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ABSTRACT

Advancing age is associated with an increasing prevalence of dry skin conditions such as xerosis, asteatotic eczema and atopic
dermatitis (AD). Although broad changes in stratum corneum (SC) lipids and AD history have been implicated, age-related
alterations in the SC lipidome within at-risk populations remain unclear. We characterised SC structure and lipidomic profiles
in 58 adults with dry, eczema-prone skin across a wide age range. Assessments included visual dryness, biophysical properties
(TEWL, capacitance, skin-surface-pH), irritant sensitivity, ATR-FTIR spectroscopy and lipidomic analysis through quantifica-
tion of extracted SC lipids via mass spectrometry. Age correlated significantly with increased dryness (r=0.46, p<0.0001) and
reduced hydration (r=-0.42, p<0.0001). Spectroscopy revealed declines in total lipids (p <0.0026), water (p <0.0009), lipid
esters (p<0.0001) and carboxylates (p <0.0004) with age. Among 1385 quantified lipid species, triacylglycerol (TAG) was most
abundant; TAG 46:1;0 associated with dryness (r=—0.42, p<0.0001). Ceramides CER[AH] (p <0.0001), CER[AP] (p <0.0001),
CER[AdS] (p=0.042), CER[NP] (p=0.031) and CER[NAS] (p <0.0001) all significantly increased with age relative to protein.
Notably, CER[NdS] species shifted towards shorter (16°C) acyl chains (+2.23%, p=0.01) and away from longer (24°C) chains
(=3.9%, p<0.0001). The CER[NAS]/CER[NH] ratio correlated with age (r=0.59, p<0.0001), dryness (r=0.36, p=0.0006), and
barrier integrity (r=0.59, p<0.0001) (all p<0.0006). Within an at-risk population, SC lipid levels change as the skin ages. These
changes, especially an increase in short acyl chain NdS ceramides, were associated with the decline in skin barrier function and
may help explain the increased prevalence of xerosis and the (re)emergence of eczema in later life.

1 | Introduction population and setting [1]. Older age is also associated with a

higher prevalence of AD compared to younger adults (11.6 vs.

The stratum corneum (SC) forms the outermost layer of the
skin, providing a physical barrier between the body and the ex-
ternal environment, whilst preventing excessive moisture loss.
Skin xerosis can occur because of defects within the SC struc-
ture and is strongly associated with increasing age and previous
history of atopic dermatitis (AD), where the innate healthy SC
structure has been impaired [1]. The prevalence of xerosis in the
elderly is high, affecting between 30% and 75% depending on the

© 2025 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd.

7.7%) [2]. This is due to the re-emergence of previously resolved
childhood AD and the development of new cases (late-onset
AD). The age-associated changes to the skin that increase the
risk of AD and xerosis more generally are poorly understood [3].

SC lipid depletion is an important structural change that has
been documented to occur with advanced age and is asso-
ciated with increasing skin surface pH and colonisation by
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potentially pathogenic bacteria such as Staphylococcus aureus,
which further contributes to skin barrier degradation [4, 5].
In particular, broadly altered ceramide levels within the lipid
lamellae appear to be linked to dry-skin conditions (like AD),
which increase SC permeability, causing greater transepider-
mal water loss (TEWL) and xerosis incidence [6, 7]. There are
a plethora of ceramide subspecies within the SC, some with
purported positive effects on the formation of the extracellu-
lar lipid matrices and cellular function and others with nega-
tive effects, so it is important to characterise these changes in
more detail.

This study aimed to noninvasively characterise the SC struc-
ture and lipidomic profile of adults over a broad age range with
dry, eczema-prone skin. The lipidomic profiling proposed
in this study was far more comprehensive than observed in
currently available literature, with the hope of identifying
age-associated biomarkers of xerosis and skin barrier dys-
function. Identification of structural alterations associated
with age could aid the development of treatments, highlight-
ing ingredients to be included in topical formulations to com-
bat and reduce the incidence of dry-skin conditions in ageing
populations.

2 | Patients and Methods
2.1 | Study Design and Setting

The results presented in this work consist of the baseline mea-
surements (before the treatment period began) taken as part
of the BRaCE study (An investigation of the skin barrier re-
inforcing effects of a ceramide cream). It was a double-blind
participant-controlled interventional study of 58 adult partic-
ipants with dry, eczema-prone skin, defined by previous self-
determined incidence of eczema (formal medical history was
not requested, but skin TEWL and dryness thresholds were
applied at participant screenings to confirm skin barrier defect
consistent with previous eczema incidence, as detailed in the
Supporting Information). The results of the trial are presented
elsewhere [8]. Herein, only the baseline data is presented follow-
ing stratification into three age groups: 18-39, 40-59 and 60+
years, so that the impact of ageing on skin structure and lipid
composition can be evaluated.

The study was given ethical approval by the University of
Sheffield Research Ethics Committee (UREC)—study reference
number: 044518. All subjects were included on a voluntary, first-
come, first-served basis and provided informed consent prior to
participation. The study was performed in accordance with the
Helsinki Declaration of 1964 and later amendments. Full inclu-
sion and exclusion criteria and further study information are
provided in the Supporting Information.

2.2 | Skin Assessments

Skin biophysical measurements and visual assessments were
collected from volar forearm and lateral lower leg sites from
each participant in a temperature and humidity-controlled
room (20°C£2°C and 45% + 10% relative humidity) at the Skin

Barrier Facility, Sheffield Dermatology Research. Skin assess-
ments and measurements taken were: visual skin dryness [9],
skin hydration (Corneometer), TEWL (Aquaflux), skin surface
pH, sensitivity testing (erythema pre-post SLS occlusion), skin
tape-stripping and subsequent quantification of extracted skin
lipids via mass spectrometry, skin surface molecular structure
via attenuated total reflectance infrared spectroscopy (ATR-
FTIR). Full details on skin visual assessments and biophysical
measurements are provided in the Supporting Information.

2.3 | Outcomes

The outcomes of this part of the observational cross-sectional
cohort study included the differences in the following prop-
erties between the three age groups: (i) visual dryness and
biophysical properties (transepidermal water loss [TEWL],
capacitance and skin surface pH); (ii) molecular composition
assessed through ATR-FTIR spectroscopy; and (iii) the pro-
files of medium-long chain lipid species present within the
SC, extracted via skin tape strip (STS) and quantified through
orbitrap mass spectrometry (lipidomic analysis). Full details
of skin assessments and sample analysis can be found in the
Supporting Information.

2.3.1 | Nomenclature

Ceramides (CER) are referred to using established nomencla-
ture based upon abbreviations for their acyl chain (N-, A-, Eo-)
followed by the sphingoid base (SB) [10]. For the identifica-
tion of individual species, the class abbreviation is followed
by the number of carbons, the number of double bonds, and
the number of hydroxyl groups, for the SB, followed by the
acyl chain. AdS17:0;2/19:0;1 denotes an AdS ceramide with 17
carbons, zero double bonds and two hydroxyl groups in the
SB; 19 carbons, zero double bonds and one hydroxyl group in
the acyl chain.

2.3.2 | Statistical Analysis

All data were analysed using Prism nine (GraphPad Software,
La Jolla, USA). Comparisons between age groups were made
using a one-way or two-way analysis of variance and a two-stage
step-up Benjamini, Krieger and Yekutieli multiple comparison
correction method. One-way or two-way analysis was chosen
depending on whether the data were stratified via age or via
age and lipid species. The significance threshold was p <0.05.
Results are presented as mean+SD unless otherwise stated.
Linear models were computed using the built-in linear regres-
sion and linear discriminant analysis functions in R (RStudio,
Version 2024.04.0 + 735, Posit Software, USA).

3 | Results

Out of the 95 adults who volunteered, a total of 58 participants
consented and were enrolled in the study between April 2022
and March 2023. Upon inclusion, participants were stratified
into three study groups based on their age: 18-39, 40-59 and
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TABLE1 | Cohortdemographics.

Demographic Set analysis

Age group 18-39 40-59 60+ All participants
n 24 16 18 58

Sex
Male 8 4 12 24
Female 16 12 6 34

Ethnicity
Asian—Indian 1 1
Asian—Pakistani 1 1
Black—Caribbean 1 1
Chinese 2 1 3
Mixed—White/Asian 1 1
White—British 20 12 16 48
White—Irish 1 1
White—Other 1 1 2

Age
Mean +SD (Min, Max) 26.71+6.91 (18, 39)

Fitzpatrick skin type

46.87+5.22 (40, 57)

72.50+7.86 (61, 88) 46.47+20.75 (18, 88)

I 1 2 1 4
11 16 6 8 30
11T 4 5 8 17
v 3 3 0 6
\% 0 0 1 1
VI 0 0 0 0
Median (Min, Max) 2.00 (1, 4) 2.00 (1, 4) 2.50 (1, 5) 2.00(1, 5)
Age of eczema onset
Under 2 12 5 5 22
2-5 7 2 2 11
6-10 1 0 1 2
11-17 2 2 0 4
18+ 2 7 10 19
Last symptom (itchy skin) occurrence
Itchy skin ever: 24 16 18 58
In last year: 22 13 16 51
In last week: 17 10 10 37

60+. Background information on the study cohort is displayed
in Table 1.

As the primary focus of this work is on the impact of age, quoted
mean values include both male and female participants from
each age group, with two-way ANOVAs used to assess the im-
pact of age, sex and the age-sex interaction on results.

Visual assessments of skin surface dryness (xerosis) in-
creased with age on both arm (18-39: 0.33+£0.80 vs. 60+:
0.67+0.82AU) and leg sites (18-39: 1.59+0.82 vs. 60+:
2.78+0.91AU), and age was the only significant factor in
dryness variance on both forearm (p=0.011) and leg sites
(p<0.0001). Surface biophysical measurements collected
showed increased skin-surface-pH (18-39: 4.55+0.32 vs. 60+:
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4.84+0.40) and decreased skin hydration (18-39: 28.00 £+ 8.65
vs. 60+: 20.52+6.27 AU) with advancing age, with both age
(p<0.0001) and sex (p=0.019) significant in pH change
whilst only age (p <0.0001) was a significant factor in hydra-
tion variance. Skin barrier function (TEWL) was not signifi-
cantly different between the youngest and the eldest groups
on average. However, due to a greater TEWL in the youngest
males, age (p=00017), sex (p=0.0079) and age-sex interac-
tion (p=0.00042) were significant factors. TEWL after 20 STS
(TEWL,,) was highest in the 60+ group (18-39: 34.17 +17.84
vs. 60+: 45.02%21.51g m~2h7!), indicative of reduced skin
barrier integrity. Age (p=0.0020) was significant in TEWL,,
variance (Figure 1). Although participants aged 60+ exhibited
a greater baseline skin redness (erythema index), skin sensi-
tivity to SLS (1%, applied under an occlusive patch) was simi-
lar in all age groups (Figure S1).

ATR-FTIR spectroscopy was utilised to identify alterations
in chemical functional groups between the cohorts. Visual
inspection of average spectra (Figure 2A) collected from just
beneath the SC surface (STS 5) highlighted differences in SC
lipid (methylene, -CH,), water (hydroxyl, -OH) and natural
moisturising factors (NMF) measured as carboxylate (RCOO)
levels with age (Figure 2B-D). Due to the shallow penetration
depth of ATR-FTIR spectroscopy into skin (1-2um), spectra
collected after 5, 10, 15 and 20 STS were averaged together (SC
Mean) to depict SC structural features up to 6 um from the sur-
face. Total lipids (18-39: 0.049 & 0.020 vs. 60+: 0.038 +0.015),
hydration (18-39: 3.99+0.81 vs. 60+: 3.47£0.53), lipid es-
ters (18-39: 0.013+£0.010 vs. 60+: 0.006+0.007), and car-
boxylates (18-39: 0.030+0.017 vs. 60+: 0.018+0.010) all
decreased with age. Age was significant in the variance of
hydration (p=0.0006), lipid esters (p <0.0001) and carbox-
ylates (p=0.0003), whereas both age (p<0.0001) and sex
(p=0.0007) were significant factors in total lipid change
(Figure 2F-I). Although polyol levels did not drop on aver-
age between the youngest to eldest groups (18-39: 0.61+0.12
vs. 60+: 0.57 +0.16), the observed decrease in polyols in 60+
Females resulted in both age (p=0.024) and sex (p=0.0092)
being significant factors in polyol variance (Figure 2J). Lipid
chain conformation, indicated by the position of the lipid peak
at 2850cm [11, 12], was more orthorhombic (tightly packed)
in the 40-59 age group compared to either of the other two
groups (indicated by a lower wavenumber position), and both
age (p=0.029) and sex (p =0.015) were found to be significant
contributors to lipid structure (Figure 2E). Full structural in-
formation from surface to STS20 is provided in the Supporting
Information (Figures S2 and S3).

Lipidomic analysis was conducted through quantification of ex-
tracted lipids collected from the SC during tape-stripping (STS
discs 2 and 5). A total of 1385 lipids were detected in the samples
from STS 2 and 1234 from STS 5. Findings were similar for both
samples, so only the data from STS 2, with the greater diversity
of lipids, is presented for brevity. Figure 3A shows the break-
down of lipid species detected, which is also stratified by sex in
the Supporting Information (Figure S4). Triacylglycerol (TAG)
was the most abundant lipid species, and there was a significant
depletion (18-39: 81.43 + 52.31; vs. 60+: 53.16 +43.87 p <0.0001;
vs. 40-59: 49.50 & 39.52 pmol/ug protein, p <0.0001) of TAGs in
those above 39, compared to younger individuals (Figure 3A).

When breaking down ceramide sub-classes: CER[AH]| (18-39:
3.2741.30 vs. 60+: 3.90+1.87pmol/ug protein, p<0.0001),
CER[AP] (18-39: 1.66+0.75 vs. 60+: 3.03+1.79 pmol/ug protein,
p<0.0001), CER[AdS] (18-39: 1.64 +0.50 vs. 60+ 2.21 +0.64 pmol/
ug protein, p=0.042), CER[NP] (18-39: 2.09%0.57 vs. 60+:
2.70+£0.76 pmol/ug protein, p=0.031) and CER[NdS] (18-39:
2.14£0.58 vs. 60+: 3.30+0.89 pmol/ug protein, p<0.0001) all sig-
nificantly increased with age relative to protein (Figure 3B). There
was only a weak correlation between total extracted lipids and
ATR-FTIR-derived total lipid levels relative to protein (r=0.22—
Figure S5), but a stronger association between total extracted lipids
and ATR-FTIR-derived lipid esters (r=0.57 Figure 3E). This is ex-
plained by the fact that our lipidomic analysis focuses on medium-
long chain lipid species, dominated by lipid esters, and excludes
short-chain lipids (i.e., free fatty acids).

Further analysis was undertaken to identify changes in specific
lipid subspecies, such as carbon chain length. Not all subspecies
were present in all samples; therefore, they were only included
in the analysis when detected in at least 75% of participants
within at least one group; any remaining missing values were
imputed with the median value of the group. After excluding
subspecies falling below the 75% threshold, 382 subspecies
remained. Linear discriminant analysis (LDA) showed a sig-
nificant link between quantified lipid subspecies and age via
complete separation of the 60+, 95% CI ellipse from younger
age groups (Figure 3B). Plot loadings indicating the association
between lipid subspecies and the linear discriminants used to
separate age groups are supplied in a Supporting Information.
Individual t-tests, presented as a volcano plot (Figure 3D), were
used to identify subspecies significantly changing between all
age groups. NdS 24:0;2/16:0;0 showed the greatest increase
between 18-39 and 60+ (Mean Diff.: 0.37+0.039 log,, pmol/
mg protein, p <0.0001), whereas TAG 46:1;0 decreased signifi-
cantly with age (Mean Difference: —0.44+0.064 log,, pmol/
mg protein, p<0.0001). Further details of the t-test results
are tabulated in the Supporting Information (Tables S1 and
S2). A linear regression model was used to predict participant
age, with a high correlation (r=0.62, p<0.0001) observed
between predicted and actual ages (mean prediction error:
11.77 +1.98 Years—Figure S6).

As TAG and CER[NdAS] subspecies had shown strong links to
age, changes within these ceramide classes were characterised
further. Many TAG groups were observed to deplete with age
when stratified by carbon chain length (Figure 4A). The pro-
portion of fully saturated TAGs significantly increased with age
(18-39:16.23 £8.09 vs. 60+: 19.7110.33%, p=0.004—Figure 4B).
TAG 46:1;0 is one of the most abundant TAGs and decreased
(18-39: 3.59+0.16 vs. 40-59: 3.25%+0.27 vs. 60+: 3.15+0.33
log,, pmol/mg protein) in individuals older than 39, with age
(p<0.0001), sex (p=0.023) and age-sex interaction (p <0.0001)
all significant in variance (Figure 4C).

As a proportion of total N-ceramides, CER[NdS] increased
(18-39: 21.52£2.29 vs. 60+: 26.44% +2.78%, p<0.0001) in the
skin with age (Figure 5A), mirroring the change in CER[NH].
Within the NdS class, the proportion of NdS lipids with longer
acyl chain lengths decreased with age, with the abundance of
24-carbon acyl chains reducing (18-39: 32.63+£7.72 vs. 60+:
28.73%+5.40%, p<0.0001) compared to an increase (18-39:
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FIGURE1 | Baseline skin assessment of volar forearm (A-D) and leg (E, F) sites, stratified by age group and sex. Overall dry skin (ODS) score
was used as a visual measure of dryness (A, E), with skin function measured as transepidermal water loss on the skin surface (TEWL—B) and after
removal of 20 tape-strips (TEWL, ,—D), skin surface pH (C) and capacitance (F) collected as biophysical measurements. Example clinical images
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D < 0.0001).

Experimental Dermatology, 2025 50f 15

:sdny) suonipuo) pue sula L, 3yl 998 *[$707/71/2¢] uo A1eaqr auluQ AS[IA 0U[[POXH 218D Pue YI[EIH J0j Amnsu] [euoneN ‘HIIN £q 76 10L PX3/1111°01/10p/wod Kajim: Kreaquautjuo//:sdny woiy papeoumod ‘1 ‘STOT ‘ST900091

Kaim A

25UADIT suowwoy) dAnea1) aqearidde oy £q pauraA0S 1w SA[AIIE () AN JO SA[NI 10J ATRIQIT AUITUQ AJ[IAN UO



16000625, 2025, 12, Downloaded from https:/onlinelibrary.wiley.com/doi/10.1111/exd.70192 by NICE, National Institute for Health and Care Excellence, Wiley Online Library on [22/12/2025]. See the Terms and Conditions (https: .wiley.com/ters d. ) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

)
N
=}
S\
=}
<
=}
o O [ *S
QW 4 Q0 4
© O O 0 O O E
- < © - ¥ © %
e i P
; Nt I S
3
8 ! % i ~ % - %, S
o 1 2 % %% S
Y= = ' —EH F S, > * %, > .
o * 2, ) N
' ] ép * @
5 S E 2
< T 5! 2 @ 5
g 2, * © HEH oo, S 2 - 0‘(«@
= 9 %) %, < » 7, Y
& [=3 c %2y e 2
8 2. e T 2 B
ol "’[ & 2 "’| " 2
S © L oo, < —{H Fo,
E: = 1 T Y%, %,
- ! T T T T @ r T T 4
] © © < 3] o 0 o 0 =}
T T T | — (onex ji/1 aprry) —_ = ol &) 2
© [ 4 ' uoyepAH ueap OS - (ones , .wo opsiLiovoL)
< Q e ] (D sjofjod ueapy OS
(nv) @2uequosqy '
] [ )
. QW
L T T ® 2 g
1 [
i ' R0
' ! [ 1 Th
\ 1 o [ % & ; LTH | oo
L\ , O LS - % c ¥ “%
\ E 1 g L2 E N %, 4 I %, >
- \O ' - o - Z - %
o . S e g . ¢ -
© ' rg S| « s/% * ) : ‘ %Q/
B 1 * S S
EO] ' o [ 2 g i *| o m %, v 2 ™ [ M %, v
g‘ : 2 [ St *®l = 2 < %
o (2}
By ! s 5 ! * o 2| |
> q 3 r= = H % < %
3 ' o) FE ' " 9%,% — . - %,
S\ T T | & o £ & = = @
‘Y e ® ¢ ¥ o <9 [ = = : ] ] S S =] ] o
\ ' = o o ° o o 1 L (=] o o o —~~ o =] o (=] o
~e \‘l o (nv) @dueqiosqy 1 (opes  wo 0v51:0682) - (ones | wo gvgLiovel)
. ‘O 1 spidi [ejo) uealy oS sdnouig ajejAxoqie) ueapy 0§
o e e T o o o o
' ! QB9 4 L
1 ] © O O 0 O O
' o ' - < © - < ©
S =
-2 '
: P& (I [
© X ot L ’ L
: F 2 g 1 @ ¥ 9/@@ " |— i e/e@
- o ) 4
3 B i ( [ o 2 __ ™ %, > o - M Y%, >
S o & ! e 21 * SO
- © 12} (%]
- < © : (S € 10 c s | 2 e - L 2
\ f L X 50 @ | /s@ * ® /@Q, a,
i B [ » () 1 S, kvl
i oo e &0 | B| 2 &= (%, | Y| e ToT%Y &
i 8 2 =t
f \ T
18 \ : &=, 2 A - 5 i F Bl -, 5
T g N\ N A i %, e[ % S
n o n o T S S
pk 2 p P L T T T ' I - S, —{E- M %Y £
Wl s s s . I S i T = =& I 4 ° B
(nv) @sueqiosqy I 2 (nv) esuequosqy ! —~ 2 8 3 3 3 I S & & & g =
\ m 1 1] I I N N N o = e e <
R e L L e i (uoyeaoT yead ,.wd 068z) (ones  wo opsiiopzL) —
“ < ainjonag pidi] uesi 0§ 1913 pidi ueap s
~
[5a]
2 "
w S
— o
= Nel




FIGURE 2 | Average mid-infrared spectrum of in vivo human skin collected just beneath the surface (after removal of five skin tape-strips) of
volar forearm skin sites stratified via age (A-D), normalised to Amide II region area. Callouts highlight observed spectral differences in regions
containing peaks associated with lipids (B: 2800-2990cm-1), amide I (and water) and II (C: 1480-1700cm-1) and carboxylates within the fingerprint
region (D: 1000-1440cm-1). Highlighted peaks correspond to functional groups indicative of (a) total lipid, (b) lipid esters, (c) amide I (contributed

to by water), (d) amide II, (e) carboxylates and (f) polyols. Stratum corneum mean results depict peaks associated with lipid structure (E), total lipid

(F), hydration (G), lipid esters (H), carboxylates (I), polyols (J) from a depth of 0-6 um, stratified by age and sex. Box-and-whisker plots depict the

minimum, lower quartile, median, upper quartile and maximum values present in each group, with ‘+ indicating the mean value. Asterisks indicate
the results of one-way ANOVA with post hoc Tukey HSD statistical testing (ns =not significant, *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001).

6.76 +3.02 vs. 60+: 8.99% +4.00%, p=0.01) in 16-carbon chains
(Figure 5B). The abundance of 24-carbon SB chain length in-
creased significantly (18-39: 7.87+3.19 vs. 60+: 9.70% =+ 3.51%,
p=0.0054, Figure 5C), whereas 18- and 19-carbon chains de-
creased. When looking specifically at NdS subspecies with a
249C SB, the 16-carbon acyl chain increased significantly (18-39:
34.71+11.43 vs. 60+: 45.52% +£13.64%, p=0.0023, Figure 5D),
and was largely compensated by a drop in 24-carbon acyl chain
abundance. In absolute terms, NdS 24:0;2/16:0;0 increased (18—
39: 1.80£0.14 vs. 60+: 2.17+0.17 log,, pmol/mg protein) with
age and only age was found to be a significant factor of variance
(p<0.0001—Figure 5E), validated by a strong linear correlation
with age (r=0.69—Figure 5F).

Given the opposing association of CER[NH]| and CER[NdS] with
age (Figure 5A), the ratio between the two ceramide classes was
determined to combine the effects into a single metric and as-
sociated with age (r=0.59), TEWL, as a marker of skin barrier
dysfunction (r=0.59) and skin dryness (r =0.36). TAG 46:1;0 was
also associated with age (r=—0.52) and skin dryness (r=-0.42)
but not TEWL,, (r=-0.26, Figure 6). Further exploration of the
associations between changes in skin composition and function
is presented in Table 2. The strongest factors associated with
TEWL,, were the levels of polyols (like glycerol), the NH/NdS
ceramide ratio, and the levels of carboxylate groups. In contrast,
the strongest factor associated with skin surface dryness was
the levels of lipids (total).

4 | Discussion

The natural ageing process affects tissues' and organs' reparative
capabilities throughout the body, but given the skin's function
as the external barrier to the environment, the organ is subject
to extrinsic factors such as ultraviolet (UV) radiation, cigarette
smoke and pollution, which exacerbate the intrinsic factors of
ageing (time, hormone regulation, genetics) [13]. It is well docu-
mented that the prevalence of AD is greatest in infants, usually
reported at around 20% incidence, with studies observing up to
30% in those aged 0-12months [14, 15]. AD incidence decreases
with age, but as the skin's regenerative capabilities diminish, it
becomes more susceptible to damage [16], and the prevalence
of dry skin conditions such as AD then increases. One study re-
ported a 6% increase per year in the odds ratio of developing AD
as adults aged, based on the health records of 9.1 million par-
ticipants [2]. Mid-infrared spectroscopic and lipidomic profile
analysis of skin allows noninvasive quantification of biomark-
ers linked to skin function and identification of the SC struc-
tural changes that contribute to the functional alterations of
aged skin.

4.1 | Advancing Age Was Associated With
Increased Skin Dryness and pH, Whilst Barrier
Function Diminished

An increase in skin dryness was observed with age; assessed
visually, based on capacitance (leg sites) and confirmed by direct
quantification of SC water content (by ATR-FTIR). Similar re-
sults have been observed in a previous human cohort study of 28
females, identifying aged skin as having significantly increased
‘freezable water’ in the SC, resulting in a decreased proportion
of H,0 molecules bound to NMF and ceramides. Consequently,
as the skin ages, less moisture is bound within the SC structure,
resulting in a lessened ability to maintain hydration levels [17].
The observation of skin dehydration, alongside significantly in-
creased skin pH, concurs with other studies [18], and fits with
the known increased prevalence of dry-skin conditions in el-
derly individuals compared to younger adults [2].

Skin dehydration and pH increases are observed in those suf-
fering from conditions such as AD [19], together with impaired
skin barrier structure and function. As hydration and pH also
increased with age, a significant association between TEWL
and age could have been expected. However, a small decrease
in TEWL from youngest to eldest was observed, indicative of
minimal barrier function change. The results concur with sim-
ilar work investigating the age-related changes of skin barrier
function, which saw no significant surface TEWL uplift with
age [20]. A review of 167 in vivo studies reported a similar re-
sult and noted occasions of low-level reduction in TEWL as age
increased [21]. Elderly females appeared particularly suscepti-
ble to diminished skin health, with increased dryness, pH and
TEWL,, compared to similarly aged males. Eczema incidence is
greater in adult females vs. males [14], and the observed decline
in skin health metrics for the eldest females could be linked
to associations between menopause and skin barrier function
shown previously [22].

Other observations suggest that structural changes within the
SC in the elderly cause weakening of the barrier and increase
susceptibility to skin damage, as well as diminished reparative
properties. This has been observed in murine models where
aged skin perturbed through skin tape-stripping showed fewer
tape strips required to cause damage and a 65% reduction in
24-h recovery rate compared to younger skin [16]. In agreement
with this study, TEWL,, was greatest in the oldest age group,
indicative of significantly lower skin barrier integrity. Moreover,
reactions to epicutaneously applied SLS, a common skin irritant,
were associated with both age and skin barrier integrity, high-
lighting the relationship between advancing age and increased
skin sensitivity (despite the tendency for reduced basal TEWL).
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FIGURE3 | Top-level lipidomic analysis extracted from second skin tape-strip (STS) removed from volar forearm sites; Age-associated changes in
stratum corneum lipid groups (A) and ceramide (B) levels, relative to protein. Individual species analysis through linear discriminant analysis with
age group ellipses set at 95% confidence interval (C) and individual t-test comparison of all lipid subspecies within each age group, depicted as a vol-
cano plot, with blue dotted lines indicating the threshold for a twofold difference in age group comparison. Difference values equate to lipid amount
in the older group minus lipid amount in the younger group, with the legend indicating age groups compared (D). Pearson association between total
lipid quantified through STS extraction and ATR-FTIR derived lipid ester quantification shown as a scatter plot (E). Box-and-whisker plots depict the
minimum, lower quartile, median, upper quartile and maximum values present in each group, with ‘+ indicating the mean value. Asterisks indicate
the results of two-way ANOVA with post hoc Tukey HSD statistical testing (ns =not significant, *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001).
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FIGURE 4 | Triacylglycerol (TAG) association with age via comparison of aggregated TAG species of sphingosine carbon chain length from
340C-60°C (A), proportion of unsaturation level (B), and TAG 46:1;0 (C), also stratified by sex. Box-and-whisker plots depict the minimum, low-
er quartile, median, upper quartile and maximum values present in each group, with ‘4 indicating the mean value. Asterisks indicate the results
of two-way (A and B) or one-way (C) ANOVA with post hoc Tukey HSD statistical testing (ns=not significant, *p <0.05, **p <0.01, ***p <0.001,
D < 0,0001).

4.2 | Lipidomic Profile Showed Significant
Alterations Associated With Age and Xerosis

The application of ATR-FTIR spectroscopy and lipidomic profil-
ing alongside biophysical observations provides further insight
into how structural alterations in the SC are associated with age-
related skin changes and increased susceptibility to dry-skin
conditions and perturbation.

Reduced skin hydration, measured through capacitance and in-
creased visual dryness with age, were consistent with the spec-
troscopic characterisation of peaks associated with carboxylates

(a proxy for NMF [23]) and SC amide I-II ratio (SC hydration
[24, 25]), with both reducing significantly from the 18-39 to
60+ age group. High pH, low stratum corneum hydration and
reduced skin lipid levels have been previously identified as
skin characteristics associated with one another [4], and are all
shown to be impacted by age.

Lipid depletion was observed in the SC with advancing age,
shown through significant peak area reductions in character-
ised total lipid (physiological and nonphysiological skin lipids
[24, 26]) and lipid ester peaks (physiological esters and fatty
acids associated with constituents of sebum such as wax esters
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FIGURES5 | Overall N-ceramide and CER[NdS] association with age via comparison of: N-ceramide proportions (A), CER[NdS] acyl chain length

from 14°C-30°C as a proportion of total CER[NdS] (B), proportion CER[NdS] species of sphingosine carbon chain length from 150C-420°C (C), indi-
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stratified by sex) and Pearson association with age as a continuous variable (F). Box-and-whisker plots depict the minimum, lower quartile, median,
upper quartile and maximum values present in each group, with ‘4 indicating the mean value. Asterisks indicate the results of two-way (A-D) or
one-way (E) ANOVA with post hoc Tukey HSD statistical testing (ns = not significant, *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001).

and TAGs [27, 28]). The increased depletion of polyols and lipid
esters in aged females vs. males again highlights the sex-based
physiological impacts of ageing and that loss of humectant prop-
erties through depletion of polyols like glycerine, exacerbated in
females, is negatively impacting skin health. A review of litera-
ture in the area concluded that leave-on humectant-containing
products are beneficial in maintaining skin health into old
age [29].

This is consistent with other cohort studies’ characterisation of
SC lipids with increasing age [30]. Rogers et al.'s all-female co-
hort study identified all major lipid types (fatty acids, ceramides
and cholesterol) to broadly reduce with age in the skin, but
particularly highlighted the depletion of ceramides as the most
significant; except for CER[EOP], a more detailed analysis of ce-
ramide composition was not undertaken. Reduced keratinocyte
proliferation with age was thought to restrict the production of
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CER[NH] (G) and TAG 46:1;0 respectively (H).

lipids [31]. Epidermal acid sphingomyelinase (A-SMase) pro-
duces ceramides in the SC, which contribute to efficient healthy
barrier function [6], and the inner epidermis sees A-SMase de-
plete with age. Ceramidase activity has been observed as age-
independent, resulting in decreased ceramides in the inner
epidermis as more ceramide is broken down than produced,
consistent with skin losing reparative capability with age [32].
However, the outer epidermis maintains A-SMase levels [32],

resulting in the SC being better able to maintain ceramide levels
than the inner epidermal layers.

Depletion of ceramides has also been observed in the lesional
skin of AD patients with impaired skin barrier compared to
healthy controls [33, 34]. Studies on nonlesional or uninvolved
skin of AD patients have shown both ceramide depletion
[35, 36] and no overall ceramide depletion [37, 38], despite the
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TABLE 2 | Association between Age, TEWL,, and skin dryness with the molecular composition and structure of the SC.

Age TEWL,, Dryness
Feature Pearsonr P Pearson r P Spearmanr P
Age 0.38 p<0.001 0.46 p<0.0001
TEWL,, 0.38 p<0.001 0.36 p<0.001
Dryness 0.46 p<0.0001 0.41 p<0.0001
Hydration ? —-0.42 p<0.0001 -0.18 0.09 -0.53 p<0.0001
Skin-surface-pH 0.31 p<0.01 0.24 p<0.05 0.29 p<0.05
Skin sensitivity P 0.41 p<0.0001 0.35 p<0.001 0.23 p<0.05
Lipid structure © -0.05 0.61 0.37 p<0.001 -0.07 0.53
Total lipid © -0.24 p<0.05 —-0.01 0.95 —0.55 p<0.0001
Lipid esters ¢ —-0.40 p<0.001 -0.13 0.23 -0.35 p<0.001
Polyols ¢ -0.22 p<0.05 ~0.66 p<0.0001 -0.38 p<0.001
Hydration (AI/II) ¢ -0.31 p<0.01 —-0.43 p<0.0001 -0.43 p <0.0001
Carboxyl groups © —0.35 p<0.001 —0.55 p<0.0001 —-0.43 p<0.0001
NdS:NH ratio ¢ 0.59 p<0.0001 0.59 p<0.0001 0.34 p<0.01
TAG 46:1;0 4 -0.52 p<0.0001 —0.26 0.21 -0.42 p<0.0001

Note: “Measured as capacitance, "Change in erythema index in response to SLS patch testing, “Derived from ATR-FTIR spectra (lipid structure, total lipid, lipid esters,
polyol, hydration, carboxyl groups). “Derived from the lipidomic analysis of SC samples.

nonlesional AD skin barrier being impaired [39]. This suggests
that an overall depletion of ceramides is not always required for
barrier impairment, and points to changes in the relative abun-
dance of the ceramide species and sub-species which affect lipid
lamellae formation [40]. Accordingly, we focused on the relative
levels of ceramide sub-species.

Lipidomic profiling showed TAGs to be the most abundant lipid
class detected through mass spectrometry, and depletion of TAG
with age was associated with lipid ester depletion. Previous
works have shown TAG to be critical in functional skin barrier
formation. Mutations relating to the reduction in catabolism
or production of TAG have been linked to impaired barrier
function and the development of conditions such as ichthyosis,
characterised by skin xerosis. Another symptom accompanying
xerosis is pruritus, and in studies of age-associated pruritus,
TAG depletion was again linked with reduced skin barrier func-
tion and disease onset [41]. Ma et al. also noted in their pruritus
study that the NdS class of ceramides showed the greatest single
association to barrier function [42]. The results of this study con-
cur with these previous findings, with depletion and augmenta-
tion of TAG and CER[NdS] species, respectively, associated with
an increase in age and advancing xerosis. However, the relative
abundance of NH, NP, AH and AP observed here appears lower
than in related literature [10, 43-45], but this could be due to
this cohort exhibiting dry, eczema-prone skin compared to the
healthy participants previously studied in the cited works.

Recent developments in dermocosmetic formulations have in-
cluded the addition of a greater variety of ingredients, such
as ceramides, to better mimic the lipid profile of healthy skin
and provide enhanced medicinal properties. Previous studies
within this research group have shown ceramide-containing

formulations to possess greater skin barrier restorative
properties compared to more simplistic products [46, 47].
Knowledge of ceramides and their impact on the mainte-
nance of a functional skin barrier will help inform the devel-
opment of optimal topical interventions. Here, stratification
of the CER[NdS] profile showed changes in the proportions
of sub-species tending towards a reduction in acyl carbon
chain length, whilst the abundance of sub-species with longer
sphingosine carbon chains increased with age. Studies have
shown that those suffering from AD exhibit a greater presence
of short-chain ceramides (total chain length) compared to con-
trols [48]. Ceramides exhibiting acyl chain lengths above 25
carbons have been directly linked to more ordered lipid or-
ganisation and are essential for healthy skin barrier function
[6, 49, 50]. In a study of AD patients, the ratio between long
(24°C-320°C) and short (14°C-22°C) acyl carbon chain lengths
was significantly negatively associated with Staphylococcus
spp. abundance, which is linked to skin dryness and AD se-
verity, particularly in infants and the elderly [51-53]. Studies
of individual subclasses of ceramides have reported similar
findings, with the skin of infants who later develop AD show-
ing upregulation of short 16°C acyl chains compared to con-
trols [54, 55], which concurs with the assessment of CER[NdAS]
observed here.

The profile of N-ceramides as a whole significantly changed
with age, with the proportion of CER[NH] decreasing whilst
CER[NdS] increased. The association of NdS:NH ratio with age,
dryness, TEWL,, and SC carboxylates (NMF [23]), coupled with
a previously observed association of NdS:AS with AD and psori-
asis, suggests N-ceramides are a key biomarker associated with
skin barrier homeostasis [56]. The SB in NH, NP, NS and NdS
differ in their saturation and in the number of hydroxyl groups;
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both of these features impact the organisational packing order
and flux of the lipid lamellae formed [57, 58]. Molecularly, in-
creased prevalence of CER[NAS] instead of CER[NH] would
result in more saturated lipids and fewer hydroxyl groups
bound within the lipid structure. Given the association between
TEWL,, and age, the changing N-ceramide proportions appear
to impact SC flux, which was significantly greater in the elderly
after perturbation.

4.3 | Limitations and Generalisability

Although our lipidomic analysis was comprehensive in breadth,
quantifying 1385 lipid species, there are some lipid groups omit-
ted, including free fatty acids and waxes. The study design did
not include a healthy control group of participants with no his-
tory of eczematous skin conditions, which reduces the general-
isability of results across the general population but focuses on
biophysical alterations in individuals at greater risk who require
intervention. Due to the inconsistent ratio of males to females in
the study age groups, we have included statistical testing of both
age and sex to determine their contribution to the observations.
However, this resulted in smaller group sizes and reduced the
strength of statistical comparisons, so the impact of sex on skin
has not been discussed at length.

5 | Conclusions

Within an at-risk population who have previously suffered from
AD, SC lipid levels undergo profound changes as the skin ages,
with a broad depletion in total lipids, including triglycerides and
an alteration in the distribution of ceramides. These changes,
especially an increase in NdS ceramides with very short acyl
chains, were associated with abnormal lamellar matrix forma-
tion, reduced skin barrier function and xerosis. These changes
may contribute to the development of late-onset AD, the re-
emergence of previously resolved AD and/or the changing pre-
sentation of the condition [59, 60].

The identification of significant biomolecules and SC structures
that change with age is key for the future development of treat-
ments for age-associated skin conditions, like AD and asteatotic
eczema. With formulations that help maintain optimum SC
lamellar matrix structure and moisture levels, skin will not only
appear younger for longer, but the onset and overall severity of
dry-skin conditions such as AD could be alleviated, helping to
ease the burden of ageing populations on health services.
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