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Abstract: Atopic eczema (AE) is an inflammatory skin disorder affecting approximately 20% of
children worldwide and early onset can lead to asthma and allergies. Currently, the mechanisms
of the disease are not fully understood. Metabolomics, the analysis of small molecules in the skin
produced by the host and microbes, opens a window to observe the mechanisms of the disease
which then may lead to new drug targets for AE treatment. Here, we review the latest advances in
AE metabolomics, highlighting both the lipid and non-lipid molecules, along with reviewing the
metabolites currently known to reside in the skin.
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1. Introduction

Atopic eczema (AE), also known as atopic dermatitis, is an inflammatory skin disorder
that affects approximately 20% of children worldwide and is increasing in prevalence [1-6].
AE can naturally resolve prior to adulthood, but for approximately 2—4% of individuals,
it is a life-long condition [7]. Additionally, AE onset is also not limited to children, and
26.1% of AE-afflicted adults developed the disease in adulthood [8]. Even though AE can
go into remission past childhood, it can also begin a cascade of immune reactions later
on in life (such as asthma and allergies) in a process termed the “atopic march” [9]. AE is
also associated with an increased incidence of heart disease, and heart failure is 70% more
common in people with severe AE [10]. One prevailing AE symptom is skin itchiness [11],
which leads to scratching and, in most cases, mechanical skin barrier damage and the
exacerbation of inflammation. This starts a vicious cycle of inflammation, further itching,
further scratching, and continuous damage to the skin. This AE state also extends deeper
than direct physical suffering, as patients have a significantly reduced quality of sleep and,
consequently, often additionally suffer from depression and anxiety, leading to an overall
reduced quality of life [11].

AE has been the subject of many reviews, and a more in-depth review of the currently
known mechanisms of AE can be provided by [12] with an update on the pathogenesis
and therapeutics found at [13]. Here, we will briefly overview what is known about
AE and highlight its genetic predispositions, environmental factors, and immunological
observations (summarized in Figure 1).
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Figure 1. Model of AE development. The environment and the host could both drive the development

of atopic eczema (AE). AE is characterized as having a disrupted skin barrier which could be induced
through itching, filaggrin (FLG) mutation, and environmental exposures. The disruption then allows
for oxygen to penetrate the skin, resulting in a decrease in the anaerobic microbiome and providing
a new niche for bacterial growth. Microbial dysbiosis within AE could be a result of this niche, or
could be the result of changing pH, salt levels, and/or other factors within the skin. This dysbiosis
then provides the opportunity for S. aureus to overgrow. In addition, both scratching and allergens
result in keratinocytes releasing cytokines, such as the thymic stromal lymphopoietin (TSLP). The
cytokines then lead to the induction of a T-helper cell 2 (Th2) response through dendritic cell (DC)
recruitment. AE non-lesional skin also has a thinner epidermis, allowing for easier penetration of
allergens and irritants. These allergens can then activate mast cells (MC), resulting in the secretion of
tryptase and histamine and thereby inducing itching.

Despite the large breadth of the literature describing AE, the mechanisms are still
unknown [12] and often disputed, especially in the case of whether the host or the environ-
ment is the initial or main driving stimulus of AE. People can be predisposed to AE by both
their genetics and their environment [5,14]. Some of the genetic predisposition of AE is due
to the mutation of skin barrier proteins such as filaggrin, loricrin, and involucrin [15-18],
with filaggrin (FLG) mutation being more common relative to loricrin and involucrin [19].
Although a genetic predisposition within barrier proteins would explain the development
of the disease, this predisposition is not universal. In the case of FLG, genetic predisposition
does not entirely account for the majority of afflicted Europeans [12], suggesting that other
proteins or mechanisms may be involved.

While this lack of agreement for FLG does not discount another undiscovered host-
related factor as the main contributor to AE development, it does lend credence to the
idea of environmental stimuli being the universal driving factor. Heavy use of soap and
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exposure to pollution can both lead to AE development as both of them damage the
microbial skin barrier [20-24]. This is indicated by a decrease in antimicrobial peptide
secretion in AE patients [25] and the reduction in their anaerobic microbiome [26]. Damage
to the microbial barrier also provides a new niche for pathogenic bacteria overgrowth. One
such pathogen is Staphylococcus aureus, which has been shown to be overgrown in patients
with AE [27] and is a predictive factor for severity [28]. This hypothesis of AE being a
microbial dysbiosis disease is enticing, but does not explain why some individuals who are
exposed to the same stimulants do not develop AE. It is very likely that a compounded
stimulus drives AE, where these two factors, both host and environment, are dependent on
each other.

As AE is described as an inflammatory disease, naturally, the immune system also
plays a role in the mechanism of AE and provides a connection between the host and the
environment. Physiologically, AE-uninvolved, non-lesional skin has a thinner epidermis
in comparison to healthy skin and those with other types of dermatitis [29], which allows
easier exposure to the skin’s immune system. Stimulation, whether through allergens or
irritants, makes keratinocytes release cytokines such as thymic stromal lymphopoietin
(TSLP) to recruit dendritic cells, leading to the T helper cell 2 (Th2) response [30]. AE is
characterized as a Th2-cell-dominated immune response [31,32]. Acute and chronic AE can
be further stratified by their Th cells, where Th2, 17 and 22 are associated with acute AE
and Th 1, 2, and 22 with chronic AE [33]. In addition, as hinted at by the process of atopic
march, the allergy-related cytokine IgE is upregulated in the patients of AE [34,35]. IgE can
activate mast cells, and mast cells are more abundant in AE lesions, but this accumulation
can also occur independently of IgE presence [35]. While it can be debated whether the root
cause of the disease is host-dependent or purely environmental, recent advances in the field
shows it is likely a combination of factors—implicating both the host and the environment
in the onset of AE.

Metabolomics can provide unique insight into the mechanisms of this disease by defin-
ing the low molecular weight compounds involved in the AE biological system. In essence,
the metabolome provides a promising window into the mechanics of the body’s microbe—
host interaction [36]. Recently, skin metabolomics has become the subject of increased
interest in the scientific community due to its ability to describe not only skin disease but
also diseases such as Parkinson’s disease, lung cancer, and cystic fibrosis [37]. In this review,
we cover several articles highlighting the recent advancements in the metabolomics of skin
disease, with a focus on AE. More specifically, this review covers the factors influencing the
skin’s metabolism and the current state of the metabolic understanding of AE.

2. Factors Influencing the Skin Metabolome

The skin is the body’s largest organ and has a tremendous impact on both our physical
and mental health [38,39]. In the skin, metabolites are produced through (1) the excretions
from various glands; (2) the breakdown, secretion, or modification of the skin’s constituent
cells including resident microbiota; or (3) exposure to the environment. The metabolites
within the skin are not limited only to those produced within or by the skin itself, but
other organs such as the immune system and microbiome also play a role. For more
general overviews of the skin’s immune system and the microbiome’s role within the skin,
see [40-45].

The skin as a whole serves as our barrier to the outside environment and, because
of its high degree of interaction with the environment, several external factors must be
taken into account for direct-skin metabolomics. The skin’s metabolome can be affected
directly through the skin barrier, like in the case of cosmetics [46], pollution [47], and UV
light [48], but also through gut-to-skin interaction, e.g., in the case of caffeine consump-
tion [49]. In addition, intrinsic host factors play a role in the skin metabolome. One such
factor is age. Along with the loss of firm collagen filaments and coenzyme Q10 in older
skin, other metabolites previously thought to be unrelated can be affected [50]. Another
potentially confounding host factor is biological sex, but this confoundment appears
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to depend on the skin matrix used, where different sexes have distinct metabolomes
in sweat [51] but not in surface-stratum corneum sampling [38]. These environmental
and host influences on the skin metabolome can sometimes benefit the medical commu-
nity by providing explanations for disease development, treatment effectiveness and
side effects. Small molecules such as glucose can be used as potential biomarkers for
disease or elucidate deeper mechanisms present in skin disease [52,53]. Additionally,
the skin metabolome does not change only in skin diseases but can even reflect changes
from Parkinson’s disease [54,55], cancer [56], and many other disorders, as reviewed
in [37]. There have also been cases where skin metabolomics was used for drug monitor-
ing [57,58]. All of the environmental and innate effects of skin immunity on metabolism
display the high interconnectivity of the skin, and the potential use of the skin as a
highway for non-invasive medical screening.

A Note Regarding Skin Metabolomic Collection and Processing

As skin metabolomics is beginning to grow as a field, we have the unique oppor-
tunity to improve the standardization of studies for future research. Although studies
may overlap in chemical targets, many confounding factors can play a role in the results.
Without accounting for them, poor cross-comparisons across both studies and samples will
be seen. For example, in urine metabolomics the levels of hydration and other host factors
can play a role in the concentrations of metabolites [59,60]. To account for this, urinary
metabolomics uses creatinine and a host of other normalization factors and methods [60],
and the skin matrix should not be excluded from such standardization. Additionally,
by looking at the results of other matrixes, there are a host of potential factors such as
temperature and sample processing time [61] for lipids, along with time-of-day for amino
acids and phospholipids [62], that can influence sample- and study-level differences. For
skin metabolomics, one such factor was already discovered, where the sampling method
for the skin can influence the composition of the captured metabolome [38]. Currently, we
have the unique opportunity to determine the causes of variability across studies before a
“boom” in the field of skin metabolomics. Potential sources of variability could be because
of differences (1) that may exist across the skin’s layers, (2) within the various pockets of the
skin, such as sweat glands and interstitial fluid, and (3) in the sampling location. There are
various research groups that have begun to explore [38,63] the complexities and influences
within skin metabolomics, not only at the host level, but also at the environmental level,
since the epidermis is primarily our first barrier protecting us from the outside environ-
ment. Because of these open questions, these are exciting times for skin metabolomics,
which will lead to a bright future in further understanding our largest organ, especially in
disease development.

3. Current Understanding in the Metabolomics of Atopic Eczema

Constructing a universal picture of AE for all affected individuals is difficult due
to the variety of endotypes involved in AE [34]. As hinted at by the process of atopic
march, allergy-related cytokine IgE is upregulated in patients with AE [34,35]. Many
have supposed that the atopic state is due to the lack of childhood stimuli to create an
IgE-tolerant or allergen-tolerant phenotype because of the disease’s origin early in the
patient’s life [64]. This was first termed the hygiene hypothesis [65], later renamed the
“microbial exposure hypothesis” [66]. It has since been confirmed that early-life stimulation
in less polluted yet “dirtier” rural environments decreases the incidence of AE [67]. The IgE
phenotype is not universal across all individuals and is suggested to be one endotype of
AE. Immunologically speaking, there are two endotypes: IgE-mediated (extrinsic) or non-
mediated (intrinsic) [12,34], and biological race. Within the biological race endotype, the
differences include a higher Th17 response in Asian AE sufferers that is completely absent in
African AE and only slightly present in European AE [34]. In addition to immunologically
characterized endotypes, there are also FLG-deficient or -present endotypes and S. aureus-
influenced or -independent [34] endotypes. Because of the various endotypes of AE, there is
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aneed for further metabolic profiling, because small molecules are often the signals between
immune, genetic, and bacterial systems. Many scientists have attempted to illuminate the
mechanisms of AE to allow for the more precise diagnosis, understanding, and treatment
of patients through metabolomic profiling. Here, we review the latest advances in the AE
metabolomic world.

3.1. Findings within the Skin

A large portion of AE metabolomics research is focused on lipids, reviewed from the
epidermal lipid perspective in Bhattacharya et al., 2019 [68] and with a greater focus on
the cornified layer in van Smeden and Bouwstra 2016 [69]. The focus of this review is to
not only cover lipids, but also the metabolome as a whole. Seeing that AE is described
as a skin disease, it is highly relevant to determine the metabolite presence directly at the
location of the disease. These studies—focused on the direct skin monitoring of metabolites,
summarized in Table 1—show a clear distinction between the small molecules present in
AE as compared to healthy skin [70]. Among those changed, on the lipidomic side, there
are acylcarnitines and glycerophospholipids, and on the non-lipid side, there are amino
acids and their derivatives [70]. Because of the typical locations of these metabolites within
the skin, it suggests that the skin as a whole is modified in AE, instead of in one particular
subcompartment. Metabolomics profiles can change according to the sampling location
for healthy skin [63]. This is also the case for ceramides in non-lesional AE skin, where
the forehead, the cubital fossa, and the proximal lower forearm have unique profiles [71].
Although the location of skin sampling can influence the metabolome, AE is a disease that
affects the entire body, so metabolites that truly reflect the disease should be consistent
regardless of location.

Table 1. Summary of AE metabolomics studies with skin samples. Abbreviations: AE (atopic
eczema participants), LS (lesional skin), NL (non-lesional skin), HE (healthy participants), P (psoriasis
participants), SCSFAs (short-chain saturated fatty acids), LCSFAs (long-chain saturated fatty acids),
FA (fatty acids), ADMA (asymmetric dimethyl-arginine), C (chain length). Co. (cooperation), FLG
(filaggrin), FFA (free fatty acids), UT (untargeted), and IV (ichthyosis vulgaris). Symbols: 1 (increase)
and | (decrease).

References Matrices Target Sample Size Findings
1 Putrescine in AE LS as compared to AE NL
and HE
Metabolites in 15 AE 1T ADMA in AE LS as compared to AE NL
[70] Skin biopsy Biocrates Absolute 17 HE 1 Amino acids in AE LS as compared to AE NL
IDQ® P180 kit and HE
1 Sphingolipids in AE LS as compared to AE
NL and HE
FLG is not associated with changing lipid
composition of AE
Metabolites in Waters 1 Short-chain ce'ramldes in AE
® 1 FFA in AE
. Co. TrueMass 10 AE .
[71] Tape strips 1 Cholesterol-sulphate in AE
Stratum corneum 10 HE . .
- SCSFAs negatively correlated with
metabolon lipid panel
Staphylococcus presence
Several ceramide species positively correlate
with Staphylococcus presence
1 Arachidonic acid in AE LS and NL vs. HE
[72] Skin biops FFA, eicosanoids, 3 AE 1 PUFA-hydroxy metabolites in AE vs. HE
psy and docosanoids 6 HE 1 5-lipoxygenase-derived metabolites in AE LS

1 in cyclooxygenases metabolites in AE vs. HE
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Table 1. Cont.

References Matrices Target Sample Size Findings
Glucose positively correlates with AE severity
21 AE 1 Glucose in AE with acute inflammation
versus chronic inflammation and HE
[53] Sweat Ut 6 Otheli (()1 ;e{rglatoses No difference in lactate between AE and HE
No difference in sodium and salt content
between AE and HE
1 C30-40 NS ceramides in AE
. . . 11 AE 1 C30-40 NS ceramides in AE
[73] Sweat Lipid mediators 12 HE 4 C18:1 sphingosine in AE
1 10-nitrooleate in AE
Stratum corneum lipid structure alteration is
18 AE not related to the FLG genotype
[74] Skin Biopsy FFA, Eicosanoids, 31V 1 Arachidonic acid in AE FLG(+/—) compared

and Docosanoids 14 HE to AE FLG(+/+), HE, and IV
1 Hydroxy fatty acid HETE-12 in AE FLG(+/—)
compared to other groups

[75]

Stratum corneum
lipid extraction

J FFA in AE with S. aureus growth
J Triglycerides in AE with S. aureus growth
Cholesterol is not associated with
Lipids, ceramides, 27 AE S. aureus growth
cholesterols, FFA, 15 HE 1 Short-chain ceramides in AE versus HE
and triglycerides J Long-chain ceramides in AE with S. aureus
growth vs. AE without S. aureus
Certain ceramides correlate with
S. aureus presence

[76]

Skin biopsy

1 Arachidonic acid AE LS compared to AE NL
1 SCSFAs in AE
J LCSFAs in AE
n-6 FA inversely correlated with disease
severity in AE NL
1 Phospholipids in AE (NL and LS) compared
to HE

15 AE

Lipids 9 HE

[77]

Interstitial fluid

1 LBT4 within AE LS compared to NL and HE,
16 AE with similar results in P
Arachidonic-acid- 9P LBT4 has no correlation with AE
derived mediators 12 HE disease severity
No significant difference in PGE2 levels

between groups

[78]

Tape strips

1 C26 ceramide within non-lesional and

lesional skin treated with dupilumab

C26 ceramide did not correlate with reduction
. 10 AE . .. .
Ceramides in AE severity in dupilumab-treated
10 HE .
AE participants
C26 ceramide did correlate with stratum
corneum hydration

The current knowledge of AE endotypes in relation to metabolomic profiles is still
developing, with six papers published so far, each focused on an individual endotype,
and three of the six focused on the skin. Starting with the filaggrin endotype, there is no
initial correlation between the lipidome and filaggrin (FLG) mutation [71], and the FLG
genotype does not alter the stratum corneum lipid structure [74]. Granted, the lipidome
studied in [71] did not cover the correlation of long-chain ceramides with FLG but instead
only the short-chain ceramides, free fatty acids, and cholesterols. This potential lack
of association should be confirmed in an untargeted lipidomics study. Heterozygous
FLG (FLG*/~) mutation in AE does result in an increase in arachidonic acid due to
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the increased breakdown of linoleic acid and breakdown of phospholipids from IL-1(3-
induced PLA; activity [74]. The increase in arachidonic acid is not seen in wild-type
(FLG*/*) AE individuals; therefore, FLG might play a role in controlling arachidonic
acid levels. Because arachidonic acid promotes inflammation, FLG (FLG*/~) mutation
may play a role in the inflammation of non-lesional AE skin through the production
of arachidonic acid [74]. This adds a potential mechanism that may explain the FLG
endotype, where FLG or its products are inhibitors of arachidonic acid production.
Aside from the lipids, and in spite of FLG being metabolized to form amino acids,
currently there are no skin studies stratifying the amino acid changes in AE [70] to the
FLG endotype.

AE-afflicted individuals with the endotype of S. aureus colonization have a different
lipidome as compared to S. aureus-absent individuals [75]. More specifically, AE skin
has an increase in shorter-chain free fatty acids (SCFAs) [71], but this effect appears to be
S. aureus-dependent. Saturated SCFAs are negatively correlated with Staphylococci [71],
and their long-chain counterparts are decreased in S. aureus-colonized AE skin [75].
The connection with SCFA is further suggested through the inverse correlation of n-
6 FA with disease severity [76], because it is known that S. aureus abundance can be
a predictor of increasing AE severity [28]. The inverse correlation between S. aureus
and SCFA may be due to the inherent effect that shorter fatty acids can more easily
traverse the skin to acidify it, and S. aureus does not grow well in acidic healthy skin pH
conditions. This means that a decrease in the level of long-chain free fatty acids (LCFA)
may be due to cleavage to create shorter chains that allow for better mobility within
the skin, and the cleavage is upregulated in AE skin to discourage S. aureus growth.
This may also be due to direct inhibition, since SCFAs have been shown to inhibit the
overgrowth of pathogenic S. aureus sub-strains [79]. The presence of ceramides also
suggests inhibitory effects of S. aureus overgrowth in AE, where long-chain ceramides
are downregulated in S. aureus-infected AE skin [75]. Although total ceramide levels are
often reported as decreased in AE patients, this appears to be chain-length-dependent,
and short-chain ceramide levels have been shown to be increased in AE patients [71,75],
which may be indicative of future or current S. aureus presence, but further research is
needed for confirmation. The relationship between ceramides and S. aureus may be an
off-shoot of the original association between FFA and S. aureus. Since LCFA levels are
decreased in S. aureus-colonized AE skin, they are no longer available for the de novo
synthesis of ceramides by combination with sphinganine. This relationship between
decreasing levels of long-chain ceramides [75] and AE could be modulated through
dupilumab, a drug targeting IL-4 receptor alpha chain and known to decrease levels of
S. aureus [80]. Dupilumab has been shown to alleviate the severity of AE and was shown
to result in an increase in the level of C26 ceramide [78]. Unfortunately, this increase
appears to be transient and more a factor of increasing stratum corneum hydration [78].
However, it does raise the question of the mechanism between dupilumab treatment
and S. aureus reduction: could it be possible that C26 ceramide provides an inhibitory
effect on S. aureus? Dupilumab could be simply reducing S. aureus abundance through
skin hydration, but further non-targeted studies on dupilumab and S. aureus would
be beneficial. Overall, these observational studies shine a bright light on our further
understanding of the mechanisms of S. aureus overgrowth in AE (Figure 2) and the
endotypes involved in AE (summarized in Table 2).
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Figure 2. Diagram of shorter-chain free fatty acids (SCFA) within atopic eczema. Free fatty acids are
produced from the breakdown of the lamellar bodies [81,82], and the lysis of the skin’s proteins and
sebum by Cutibacterium acnes [83,84], and a select few are produced by the microbiome under anoxic
conditions by the fermentation of carbohydrates [85-89]. These free fatty acids contribute to the
acidification of the skin, which in healthy individuals is around 4.7 [90]. This acidification discourages
S. aureus growth, and the production of SCFAs inhibit the other growth of pathogenic sub-strains [79].
Resident skin bacteria can also use the SCFAs to interact with the host’s immune system through
inducing T regulator cells (Tregs)—by decreasing the transcription of il6—and TSLP [91-94]. Studies
in other organs suggest that SCFAs can inhibit dendritic cells” expression of lipopolysaccharide-
induced cytokines (IL-6 and IL-12p40) [95] and activate macrophages, neutrophils, and monocytes
through the G-protein-coupled receptor FFAR2 [96]. Although well studied in other organ systems,
the SCFAs” mode of action in the skin is still unclear. Symbol: 1 (increase) and a dotted arrow
(theoretical mechanism).

Table 2. Overview of adult metabolite profiles according to established AE endotypes. Abbrevi-
ations: u.s (unstudied). The upward arrow (1) indicates an increase in the metabolite relative to
the first category and the downward arrow indicates a decrease () in the metabolite relative to the
first category.

Endotype Categories Matrix Metabolite Profile Relative to First Category
1 Isopropanol [97]
. .. 1 Threonine [97]
IgE Mediated (extrinsic) vs. Blood + Betanine [97]

non-mediated (intrinsic) 4 Creatinine [97]

1 Dimethylamine [97]

No broad differences in lipid composition [71,74]
FLG Deficient vs. non-deficient Skin 1 Arachidonic acid [74]
| Hydroxy fatty acid HETE-12 [74]
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Table 2. Cont.

Endotype

Categories Matrix Metabolite Profile Relative to First Category

FLG Deficient vs. non-deficient Blood

1 Glycerophospholipids [98]
1 Sphingomyelin [98]
J} Amino Acids [98]
1 Acylcarnitines [98]
1 Isopropanol [97]
1 Iso-butyrate [97]
1 Isoleucine [97]
1 Tyramine [97]
1 Histidine [97]
1 Threonine [97]

Staphylococci

Present vs. absent Skin

J SCSFAs [71]
1 Ceramide subspecies AS, ADS, NS and NDS [71]

| FFA [75]

S. aureus Influenced vs. independent Skin 1 Triglycerides [75]

J Long-chain ceramides [75]

Biological race Asian vs. African vs. European us.

As of now, a large portion of direct skin AE studies focus on the changing ratio of
the lipid components of the skin, due to its predominance in the structural integrity of the
skin’s barrier. Lipids are not the only metabolite present in the skin, and more studies are
beginning to go beyond lipids to other molecules in order to explain the effects seen in AE.
One such effect is the negative impact sweat has on AE. Contrary to skin measurements [99],
sodium and salts were found to be similar between HE and AE individuals’ sweat [53],
and the presence of glucose within sweat positively correlated with AE severity [53]. This
increase in glucose appeared to be specific to acute inflammation in comparison to chronic
AE inflamed and non-inflamed skin [53], suggesting a role in early AE development.
The increase in glucose did not correlate with an increase in the downstream fermentation
product lactate, suggesting that it was not a cessation of the TCA cycle [53]. It is possible that
this lactate does not come from human cells but is a product of microbial fermentation. This
explanation would also support the decrease in pyruvate seen, where the TCA cycle may
be downregulated, resulting in less pyruvate [53]. If true, this increase in glucose would
signify a loss of SCFA, which can be used to prevent inflammation through TREGs [91].
Nevertheless, in AE skin there is an upregulation of the glucose transporter GLUT2 [53], and
further research needs to be conducted to determine if the regulation of glucose levels can
have positive effects on AE treatment and its relationship with SCFA. In addition to a spike
in relative glucose levels, there is also an increase in amino acids in AE lesional skin [70].
Because amino acids can be produced through the breakdown of filaggrin, it would be
interesting to see if this spike in amino acids is dependent on the FLG mutant endotype of
AE. Lastly, although sodium levels were found to be similar within HE and AE sweat, this
finding does not discount the potential for variation within other subcompartments within
the skin, but instead encourages the comparison with other sampling methods to confirm
such results.

3.2. Findings within the Blood

The difference in the metabolomic ecosystem between AE-afflicted and healthy indi-
viduals seen within the skin was also found to be true for the circulatory system [97,100,101],
with a summary shown in Table 3. The correlation between the skin and blood matrix is
corroborated by the study of Agrawal et al. [102], where sweat metabolites and serum have
been found to overlap in lipid profiles. However, this is not universal for all metabolites. A
study by Torocsik et al. [72] found that lipid arachidonic acid was significantly changed in
skin biopsies but not in serum, and further non-targeted research should be performed to
determine the overall metabolic overlap between these two matrices [37].
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Table 3. Summary of AE metabolomics studies with blood samples. Abbreviations: AE (atopic
eczema participants), LS (lesional skin), NL (non-lesional skin), HE (healthy participants), P (psoriasis
participants), SCSFAs (short-chain saturated fatty acids), LCSFAs (long-chain saturated fatty acids),
FA (fatty acids), ADMA (asymmetric dimethyl-arginine), C (chain length). Co. (cooperation), FLG
(filaggrin), FFA (free fatty acids), UT (untargeted), IV (ichthyosis vulgaris), PBMCs (peripheral blood
mononuclear cell), PUFA (poly-unsaturated fatty acids), and PCA (principal component analysis).
Symbols: 1 (increase) and | (decrease).

References

Matrices

Target Sample Size Findings

[103]

} n3-PUFA in AE vs. HE

20 AE J Linoleic acid in AE vs. HE

PBMCs and plasma PUFA J} 12-HETE in AE vs. HE

20 HE 1 Arachidonic acid in AE PBMCs vs. HE

1 Arachidonic acid in AE plasma vs. HE

[100]

Serum

25 AE | Total acylcarnitines in AE vs. HE
24 HE 1 Phosphatidylcholines in AE vs. HE
13 AE No PCA separation between AE as
15 HE compared to HE

Metabolites in Biocrates
Absolute IDQ® P180 kit
and UT

[98]

Serum

Only FLG (+/+) had response to drug
targeting of IgE

1 Glycerophospholipids in FLG (+/+)
Glycerophospholipids, vs. FLG mutant

acylcarnitines, 20 AE 1 Sphingomyelin in FLG (+/+)
sphingomyelins, amino vs. FLG mutant
acids, carbohydrates J Amino acids in FLG (+/+)
vs. FLG mutant
1 Acylcarnitines in FLG (+/+) vs.
FLG mutant

[97]

Plasma

Distinct metabolite differences for
endotypes: FLG mutant and high IgE
58 AE Iso-butyrate, isoleucine, tyramine,
23 HE histidine, threonine, and isopropanol are
associated with FLG mutation
Isopropanol is associated with IgE levels

UT

[102]

Sebum

Sweat and sebum highly overlap in
11 AE detection but concentrations of
9HE metabolites were typically higher
in sebum.

Lipid mediators,
non-esterified and total
fatty acid forms

[72]

Serum

FFA, eicosanoids 6 AE No change in arachidonic acid in
and docosanoids 6 HE AE vs. HE

[101]

Serum

AE and DOCKS8-deficient individuals
have unique metabolomics profiles
1 3-hydroxyanthranilic acid in
9 AE DOCKS8-deficient vs. HE and AE
Amine/phenol 10 Dock8-deficient T Aspartic acid in DOCK8-deficient
sub-metabolomes 33 HE vs. HE
1 Hypo-taurine in DOCKS-deficient
vs. AE
1 Glycyl-phenylalanine in
DOCKS8-deficient vs. AE

According to unsupervised statistics, the untargeted AE and HE metabolome was
not separated within the blood [100], but instead differences appeared to be more on
the singular molecule-to-molecule basis. It is also possible that global differences were
better parsed out after stratifying for the individual endotypes within AE. Deficiency
in cytoskeletal protein DOCKS can result in AE, but the metabolic profiles are distinct
between DOCKS-deficient and AE WT individuals [101]. This implies the potential for
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metabolomics to differentiate between genetic subgroups of AE, such as with the FLG
endotype. The filaggrin mutation has been shown to display a unique plasma metabolome
and filaggrin-associated metabolites correlate with high IgE levels [97]. This suggests a
filaggrin-IgE relationship, which was also seen in the case of omalizumab treatment, and
although it is a known drug for urticaria, omalizumab is currently under consideration
for treatment in AE. In this study, treatment against IgE is only effective in filaggrin wild-
type individuals [98]. It also suggests that these endotypes might not be separated and
instead combine into one greater endotype, filaggrin-IgE. Amino acids are increased in AE
skin [70], and assuming the correlative relationship across the different matrices, treatment
against IgE (omalizumab) in filaggrin wild-type individuals can decrease serum amino acid
levels [98]. This suggests that amino acid production may be regulated through the adaptive
immune response. Omalizumab can also decrease levels of acylcarnitines [98], but this may
have a negative effect on the metabolism of AE patients because total acylcarnitines are
typically decreased in AE patients [100]. A double-blind study ought to be performed to
determine if omalizumab is the cause of acylcarnitine decrease or if this is an inherent effect
of AE progression over time.

In regard to the S. aureus endotype, it has been suggested that bacterial secretions—
specifically SCFAs—play a protective role against AE development, but the plasma of AE
individuals displayed increased succinic acid and lactic acid levels [97]. This suggests that
either the bacteria are trying to compensate for S. aureus overgrowth by increasing the
production of SCFAs, thereby lowering the skin pH, or that SCFAs do not play a regulatory
role against AE development. The dynamics between SCFAs within the blood and skin
should also be studied to determine if this difference is inherent in the difference between
the matrixes used. To the authors” knowledge, no studies have directly addressed the
S. aureus endotype in relation to the AE blood metabolome or lipidome. In addition to
studies on the diversity between individual adult AE endotypes, there have also been many
studies on the metabolite expression in infants.

3.3. Infantile AE Findings as a Precursor for the AE Metabolome

Affected infants have a unique immunological profile compared to adults with AE [34]
and this may also be the case for the infantile metabolome (Table 4). In the case of lipids,
SCFA appear to be a conserved metabolite group seen in both infants and adults. For
infants, SCFA, butyrate and valerate are present in persistent AE and HE cases, but their
levels are lower in individuals with transient AE who later recovered [104]. SCFAs are sug-
gested to protect AE through Tregs or the modulation of S. aureus growth (Figure 2). These
results suggest a protective effect of these SCFA in short-term AE cases but a dysregulation
or inability to compensate and protect the skin from inflammation in chronic AE. Lower
levels of SCFA butyrate and propionate in early life (~6 mo. after birth) are associated with
AE development within 2 years of age [105], further supporting the protective effect of
SCFA against the development of AE. This association with SCFA is possibly a result of
early weaning where SCFA-producing bacteria from breast milk have not yet been fully
established within the gut [105]. Another possible cause of early-stage AE is high amounts
of long-chain saturated fatty acids within the breast milk of mothers with AE children [106].
Exposure to long-chain saturated fatty acids in milk can result in an accumulation of type
3 innate lymphoid cells (ILC3) within the gut [106]. These lymphoid cells can then migrate
to the skin, thereby triggering the first inflammation of the AE cycle [106]. SCFAs are
not the only conserved metabolite type seen in AE individuals across the ages. Hexoses,
including glucose, are present in high amounts in both newborns and infants [107]. Glu-
cose drives inflammatory expression in early-stage AE [107] and is associated with the
expression of bacterial virulence factors within the gut of infants with AE [105]. Amino
acid expression is also suggested to have a protective effect against infantile AE with an
inverse correlation with inflammasome expression [107]. Overall, this highlights several
conserved mechanisms that occur across both early-stage and advanced stage AE.
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Besides conserved mechanisms, studying AE at the infantile level allows for a unique
opportunity to observe the abiotic environmental impacts on AE development. Pollution,
such as parabens, has been suggested to be a major factor in the development of AE.
Lee et al. 2021 [108] followed a cohort of 455 children to determine the association between
propyl-parabens, aeroallergen sensitization, and AE. Propyl-parabens were associated with
AE severity, but not with the disease as a whole, suggesting that other pollutant factors
may be the cause of AE development or that pollution is not actually a cause but rather an
aggravating factor in AE [108].

In regard to the endotypes of AE (listed in Table 2), there is currently only one study
conducted with infants focused on the IgE endotype. Infantile AE can be subtyped into
intrinsic and extrinsic profiles, where low and high IgE have unique metabolic signatures.
It has been shown that the presence of SCFAs, such as lactic acid, correlates with IgE
levels [109]. Infants with allergies and AE have also been shown to have a distinct
metabolic endotype from infants with AE but without allergies. These changes can be
arranged along a spectrum of similarity from healthy infants, to AE-afflicted infants
without allergies, to AE-afflicted infants with allergies [105]. These mechanisms suggest
(1) the conservation of the processes between infant and adult AE, (2) that the initial
driving factors are best seen in further characterization studies on transient and persistent
AE at the beginning of life, and (3) the possibility that metabolomics may eventually be
able to detect the initial stages of the progression of the atopic march in individuals in
which AE has appeared to recede.

Table 4. Summary of AE metabolomics studies with infant samples. Abbreviations: AE (atopic
eczema participants), LS (lesional skin), NL (non-lesional skin), HE (healthy participants), P (psoriasis
participants), SCSFAs (short-chain saturated fatty acids), LCSFAs (long-chain saturated fatty acids),
FA (fatty acids), ADMA (asymmetric dimethyl-arginine), C (chain length). Co. (cooperation), FLG
(filaggrin), FFA (free fatty acids), UT (untargeted), IV (ichthyosis vulgaris), PBMCs (peripheral blood
mononuclear cell), PUFA (poly-unsaturated fatty acids), and PCA (principal component analysis).
Symbols: 1 (increase) and | (decrease).

References Matrices Target Sample Size Findings
Metabolomics profiles separated according
to IgE levels
41 AE 1 Glycine in AE vs. HE
. . 22 HE J Taurine in AE vs. HE
[109] Serum Ficosanoids and UT 42 AE 1 Unsaturated fatty acid in AE vs. HE
23 HE 1 Carnitines, FFA, sphingomyelins, and
lactic acid in high IgE AE vs. low IgE AE
and HE
By supervised statistics, there is a
prominent distinction between AE and HE
. 20 AE 1 Creatinine, creatine, citrate, formate,
(1101 Urine ut 12HE 2-hydroxybutyrate, dimethylglycine, and
lactate in AE vs. HE
| Betaine, glycine, and alanine in AE vs. HE
J Glyceroglycolipids in
. L 28 AE AELSvs. HE
(i1 Tape strips Lipids 32 HE | Sphingomyelin in AE LS vs. HE
1 Glycerophospholipids in AE LS vs. HE
1 Butyrate in HE and persistent AE vs.
transient AE
24 AE 1 Valerate in HE and persistent AE vs.
[104] Fecal matter SCFA 33 HE transient AE

No difference in acetate and propionate
between the groups
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Table 4. Cont.

References

Matrices

Target Sample Size Findings

[108]

Urine

Propyl-parabens presence is associated with
aeroallergen sensitization but not with AE
Propyl-paraben is associated with AE
severity
1 Amino acids in general within the high
propyl-paraben group
1 Picolinic acid in high propyl-paraben
group
J 2-palmitoylglycerol in high
propyl-paraben group

UT 455 Children

[107]

Serum

1 Hexose levels in newborns and 1-year old
AE
Metabolites in Biocrates 495 Newborns Amino acids are negatively correlated with
Absolute IDQ® P180 kit 449 1-year-olds inflammasome expression
Lysophosphatidylcholines negatively
correlate with inflammasome expression

[106]

Breast milk of 75 AE 1 LCSFA in AE mothers’ vs. HE

AE mothers

Ut 75 HE mothers’ milk

[105]

33 AE Allergy sensitization is an endotype of AE

Fecal matter SCFA and UT | Butyrate and propionate in infants that

S0HE later developed eczema

[112]

Plasma

Vitamin D does not predict the

Vitamin D 4327 2-year-olds development of AE

4. Future Directions

Currently, the field of metabolomics and skin is like a barren but fertile land, where
there is great potential for profitable discoveries and the establishment of new disciplines,
along with the risk of confounding factors and a lack of standardization in measurement
and sampling techniques. Should these problems not be rectified, the great potential
of the skin metabolome will be lost through the lack of unifiable data across individual
researchers. However, if the discipline can unify itself and avoid these stunting effects, it
has the potential to grow into an indispensable part of the holistic understanding of human
biology, as well as a massive source of medical innovation.

One such innovation could target atopic eczema (AE), and this review covers the recent
advances in the metabolomic profiling of AE for the skin, blood and infantile metabolomes.
Despite the moderate breadth of the literature on the subject, much more needs to be
explored. The majority of the research is primarily focused on the lipidomic profile, and
further studies extending beyond lipids are recommended in order to understand the full
breadth of metabolism within AE-afflicted individuals. One example is the study of volatile
organic compounds (VOC). AE has been suggested to have a unique scent, i.e., VOC profile,
and VOCs could be the best method to create an official laboratory diagnostic for AE.

In addition, many of the studies have covered a wide range of matrices, and further
cross-organ studies would be recommended to highlight the full translation of direct skin
metabolomics to the other biological systems, and to elucidate further factors involved in the
progression of AE. Along with cross-organ studies, the metabolomic shifts that occur within
the different skin departments should be explored. This would aid not only in determining
comparability across different skin matrices, but also in understanding compartmental
influences on disease. Of note is the subcutaneous tissue because of its varying thickness
across body sites, which may explain metabolomic locational differences, but also because
it has a direct connection to the circulatory system and immune system [113].

The subcutaneous tissue may also play a predominant role in AE through its connec-
tion with salt. The skin pH of AE is less acidic, and surprisingly, the pH difference is not
due to filaggrin deficiency [86,114]. The pH rise in AE skin could be due to the change
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in sodium content within the skin. Moderate to severe AE is associated with hyperten-
sion [115], and the skin is a reservoir of sodium with its levels being positively associated
with blood pressure, as reviewed in [116]. Sodium levels within the skin are correlated with
dietary salt levels [117] and skin pH is correlated with AE severity, as measured through
SCORAD [118]. If sodium is the main contributing factor to the AE skin pH change, then
pH-induced severity in AE could be modulated through dietary salt levels. The salt-AE
connection is further supported by the significantly higher levels of salt found in AE le-
sional skin [99]. In addition to pH modulation, salt could also play a role in the AE immune
response through the induction of the T helper cell 2 response [99]. To our knowledge, this
is the first suggested mechanism connecting diet, blood pressure, and AE severity.

Many of the studies reviewed here covered less than 25 participants. Through further
collaboration between these research groups, as well as merging datasets and participant
pools, we might begin to see large-scale metabolomics research enterprises that reach
the necessary statistical power for a final diagnostic biomarker of AE. Although it was
found that there are body-site-based differences in a targeted lipid study of AE-afflicted
individuals [71], this research needs to be broadened to determine if location is relevant
to lesional metabolism and the complete skin metabolome. This research will determine
if body site is a confounding factor that needs to be accounted for when developing a
metabolite-based diagnostic of AE skin. It will also help determine if the mechanism of AE
is unique to body location. Because non-lesional samples can be taken in close proximity to
the lesion, metabolomic imaging should be performed to determine the true line of where
the lesion ends and non-lesional skin begins. In addition to determining the confounding
effects of location, further longitudinal research is necessary to understand the mechanisms
behind the atopic march. Recent research highlighted the importance of mast cells in the
regulation of atopic itching and development [35]. In combination with the knowledge
that arachidonic acid mediators and histamine levels are increased in AE [119,120], and
that its mediators can influence mast cells to release histamine [121], further research
should be conducted to determine if this is another pathway involved in AE inflammation.
Overall, this is an exciting time to be performing metabolomics research in the field of
eczema, and this research will be instrumental in further understanding AE and providing
novel treatments.
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