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Blood and urine have been extensively studied in the 
context of biomedical research and diagnostics. However, 
the collection of these biofluids can be physically and/or 
culturally invasive, affecting subject compliance. The use of 
noninvasive matrices, such as hair, oral fluid, sweat, and tears, 
has improved subject compliance in pharmacokinetic stud-
ies (1). Recently, metabolomic analyses of sweat have begun 
for similar reasons (2).

Sweat is a complex fluid excreted by apocrine and eccrine 
glands of the skin, reported to contain small molecules, in-
cluding electrolytes, urea, lactate, amino acids, metals, and 
xenobiotics (2). Sweat can be used for diagnostics when 
disease alters its composition, as has been demonstrated in 
cystic fibrosis where sweat chloride levels are elevated (3). 
Sweat has also been used in forensic settings as a test matrix, 
as most illicit drugs are excreted in sweat following admin-
istration by a variety of routes (4).

Despite the potential diagnostic uses, there are few studies 
examining the metabolic profile of sweat due to a lack of 
uniform and reproducible sweat collection protocols that 
generate sweat in sufficient quantities for analytical sample 
processing (2, 5). Reported sweat collection devices in-
clude simple occlusive or nonocclusive absorbent bandages 
applied to a body surface, bags that can encase a limb, and 
the Macroduct® sweat collector (Wescor Inc., Logan, UT). 
In each case, sweat collection is preceded by stimulation of 
sweating by either physiological (exercise or thermal in-
duction) or pharmacological (pilocarpine iontophoresis) 
means (2). Of these, the Macroduct® sweat collector, which 
uses a concave disk and plastic capillary tubing to immediately 
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Lipid mediator standards, analytical surrogates, and internal 
standards were synthesized or purchased from Cayman Chemicals 
(Ann Arbor, MI), Avanti Polar Lipids Inc. (Alabaster, AL), or 
Larodan (Malmö, Sweden).

Subjects
A total of 26 subjects (n = 13 in each group) were recruited to 

participate in a case-control study to examine the effects of AD on 
the sweat mediator lipidome between February 2015 and February 
2016. Subjects were recruited from the University of California-
Davis Dermatology Clinic and the Sacramento region. Inclusion 
criteria for the study included a diagnosis of AD by a dermatolo-
gist or the absence of any inflammatory skin conditions for con-
trol subjects. Subjects on systemic immunosuppressive medications 
were excluded, and all subjects with AD were sampled while they 
were in the unflared state. Written informed consent was obtained 
from all subjects prior to participation, and all study protocols 
were approved by the Institutional Review Board of the University of 
California-Davis (Protocol #605131). Of the 26 subjects recruited, 
three were excluded. Two subjects with AD did not produce sweat 
upon stimulation, and one subject without AD had flared acne vul-
garis at the time of sampling. Therefore, the study proceeded with 
11 subjects with and 12 subjects without AD. Group characteristics 
along with sampling and storage parameters are shown in Table 1.

Sweat collection and transepidermal water loss 
measurement

Subjects were asked to refrain from using any topical moistur-
izers or medications for at least 12 h prior to the study visit. Sweat 
was stimulated and collected from an approximately 7 cm2 area on 
the volar surfaces of the bilateral forearms at nonlesional sites 
present within 8 cm of the wrist using the Macroduct® sweat collec-
tor (generously donated by Wescor, Inc.) according to manufactur-
er’s instructions (http://wescor.com/translations/Translations/
M2551-7A-EN.pdf, accessed July 11, 2016). Briefly, the forearm 
was prepared by wiping with a 70% isopropanol swab (Covidien, 
Minneapolis, MN) followed by distilled water-saturated sterile 
cotton gauze. Sweating was then stimulated sequentially on each 
forearm by pilocarpine iontophoresis using manufacturer-sup-
plied pilocarpine gel disks attached to a power source containing 
two 9 V batteries. Pilocarpine iontophoresis was conducted for 
5 min, after which the forearm was wiped with fresh distilled water-
saturated sterile cotton gauze, and sweat was collected using the 
Macroduct® device. An image of the Macroduct® sweat collector 
and the typical sweat collection site used in this study can be 

collect and isolate sweat excreted to the skin surface follow-
ing stimulation by pilocarpine, is perhaps the most suitable 
for metabolomics analysis because sweat collection is rela-
tively fast (30 min per sample) and the design of the de-
vice prevents hydromeiosis and/or encapsulation of the 
skin surface (2, 6).

While several proteomic analyses of sweat have been re-
ported (7, 8), only five attempts at metabolomic analyses 
of sweat have been described. High-resolution nuclear mag-
netic resonance spectroscopy of sweat suggested the pres-
ence of several amino acids and lipid-associated groups (5, 
9). More recent MS-based approaches confirmed the pres-
ence of amino acid- and lipid-derived molecules, while 
additionally showing the presence of carbohydrates and 
organic acids in sweat (10, 11). MS-based metabolomics of 
sweat was also used to develop a screening tool for lung 
cancer (12).

Despite the potential utility of sweat in diagnostic set-
tings, it has rarely been used in the context of cutaneous 
research. To the best of our knowledge, only a single study 
exists that examines the composition of sweat in the context 
of cutaneous disease, a study that demonstrated no differ-
ence in the inflammation regulating lipid prostaglandin 
(PG)E2 levels in subjects with atopic dermatitis (AD), pso-
riasis, or hyperhidrosis, relative to healthy controls (13).

Bioactive lipids come in many forms and regulate a vari-
ety of processes, including inflammation, cell growth and 
differentiation, and vascular homeostasis (14). These me-
diators, which include oxygenated lipids (“oxylipins”), en-
docannabinoids, and ceramides, are generally thought to 
be produced locally via biosynthetic pathways in response 
to extracellular stimuli and function similarly to local hor-
mones or autacoids (14). Additionally, ceramides play an 
important structural role in the epidermal barrier (15). 
While lipid mediators have been studied in cutaneous re-
search, these studies have focused on a limited number of 
analytical targets and/or a single class of analytes (16), bar-
ring the identification of mediator pathway cross-talk and 
limiting the scope of discovery in these studies.

Understanding the actions and interactions of lipid me-
diators has proven useful in other contexts (14), and doing 
so in a noninvasive manner in the context of skin research 
could enhance our understanding of cutaneous biochem-
istry while ensuring minimal subject discomfort. The pres-
ent study aims to demonstrate the potential for sweat 
analysis to reflect biochemical impacts of skin diseases by 
examining the impact of AD on the sweat profile of >100 
lipid mediators from three chemical super-classes using tar-
geted analyses.

MATERIALS AND METHODS

Chemicals and reagents
Ultra-performance LC (UPLC)-grade methanol, acetonitrile, 

2-propanol, and water used during sample preparation and chro-
matographic analysis were purchased from Fisher Scientific 
(Waltham, MA). Glacial acetic acid, formic acid, and ammonium 
formate used during chromatographic analysis were purchased 
from either Fisher Scientific or Sigma-Aldrich (St. Louis, MO). 

TABLE 1. Sampling and storage parameters of sweat collected from 
subjects with and without AD

Parameter AD (n = 11) Control (n = 12)

Gender (male/female) (n) 7/4 7/5
Age (years)a 33.8 ± 12.0b 29.3 ± 3.8
Sweat collected (l)c 31.2 [7.1–73]d 61.3 [25–100]
Transepidermal water loss (g/h/m2)a 8.4 ± 3.9 7.4 ± 3.9
Sampling time (n)
 0900–1400 6 6
 1400–1800 5 6
Storage at 80°C (n)
 0–19 days 7 5
 20–30 days 4 7

a Data reported as mean ± SD.
b These data include one female subject with AD was an outlier with 

respect to age (62.2 years vs. ADn=10 = 30.9 ± 7.7 years), but not with 
respect to observed lipid mediators.

c Data reported as geometric mean [range].
dP < 0.05 versus control group. Significance assessed by two-tailed 

heteroscedastic Student’s t-test.
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Curated data were screened for outliers using the Grubb’s test (21), 
and missing data were imputed by a two-component probabilistic 
principle components analysis with univariate scaling (22). Addi-
tionally, ceramide and sphingoid base data were not collected for 
four male subjects, two with and two without AD. To allow the 
unbiased use of these subjects’ oxylipin and endocannabinoid 
data in PLS-DA analyses, this missing data was interpolated as the 
gender-independent mean of the remaining subject’s data in 
each AD group. The interpolated ceramide results were not used 
for the mean comparisons described below. Following normaliza-
tion of data according to the procedures of Box and Cox (23), 
PLS-DA was conducted using the orthogonal scores algorithm 
with univariate scaling and leave-one-out cross-validation. Vari-
ables were clustered by Spearman correlation coefficients using 
the Minkowski distance and Ward agglomeration.

All means comparisons were performed using MetaboAnalyst 
3.0 (24). For subjects with and without AD classified by gender, 
mean differences were tested by false discovery rate-corrected 
one-way ANOVA with Tukey’s post hoc HSD. Mean differences in 
sampling or storage were tested for AD groups separately using 
Student’s t-test with false discovery rate correction. Additionally, 
three subjects with and three subjects without AD were randomly 
selected and mean sweat lipid mediator concentrations from the 
right and left volar forearms were compared by false discovery rate-
corrected repeated measures ANOVA with Tukey’s post hoc HSD.

RESULTS

Lipid mediators in eccrine sweat
A total of 58 lipid mediators were quantified in the sweat 

of subjects with and without AD, including 33 oxylipins, 3 
nitrolipids, 13 endocannabinoids, 7 [NS] or [NdS] cerami-
des, and 2 sphingoid bases. A complete list of lipid media-
tors screened for and detected along with their associated 
concentrations in eccrine sweat can be found in supple-
mental Table S4. Representative chromatograms of all three 
classes of lipid mediators can be found in supplemental 
Figs. S2–S4. As seen in supplemental Fig. S3, the monoacyl-
glycerol derivatives of arachidonic, linoleic, and oleic acid 
(i.e., 2-AG/1-AG, 2-LG/1-LG, and 2-OG/1-OG, respec-
tively) all demonstrated isomerization, with the 1-isomer 
present at higher concentrations than the 2-isomer. How-
ever, as the same degree of isomerization was noted in the 
analytical surrogate associated with these targets (d5-2-AG), 
this isomerization was considered acceptable, and quantita-
tive data on each isomer could still be obtained.

AD alters sweat lipid mediator profile, but not barrier 
function, in unflared nonlesional skin

While one female subject with AD was substantially older 
than the other women in the study (62.2 years vs. ADn=10 = 
30.9 ± 7.7 years or ADfemales = 34.1 ± 10.6 years), this ex-
treme age did not influence the measured lipid mediators. 
As shown in Fig. 1, subjects with AD had increased (P < 
0.05) concentrations of C14–C24 ceramides, i.e., C32–C42 
[NS] ceramides; C18 and C24 dihydroceramides, i.e., C36 
and C42 [NdS] ceramides; C18:1 sphingosine; 10-ni-
trooleate; and the arachidonate-derived alcohol 8-HETE. 
PLS-DA discriminated subjects with and without AD (Fig. 2A), 
and identified increases in ceramides, dihydroceramides, 

found in supplemental Fig. S1. Collected sweat was exuded into 
methanol-rinsed 2 ml amber vials with Teflon lined closures 
(Waters, Milford, MA) by passing air through the collection tubing 
using a gastight syringe (Hamilton, Reno, NV) and samples were 
stored at 80°C until analysis.

Transepidermal water loss was measured at a nonlesional site 
immediately adjacent to the site of sweat collection using a Tewame-
ter TM 300 (Courage and Khazaka Electronic GmbH, Cologne, 
Germany) in accordance with the manufacturer’s instructions. 
Briefly, the Tewameter probe was placed at the sampling site and 
triplicate measurements of transepidermal water loss were re-
corded in 30 s intervals. Data were reported in grams of water lost 
per hour per square meter of skin (g/h/m2).

Analysis of lipid mediators
Oxylipins, endocannabinoids, sphingoid bases, and ceramides 

were isolated from sweat by direct evaporation of the matrix. Prior to 
evaporation, sample volume was determined by a gastight syringe 
(Hamilton) and samples were enriched with 5 l anti-oxidant solu-
tion (0.2 mg/ml solution butylated hydroxytoluene/EDTA in 1:1 
methanol:water) and 5 l of 1 M deuterated or C17-analog analyti-
cal surrogates in methanol. A complete list of target analytes and 
their associated analytical surrogates are shown in supplemental 
Tables S1–S3. Samples were then diluted with 100 l methanol and 
10 l of a 20% glycerol solution in methanol was added as a keeper 
to reduce analyte loss during evaporation. Samples were dried by 
vacuum evaporation and reconstituted in 35 l of an internal stan-
dard solution containing 50 nM each of 1-cyclohexyl-3-ureido do-
decanoic acid (Sigma-Aldrich) and 1-phenyl,3-ureido hexanoic acid 
(gift from B. D. Hammock, University of California-Davis) in 1:1 
(v/v) methanol:acetonitrile prior to analysis.

UPLC-MS/MS analysis was conducted using modifications of 
previously published protocols (17, 18). Briefly, three 10 l ali-
quots of the reconstituted sample were sequentially injected onto 
an Acquity UPLC system (Waters), with one injection per lipid 
mediator profile analysis. Oxylipins and endocannabinoids were 
separated on a 2.1 × 150 mm, 1.7 m BEH C18 column (Waters), 
while ceramides/sphingoid bases were separated on a 2.1 × 100 mm, 
1.7 m BEH C8 column (Waters) using the solvent gradients de-
scribed in supplemental Tables S1–S3. MS/MS was performed on 
an API 4000 QTrap (Sciex, Framingham, MA) with either nega-
tive mode (oxylipins) or positive mode (endocannabinoids and 
ceramides/sphingoid bases) electrospray ionization. Ionization 
voltages, MS/MS parameters, and chromatographic retention 
time are listed in supplemental Tables S1–S3. Analytes were quan-
tified using internal standard methodology with five to seven 
point calibration curves (r  0.997). Data were processed using 
AB Sciex MultiQuant version 3.0.2 and all calculated lipid media-
tor concentrations were reported in picomoles per milliliter (i.e., 
nM) of collected sweat.

The abbreviations used to describe the oxylipins, endocannabi-
noids, sphingoid bases, and ceramides quantified in this study fol-
low standard conventions in the field and are fully described in 
the supplemental data.

Statistical analysis
Statistical analysis generally followed previously published pro-

tocols (19). All lipid mediator data were assessed by partial least 
squares discriminant analysis (PLS-DA) using disease state and/or 
subject gender, hand sampled, time of collection, or storage time 
as the classifier. All statistical analyses were performed in the R 
statistical environment (R Foundation for Statistical Computing, 
Vienna, Austria) using imDEV v1.42, a Microsoft Excel add-in 
(Microsoft Corporation, Redmond, WA) (20).

Prior to PLS-DA, data were curated such that analytes with 
<70% completeness of data were removed from consideration. 
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Impact of sampling and storage on sweat lipid mediator 
profile

Lipid mediators discriminating between subjects with 
and without AD (i.e., ceramides and sphingoid bases) were 
unaffected by the sampling time, sampling site, or storage 
conditions used in this study. In particular, no differences 
were observed within each subject group (i.e., subjects with 
and without AD) when the data were grouped by time of col-
lection (0900–1400 or 1400–1800), duration of storage at 
80°C (0–19 days or 20–30 days), or arm sampled (right or 
left volar forearm) (P > 0.05) (supplemental Figs. S5–S7). Sam-
pling and storage time impacted a few of the identified lipid 
mediators in subjects without AD (supplemental Table S5); 
however, these changes were excluded after false discovery 
rate correction for multiple comparisons (q = 0.05).

and C18:1 sphingosine as the dominant discriminating fac-
tors (Fig. 2B). The PLS-DA also highlighted a gender- 
dependent effect, with mediator profiles increasing more 
in men than in women, and where men with and without 
AD are better separated than women (Fig. 2A). Comparing 
the relative fold differences in ceramides and sphingosine 
between subjects with and without AD, when separated by 
gender, highlights this observation (Fig. 2C, D). Specifi-
cally, men with AD have 2- to 6-fold higher ceramides 
and sphingosine compared with men without AD, whereas 
women with AD only have 1- to 1.5-fold higher ceramides 
and sphingosine compared with women without AD. Tran-
sepidermal water loss, an indicator of skin barrier status, 
was not different between subjects with and without AD 
(Table 1).

Fig. 1. Biochemical network maps summarizing assayed and detected lipid mediators in the eccrine sweat of subjects with and without AD. 
Subjects with AD had increased concentrations of arachidonic acid-derived 8-HETE, oleic acid-derived 10-nitrooleate, C30–C40 [NS] and 
[NdS] ceramides, and C18:1 sphingosine. Lipid mediators were clustered based on known biochemical pathways and significance was  
assessed using a one-way ANOVA with Tukey’s post hoc HSD and false discovery rate correction (q = 0.05). Descriptions of lipid mediator 
abbreviations can be found in the supplemental data.
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mediators in eccrine sweat. The only previous attempt was 
to quantify a single lipid mediator (PGE2) in sweat col-
lected from the forearm following thermal stimulation of 
sweating (13). Interestingly, despite differences in sweat 
initiation, collection, and analysis between Forstrom, 
Goldyne, and Winkelman (13) and the present study, the 
concentrations of PGE2 in the sweat of healthy individuals 
(1.77 ± 1.22 nM and 2.19 ± 3.02 nM, respectively) were  
not different (P = 0.7) between the two studies. While it 
would be premature to suppose that sweat lipid mediator 
concentrations are unaffected by thermal versus pilocar-
pine iontophoretic sweat stimulation, these results are 
intriguing.

DISCUSSION

Sweat’s physiological role in heat dissipation is well-
known, as is its basic chemical composition, i.e., water and 
salt. However, sweat also contains a wide array of other 
small molecules that can be influenced by disease states 
and environmental exposures, thus offering access to a po-
tentially valuable and noninvasive biological sample. Lipid 
biochemistry produces a wide variety of bioactive mole-
cules that have important regulatory roles in inflamma-
tion and cell growth, among other things, and many of 
these are produced by and found in the skin. This study 
represents an extensive characterization of bioactive lipid 

Fig. 2. Eccrine sweat lipid mediator discrimination of men and women with and without AD. A: The PLS-DA scores plot showing AD group 
and gender discrimination. B: The PLS-DA loadings plot showing variable weight in discrimination. Point sizes are defined by the variable 
importance in projection (VIP) scores, with VIPs >1 considered significant factors in the discriminant model. Variables were grouped by their 
correlation (Spearman’s ) using a hierarchical cluster analysis with cluster identified by a unique color. Ceramides and sphingosine are el-
evated in subjects with AD. C: Fold-difference comparisons of lipid mediators increased in male subjects with AD relative to the average 
subject without AD. In men, AD caused a 2- to 6-fold elevation in ceramides and C18:1 sphingosine. D: Fold-difference comparisons of lipid 
mediators increased in female subjects with AD relative to the average subject without AD. In women, AD caused 1- to 1.5-fold higher con-
centrations of ceramides and C18:1 sphingosine. Descriptions of lipid mediator abbreviations can be found in the supplemental data.



Sweat lipid mediator profiling 193

and their activity has been well reviewed elsewhere (35). 
Given that C18:1 sphingosine is the most abundant sphin-
goid base in human skin (36), the action of CerS4 on some 
of its typical substrates would form C32–C44 [NdS] cerami-
des, which could be further desaturated to C32–C44 [NS] 
ceramides. As we have reported increases in C32–C42 [NS] 
ceramides and C36 and C42 [NdS] ceramides in the sweat 
of subjects with AD, it would appear that our findings are 
consistent with the reported increases in CerS4 activity in 
subjects with AD. It remains unclear why CerS4, in particular, 
is increased in subjects with AD, whereas no reports exist of 
other ceramide synthase expression levels being affected 
by AD (30). One possibility is that increased short-chain 
[NS] ceramide levels would induce increased keratinocyte 
differentiation as a compensatory mechanism to repair a 
damaged epidermal barrier, but further research would be 
necessary to verify this or other explanations for the differ-
ential regulation of ceramide synthases in AD.

Our discovery of gender-specific AD impacts on sweat 
ceramide concentrations was unexpected. Previous studies 
examining [NS] ceramides in AD did not consider gender-
specific differences in [NS] ceramide concentrations (25, 
26). While gender differences in total skin ceramides, with 
men having increased skin ceramide concentrations, have 
been reported by some (37), others have found no differ-
ences in either total or individual ceramide species when 
comparing men and women (38, 39). However, while the 
magnitude of change was greater in men, the vector of 
change was consistent between genders, with AD increas-
ing in the short-chain ceramide and sphingosine concen-
tration in the sweat, suggesting that these changes in [NS] 
and [NdS] ceramides and C18:1 sphingosine may be linked 
to the pathogenesis of AD.

To the best of our knowledge, no previous associations 
have been established between levels of 10-nitrooleate or 
8-HETE and AD. However, increases in cutaneous 8-HETE 
concentrations have been reported in psoriatic scales (40) 
and in response to sunburn (41), and 8-HETE synthesis 
during skin wound repair has been observed in our labora-
tory (unpublished observations). The role of 8-HETE in 
cutaneous disease remains unclear, but it is believed that 
as a potent neutrophil chemoattractant, 8-HETE may pro-
mote cutaneous inflammation (41). On the other hand, 
10-nitrooleate has been demonstrated to be a signaling 
molecule in cultured murine keratinocytes (42), and to 
reduce the severity of murine allergic airway disease, an 
atopic disorder similar to asthma, by suppressing inflam-
mation and hypersensitivity (43). Therefore, it is possible 
that 8-HETE and 10-nitrooleate influence cutaneous in-
flammation and systemic atopy, and further testing of le-
sional AD skin may be necessary to establish an association 
between these lipid mediators and AD.

Other lipid mediators reportedly associated with AD in-
clude PGE2, PGD2, and the endocannabinoid, arachi-
donoylethanolamide (AEA) or anandamide, all of which 
have been implicated in acute cutaneous inflammation and 
immunomodulation (44–46). While PGE2 and AEA were 
quantified in the sweat of subjects with and without AD, con-
centration differences were not observed between the groups 

To explore the potential impact of a common skin disor-
der on sweat lipid mediator composition, we enrolled and 
evaluated men and women with either unflared AD or 
healthy skin. Subjects with AD showed elevated concentra-
tions of [NS] and [NdS] ceramides and C18:1 sphingosine 
in their sweat. Increases in short-chain (30–40 total car-
bons) [NS], [AS], [NH], and [AH] ceramides have been 
previously reported in the stratum corneum of subjects 
with AD and have been correlated with an impairment of 
the epidermal barrier (25, 26). More recently, increases in 
C18:1 sphingosine have also been shown to be associated 
with increases in membrane permeability in an AD mouse 
model (27).

The observed increases in C18:1 sphingosine in the sweat 
of subjects with AD appear contrary to the reported de-
creases in C18:1 sphingosine in the epidermis of subjects 
with AD (28). However, given the antimicrobial action of 
C18:1 sphingosine (29), these decreases in subjects with 
AD are consistent with their increased susceptibility to epi-
dermal colonization by bacteria, such as Staphylococcus au-
reus (28). If linked, it is interesting to speculate that the 
elevated sweat C18:1 sphingosine levels may represent a 
compensatory mechanism to transport this antimicrobial 
molecule to the skin surface.

The increases in short-chain [NS] ceramides appear to 
be at odds with the generally reported decrease in total 
skin ceramides with AD (30). However, ceramides as a class 
are complex molecules, consisting of 12 reported species and 
present in different proportions in the skin, as described in 
supplemental Fig. S8. Of these 12 ceramide species, 8 spe-
cies (including phytosphingosine- and hydroxysphingo-
sine-containing ceramides and -esterified ceramides) are 
believed to form and maintain the epidermal barrier and 
collectively constitute 80% of total skin ceramides (15). 
Concentrations of all of these eight species decrease in the 
stratum corneum of subjects with AD, consistent with a 
damaged epidermal barrier (25, 26). Of the remaining 
four ceramide species, [NS] and [NdS] ceramides collec-
tively constitute 15% of total skin ceramides and appear 
to have functions related to keratinocyte signaling (15, 31). 
As mentioned previously, concentrations of short-chain 
[NS] and [NdS] ceramides have been shown to increase in 
the stratum corneum of subjects with AD, while concentra-
tions of long-chain (>50 total carbons) [NS] and [NdS] 
ceramides have been shown to decrease in the stratum cor-
neum of subjects with AD (25). In addition, increases in 
short-chain [NS] and [NdS] ceramides have also been cor-
related with an impaired epidermal barrier, and altered 
lipid organization in the stratum corneum due to these 
ceramide increases has been proposed as the mechanism 
for epidermal barrier impairment (32).

It has recently been reported that subjects with AD have 
increased expression of ceramide synthase 4 (CerS4) (33). 
CerS4 is responsible for the linking of a fatty acid chain to 
a sphingosine backbone to form [NdS] or [AdS] cerami-
des that are eventually desaturated to [NS] or [AS] cerami-
des and its substrates are typically C14–C26 fatty acids (34). 
Other members of the ceramide synthase family of enzymes 
are responsible for the formation of other ceramide classes 
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(P > 0.05). PGD2 was not detected. Given that the study sub-
jects with AD were sampled in an unflared state and samples 
were obtained from nonlesional skin, these findings support 
the pathognomonic association of PGE2 and AEA with the 
inflammatory sequela of AD, rather than its pathogenesis.

There would therefore appear to be agreement between 
published cutaneous lipid mediator changes and those ob-
served in sweat in the context of AD, particularly with re-
spect to ceramides and sphingoid bases. It is interesting 
that these differences in ceramides and sphingoid bases 
usually correlated with epidermal barrier dysregulation 
were observed in nonlesional skin from subjects with un-
flared AD, given that an impaired epidermal barrier in AD 
is usually associated with active lesions or nonlesional skin 
adjacent to active lesions (47). Therefore, the sweat media-
tor lipidome appears to indicate a sustained biochemical 
dysregulation in subjects with AD and may provide an op-
portunity for preclinical diagnostics. This potential utility 
warrants further studies to assess the specificity and sensi-
tivity of the observed changes by assessing the impact of 
other inflammatory skin conditions, such as psoriasis or 
acne vulgaris, on the sweat mediator lipidome. It may also 
be of interest to collect sweat from lesional and nonlesional 
skin of subjects with AD in the flared state in order to evalu-
ate the impact of epidermal barrier dysregulation and/or 
inflammation on the sweat mediator lipidome.

While the source(s) of lipid mediators in sweat remain 
unidentified, both tissue production and plasma transdermal 
diffusion are feasible. Skin is a rich source of eicosanoids, 
and the epithelial cells of the sweat gland themselves are 
capable of synthesizing the endocannabinoids, AEA, and 
2-AG (48). Moreover, small xenobiotics are believed to 
emerge in sweat by either transdermal migration or passive 
diffusion from blood (49), and the same may be true for 
lipid mediators. Ultimately, understanding the source of 
mediators found in the sweat will be important for the in-
terpretation of the resulting data, and this will require ad-
ditional focused studies in the future.

Overall, this study represents a broad characterization of 
the sweat mediator lipidome, demonstrating the presence 
of endocannabinoids, oxylipins, nitrolipids, [NS] and 
[NdS] ceramides, and sphingoid bases in eccrine sweat col-
lected from the volar forearm. Additionally, this study dem-
onstrates an apparently robust and novel noninvasive tool 
that could be used to support cutaneous research. Future 
studies will investigate the ability of sweat to report on the 
biochemical milieu of skin inflammation, directly compare 
the impact of physiologic versus pharmacologic sweat stim-
ulation, and assess the variance in sweat composition asso-
ciated with collection from other anatomical regions as we 
begin to scratch the surface of this novel and exciting addi-
tion to cutaneous research.
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