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Abstract

Few studies compare sampling protocol effect on sweat composition. Here we evaluate the impact
of sweat stimulation mode and site of collection on lipid mediator composition. Sweat from
healthy males (7= 7) was collected weekly for three weeks from the volar forearm following
either pilocarpine iontophoresis or exercise, and from the forearm, back and thigh following
pilocarpine iontophoresis only. Sweat content of over 150 lipid mediators were measured by liquid
chromatography-tandem mass spectrometry. Seventy lipid mediators were routinely detected,
including prostanoids, alcohols, diols, epoxides, ketones, nitrolipids, N-acylethanolamides,
monoacylglycerols, and ceramides. Detected lipid mediators appeared unaffected by sampling site,
though the forearm was the most consistent source of sweat. Pilocarpine-induced sweat showed
increased concentrations of most detected compounds. Moreover, lipid mediator concentrations
and profiles were temporally stable over the study duration. Sweat therefore appears to be a
consistent and anatomically-stable source of lipid mediators, but care must be taken in comparing
results obtained from different stimulation techniques.
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Introduction

Sweat is a complex hypotonic biofluid produced by the eccrine, apocrine and apoeccrine
glands of the skin, and along with sebum, is one of the two major cutaneous secretions.
Reported components of sweat were traditionally limited to water, electrolytes, urea, lactate,
amino acids, metals and xenobiotics [1], though recent studies have revealed that sweat also
contains proteins, carbohydrates organic acids, and lipid-derived molecules, including PGE2
[2—-6]. In fact, eccrine sweat contains numerous lipid mediators including a wide array of
oxygenated lipids (i.e. oxylipins), nitrolipids, endocannabinoids and endocannabinoid-like
N-acylethanolamides (NAEs) and monoacylglycerols (MAGS), ceramides and sphingoid
bases [7]. Therefore, sweat is a rich source of small and large biomolecules, and omics
analysis of sweat is a field with great interest and potential for future research [1]. It should
be noted that most studies involving sweat bioanalysis have collected sweat from anatomical
sites that contain only eccrine sweat glands, and a relatively low density of sebaceous glands
[8], which has led to sweat being traditionally defined as predominantly eccrine sweat [9], a
convention maintained in the current manuscript as well. However, one should always
acknowledge that the liquid secretions of the skin which have physiologically important
evaporative cooling properties may have mixed secretory compositions depending on the site
and mode of collection.

To obtain sufficient quantities of sweat for analyses, sweating is usually stimulated either
pharmacologically using pilocarpine iontophoresis, or physiologically with exercise or
exposure to elevated temperatures in a sauna [9]. However, different methods of sweat
stimulation can differentially affect sweat composition. For instance, both exercise and
sauna increase interleukin (IL)-1 concentrations in sweat compared to pilocarpine
iontophoresis, and sauna produces higher concentrations of sweat IL-1 compared to exercise
[10]. Similarly, thermal exposure and running generate different sweat electrolyte, creatinine
and urea profiles [11]. Moreover, sweat is generally collected from the forearm, though
collection from other anatomical sites such as the leg, bicep, torso, forehead or axilla have
been reported [9]. As with compositional variation associated with stimulation techniques,
variations with collection site are also reported. For instance, the ratio of IL-1a to IL-1p
appears to change depending on whether the palmar/plantar surface or torso is sampled [10],
though sampling from the forearm, back, chest, forehead or thigh does not seem to affect
sweat sodium or potassium concentrations [12]. Therefore, the effects of sampling site on
sweat composition are less clear.

Given that IL-1 activity directly affects eicosanoid formation [13], it seems plausible that
different sweat stimulation techniques and collection sites could impact sweat lipid mediator
profiles, and such effects should be considered when interpreting these data. The primary
goal of this study is to compare the sweat mediator lipidome obtained following either
pharmacological (pilocarpine iontophoresis) or physiological (moderate exercise)
stimulation, as well as the sweat mediator lipidome obtained from the forearm, back and
thigh following pilocarpine iontophoresis. Secondary study goals compare the temporal
stability and intra- and inter-individual variability of the pharmacologically stimulated sweat
lipid mediator profile obtained from the volar forearm. Understanding the stability and
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variability of sweat lipid mediators is critical given the preclinical diagnostic potential of
these compounds in atopic dermatitis [7], and the possibility that sweat bioanalysis could
enhance our understanding of cutaneous biochemistry, while ensuring minimal subject
discomfort.

Materials and Methods

Subjects

Healthy male subjects aged 20-40 yr (n7= 10) were recruited from the Sacramento, CA,
USA metropolitan area between October and November 2016 to participate in this study.
Eligibility for participation was assessed by an in-person screening questionnaire completed
at recruitment. Exclusion criteria included: a diagnosed disease for which the subject was
currently taking medication; recent hospitalization, surgery or antibiotic therapy; regular
consumption of prescription or over-the-counter medications such as statins, steroids, weight
loss aids, or non-steroidal anti-inflammatory drugs; BMI < 18.5 kg/m? or > 30 kg/m?;
orthopedic or cardiovascular limitations that precluded participation in moderate exercise;
and regular performance of physical activity defined as “vigorous” by the Centers for
Disease Control and Prevention [14]. 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 #929370). This study is
registered with ClinicalTrials.gov as NCT02935894.

Of the 10 subjects recruited, one did not comply with study requirements, and two did not
produce sweat upon stimulation by pilocarpine iontophoresis. Therefore, the study
proceeded with seven subjects. Baseline physiological characteristics of the subjects are
listed in Supplemental Table S1.

Study Design and Sweat Collection

Subjects participated in three study visits, separated by approximately one week, at the
United States Department of Agriculture’s Western Human Nutrition Research Center in
Davis, CA, USA. All study visits started between 07:00 and 08:30 to avoid potential
circadian effects on lipid mediators. Prior to each study visit, subjects were asked to fast for
12 h, not to apply any creams or topical medications for 24 h, and refrain from use of non-
steroidal anti-inflammatory drugs such as aspirin, acetaminophen, or ibuprofen for 48 h.
Subjects remained fasted during study visits, but ad /ibitum water intake was encouraged.
During the first study visit, subjects completed a Physical Activity Readiness Questionnaire
[15], and their height and weight were measured, to ensure compliance with study
requirements.

Sweat was collected in environmentally regulated rooms (23 £ 1 °C; 35 + 6% relative
humidity) from an ~7 cm? area of skin by capillary action using Macroduct® sweat
collectors (Wescor, Inc., Logan, UT, USA). At each study visit, sweat was stimulated by
pilocarpine iontophoresis and collected from the right volar forearm (5-10 cm above the
wrist) using the Macroduct® system’s Webster Sweat Inducer (Wescor, Inc.). During the first
study visit, sweat was also stimulated with moderate exercise (see description below) and
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collected from the left volar forearm (5-10 cm above the wrist). During the second study
visit, sweat was also stimulated by pilocarpine iontophoresis and collected from the right
anterior distal thigh (3-5 cm above the knee), and during the third study visit, sweat was also
stimulated by pilocarpine iontophoresis and collected from the region of the back
corresponding to the vertebrae T11 to L2 (5-10 cm to the right of the spine). All procedures
involving the Macroduct® sweat collection system were in accordance with previously
published protocols [7]. Images of the sampling sites and stimulation protocols are available
in Supplemental Fig. S1.

Collected sweat was exuded into methanol-rinsed 2 mL amber vials with Teflon-lined
closures (Waters Corporation, Milford, MA, USA) by passing air through the collection
tubing three times using a 250 L gastight syringe (Hamilton, Reno, NV, USA). Samples
were stored at =80 °C for a maximum of one week, to control for and minimize storage
duration.

Stimulation of Sweat by Moderate Exercise

Sweat stimulation by physiological methods was achieved by a 15-min exercise period on a
Monark Ergomedic 828E cycle ergometer (Vansbro, Sweden). Prior to the start of the
exercise period, subjects completed a 5-min warm-up on the cycle ergometer, during which
time flywheel resistance was progressively increased so as to elicit a graded elevation in
heart rate (HR). The increase in flywheel resistance was continued until an exercise HR
equivalent to 60% heart rate reserve (HRR) was achieved. Exercise HR was determined
using the Karvonen method, a model widely understood to correlate well with % maximum
oxygen consumption (VO, max) and VO, reserve, both excellent predictors of exercise
intensity [16, 17]. A range of 60-80% exercise HRR was selected to ensure sufficient sweat
production and to standardize exercise intensity across participants. Achievement of 60%
HRR commenced the exercise period, which consisted of 15 min of cadence-controlled (50
rpm) pedaling at a resistance sufficient to maintain exercise HR within the 60-80% HRR
target zone. Following completion of the exercise period, a cooldown period was provided
until subject was comfortable with exiting the cycle ergometer.

HR was monitored at rest and throughout exercise and cool down via a V800 Bluetooth HR
monitor (Polar Electro, Inc., Lake Success, NY, USA) and TrueOne® 2400 HR sensor
(Parvo Medics, Sandy, UT, USA). Respiratory exchange ratio and VO, were continuously
monitored throughout exercise with a TrueOne® 2400 (Parvo Medics). Every three minutes,
subjects provided a rating of perceived exertion (Borg scale), a subjective intensity measure
shown to agree with exercise intensity and HR [18]. Measured HR, VO,, and other exercise
parameters are available in Supplemental Table S1, and demonstrate the uniformity of
exercise intensity across subjects.

Prior to the start of the warm-up period, the left volar forearm was wiped with a 70%
isopropanol swab (Fisher Scientific, Waltham, MA, USA) followed by a distilled water-
saturated cotton gauze pad (Fisher Scientific) to keep sweat collection methodology
consistent with those used after pilocarpine iontophoresis. Immediately prior to the start of
the exercise period, the left volar forearm was again wiped with a fresh distilled water-
saturated cotton gauze pad and then dried with another cotton gauze pad. After this, the
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Macroduct® sweat collector was attached to the forearm 5-10 cm above the wrist, secured
with an elastic band, and the subject was allowed to begin the exercise period. The
Macroduct® sweat collector remained in place throughout the exercise period and was
removed from the subject’s forearm 15 min after the exercise period ended (total contact
time of 30 min). Collected sweat was then exuded and stored as described in Study Design
and Sweat Collection above.

Analysis of Sweat Lipid Mediators

Oxylipins, nitrolipids, free fatty acids, NAEs, MAGs, ceramides and sphingoid bases were
isolated from sweat by direct evaporation of the matrix, resuspended in organic solvents and
analyzed by ultra-performance liquid chromatography tandem mass spectrometry (UPLC-
MS/MS), using modifications of a previously published protocol [7]. Briefly, collected sweat
volume was determined for each sample using either a 50 puL or 100 pL gastight syringe
(Hamilton), and samples were enriched with 5 pL of an anti-oxidant solution (0.2 mg/mL
butylated hydroxytoluene/EDTA in 1:1 methanol:water), 2 uL of a 500 nM deuterated-
oxylipin/NAE/MAG surrogate solution in methanol, and 5 puL of a 1000 nM C17-analog
ceramide surrogate solution in methanol. A complete list of analytical targets and their
associated surrogates is shown in Supplemental Table S2A and Supplemental Table S3A.
Each sample was then mixed with 100 pL of methanol and 10 pL of a 20% glycerol solution
in methanol, and the solvent was evaporated under vacuum (GeneVac EZ-2 Personal
Evaporator, SP Scientific, Warminster, PA, USA). Dried samples were reconstituted in 40 pL
of an internal standard solution containing 50 nM each of 1-cyclohexyl-3-ureido dodecanoic
acid (Sigma-Aldrich, St Louis, MO, USA) 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. Reconstituted samples were injected (10 uL) onto a Shimadzu Nexera X2 series
UPLC system (Columbia, MD) and oxylipins, nitrolipids, free fatty acids, NAEs and MAGs
were separated on a 2.1 x 150 mm, 1.7 um BEH C18 column (Waters) and detected with an
API 6500 QTrap (Sciex, Framingham, MA, USA) with positive-negative mode switching
electrospray ionization. A second 10 pL aliquot of the reconstituted sample was injected
onto a Waters Acquity UPLC system and ceramides and sphingoid bases were separated on
a2.1 x100 mm, 1.7 um BEH C8 column (Waters) and detected with an AP1 4000 QTrap
(Sciex) using positive mode electrospray ionization. Chromatographic solvent gradients are
listed in Supplemental Table S2B and Supplemental Table S3B, and ionization voltages,
MS/MS parameters, and retention times are listed in Supplemental Table S2A and
Supplemental Table S3A.

Sample batches included method blanks and duplicate analysis of an in-house pooled sweat
laboratory reference material (LRM) sample. Analytes were quantified using internal
standard methodology with five- to seven-point calibration curves (r = 0.997). Data were
processed using Sciex MultiQuant version 3.0.2 with lipid mediator concentrations reported
in picomole per milliliter (i.e. nM) of collected sweat.

The nomenclature used to identify the lipid mediators examined in this study are described
elsewhere [7], and all lipid mediator abbreviations are fully expanded in Supplemental Table
S4,
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Statistical Analysis

Statistical analysis generally followed a previously published protocol [19]. Prior to
statistical analyses, data were curated such that analytes with >30% missing values across
the data set were excluded. The remaining data were screened for outliers using Huber’s
maximum likelihood type estimates to determine the center and spread of each analyte [20].
Missing data were imputed by least squares multivariate normal imputation [21], after which
data were transformed to normal using the generalized logarithm transform [22], and
normality was verified using the Shapiro-Wilk test [23]. All data pretreatment was
performed in JMP Pro 12 (SAS Institute, Inc., Cary, NC, USA).

To prevent differential storage times, samples were processed weekly along with a pooled
sweat LRM. While within-batch precision was excellent, 16% of the LRM metabolites
showed a significant correlation with batch (r = 0.811, p < 0.05, 7= 6). Using the batch to
concentration correlation for each lipid mediator detected in the LRM, sample results were
batch adjusted calculating the batch-specific residuals and subtracting these from the
measured data. Adjustment eliminated correlations between batch and lipid mediator
concentration in the LRM and did not fundamentally alter the relationship in the
experimental samples. Batch-adjusted data was then transformed to normal as described
above. All batch adjustments were performed in Microsoft Excel 2010 (Redmond, WA,
USA).

Comparisons of mean lipid mediator concentrations in sweat stimulated by pilocarpine
iontophoresis and exercise were made by paired Student’s £tests. Comparisons of collection
sites (anterior distal thigh, lower back and volar forearm) were made by one-way ANOVAS,
while assessments of sweat lipid mediator temporal stability were made by repeated
measures ANOVAs. Subject identification was included as a random effect in the one-way
ANOVA models, as only two subjects produced sweat from all three collection sites. All
univariate comparisons were performed in JMP Pro 12 (SAS Institute, Inc.) and adjusted for
multiple comparisons using the Benjamini-Hochberg procedure at g = 0.05 [24].

Multivariate analyses were conducted by partial least squares discriminant analysis (PLS-
DA), using two different algorithms in the R statistical environment (Vienna, Austria).
Models were constructed using either the orthogonal scores algorithm with univariate
scaling and leave-one-out cross-validation in imDEV version 1.42, a Microsoft Excel add-in
[25], or using the p/sand caret packages in R version 3.4.1 [26, 27]. In both cases sweat
stimulation technique, collection site or study visit were used as classifiers, and variables
were clustered by Spearman correlation coefficients using the Minkowski distance and Ward
agglomeration. Models built using imDEV version 1.42 were evaluated using the Q2 score,
with Q2 = 0.4 considered indicative of a predictive model [28]. Models built using the p/s
and caret packages in R version 3.4.1 were evaluated using model accuracy, and the
significance of model accuracy was evaluated using a chi-squared test.
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Results

Impact of Sweat Stimulation Method on the Lipid Mediator Profile

Pilocarpine- and exercise-induced sweat demonstrated different sweat lipid mediator
profiles. Multivariate analysis demonstrated clear separation of groups in the PLS-DA scores
plot (Fig. 1A), with a model Q2 = 0.8 and accuracy of 99% (Xz =7.00, p =0.009, n=14),
suggesting a highly predictive model. The PLS-DA loadings plot indicated increased
concentrations of C18:1 sphingosine and C14-C24 [NS] ceramides, as well as alcohols,
diols, epoxides, ketones and MAGs derived from arachidonate, linoleate, a-linolenate,
eicosapentanoate and oleate in pilocarpine-induced sweat (Fig. 1B), and results were
supported by univariate comparisons (Table 1). Exercise-induced sweat, on the other hand,
contained increased concentrations of linoleate-derived triols (Table 1). The changes in
individual sweat lipid mediator concentrations due to sweat stimulation method are fully
documented in Supplemental Table S5A-C.

Examining the relative abundances of the detected lipid mediators within their respective
classes, the relative proportions of sphingoid bases and MAGs were unaffected by sweat
stimulation method. However, the class-specific proportions of oxylipins and NAEs were
affected by sweat stimulation technique (Table 2). Changes in individual lipid mediator
relative abundances are fully documented in Supplemental Table SS5A-C.

Impact of Sampling Site on the Sweat Lipid Mediator Profile

Sweat collected from the volar forearm, the anterior distal thigh and the lower back all
demonstrated similar lipid mediator profiles. Though the PLS-DA scores plot (Fig. 2)
appears to show separation between the sweat lipid mediator profiles obtained from the
lower back and anterior distal thigh, the model had a Q2 score of —0.1 and an accuracy of
55% (X2 =0.21, p = 0.4, n=21), suggesting lack of predictive power. Therefore, these
apparent separations may be spurious. Univariate analyses of both the absolute
concentrations and class-specific relative abundances of the lipid mediators also indicated no
differences between sampling sites (Supplemental Table S6A-C).

However, as only four subjects were able to produce sweat from the thigh or lower back, and
of these four subjects, only two subjects produced sweat from both sites, this analysis is
likely under powered. By contrast, all seven subjects produced sweat from the forearm
during the second study visit, and six of these subjects produced sweat from the forearm
during the third study visit as well. Therefore, the volar forearm appears to be the most
reliable source of sweat following stimulation by pilocarpine iontophoresis.

Temporal Stability of Sweat Lipid Mediators

Of the seven subjects sampled in this study, six produced sweat from the volar forearm
following pilocarpine iontophoresis at all three study visits, and only their results are
considered in this section. No temporal differences were detected between study visits by
either multivariate analysis. Though the PLS-DA scores plot appears to show separation
between the sweat lipid mediator profiles obtained at each study visit (Fig. 3), the model had
a Q2 score of 0.2 and an accuracy of 57% (X2 =0.11, p = 0.4, n=18), suggesting a lack of
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predictive power. Univariate analysis of absolute concentration or class-specific relative
abundance of sweat lipid mediators at each study visit also indicated no difference between
sweat lipid mediator profiles collected at each study visit (Supplemental Table S7A-C).

Inter- and Intra-Individual Variability of Sweat Lipid Mediators

As with temporal stability of sweat lipid mediators, only the results from the six subjects
that produced sweat from the volar forearm at all three study visits are considered in this
section. Considerable inter- and intra-individual variability in sweat lipid mediators
(evaluated as the coefficient of variance) was observed when examining absolute
concentrations, though intra-individual variance was always lower than inter-individual
variance (Table 3). Coefficients of variance for individual sweat lipid mediators are available
in Supplemental Table SBA-C, and a graphical representation of each subject’s sweat lipid
mediator concentrations at each study visit is available in Supplemental Fig. S2. These
results suggest that individuals are more similar to themselves than each other with respect
to their sweat lipid mediator concentrations.

Comparing the variability of the class-specific relative abundances of sweat lipid mediators,
less variance was observed compared to absolute concentrations and inter- and intra-
individual variance were almost equivalent for most analytes (Table 3 and Supplemental
Table S8A-C). A graphical representation of each subject’s sweat lipid mediator class-
specific relative abundance profile is available in Supplemental Fig. S3. Collectively, these
results suggest that while the concentration of sweat lipid mediators is highly variable, their
pattern is generally more stable than their concentration across time and individuals.

Discussion

The emergence of sweat as a promising non-invasive clinical diagnostic matrix, and the
knowledge that the method of sweat stimulation and site of collection can impact sweat
composition, makes it important to understand how target compounds of interest are affected
by the chosen sweat sampling protocol. With respect to sweat lipid mediators, it has been
demonstrated that ceramides and sphingosines are elevated in the sweat of individuals with
atopic dermatitis [7], and that IL-1 levels which can directly affect eicosanoid formation [13]
are affected by sampling site and sweat stimulation method [10]. This makes it all the more
important to understand the stability and variability of lipid mediators in sweat.

Comparison of sweat PGE2 levels collected from the forearm of healthy individuals
following either pilocarpine iontophoresis (2.19 £ 3.02 nM, n=12) [7] or thermal induction
of sweating (1.77 £ 1.22 nM, nn= 14) [6], suggests that sweat stimulation technique does not
alter PGE2 concentration (P = 0.7, 2-tailed heteroscedastic Student’s £test). This study
supports this finding, as sweat PGE2 levels were not affected by either pilocarpine
iontophoresis or exercise stimulation in the same subjects (P = 0.2, Supplemental Table
S5A). However, a suite of other lipid mediators including polyunsaturated fatty acid
(PUFA)- derived alcohols, diols, triols, epoxides and ketones, as well as NAEs, MAGs and
ceramides were affected by sweat stimulation technique, and with the exception of the
linoleate-derived triols, concentrations of all of these lipid mediators increased in sweat
collected following stimulation by pilocarpine iontophoresis. It is therefore advisable to
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exercise caution when considering comparisons between studies involving sweat
composition, particularly when sweat stimulation techniques differ between the studies.

The sources of sweat lipid mediators and the mechanism by which they are being
incorporated into a predominantly aqueous matrix such as sweat are still unknown. Without
this information, it is difficult to identify the mechanism by which pilocarpine increases
sweat lipid mediator concentrations. However, pilocarpine has been shown to be a potent /n
vitro oxidant of linoleic acid [29] and an inducer of lipase activity in the liver [30]. A related
muscarinic agonist, bethanechol, has also been demonstrated to increase permeability of the
intestinal epithelium /n vitro [31]. Therefore, it is possible to speculate that the increase in
sweat lipid mediators following pilocarpine iontophoresis is due to either increased
oxygenation of available fatty acid precursors, increased production of fatty acid precursors,
increased permeability of the sweat gland, or some combination of these three possibilities.
Oxidation of PUFAs by pilocarpine to form sweat lipid mediators appears less likely since
neither of the major lipid mediator-associated auto-oxidative markers (i.e. F2-isoprostanes or
linoleate-derived hydroperoxides) were detected in the samples. However, a minor auto-
oxidative product, 9-HETE, was detected in sweat, so we cannot completely rule out
pilocarpine-induced oxidation as a reason for increased concentrations of lipid mediators in
pharmacologically-stimulated sweat. Further experimentation would be needed to establish
the actual mechanism by which pilocarpine impacts sweat lipid mediator concentrations.
Examples of such experiments could include sampling cultured dermal fibroblasts and sweat
gland epithelial cells before and after the addition of pilocarpine, and permeability tests of
cultured sweat gland epithelium in the presence and absence of pilocarpine.

Regarding sampling sites, the volar forearm has been the most popular site for sweat
collection in omics studies using pilocarpine iontophoresis [9]. Advantages of this site
include a low density of sebaceous glands, minimizing the contamination of collected sweat
by sebum [8], its relatively hairless, sun-protected nature, and relative accessibility, which
ensures minimal discomfort to subjects. For this study, we chose the lower back and anterior
distal thigh as alternative sampling sites because these sites have resting and exercise-
induced sweating rates that are greater than or equal to the forearm [32], and like the volar
forearm are also relatively hairless, contain a low density of sebaceous glands, and are
generally sun-protected. Additionally, few cultural barriers exist for accessing these
anatomical locations, compared to other sites such as the chest or buttocks that have been
examined in other sweat studies [9]. Collectively, the choice of these alternative sites
allowed for the evaluation of the anatomical variability of sweat lipid mediators, without the
presence of confounders such as sebaceous contamination or differential sweating rates, and
also allows direct comparison of the sweat lipid mediator profile at these sites to the
previously characterized sweat lipid mediator profile at the volar forearm [7].

Our findings that sampling site appeared not to impact the sweat lipid mediator profile is in
contrast to the strong impact sampling site did have on the ratio of IL-1a to IL-1p [10],
which is perhaps surprising given the strong associations between IL-1 and eicosanoids [13].
However, our sample size was small, particularly for the lower back and anterior distal thigh,
and sweat production was very inconsistent from these alternative sites, which could
confound our findings. Furthermore, our findings were in pilocarpine-induced sweat,
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whereas the I1L-1 ratios were measured in sweat collected following either exercise or sauna
[10], and the use of different sweat stimulation techniques may help explain the differences
in the two studies, as has already been pointed out in this manuscript. It is therefore difficult
to make conclusive statements regarding the impact of the chosen collection sites on
pilocarpine-induced eccrine sweat. Therefore, while weak, our data do not support an
anatomical difference in sweat lipid mediator profiles.

Some of the inconsistencies in our sweat collection from sites other than the volar forearm
may be explained by the fact that the Macroduct® sweat collection system was optimized for
sweat collection from the forearm [33], and not sites such as the thigh or back. Therefore,
application of this device to alternative anatomical sites may not result in optimal
pilocarpine delivery to the cutaneous muscarinic receptors, possibly due to differential skin
thickness or resistance, which could impact sweat yield. Additionally, to assure a flat surface
for sweat collector placement as specified by the manufacturer [33], subjects were asked to
bend the knee at a 90° angle or lean forward for the 30 min collection period, which caused
discomfort to all subjects, although not so much discomfort as to be unbearable. It is
possible that minor adjustments made by the subjects during this collection period to
increase comfort could have displaced the sweat collector, which again would impact sweat
yield. Finally, our choice of a 5-10 cm distance from the spine to ensure a flat collection
surface for sweat collection from the back could have resulted in a lower sweat yield, as
sweating rates on the back are inversely proportional to the distance from the spine [34]. The
use of exercise and/or sauna as sweat stimulation techniques would avoid some of these
difficulties associated with using the Macroduct® sweat collection system at an anatomical
location other than the volar forearm, and would also allow for a more direct comparison to
the results of Didierjean et al [10]. Therefore, to definitively address the anatomical stability
of sweat lipid mediator profiles, future studies should consider addressing these
experimental limitations.

It should also be noted that no evaluation of the impact of sampling site on sweat
composition is complete without characterizing the lipid mediator profile of sweat collected
from sites such as the forehead or axilla, which contain a high density of sebaceous glands
or apocrine sweat glands, respectively. Sebum and apocrine sweat are other major cutaneous
secretions, but they have distinct stimulatory and secretory mechanisms [9, 35, 36], and at
this time their composition is poorly characterized. Evidence exists for the presence of lipid
mediators in sebum [37], and to the best of our knowledge, no evidence exists documenting
the presence of lipid mediators in apocrine sweat. However, for this study we have chosen to
ignore sites that are rich in other cutaneous secretions in addition to eccrine sweat, as
without a comprehensive understanding of the lipid mediator profile in each matrix (i.e.
eccrine sweat, apocrine sweat and sebum), it is difficult to appreciate the individual impacts
these matrices may have on a mixed sweat lipid mediator profile, which could affect data
analysis and interpretation. Our previous work has focused on eccrine sweat lipid mediators
[7], and therefore we have chosen to continue with this matrix for the present study.
However, we have evidence that the sebum lipid mediator profile is distinct from the sweat
lipid mediator profile (unpublished results), and therefore hope to incorporate sebum-rich
anatomical sites such as the face and upper torso in future studies skin lipid mediator
secretions. In the interim, it is hoped that other researchers will continue to evaluate the
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impact of anatomical site on the sweat lipid mediator profile, with a focus on areas where it
is possible to collect a more mixed sweat sample.

The high inter-individual variability and comparatively lower intra-individual variability of
sweat lipid mediators is consistent with other studies examining individual variability of
lipid mediators in other matrices such as skin, plasma and serum [38-41]. Factors which
could promote metabolic variance in lipid mediator profiles may include genetic, metabolic,
microbiotic and/or lifestyle variables (e.g. diet, medication and cosmetic use), subtle
differences in the dose of pilocarpine delivery, or subject hydration. However, the
comparatively low variability of class-specific relative abundances of sweat lipid mediators,
a finding that is consistent with published literature examining skin lipid mediators [41],
suggests that despite metabolic and lifestyle differences and/or potential sampling
confounders, the relative proportions of lipid mediators in predominantly eccrine sweat are
more consistent within and between individuals. Additionally, given that no differences were
observed in concentrations of sweat lipid mediators sampled from the volar forearm at each
of the three study visits following pilocarpine iontophoresis, it can be inferred that eccrine
sweat is a reliable and consistent source of lipid mediators.

Interestingly, despite the high inter-individual variability of sweat lipid mediators, these
metabolites have shown diagnostic potential, as concentrations of sweat ceramides and
sphingoid bases are increased in individuals with atopic dermatitis compared to controls [7].
In the cited study, individual diets, medications and cosmetic use were again not controlled,
which more closely simulates real-world conditions. However, if the data from our previous
work [7] are re-examined looking at lipid mediator class-specific relative abundances, there
appear to be no differences between individuals with and without atopic dermatitis
(Supplemental Table S9A-C). This discrepancy may be due to the fact that individuals with
atopic dermatitis demonstrate increased ceramide synthase 4 activity, which uniformly
increases synthesis of C30-C40 [NS] and [NdS] ceramides [42], and therefore a study such
as that by Agrawal et al. [7] which measures only these ceramides would not be able to
detect any changes in their relative proportions. Therefore, despite their high variability, it is
still worth considering absolute concentrations of sweat lipid mediators, though in some
cases, consideration of class-specific relative abundances of lipid mediators may be more
appropriate, particularly where a complete biological system is affected rather than a
discrete pathway.

Overall, this study finds that eccrine sweat is a consistent source of lipid mediators, but care
must be taken in comparing results obtained from different sweat stimulation techniques.
Results involving eccrine sweat collected from different anatomical sites appear less
variable, though further study are needed to fully evaluate the impact of sampling site on
sweat lipid mediator composition. Future studies should include understanding the sources
from and mechanisms by which lipid mediators are incorporated into eccrine sweat, further
characterization of the impact of sampling site on sweat lipid mediators, and evaluation of
the diagnostic potential of sweat in inflammatory skin diseases such as acne and psoriasis. It
is hoped that these studies, along with previously published work, will culminate in a more
comprehensive understanding of the utility of sweat and its lipid mediator profile, and the
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presentation of a non-invasive tool to better understand cutaneous immunomodulation and
biochemistry.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
. Exercise- and pilocarpine-induced sweat show different lipid mediator
profiles.
. Collection site differences in sweat lipid mediator content were not detected.
. Pilocarpine-induced sweat collection from volar forearm was most consistent.
. Lipid mediators are temporally stable across three-week study duration.
. Analyte composition varied less than concentration within and between
subjects.
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Fig. 1.

(2 columns). Pilocarpine-, as compared to exercise-induced sweat contained elevated

concentrations of [NS]-type ceramides and PUFA-derived alcohols, diols and epoxides. (A)
The PLS-DA scores plot generated in imDEV version 1.42 showing discrimination of
groups by sweat stimulation technique (Q2 = 0.8), and (B) The PLS-DA loadings plot
generated in imDEV v1.42 showing variable weight in discrimination, with variables having

VIP score > 1.25 labelled. Variables are grouped by hierarchical cluster analysis of

Spearman’s p with clusters identified by unique tones of gray
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(1 column). The volar forearm, lower back and anterior distal thigh all demonstrate similar
sweat lipid mediator profiles. The PLS-DA scores plot generated in imDEV version 1.42
shows apparent discrimination of groups by sampling site, but the Q2 score of —0.1 suggests

a model with no predictive power.
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(cholumn). Sweat collected from the volar forearm following pilocarpine iontophoresis
demonstrates similar lipid mediator profiles at each of the three study visits. The PLS-DA
scores plot generated in imDEV version 1.42 shows apparent discrimination of groups by
sampling visit, but the Q2 score of 0.2 suggests a model with low predictive power.
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Table 1

Lipid mediator changes in eccrine sweat collected from healthy males following sweat stimulation by either
pilocarpine iontophoresis or moderate exercise on a cycle ergometer. Concentrations represent the sum of
concentrations of lipid mediators belonging to the same sub-class or derived from the same fatty acid
precursor.

Concentration (nM)&

Lipid Mediator Exercise Pilocarpine Fold Changeb pe
n=7) n=7)

Alcohols

C18:2n6 7.67+5.8 65.9+37.9 0.106 [0.0404-0.214] 0.002

C18:3n3 2.09+1.86 5.72+3.03 0.333[0.136-0.899] 0.015

C20:4n6 0.254 £ 0.136 1.7+1.17 0.165 [0.125-0.261] 0.00003

C20:5n3 0.0363 +0.0197 0.212 +0.118 0.21[0.074-1.91] 0.02
Diols

C18:0 21.2+12 85.2+37.5 0.238 [0.0586-0.84] 0.009

C18:2n6 591 +3.36 7.79 £ 5.06 0.766 [0.253-2.08] 0.5

C18:3n3 2.75+3.12 4.06 £5.28 0.773 [0.353-2.05] 0.5

C20:4n6 0.282 + 0.259 72341 0.023 [0.000612-0.121] 0.0052
Epoxides

C18:2n6 0.82 £0.525 2.67 £1.06 0.27 [0.156-0.641] 0.002

C18:3n3 0.994 +1.04 4.18 £3.89 0.195 [0.0737-0.415] 0.002
Ketones

C18:2n6 2.38+£1.98 21+9.68 0.107 [0.0527-0.34] 0.0046

C18:3n3 3.36+1.81 3.65+2.82 1.17 [0.314-6.12] 0.9

C20:4n6 0.02 +£0.0172 0.0245 £ 0.0192 0.754 [0.0711-3.11] 0.7
Leukotrienes

C20:5n3 0.0991 + 0.082 0.1 +0.0941 0.96 [0.479-1.91] 0.97
Nitrolipids

C18:0 0.0743 £0.0425 0.0957 + 0.0542 0.708 [0.284-1.42] 0.3

C18:2n6 0.0874 +0.0782 0.108 + 0.069 0.7 [0.229-1.55] 0.7
Prostanoids

C20:3n6 0.849 £ 1.05 0.237+£0.15 1.29 [0.0907-24.5] 0.8

C20:4n6 1.29+1.73 1.93+1.96 0.3 [0.0439-18.8] 0.4

C20:5n3 0.178 + 0.206 0.128 + 0.169 1.35[0.837-4.2] 0.3
Triols

C18:2n6 133+ 129 57.1+55.8 2.5[1.42-4.25] 0.0046
NAEs and MAGs

Monoacylglycerols 21.3+26 1390 + 2150 0.0248 [0.00145-0.186] 0.003

Acylethanolamides 29.5+50 16.3+13.6 1.02 [0.0992-4.38] 0.97

Acylglycines 0.163 £ 0.129 0.494 + 0.216 0.272 [0.0774-0.696] 0.02
Sphingolipids

Sphingosines 4.92 £4.62 15.1+8.92 0.185 [0.00964-0.834] 0.04
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Concentration (nM)2

ipi i b C
Lipid Mediator Exercise Pilocarpine Fold Change P
(n=7) (n=7)
Ceramides 24+25 16.8+10.8 0.0734 [0.000402-0.773] 0.052

a\/alues are reported as Mean + Standard Deviation

Ratio of each individual’s lipid mediator concentrations following exercise to each individual’s lipid mediator concentrations following
pilocarpine iontophoresis. Data are presented as Geometric Mean [Range]

CReported p-values are adjusted for multiple comparisons using the Benjamini-Hochberg procedure at g = 0.05
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Changes in class-specific relative abundances of lipid mediators in eccrine sweat collected from healthy males
following sweat stimulation by either pilocarpine iontophoresis or moderate exercise on a cycle ergometer.
Concentrations of lipid mediators belonging to the same sub-class or derived from the same fatty acid
precursor were summed, and the relative abundance of each fatty acid precursor or sub-class within the lipid
mediator class is reported.

Relative Abundance (%)2

Lipid Mediator Exercise Pilocarpine Fold Changeb pe
(n=7) (n=7)

Alcohols

C18:2n6 74.2 + 8.66 % 88.6 £3.14 % 0.833 [0.695-0.961] 0.011

C18:3n3 225+845% 8.73+4.05% 2.62 [1.53-4.08] 0.006

C20:4n6 2.94 +1.56 % 234+151% 1.29 [0.48-3.12] 0.5

C20:5n3 0.42 £0.287 % 0.29 £0.154 % 1.45[0.46-10.2] 0.5
Diols

C18:0 67.9+19.1% 82.1+5.61% 0.793 [0.442-1.03] 0.14

C18:2n6 19.9+9.27% 754+£26% 2.55 [0.866-7.32] 0.051

C18:3n3 11.3+16.1% 3.44 +3.36 % 2.58 [1.28-5.84] 0.011

C20:4n6 0.864 + 0.814 % 6.96 + 2.58 % 0.0768 [0.00462-0.259]  0.006
Epoxides

C18:2n6 53.3+16.2% 464+ 14.4% 1.16 [0.93-1.52] 0.2

C18:3n3 46.7+16.2% 53.6 +14.4% 0.837 [0.401-1.05] 0.3
Ketones

C18:2n6 38.7+151% 80.7+22.2% 0.476 [0.272-1.05] 0.011

C18:3n3 60.9+ 15 % 19.2+222% 5.2[0.97-13.8] 0.011

C20:4n6 0.414+0.372%  0.0969 + 0.0578 % 3.36 [0.264-25.6] 0.12
Leukotrienes

C20:5n3 100+ 0% 100+ 0% 1[1-1] 1.0
Nitrolipids

C18:0 49.1+19.5% 485+8.17% 0.947 [0.462-1.55] 0.8

C18:2n6 50.9 +19.5% 51.5+8.17 % 0.937 [0.505-1.63] 0.7
Prostanoids

C20:3n6 31.5+8.74 17511 2.09 [0.737-8.55] 0.12

C20:4n6 49.8+18.3 787+ 11 0.557 [0.2-1.07] 0.14

C20:5n3 18.8+175 8.14+6.18 2.19[0.238-13] 0.3
Triols

C18:2n6 100+0 100+0 1[1-1] 1.0
NAEsand MAGs

Monoacylglycerols 52.9+27.9 89.5+17.3 0.471 [0.0951-0.907] 0.10

Acylethanolamides 46.6 +£28.1 10.3+16.9 19.3 [2.1-154] 0.011

Acylglycines 0.572 +0.38 0.251 + 0.436 5.17 [0.0396-143] 0.3
Sphingolipids
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Relative Abundance (%)2

ipi i b C
Lipid Mediator Exercise Pilocarpine Fold Change P
(n=7) (n=7)
Sphingosines 67.5+15.7 48.3+10.8 1.4[1.03-3.18] 0.12
Ceramides 325+157 51.7+10.8 0.556 [0.133-0.959] 0.13

a\/alues calculated as the relative abundance of each compound within its class (e.g. relative abundance of Sphingosines within all Sphingolipids).
Values are reported as Mean * Standard Deviation

Ratio of each individual’s lipid mediator relative abundances following pilocarpine iontophoresis to each individual’s lipid mediator
concentrations following exercise. Data are presented as Geometric Mean [Range]

CReported p-values are adjusted for multiple comparisons using the Benjamini-Hochberg procedure at g = 0.05
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Table 3

Inter- and intra-individual variability of lipid mediators detected at each of the three study visits (separated by
one week) in the eccrine sweat of healthy males (7= 6) collected from the volar forearm following sweat
stimulation by pilocarpine iontophoresis. Concentrations of lipid mediators belonging to the same sub-class or
derived from the same fatty acid precursor were summed, and the relative abundance of each fatty acid
precursor or sub-class within the lipid mediator class is reported.

Absolute Concentration Relative Abundance

Lipid Mediator Intra-Individual Variability® Inter—lndividualVariabilityb Intra-Individual Variability? Inter—lndividualVariabilityb

(% CV) (% CV) (% CV) (% CV

Alcohols

C18:2n6 34% 62% 4% 4%

C18:3n3 27% 51% 35% 37%

C20:4n6 44% 57% 51% 61%

C20:5n3 51% 100% 66% 108%
Diols

C18:0 27% 47% 3% 6%

C18:2n6 39% 59% 25% 36%

C18:3n3 53% 107% 35% 73%

C20:4n6 36% 47% 30% 30%
Epoxides

C18:2n6 38% 40% 59% 55%

C18:3n3 43% 101% 79% 89%
Ketones

C18:2n6 40% 52% 12% 17%

C18:3n3 39% 2% 53% 103%

C20:4n6 7% 143% 85% 132%
Leukotrienes

C20:5n3 44% 69% 0% 0%
Nitrolipids

C18:0 93% 111% 32% 34%

C18:2n6 84% 83% 41% 41%
Prostanoids

C20:3n6 80% 125% 64% 2%

C20:4n6 90% 148% 16% 16%

C20:5n3 46% 110% 96% 87%
Triols

C18:2n6 51% 80% 0% 0%
NAEsand MAGs

Monoacylglycerols 64% 192% 19% 26%

Acylethanolamides 85% 232% 7% 143%

Acylglycines 69% 86% 75% 205%

Sphingolipids
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Absolute Concentration Relative Abundance

Lipid Mediator Intra-Individual Variability® Inter—lndividualVariabilityb Intra-Individual Variability? Inter—lndividualVariabilityb

(% CV) (% CV) (% CV) (% CV)
Sphingosines 36% 60% 19% 23%
Ceramides 4% 93% 27% 33%

a . o .
Calculated as ratio of the square root of the within-sample variance (based on one-way ANOVA) to the mean of all samples

b . o
Calculated as ratio of the standard deviation of all samples to the mean of all samples
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