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Abstract
Atopic dermatitis (AD) is a composite disease presenting disruption of the skin per-
meability barrier (SPB) in the stratum corneum (SC). Recent evidence supports de-
rangement of the sebaceous gland (SG) activity in the AD pathomechanisms. The 
objective of this study was to delineate profiles of both sebaceous and epidermal 
lipids and of aminoacids from SG-rich (SGR) and SG-poor (SGP) areas in AD. Both 
sebum and SC were sampled from SGR areas, while SC was sampled also from SGP 
areas in 54 adult patients with AD, consisting of 34 and 20 subjects, respectively 
with and without clinical involvement of face, and in 44 age and sex-matched con-
trols. Skin biophysics were assessed in all sampling sites. Disruption of the SBP 
was found to be associated with dysregulated lipidome. Abundance of sapienate 
and lignocerate, representing, respectively, sebum and the SC type lipids, were 
decreased in sebum and SC from both SGR and SGP areas. Analogously, squalene 
was significantly diminished in AD, regardless the site. Extent of lipid derangement 
in SGR areas was correlated with the AD severity. The abundance of aminoacids 
in the SC from SGR areas was altered more than that determined in SGP areas. 
Several gender-related differences were found in both controls and AD subgroups. 
In conclusion, the SG activity was differently compromised in adult females and 
males with AD, in both SGR and SGP areas. In AD, alterations in the aminoaci-
dome profiles were apparent in the SGR areas. Lipid signatures in association with 
aminoacidome and skin physical properties may serve the definition of phenotype 
clusters that associate with AD severity and gender.
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1  |  INTRODUC TION

Atopic dermatitis (AD) is a chronic and relapsing inflammatory skin 
disease becoming highly prevalent in adults from industrialized and de-
veloping countries.1,2 Environmental, genetic and immunologic factors 
play a role in AD pathogenesis.3 The AD hallmarks include disruption 
of the skin permeability barrier (SPB) in the stratum corneum (SC) and 
increased trans-epidermal water loss (TEWL).4 The deficiency of filag-
grin (FLG) and its breakdown metabolites, altogether known as natural 
moisturizing factors (NMFs), contribute to the decreased epidermal hy-
dration and increased TEWL. FLG deficiency only partly explains why 
patients develop AD.5,6 The release of NMFs in the SC, including uro-
canic acid (UCA) and pyroglutamate (PGA), assist the water retention.7 
Depletion of FLG and NMFs increases pH and serine protease activity, 
contributing to the generation of inflammatory cytokines.8 Free fatty 
acids (FFAs) concur to the skin pH.9,10 AD manifests at predilection 
sites.11 However, it is unclear whether the biochemical modification at 
the skin surface is a prerequisite for, or an effect of the barrier perturba-
tion.12 A competent SPB is formed through a complex process wherein 
biosynthetic pathways yield the lipid matrix composed of FFAs, choles-
terol congeners and sphingolipids.13 While there is consensus on the 
defective SPB in AD, the knowledge of the impact on the SPB integrity 
exerted by lipids originating from the sebaceous gland (SG) is rather lim-
ited. Decreases in both moisture and lipids concur to skin dryness in 
AD.14 Wirth et al.15 have reported sebocyte hypoproliferation in AD and 
reduced overall surface occupied by the SGs. The main function of the 
SG is to produce and secrete sebum, which lubricates skin, shields envi-
ronmental insults and shapes the skin microbiota.16 Sebum is a complex 
mixture of triglycerides (TGs), wax esters (WEs), squalene, cholesterol 
and FFAs.17 SG lipids deploy both pro- and anti-inflammatory activity 
and modulate immune cells functions.18,19 The epidermis displays dif-
ferent biochemical profiles depending on the sebum secretion.20–23 
Sebum production is activated at puberty in both genders. Generally, 
the sebum output is higher in males than in females.24 Regional differ-
ences in the sebum production are observed in the T and the U zones of 
the face, partly due to the unequal distribution of the androgen recep-
tors.25 AD often resolves at puberty, coincidentally with the hormonal 
activation of the SG. While evidence is available on the low abundance 
of sebum in AD,26 little is known about the effects of the SBP disruption 
on the SG function and vice versa. Comprehensive investigations on the 
metabolome and lipidome in non-invasive sampling are made possible 
by –omics approaches, which offer valuable tools for the identification 
of perturbations associated with skin disorders.27,28 The objective of 
our study was to investigate the biochemical profiles of non-invasive 
samples from SG-rich (SGR) and SG-poor (SGP) areas in AD.

2  |  MATERIAL S AND METHODS

2.1  |  Study design

The study followed the principles of the Declaration of Helsinki and 
was approved by the Institutional Review Board. All participants 

read and undersigned the informed consent before participation. 
Ninety-eight subjects of both genders were enrolled. Inclusion 
criteria for the disease group was diagnosis of AD of mild, mod-
erate and severe grade; exclusion criteria were concurrent der-
matological disorders and use of UV-beds. Fifty-four AD patients 
were enrolled. AD severity was assessed with the Eczema Area 
and Severity Index (EASI).29 Patients were sub-classified accord-
ing to the involvement of the face, which physiologically presents 
a higher number of SGs. Twenty patients showed uninvolved face 
(face no, fnAD), while 34 patients presented involved face (face 
yes, fyAD). Forty-four were healthy controls (hC). TEWL and 
corneometry were measured before collection of sebum and SC 
after acclimation to the RT of 18–21°C and the relative humid-
ity of 40%–60%. The sampling of sebum and SC, the extraction 
procedures and the chromatographic analyses, that is, GCMS and 
HPTLC, and quantification of total protein were performed as de-
scribed in the supplementary material and methods (Appendix S1) 
according to previous studies.21,30,31 A schematic representation 
of the study workflow is provided in the Scheme S1.

2.2  |  Statistical analysis and multivariate statistics

Data were analysed with the statistical and data analysis solutions 
XLSTAT 2020.1.2 (Addinsoft, New York, USA), MatLab (version 
8.6.0 release R2015b; The Mathworks, Natick, MA) and Python 
custom scripts that leveraged the scikit-learn library. Continuous 
variables were represented as median values with confidence 
intervals or mean ± standard deviation (SD). Mann–Whitney and 
Kruskal–Wallis tests were used for comparisons between two or 
among more groups. Pearson's coefficient (R) was used to measure 
the correlation between two quantitative variables. Differences 
and correlations were considered statistically significant with 
p ≤ 0.05. ANOVA-simultaneous component analysis (ASCA),32 was 
used to determine the effect of the controlled factors and their 
interaction in the experimental design on the multivariate chro-
matographic profiles.30,31

3  |  RESULTS

The groups presented homogeneous age and gender distribution 
(Table  1a). AD severity (EASI) was consistent with the involve-
ment of SGR areas, being significantly higher in fyAD. In con-
trast, SER was significantly lower in the fyAD subgroup. SER on 
the forehead discriminated between fnAD and fyAD subgroups. 
TEWL was higher on foreheads in both fnAD and fyAD groups. 
The fyAD group showed impaired barrier also on cheeks and 
forearms (Table  1b,c). On the lesional forearms, the elevation 
of TEWL was significantly different between the two AD sub-
groups (Table  1b). Gender appeared to influence TEWL, which 
was higher on the forehead in males, regardless the dermato-
logical conditions. Elevation of TEWL on the cheeks in AD males 
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TA B L E  1 Characteristics of the studied groups (a): Age, EASI and SER on forehead (H) and cheeks (C). Skin biophysics: TEWL (b), 
corneometry (c), protein amount (μg/tape) (d) in hC, fnAD and fyAD on H, C, healthy or unaffected forearm (A) and lesional A.

(a)

Group Count Age EASI SER forehead SER cheek

hC 44 35.6 ± 15.2 NA 5.04 ± 1.91 5.26 ± 2.01

F 27 35.7 ± 16.2 NA 4.81 ± 2.13 4.71 ± 2.09

M 17 35.5 ± 14.1 NA 5.41 ± 1.48 6.12 ± 1.57

M/F ratio 0.629 0.994 1.12 1.30$$

fnAD 20 29.5 ± 11.1 28.7 ± 10.8 4.93 ± 1.64 4.65 ± 1.55

F 11 30.4 ± 12.9 27.5 ± 11.9 5.30 ± 1.69 5.06 ± 1.67

M 9 28.4 ± 9.08 30.1 ± 9.75 4.48 ± 1.55 4.16 ± 1.31

M/F ratio 0.818 0.934 1.09 0.845 0.822

fyAD 34 31.2 ± 12.9 36.4 ± 10.6# 3.52 ± 2.13°°°# 3.60 ± 2.87°°°

fyAD\F 16 32.1 ± 14.2 37.2 ± 10.1 2.89 ± 1.98 3.05 ± 2.45

fyAD\M 18 30.4 ± 12.0 35.7 ± 11.2 4.08 ± 2.17 4.08 ± 3.18*

M/F ratio 1.12 0.947 0.959 1.41 1.33

(b)

Group TEWL forehead TEWL cheek
TEWL non lesional 
forearm TEWL lesional forearm

hC 16.5 ± 6.73 20.4 ± 7.89 9.68 ± 3.15 NA

F 13.7 ± 2.79 18.9 ± 5.86 9.59 ± 2.15 NA

M 20.8 ± 8.72 22.9 ± 10.0 9.82 ± 4.38 NA

M/F ratio 1.52$$$ 1.21 1.02

fnAD 22.9 ± 6.59° 25.8 ± 11.6 11.9 ± 4.28 22.4 ± 10.6

F 19.6 ± 6.33 19.9 ± 8.70 10.6 ± 3.56 23.0 ± 11.5

M 26.9 ± 4.44 33.0 ± 10.8 13.5 ± 4.73 21.7 ± 9.87

M/F ratio 1.37$ 1.66$ 1.27 0.925

fyAD 33.1 ± 15.6°°° 32.3 ± 17.2°° 13.1 ± 6.58° 32.2 ± 13.8#

F 25.7 ± 11.4** 27.7 ± 18.1 11.8 ± 3.43 32.5 ± 10.8

M 39.7 ± 16.1* 36.4 ± 15.8 14.2 ± 8.43 31.9 ± 16.4

M/F ratio 1.54$ 1.31 1.20 0.982

(c)

Group Corneometry forehead Corneometry cheek
Corneometry non 
lesional forearm Corneometry lesional forearm

hC 51.3 ± 14.0 44.3 ± 12.1 38.8 ± 12.2 NA

F 50.6 ± 11.2 43.6 ± 13.0 35.4 ± 11.1 NA

M 52.4 ± 18.0 45.5 ± 10.8 44.1 ± 12.4 NA

M/F ratio 1.04 1.04 1.25$

fnAD 39.6 ± 9.77° 41.6 ± 12.8 32.1 ± 7.83 22.6 ± 11.8

F 38.4 ± 7.92 45.6 ± 11.4 31.9 ± 7.51 20.8 ± 10.5

M 41.1 ± 12.0 36.8 ± 13.4 32.4 ± 8.65 24.7 ± 13.5

M/F ratio 1.07 0.807 1.02 1.19

fyAD 30.7 ± 14.3°°°# 33.2 ± 33.2° 28.7 ± 8.06°°° 18.8 ± 8.90

F 27.5 ± 11.6** 35.3 ± 16.2 30.3 ± 7.40 16.3 ± 6.80

M 33.5 ± 16.1** 31.3 ± 16.6 27.1 ± 8.53** 20.9 ± 10.1

Continues)
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was significant in the fnAD group only. Corneometry, which indi-
cates skin hydration, was altered on the foreheads more than the 
cheeks and forearms, in AD. Skin hydration was diminished on the 
foreheads in both fnAD and in all the analysed areas in the fyAD 
group. SGP of unaffected males presented higher hydration levels 
than females (Table 1c).

3.1  |  ANOVA-simultaneous component analysis 
(ASCA) on the relative concentrations of individual 
lipids in sebum

Sebum was analysed from two SGR areas, that is, forehead and 
cheeks. ASCA analysis was performed on sebum lipids expressed 
as pmol/tape to find different lipid profiles in hC, fnAD, and fyAD 
groups. ANOVA partitioning of the variance for the forehead and 
cheek data matrices evidenced that the effect of AD status ac-
counted for 11.5%, and 15.6%of the total variability, respectively. 
Permutation tests allowed to assess that effect of AD grade were sig-
nificant on both sites, that is, forehead (p-value <0.001) and cheeks 
(p-value <0.001) (data not shown). The abundance of the sebum 
components clearly allowed differentiating between healthy and AD 
conditions, as reported in Figure 1, which refers to the amounts of 
sebum metabolites determined from each facial area reported in the 
Tables  S1 (forehead) and S2 (cheek). The scores along the first si-
multaneous component (SC1), which represented the 93.3% and the 
96.6% of the total variability of the forehead and cheek data, respec-
tively, were represented in the score plots (A1 and A2) in Figure 1. 
The separation was almost total for the fyAD group, which had mostly 
negative scores, opposite to hC that had mostly positive scores. On 
both SGR sites, hC and fyAD presented positive and negative aver-
age scores, respectively. The fnAD group showed an average score 
that approached zero on the positive side, for both forehead (A1) and 
cheek (A2) sites. To interpret the score trends, the loadings were in-
vestigated according to their magnitude and sign represented in the 
loadings plots B1 and B2, referred, respectively, to the score plots A1 
and A2. Most variables determined in sebum had loadings going into 
the direction of positive scores, meaning that in hC they were higher 

than those computed in AD. Noteworthy, among the compounds 
identified as significantly contributing to the differentiation, lipids 
belonging to both the sebaceous-type and the epidermal-type were 
involved. Most sebum lipids presented significantly higher levels in 
hC on forehead, except for 11Me-C14:0, C18:0, C21:0, FOHC16:0, 
FOHC18:0 and cholesterol, which were unmodified (Figure  1B1). 
Similarly, on the cheek site (Figure 1B2), most sebum lipids showed 
significantly higher levels in hC, except for 9Me-C12:0, 10Me-C12:0, 
C18:2, C21:0 and three FOHs, that is, FOHC16:0, FOHC18:0 and 
FOHC18:1, which showed not significantly different levels. Overall, 
profiles of sebum lipids from forehead and cheeks were comparably 
discriminative of hC and AD conditions.

Comparison between forehead and cheek and female and males 
in hC, fnAD, and fyAD are reported in Figures S1 and S2, respec-
tively (Appendix S2). Gender discrimination on cheek was reported 
in Figure S3 (Appendix S2).

The involvement of FFAs and their precursors in AD is depicted 
in the box plots in Figure 2. Propionic acid can be the starter of the 
biosynthesis of odd chain FFAs. C.acnes metabolism and biotrans-
formation of amino acids and valeric acid are sources of propionic 
acid.33,34 Acetate is the precursor of even FFAs via the canonical 
pathway. The straight chain FFAs with even C-number, that is, C14:0, 
C16:0, C18:0 and C20:0, were present at significantly lower levels in 
males of both fnAD and fyAD groups. In contrast, female subjects 
of the fyAD group, presented significantly diminished amounts of 
even FFAs in cheek sebum. A similar trend was observed for odd 
straight chain FFAs. Most of these FFAs were unaffected in fnAD 
females, while they were significantly decreased in males in both AD 
subgroups. Box plots in Figure 3 depict the abundance of branched 
chain FFAs (BCFAs) sorted according to their possible origin. BCFAs 
are synthesized from short, branched chain organic acids, and ami-
noacids. Valine is reported to be the precursor of the even-BCFAs 
with isobranching of the C-chain, while isobutyrate and isovalerate 
acid are the precursors of BCFAs with even and odd number of C-
atoms, respectively. Leucine and isoleucine are the precursors of iso- 
and anteiso branched FFAs with odd C-number, that is, iBCFAs and 
aiBCFAs, respectively.35,36 Most of the BCFAs were decreased in se-
vere AD in both females and males, while 12Me-C14:0, 13Me-C16:0 

(c)

Group Corneometry forehead Corneometry cheek
Corneometry non 
lesional forearm Corneometry lesional forearm

M/F ratio 0.893 0.887 0.894 1.28

Abbreviations: F, females; fnAD, atopic dermatitis face not involved; fyAD, atopic dermatitis face involved; hD, healthy controls; M, males; NA, not 
applicable; SER, sebum excretion rate; TEWL transepidermal water loss.
Data are reported as mean ± standards deviation (SD).
°Differences between controls and AD subgroups and #differences between AD subgroups independent on the gender (Bonferroni corrected 
significance level: 0.0167; °p ≤ 0.0167, °°p ≤ 0.00167; °°°p ≤ 0.000167).
*Difference between controls and AD subgroups in each gender (Bonferroni corrected significance level: 0.030; *p ≤ 0.033, **p ≤ 0.0033, 
***p ≤ 0.00033).
$Differences between F and M (Mann–Whitney significance level: 0.05; $p ≤0.05, $$p ≤ 0.005, $$$p ≤ 0.0005).

TA B L E  1 (Continued)
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and 12Me-15:0 were significantly lower at the cheek site in males 
with uninvolved face. Additionally, MUFAs, squalene, TGs and WEs 
are represented with box plots for both genders according to the AD 
subgroups (Figure S4, Appendix S2).

In Table S3 (Appendix S2), we evaluate the extent of lipid trans-
formation processes occurring in the SG. We focused on specific 
FFAs ratios expressing the FADS2,37,38 the SCD139 and the elonga-
tion activity,40,41 and their contribution to the formation of complex 
lipids. C18:2 PUFA was examined separately.42 Cholesterol biosyn-
thesis was studied through squalene/cholesterol ratio.

Lignoceric acid (C24:0) is illustrated in Figure S5 similarly to what 
observed for shorter saturated FFAs (Appendix S2).

3.2  |  ASCA analysis on the concentrations of 
lipid and non-lipid metabolites in the stratum corneum

Sebaceous and epidermal lipids were determined in the SC extracts 
together with non-lipid metabolites, of which aminoacids account 
for the most numerous species. The normalized amounts (pmol/μg 

protein) were obtained in the SC from SGR areas and SGP areas, that 
is, forearms. The amounts of all the species detected in the SC are 
provided in Tables  S4 (forehead), S5 (cheek), S6 (lesional forearm) 
and S7 (non lesional forearm). The scores plots of the resulting ASCA 
in Figure 4 evidence the differentiation between hC and the two AD 
subgroups. The separation was more pronounced for severe cases. 
On the forehead (Figure 4A1), the most lipids and aminoacids in the 
SC had loadings with positive values, meaning that their abundance 
was higher in controls. The cheeks site (Figure 4A2) showed a similar 
pattern; however, the loadings associated with aminoacids were less 
intense than those obtained on the forehead (Figure 4A1). Notably, 
on the forearms (Figure 4A3), lipid species most exclusively contrib-
uted to the separation, since loadings associated to aminoacids were 
not significant, except for threonine (Figure 4B3). Noteworthy, the 
squalene loadings accounted among the highest ones in each of the 
three areas, regardless their different volume of the SGs.

The effect of site and gender studied is explained in Figure S6 
(Appendix S2). Scores and loadings plot show the trend of amino-
acids, bioamine, glycerol43 and sebaceous lipids in the SGP areas 
compared to SGR ones (Figure S7, Appendix S2). ASCA model also 

F I G U R E  1 ASCA analysis on the effect matrix for lipid metabolites (pmol/tape) investigated in sebum from foreheads (upper panels) and 
cheeks (lower panels) in hC, fnAD, and fyAD groups. Panels A report scores plots after projection of the residuals onto the space spanned by 
the first simultaneous component SC1 for forehead (A1), and cheek (A2). Legend of the bar colours: Blue = hC; Yellow=; fnAD; Red = fyAD. 
The triangles in green indicate the average scores for each subgroup and are connected by a green line to indicate the trend of changes of 
the AD groups related to controls. Panels B report the variable loadings on SC1, together with their confidence interval, for forehead (B1) 
and cheek (B2); red and blue bars indicate significantly and not significantly contributing descriptors, respectively.
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investigates the effects of the skin condition on the metabolite pro-
files determined on all sites (Figure S8, Appendix S2). Box plots in 
Figure S9 (Appendix S2) illustrate the differences among hC, fnAD 
and fyAD, in females and males. Comparison between non lesional 
and lesional SGP areas in AD, retrieved minimal significant differ-
ences (data not shown). The ASCA analysis highlighted several out-
lier subjects in all the studied groups.

3.3  |  EASI and correlation of stratum corneum 
metabolites

The associations of EASI and metabolites composition of SC in fore-
head, cheeks, non-lesional and lesional forearm were investigated 
by Pearson's correlation (Table  S8). Numerous metabolites from 

the SGR areas were correlated inversely or directly with the EASI. 
Palmitic acid and histidine were consistently and negatively corre-
lated with EASI in both SGR areas, that is, the forehead and cheeks 
of fyAD patients.

4  |  DISCUSSION

AD is a heterogeneous inflammatory disease presenting with dif-
ferent severity of the skin symptoms and variability of endogenous 
biomarkers.23,44,45 Skin lipids and the water content in the SC concur 
to the integrity of the barrier opposed by the skin to the external 
environment. Their disruption contributes to xerosis, that is dry skin, 
in AD.14,46 The unaffected population also presents a wide range of 
variability in the lipid abundance and the skin physical properties. 

F I G U R E  2 Gender-associated differences in the amounts (pmol/tape) of even and odd straight chain FFAs in females and males in healthy 
controls (hC) and patients with atopic dermatitis (AD), with uninvolved (fnAD) and involved (fyAD) face. Average amounts of FFAs are 
indicated in box plots, with individual values determined in cheek sebum indicated by dots. Median, interquartile range (IQR), and p-values 
retrieved by Kruskal–Wallis test are reported in Tables S2.
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Diet and smoking can precipitate acute alterations of the lipid bar-
rier in the epidermis.47,48 Exposome factors, such as food, pollution 
and solar radiation, can lead to acute stress, which could provoke a 
temporary different response on skin function. However, any acute 
stress should be put into perspective against the genetic background 
of the single subject, particularly in the case of chronic disease. Our 
study did not include data on diet, environmental exposure, and 
external factors, since its primary objective was to find association 
between clinical appearance and the involvement of the SG. Further 
studies are required to investigate the role of exposome factors in 
the different phases of the chronic skin diseases.

Omics technologies, which include metabolomics and lipidom-
ics, are strategic in the interpretation of the complexity opposed 
by the barrier anomalies in AD.23,49–52 This study focused on the 
occurrence of AD skin manifestations in facial areas in addition to 
the forearm, which is a SGP area. We evaluated non-invasive sam-
ples of the skin surface lipids from SGR and SGP areas. For the first 
time, aminoacids were simultaneously evaluated in SC extracts. 
Aminoacids are key components of the NMFs supporting hydration 
of the outmost epidermal layer.53 The NMFs, derived from FLG pro-
teolysis, include a pool of hygroscopic aminoacids. Deficiency of FLG 
contributes to barrier perturbation and alters the balance between 

F I G U R E  3 Gender-associated differences in the amounts (pmol/tape) of even and odd branched chain FFAs (BCFA) in females and males 
in healthy controls (hC) and patients with atopic dermatitis (AD), with uninvolved (fnAD) and involved (fyAD) face. Isobranched (iBCFA) and 
anteisobranched (aiBCFA) FFAs were those with terminal and ante-terminal methyl-branching, respectively. Proposed precursors of each 
BCFA subgroup are indicated in the boxes above the representative family member. Average amounts of FFAs are indicated in box plots, 
with individual values determined in cheek sebum marked by dots. Median, interquartile range(IQR), and p-values retrieved by Kruskal–
Wallis test are reported in Tables S2.
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the lipid and protein components of the SC.54 Histidine accounts 
for around 10% of the aminoacids in FLG and is the precursor of 
trans-urocanic acid, which contributes to the skin's acid mantle. FLG 

degradation products have an impact on several essential functions 
responsible for the maintenance of epidermal homeostasis.7,55,56 
FLG mutations represent the most predominant risk factor in AD, 

F I G U R E  4 ASCA analysis on the effect matrix for lipid and aminoacid amounts (pmol/μg protein) investigated in stratum corneum (SC) 
from forehead, cheek and forearm in hC, fnAD, and fyAD conditions. Panels A report scores plots after projection of the residuals onto the 
space spanned by the first simultaneous component SC1 for forehead (A1), cheek (A2), and forearm (A3). Scores for hC, fnAD, and fyAD 
are represented by blue, yellow and red bars, respectively. The triangles in green indicate the average scores for each subgroup and are 
connected by a green line to indicate the trend of changes of the AD groups related to controls. Panels B report variable loadings on SC1, 
together with their confidence interval, for forehead (B1), cheek (B2), and forearm (B3); red and blue bars in panels B indicate significantly 
and not significantly contributing descriptors, respectively.
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but not all individuals with the FLG mutation develop AD.57 The al-
tered composition of the NMFs in the SC may have multiple causes, 
beyond FLG processing.58 We detected an extensive perturbation 
of the aminoacid content in the SC sampled from SGR areas. With 
the exception of a few aminoacids, which were differently significant 
in foreheads and cheeks, that is, leucine, phenylalanine, and trypto-
phane, most of the detected aminoacids presented lower levels in 
AD subjects with involved face. By contrast, aminoacid profiles were 
similar between healthy skin and uninvolved areas of AD subjects. 
Threonine was the only exception. The overall decrease in the serine 
levels was consistent with previous results in AD.59–61 Serine con-
densates with FA-CoAs by serine palmitoyl transferase (SPT), which 
is the rate-limiting enzyme in sphingolipid synthesis.62 Whether the 
lower level of serine in the SC in AD patients is linked with the al-
tered ceramide composition awaits clarification.

Glycine, together with glutamate, is an important neurotrans-
mitter in mammals. A functionally active receptor of glycine has 
been detected in human keratinocytes.63 Glycine, topically applied 
onto the skin, accelerates the barrier repair.64 Aminoacids acting 
as precursors of branched FFAs were diminished in the SGR areas. 
Unequivocal evidence on how aminoacids enter the FA synthetic 
pathways in SG cells is still lacking. Mitochondria are the main site 
of aminoacid catabolism and formation of branched FAs precursors. 
The function of mitochondria in AD has been addressed recently in 
keratinocytes.65 Our results demonstrated a significant anomaly of 
the SG function in patients with AD that presented manifestations 
on SGR areas. Reduced SER is known to be associated with AD,26 
however, the pathomechanisms involved in the SG-derangement has 
been largely overlooked. In our procedure we collected the sebum 
being excreted at the skin surface for 30 min to minimize influences 
by external factors.66 Abundance of sebum components was almost 
universally compromised in severe AD. A few FFAs, FOHs, and cho-
lesterol were an exception. In the SG, sebum-type FFAs, palmitate 
and sapienate, are highly dependent on the de novo synthesis.67 
Diminished FOHs observed in AD can be linked to the decreased 
FFAs.68 Short chain FFAs are key determinants of the skin surface 
pH.69 Defective enzymic FAs elongation mediated by elongases, for 
example, ELOVL3, has been found in AD.70–72

The mild dysregulation of sebum abundance observed in fnAD 
patients suggests that when sebum secretion is normal, the symp-
toms are mitigated, or that the SG activity is marginally affected. 
Unlike males, female patients with fnAD presented normal levels 
of some sebaceous lipids, for example, sapienate. This observation 
may indicate an effect of the face care routine or female hormones 
in the mitigation of sebum derangement occurring in AD.

Despite the statistically significant higher value of the EASI 
index in the fyAD group, the EASI values measured in the fnAD 
subgroup was indicative of a moderate to severe AD grade.73,74 
This supports the hypothesis that in advanced AD grades, man-
ifestations on the face are minimized if both secretion rate and 
sebum composition are normal. In hC and both AD groups, the 
average TEWL values on SGP areas were as half as those on 
SGR areas, consistent with previous studies.75 In contrast, skin 

hydration in SGR and SGP areas presented different ratios in hC 
and AD groups. While capacitance was higher on the face in hC, 
the same parameter was comparable in the three sites in AD. Thus, 
sebum may influence the barrier function and hydration through 
different mechanisms.

Altered microbiome and fungiome play a pathogenic role in 
head and neck dermatitis (HND).76 The lack of data on skin mi-
crobiome and dysbiosis in our study limits the conclusions on the 
factors concurring to the observed sebum dysregulation. Whether 
the decrease of lipids results from the inefficient lipid machinery 
alone or from its interplay with commensal bacteria and fungi 
remains to be clarified.22,23,77–79 The whole metagenome analy-
sis of skin microbiomes assists classification of patients accord-
ing to distinct microbiome configurations corresponding to two 
main dermotypes.80 The sebum depletion observed in the fyAD 
subgroup was matched by a notable impoverishment of sebum 
species in the SC from both SGR and SGP areas. In particular, the 
decreased amounts of MUFAs suggest that the pathways involved 
in the FAs desaturation is compromised in AD.39 It is not known 
at what extent the FADS2 activity is compromised in AD skin and 
if the decreased sapienate is a primary or a secondary event in 
the derangement of the lipogenic cascade. MUFAs were severely 
decreased in AD. Due to the antimicrobial activity of sapienate, 
it is likely that the depletion of MUFAs in sebum translates into 
a permissive environment towards pathogenic microbes.81,82 
Expression of enzymes involved in the elongation of FFAs pres-
ent with different distribution in AD epidermis.39 A recent paper 
has reported dysregulation of sebum production in AD in keeping 
with aberrant expression of genes regulating lipid biosynthetic 
pathways, including FA de novo synthesis, elongation and de-
saturation.52 While the lipid domains evaluated in previous stud-
ies differed from those addressed here, coincident results were 
obtained on the significant depletion of TGs in AD sebum. Our 
approach addressed sebum-specific biomarkers, e.g., squalene, sa-
pienate and branched FFAs, indicating compromised early events 
in the lipid cascade leading to sebaceous end products, including 
TGs and WEs. In our study, detection of aminoacids and other 
non-lipid metabolites was accomplished in the SC extracts. This 
is advantageous in the characterization of metabotypes in AD, as 
aminoacids participate in the hydration of the SC as part of the 
NMFs. Differences in the sebum parameter were apparent in the 
AD group with facial manifestations. In contrast, at the same SGR 
site, differences in the barrier parameters between controls and 
AD were found in both AD severity groups. This finding suggests 
that the alterations detected on the foreheads correlate with the 
AD grade better than those of the other two sites. The interplay of 
sebaceous and epidermal metabolism has been hypothesized long 
time ago,83 however, there is little evidence about the mechanisms 
of reciprocal interaction.21,84 The three sites showed significant 
derangement of the lipid and NMF arrays. Overall, the forehead 
area displayed more pronounced decrease of the metabolites' 
abundance. Interestingly, squalene and branched FFAs, were sig-
nificantly depleted in the SGP areas. In contrast, C24:0, which is an 

 16000625, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/exd.15066 by C

ochrane France, W
iley O

nline L
ibrary on [12/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



10 of 14  |     CAVALLO et al.

epidermal FA, accounted among the significantly depleted species 
in the SGR areas. Gender differences were observed in both con-
trol and AD groups, in keeping with available evidence.50 While 
males presented higher amounts of sebum lipids than females in 
control groups, the effect of AD condition was aggravated in the 
male gender, translating into a more severe lipid depletion.

5  |  CONCLUSION

The results of this study suggest that multiple pathways are dis-
rupted in the normal epidermal differentiation and provide candi-
date biomarkers in the definition of disease clusters, personalized 
treatments, and prediction of outcomes. Multi-omics are instru-
mental to the fine characterization of the biological basis of the 
AD pathogenesis and support the interplay of different pathways 
leading to the identification of specific biomarkers.49 Translation 
into the clinical routine of biomarkers that define AD severity and 
development or grading of comorbidities remain limited.85 Easiness 
and un-invasiveness of SC sampling, together with direct informa-
tion on SG activity and NMFs can address simultaneously different 
compartments affected by the AD pathogenesis. In keeping with the 
current landscape of multiple endophenotypic variations of AD,45,86 
we gathered evidence that skin lipidomics can assist different ex-
pressivity of the disease. The findings demonstrating that the SG 
activity is impaired together with the NMFs in sebaceous areas of 
adult patients with AD, create a strong rationale for the deployment 
of management strategies that incorporate sebum lipids and key 
aminoacids to improve barrier function in AD.87,88
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

Scheme S1. Representation of (1) The SG rich (SGR) and SG poor 
(SGP) areas investigated for the skin biophysics, that is, TEWL, and 
corneometry and for the lipid and metabolite profiling in samples 
of sebum and stratum corneum (SC); (2) Sampling and extraction of 
sebum with SEBUTAPE from SGR areas and of SC with CORNEOFIX 
from both SGR and SGP areas; (3) Analyses by GCMS of lipids and 
metabolites in sebum and SC extracts; (4) Statistical analysis by 
ANOVA-simultaneous component analysis (ASCA).
Appendix S1. Supplementary materials and methods.
Appendix S2. Supplementary results.
Figure S1. Significance of differences between SGR areas, that 
is, forehead and cheek, determined with the ASCA model on 
abundance of lipid metabolites in sebum sampled from the 
forehead and the cheek areas. Sum of squares of the effect matrix 
(red line) compared to the corresponding distribution under the 
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null hypothesis estimated by permutation tests (blue histograms). 
Legend: Comparison between forehead and cheek in hC (a), fnAD 
(b), and fyAD (c).
Figure S2. Significance of differences in sebum composition between 
females and males determined with the ASCA model on abundance 
of lipid metabolites in sebum sampled from SGR areas (forehead and 
cheek). Sum of squares of the effect matrix (red line) compared to the 
corresponding distribution under the null hypothesis estimated by 
permutation tests (blue histograms). Legend: Comparison between 
females and males in hC (a), fnAD (b), and fyAD (c).
Figure S3. ASCA on the effect matrix for gender based on metabolites 
determined in cheek sebum in females (pink) and males (blue) in all 
subjects from hC, fnAD, and fyAD groups. Scores plot obtained 
from data on cheek sebum after projection of the residuals onto the 
space spanned by the first simultaneous component SC1 (a). Variable 
loadings on SC1 (b), together with their confidence interval (red and 
blue bars indicate significantly and not significantly contributing 
descriptors, respectively) in the gender differences on cheek.
Figure S4. Gender-associated differences in the amounts (pmol/tape) 
of sebum-specific lipids in females and males in healthy controls (hC) 
and patients with atopic dermatitis (AD), with uninvolved (fnAD) 
and involved (fyAD) face. Average amounts of lipids are indicated 
in box plots, with individual values determined in cheek sebum from 
indicated by dots. Median, interquartile range (IQR), and Kruskal–
Wallis test are reported in Table S2.
Figure S5. Gender-associated differences in the amounts (pmol/
tape) of the epidermal type FFA lignoceric acid (C24:0) in females 
and males in healthy controls (hC) and patients with atopic dermatitis 
(AD), with uninvolved (fnAD) and involved (fyAD) face. Average 
amounts of FFAs are indicated in box plots, with individual values 
determined in forehead and cheek sebum indicated by dots. Median, 
interquartile range (IQR), and p-values retrieved by Kruskal–Wallis 
test are reported in Tables S1 and S2.
Figure S6. Significance of (a) differences between SGR, and SGP 
areas, and (b) difference between genders determined with the ASCA 
model on the abundance of lipid and non-lipid metabolites assessed 
in the stratum corneum sampled from the forehead, the cheek, and 
the forearm areas in healthy controls (hC). Sum of squares of the 
effect matrix (red line) compared to the corresponding distribution 
under the null hypothesis estimated by permutation tests (blue 
histograms).
Figure S7. ASCA analysis on the effect matrix for the normalized 
amounts of lipid and non-lipid metabolites (pmol/μg protein) 
investigated in stratum corneum extracts from SGR (forehead and 
cheek) and SGP (forearm) areas in healthy controls (hC), regardless 
gender. Left panel: Scores plot after projection of the residuals 
onto the space spanned by the first two simultaneous components 
SC1 and SC2 when considering forehead, cheek, and forearm sites 
in healthy controls (hC). Right panel: Variable loadings on SC1 (full 
lines), and variable loading on SC2 (dotted lines); only the significant 
loadings are displayed, and the variables are coloured according 
to the lipid species described in the legend. Further details on the 
species grouping are reported in the supporting information.

Figure S8. Significance of differences in the dermatological condition 
based on chemometric analysis of stratum corneum extracts from (a) 
forehead, (b) cheek, and (c) forearm assessed with the ASCA model 
on abundance of lipid and non-lipid metabolites determined in the 
SC sampled in hC, fnAD, and fyAD groups.
Figure S9. Gender-associated differences in the amounts (pmol/μg 
protein) of aminoacids and natural moisturizing factors (NMFs) in 
the stratum corneum in females and males in healthy controls (hC) 
and patients with atopic dermatitis (AD), with uninvolved (fnAD) 
and involved (fyAD) face. Average amounts of aminoacids and 
NMFs are indicated in box plots, with individual values determined 
in SC extracts from forehead indicated by dots. A grey background 
marks metabolites that presented significant differences. Median, 
interquartile range (IQR), and p-values retrieved by Kruskal–Wallis 
test are reported in Table S4.
Table  S3. Changes of ratios between precursor and product in 
biosynthetic pathways in the subjects with AD compared to 
unaffected individuals, in the respective SG-rich areas, that is, 
forehead (head) and cheek. Upward (↑) and downward (↓) arrows 
indicated statistically significant increase or decrease, respectively, 
of the index in AD compared to unaffected controls. No changes or 
statistically insignificant changes were indicated with the equal (=) 
key.
Table  S1. Amounts (pmol/tape) of lipid metabolites in sebum 
samples from forehead in healthy controls (hC) and patients with 
AD presenting uninvolved (fnAD) and involved (fyAD) facial areas. 
The table reports median pmol/tape, and inter-quartile range 
(IQR) in both genders in each group, and p-values determined by 
non-parametric significant testing (Kruskal–Wallis). Statistically 
significant differences were indicated by p-values ≤0.05 in bold.
Table  S2. Amounts (pmol/tape) of lipid metabolites in sebum 
samples from the cheek area in healthy controls (hC) and patients 
with AD presenting uninvolved (fnAD) and involved (fyAD) facial 
areas. The table reports median pmol/tape, and inter-quartile range 
(IQR) in both genders in each group, and p-values determined by 
non-parametric significant testing (Kruskal–Wallis). Statistically 
significant differences were indicated by p-values ≤0.05 in bold.
Table  S4. Abundance of lipid and non-lipid metabolites in the 
stratum corneum (SC) from the forehead in healthy controls (hC) and 
patients with AD presenting uninvolved (fnAD) and involved (fyAD) 
facial areas. The table reports median pmol/μg protein, inter-quartile 
range (IQR) in both genders in each group, and p-values determined 
by non-parametric significant testing (Kruskal–Wallis).
Table S5. Abundance of lipid and non-lipid metabolites in the stratum 
corneum (SC) from the cheek area in healthy controls (hC) and 
patients with AD presenting uninvolved (fnAD) and involved (fyAD) 
facial areas. The table reports median pmol/μg protein, inter-quartile 
range (IQR) in both genders in each group, and p-values determined 
by non-parametric significant testing (Kruskal–Wallis).
Table  S6. Abundance of lipid metabolites in the stratum corneum 
(SC) from forearm areas in healthy controls (hC) and clinically 
unaffected forearm areas of patients with AD presenting uninvolved 
(fnAD) and involved (fyAD) facial areas. The table reports median 
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pmol/μg protein, inter-quartile range (IQR) in both genders in each 
group, and p-values determined by non-parametric significant 
testing (Kruskal–Wallis).
Table S7. Abundance of lipid metabolites in the stratum corneum (SC) 
from the involved areas on forearms in patients with AD presenting 
uninvolved (fnAD) and involved (fyAD) facial areas. The table reports 
median pmol/μg protein, inter-quartile range (IQR) in both genders in 
each group, and p-values determined by non-parametric significant 
testing (Kruskal–Wallis).
Table S8. Correlation matrix of EASI and SC metabolites of forehead, 
cheek, non-lesional and lesional forearm. Pearson's correlation 
coefficients (R) are listed with their respective p-values. Results 

were analysed for statistical significance, with a significance level of 
p ≤ 0.05 (values in bold).
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