hydrocarbon-chain packing structures'?® and the homogeneity of lipid
membranes.*¥ The proportion of PA has been reported to increase in cases of atopic eczema.*!
Because of the nature of PA and short-chain FFA, the intermolecular forces between the
hydrophobic chains are thought to be weak,!'® PA’s solubility is relatively high compared to
other intercellular lipids. Thus, PA is easily withdrawn from intercellular lipid bilayers.

Taking advantage of the fact that electrostatic repulsion from amino acids inhibits the
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withdrawal of short-chain FFA from the lipid bilayer was valuable for improving the barrier
function of pathological skin, which contains a higher proportion of short-chain FFA.*D This
approach was also expected to contribute to preventing the formation of rough skin due to
excessive washing during the current (COVID-19) pandemic. I believe that this approach may

provide an important avenue for developing new skincare products.
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5. Conclusion

In this study, I used an intercellular lipid model consisting of CER[ADS]/PA/CHOL
with coexisting lamellar structures of different periodicities to determine the effects of AHYP
and acidic amino acids using DSC measurements. I found that AHYP maintains the reduction
in Phase X and Orth ratio. I also found that AHYP and acidic amino acids are useful agents for
maintaining the hydrocarbon-chain packing structure of intercellular lipids through electrostatic
repulsion. In the future, I will expand the scope of this study, which may eventually lead to the

development of skincare products that can maintain the skin’s barrier function.
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Summary

Intercellular lipids in the stratum corneum (SC) protect the living body from invasion
by allergens and pathogens, and also suppresses water evaporation within the body. The
hydrocarbon-chain packing structure of intercellular lipids in the SC is critical to the skin's
barrier function. This packing structure consists of a mixture of crystals (orthorhombic and
hexagonal) and liquid crystals (fluid phase), and the proportion of these phases is thought to
affect barrier function. However, it is not well understood why these differences in packing
structure occur. The details of how the domain distribution of these packing structures exists in
the human SC are also unknown. There have been no methods to visualize the actual
distribution of the domains formed by packing structure in intercellular lipids.

If I can elucidate the causes of these differences in the packing structure and understand
the characteristics of the packing structure in skin with impaired barrier function, I can establish
guidelines for normalizing barrier function in the human SC and for developing new barrier
function-improving agents.

In Chapter 1, in order to confirm the influence of lipid composition in intercellular
lipids, which are composed of a wide variety of lipid species, structural analysis studies have
been conducted using models of intercellular lipids with different lipid compositions. I prepared
collapsed skin intercellular lipid models constituted short-chain free fatty acid and ceramide
which having an alpha-hydroxy group. To investigate the characteristics of the packing
structure, the intercellular lipid model (CER[ADS]/CHOL/PA) were adjusted for models with
different lipid compositions. The characteristics of the packed and lamellar structures have been
determined by temperature-scanning small-angle X-ray scattering and wide-angle X-ray
diffraction measurements simultaneously. Studies using intercellular lipid models
(CERJADS]/CHOL/PA) have reported the formation of two phases with different short lamellar
periodicities. These differences in lamellar structure were thought to be caused by differences
in ceramides (CER) conformation between the hairpin and the V-shape type. The lamellar
structure of the V-shaped CER conformation has a low orthorhombic ratio. The above results
suggest that an increase in the ratio of CER with the V-shaped structure causes the lamellar

structure to have low orthorhombic ratio, thereby contributing to a decrease in the bilayer's
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barrier function.

In Chapter 2, the planar distribution of intercellular lipid structures was determined
using focal plane array (FPA)-based Fourier transform (FT) IR imaging analysis of SC cell units
obtained by grid stripping. The lipid composition of ceramides was revealed by electrospray
ionization tandem mass spectrometry (ESI-MS/MS)-based shotgun lipidomics. The distribution
of domains formed by packing structures and the lipid composition of ceramides was compared
in skin with high- or low-transepidermal water loss (TEWL). The orthorhombic proportion was
lower in high-TEWL skin than in low-TEWL skin. ESI-MS/MS-based shotgun lipidomics
analysis showed that the alpha-hydroxyceramide content in the low- and high-TEWL groups
differed regarding the distribution of fatty acid chain lengths. The evaluation of SC cell units
using FPA-based FTIR imaging is an innovative technology that can visualize the distribution
of domains formed by intercellular lipid-packing structures. Increased proportions of alpha-
hydroxyceramide subclasses such as alpha-hydroxy-sphingosine ceramide and alpha-hydroxy-
phytosphingosine ceramide were associated with a reduced proportion of the orthorhombic
packing structure domain.

In Chapter 3, I investigated agents that directly increase the Orth ratio. I selected an
intercellular lipid model consisting of ceramide, cholesterol, and palmitic acid and performed
differential scanning calorimetry. I focused on natural moisturizing factor components in the
SC, and therefore investigated amino acids and their derivatives. The results of our intercellular
lipid model-based study indicate that N-acetyl-i-hydroxyproline (AHYP), remarkably,
maintains the lamellar structure. I verified the effect of AHYP on the lamellar structure and
hydrocarbon chain packing structure of intercellular lipids using time-resolved X-ray
diffraction measurements of human SC. I also determined the direct physicochemical effects of
AHYP on the Orth ratio of the hydrocarbon-chain packing structure. Hence, the results of our
human SC study suggest that AHYP preserves skin barrier function by maintaining the
hydrocarbon-chain packing structure of intercellular lipids via electrostatic repulsion. These
findings will facilitate the development of skincare formulation that can maintain the skin's
barrier function.

In conclusion, this study clarified one of the factors that reduce the barrier function of
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intercellular lipids in the SC by analyzing a simple composition lipid model that mimics the
lipid composition of the SC with impaired barrier function through multiple physicochemical
evaluations. I also found that the ratio of orthorhombic domains in the packing structure
distribution of intercellular lipids is reduced in human SC with impaired barrier function. Based
on the mechanism of reduced barrier function, I found the usefulness of N-acetylamino acid

derivatives as barrier function improvers.
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Supplementary datas

Lipid class Acquisition mode | Precursor ion Fragment ion | Structural detail | Example slope/r?
Non-hydroxy-dehydrosphingosine [NDS] Neg FTMS/MSMS | [M+C2H302+H-]- | [FA-H*]- Sub-species [NDS] 44:0;2 (20:0;2-24:0;0) | nd
Non-hydroxy-sphingosine [NS] Neg FTMS/MSMS | [M+C,H30,+H] | [FA-H'] Sub-species [NS] 44:1;2 (18:1;2-26:0;0) | 0.96/0.99
Non-hydroxy-phytosphingosine [NP] Neg FTMS/MSMS | [M+C,H30,+H] | [FA-H'] Sub-species [NP] 46:0;3 (20:0;3-26:0;0) nd
Non-hydroxy-6-hydroxy-sphingosine [NH] | Neg FTMS/MSMS | [M+CoH30,+H]"| [FA-H'] Sub-species [NH] 46:1;3 (18:1;3-28:0;0) | nd
Alpha-hydroxy-dehydrosphingosine [ADS] | Neg FTMS/MSMS | [M+C,H;0,+H] | [FA-H'] Sub-species [ADS] 44:0;3 (19:0;2-25:0;1) | nd
Alpha-hydroxy-sphingosine [AS] Neg FTMS/MSMS | [M+C,H30,+H] | [FA-H'] Sub-species [AS]44:1;3 (18:1;2-26:0;1) | nd
Alpha-hydroxy-phytosphingosine [AP] Neg FTMS/MSMS | [M+C,H30,+H ] | [FA-H'] Sub-species [AP] 42:0;4 (18:0;3-24:0;1) | nd
Alpha-hydroxy-6-hydroxysphingosine [AH] | Neg FTMS/MSMS | [M+C,H30,+H | [FA-H'] Sub-species [AH] 44:1;4 (18:1;3-26:0;1) | nd

Table S1. Lipid classes covered by the method, with mode of their acquisition, ions used for their identification, confirmation and in MSMS-fragmentation scan. FT, fourier transform; M ,

molecular ion; FA, fatty acid.
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Skin

Analysis IS\]L(TjeCt Age 2;1\:::;‘}‘1) conductance
o 18 63 7.4+0.3 17745
o 19 69 7.5+0.1 189+14
o 44 48 7.5+0.4 156421
38 64 8.3+0.4 94+3
16 65 9.2+0.1 107+6
12 63 10.2+0.4 108+4
31 63 10.4+0.3 249+6
5 65 10.5+0.3 266+7
23 28 10.8+0.1 10245
36 22 10.8+0.2 68+6
42 21 1140.4 51+14
24 61 11.3+0.3 64+8
40 21 11.3+0.3 197425
6 44 1240.3 142+13
10 21 1240.4 186+11
22 40 12+0.3 119+13
41 48 12.240.2 84+4
32 61 12.4+0.3 85+12
3 47 12.5+0.3 87+7
4 23 12.7+0.4 37£9
1 64 13+0.2 75£9
9 44 13.1£0.3 81£17
15 64 13.2+0.3 156+15
21 20 13.4x0.4 198+12
28 64 13.4x0.4 471
34 20 13.5+0.2 132+18
29 40 13.8+0.2 167+13
27 49 14.1£0.4 26346
35 47 15.4+0.4 175£12
2 45 15.5+0.4 229+6
47 21 15.5+0.3 167+17
o 11 24 15.6+0.5 85+6
39 20 16.2+0.4 133+14
o 45 25 16.2+0.2 91+8
13 42 16.7+0.4 176+4
o 37 45 21.60.1 48+8

Table S2. Summary of the skin parameters of 36 subjects. TEWL (mean + S.D.), skin conductance (mean + S.D.).
FPA-based FTIR imaging and quantitative CER analysis were performed on the SC samples of the indicated

subjects.
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Group High-TEWL Low-TEWL

Subject No. No. 11 No. 37 No. 45 No. 18 No. 19 No. 44

56 56 64 81 81 56

56 56 49 81 81 110
Pixcel count 56 100 81 81 90 64

100 100 36 90 42 63

81 42 72 64 64 49
Average 69.8 70.8 60.4 79.4 71.6 68.4
SD 20.1 27.3 18.0 9.5 19.0 24.0

Table S3. Summary of the number of pixels in the analyzed regions. SC cells collected from the high- and low-

TEWL subjects were measured by FPA-based FTIR imaging. Each pixel was attributed to a wavenumber derived

from the SC cell region. Five SC cell samples were collected independently from each subject.
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Fig. S2. Temperature dependence of the position of the CH2 symmetric stretching mode in n-tricosane. FCO, face-centered

orthorhombic.
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Fig. S3.
Infrared spectral characteristics of the typical CH2 symmetric stretching vibrations in domains comprising mainly

orthorhombic packing (OR), hexagonal packing (HEX), and liquid crystal (LIQ) are shown.
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Supplementary Materials and Methods

Intensity counter map of small-angle X-ray scattering of human SC as a function of
temperature was also obtained using beamline BL40B2. Measurement conditions were the
same as for our intercellular lipid model. The exposure time was 30 s. An approximately 5 mg
of the SC was placed in a 1-mm capillary glass tube and placed in the sample holder of the X-
ray diffractometer. The temperature of the sample was controlled between 25°C to 85°C using
an FP-99 DSC, and the temperature was measured with a thermocouple embedded in the
sample holder. All the experiments

were performed with a heating scan at a rate of 0.83 K min~!. The X-ray scattering profile was

recorded every 2.5°C.

Diffraction Intensity
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Fig. S4.

Intensity counter map of small-angle X-ray scattering of human SC as a function of temperature (25-85°C). I confirmed the

presence of a scattering peak derived from Phase X near ¢ = 1.47 nm™..

A noticeable shift in the peak position to the wide-angle side based on the phase transition was observed above 65°C.
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Fig. S5.

WAXD profiles from 0 to 15 min following either AHYP or water application.
WAXD intensity profiles collected from 0 to 15 min following application are indicated by a change in intensity from dark
and bright blue (black line: 0 min). WAXD profiles were derived from human SC following the application of either (a)

AHYP or (b) water as a control.
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