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Abstract

BACKGROUND—The healthy human skin with its effective antimicrobial defense system forms
an efficient barrier against invading pathogens. There is evidence suggesting that the composition
of this chemical barrier varies between diseases, making the easily-collected sweat an ideal
candidate for biomarker discoveries.

OBJECTIVE—Our aim was to provide information about the normal composition of the sweat,
and to study the chemical barrier found at the surface of skin.

METHODS—Sweat samples from healthy individuals were collected during sauna bathing, and
the global protein panel was analyzed by label-free mass spectrometry. SRM-based targeted
proteomic methods were designed and stable isotope labeled reference peptides were used for
method validation.

RESULTS—95 sweat proteins were identified, 20 of them were novel proteins. It was shown that
dermcidin is the most abundant sweat protein, and along with apolipoprotein D, clusterin,
prolactin inducible protein and serum albumin, they make up 91% of secreted sweat proteins. The
roles of these highly abundant proteins were reviewed; all of which have protective functions,
highlighting the importance of sweat glands in composing the first line of innate immune defense
system, and maintaining the epidermal barrier integrity.

CONCLUSION—Our findings in regards to the proteins forming the chemical barrier of the skin
as determined by label free quantification and targeted proteomics methods are in accordance with
previous studies, and can be further used as a starting point for non-invasive sweat biomarker
research.
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Introduction

The healthy human skin possesses an effective antimicrobial defense system, formed by a
complex physical and chemical epidermal barrier that is in cooperation with other cellular
components of the innate immune system and normal microbial flora of the skin [1, 2]. As a
constituent of the chemical barrier, expression of antimicrobial peptides by keratinocytes,
mast cells, neutrophils, sebocytes and eccrine epithelial cells have been reported [3]. Some
of the antimicrobial peptides were shown to be expressed constitutively (e.g. dermcidin,
RNase7, psoriasin) while others were found to be inducible upon pathogenic stimuli (e.g.
LL-37, hBD2, hBD3) [3-5]. It has been reported that antimicrobial peptides such as
dermcidin, lysozyme, lactoferrin, psoriasin, cathelicidin and 3-defensins are present in
human sweat [4, 6-9] and dermcidin-derived peptides were identified as the principal
antimicrobial components [7]. Reduced presence of dermcidin-derived peptides was
detected in the sweat of atopic dermatitis patients in association with an impaired cutaneous
antimicrobial defense [7], while its increased expression has been demonstrated in different
cancer cells [10, 11]. Beside their antibiotic properties, some components of the skin’s
chemical barrier are also able to recruit inflammatory cells and induce cytokine release [12].

Little is known about the causes and consequences of qualitative and quantitative alterations
of the human sweat proteins, moreover, the composition of the sweat itself has not been
fully explored. Currently, intense research efforts are being carried out to discover new
diagnostic, prognostic and predictive biomarkers in samples which are easily obtainable
from patients using noninvasive methods. Recent advances in analytical techniques now
allows for thorough analysis of human sweat proteins, hence, facilitating sweat biomarker
studies [13, 14].

Label free quantification of proteins with mass spectrometry is a powerful and sensitive
method for protein identification and relative quantification. The protein digests are
introduced into high precision mass spectrometers where MS/MS spectra are recorded.
Based on the spectra, the proteins/peptides are identified, and taking into account either the
number of MS/MS events (spectral counting) or the intensity of the precursor ions, the
relative quantification of peptides is performed [15, 16]. Silva and coworkers have also used
LCMSE to absolutely quantify proteins. In their method, the average MS signal response for
the three most intense tryptic peptides per mole of protein is constant within a coefficient of
variation of less than +/- 10%. Moreover, given an internal standard, this relationship can be
used to calculate a universal response factor [17]. Targeted proteomics is a challenging part
of proteomics, and it is mainly based on the Selected Reaction Monitoring (SRM) scan
mode of triple quadrupole-containing mass spectrometers being able to provide specific
identification and quantification of the proteins in question [18, 19]. During the scan, the
first quadrupole transmits ions only with specified, compound-specific m/z; these ions are
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fragmented in the second quadrupole functioning as a collision cell, and the third quadrupole
selectively transmits only one fragment with a specified m/z. This means that a signal can be
detected only in case if two criteria characteristic for a compound are fulfilled in the same
time. These SRM transitions provide high specificity in one hand and quantitative data on
the other, as the AUC of the specific signal is proportional to the amount of the compound
entering the mass spectrometer [19].

In this study our aim was to examine the qualitative and quantitative protein profile of the
sweat collected from healthy volunteers, in order to gain more insight into the protein
composition of healthy human sweat. The presented data contribute to our knowledge
concerning the normal physiological function of human sweat, and provide data for further
biomarker research.

Materials and Methods

All reagents used in this study were of analytical or LC-MS grade and were purchased from
Sigma-Aldrich unless stated otherwise.

Sample collection

10 male and 10 female healthy young adults (between 22—35 years of age) were recruited
into the study. Heat induced sweat was collected in an 80 °C electric Finnish-type sauna in
the morning. Volunteers were asked not to use any cosmetics that day, and before entering
the sauna, they were required to take a shower using only water, and to dry their skin.
Volunteers were instructed to stay in the sauna for 20 minutes, thereafter, take a shower, dry
their skin and rest for 10 min, followed by another 20 min sauna time. All sample collection
complied with the guidelines of the Helsinki Declaration, approved by the Regional Ethical
Committee (DEOEC RKEB/IKEB 4078/2013 and 2885/2008) and the subjects signed an
informed consent. The collected samples were transported to the laboratory on ice and in
less than 30 minutes from sample collection, samples were centrifuged in order to get rid of
the shed skin cells and cellular debris. The clear sweat was concentrated by lyophilization,
redissolved in ammonium bicarbonate and pooled. The protein concentration of the pooled
sweat was determined by Bradford method [20], and the concentrated sample was stored at
=70 °C until further processing. Following protein extraction in 0.1M ammonium
bicarbonate, pH 7.8, the pooled sample was precipitated twice, using six volumes of ice-cold
acetone. The final pellet was solubilized in 0.1M ammonium bicarbonate, pH 7.8, and a
micro bicinchoninic acid protein assay [21] was performed according to the manufacturer’s
instructions (Pierce, Rockford, IL) to determine the total protein content.

Label free quantification by LCMSE and protein identification by LC-MS/MS

Pooled sweat protein samples (4.2 g total) were first reduced and alkylated, followed by
tryptic digestion overnight at 37 °C. For LCMSE [17], tryptic digests (600 ng in an injection
volume of 4 pL containing 50 ng of a T33V Rhodobacter cytochrome c digest as an internal
standard), were injected onto a Waters QTOF Premier equipped with a nanoESI source and
a NanoAcquity UPLC (Waters Corp., Millford, MA). LC separation of peptides was
performed in triplicate using a Symmetry C18 5 pum, 20-mm x 180-pm precolumn and a
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BEH130 C18 1.7 um, 100-mm x 100-um analytical reversed phase column (Waters Corp.
Millford, MA). Solvent A was water with 0.1% formic acid and solvent B was 0.1% formic
acid in acetonitrile in case of all LC separations. The peptides were separated with a gradient
of 2-35% solvent B over 150 min followed by a rise to 95% of solvent B over 2 minutes and
a 5-min rinse with 95% of solvent B, after which the system returned to 2% solvent B in 2
minutes. The flow rate was 750 nl/min and the column temperature was 35 °C. The lock
mass was delivered from the auxiliary pump of the NanoAcquity pump with a constant flow
rate of 500 nl/min at a concentration of 100 fmol of [Glu]fibrinopeptide B/ul to the
reference sprayer of the NanoLockSpray source of the mass spectrometer. The mass
spectrometer was operated in the V-mode of analysis with a typical resolving power of at
least 10,000 full-width half-maximum. All analyses were performed using positive
nanoelectrospray ion mode. The reference sprayer was sampled with a frequency of 60 s.
Accurate mass LC-MS data were collected in an alternating low energy and elevated energy
mode of acquisition [22-23]. The spectral acquisition time in each mode was 1.5 s with a
0.1-s interscan delay. In low energy MS mode, data were collected at constant collision
energy of 4 eV. In elevated energy MS mode, the collision energy was ramped from 15 to 35
eV during each 1.5-s data collection cycle with one complete cycle of low and elevated
energy data acquired every 3.2 s. The radiofrequency applied to the quadrupole was adjusted
such that ions from m/z 50 to 2000 were efficiently transmitted. High energy MS ions were
collected between 100 to 1500 m/z. The digested sweat protein sample was also analyzed by
LC-MS/MS using an LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific, San
Jose, CA) equipped with an Advion nanomate ESI source (Advion, Ithaca, NY), following
ZipTip (Millipore, Billerica, MA) C18 sample clean-up according to the manufacturer’s
instructions. Peptides (240 ng) were eluted from a C18 precolumn (100-pum id x 2 cm,
Thermo Fisher Scientific) onto an analytical column (75-pm ID x 10 cm, C18, Thermo
Fisher Scientific) using a 5% hold of solvent B (acetonitrile, 0.1% formic acid) over 5
minutes, followed by a 5-10% gradient of solvent B over 5 minutes, 10-35% gradient of
solvent B over 35 minutes, 35-50% gradient of solvent B over 20 minutes, 50-95% gradient
of solvent B over 5 minutes, and finally by a 95% solvent B hold for another 4.6 minutes.
All flow rates were at 400 nl/min. Data-dependent scanning was performed by the Xcalibur
v 2.1.0 software [24] using a survey mass scan at 60,000 resolution in the Orbitrap analyzer
scanning m/z 400-1600, followed by collision-induced dissociation tandem mass
spectrometry of the fourteen most intense ions in the linear ion trap analyzer. Precursor ions
were selected by the monoisotopic precursor selection setting with selection or rejection of
ions held to a +/- 10 ppm window. Dynamic exclusion was set to place any selected m/zon
an exclusion list for 45 seconds after a single MS/MS.

Database searching and protein identification

LC-MS/MS spectra were searched against human proteins downloaded from Uniprot on
August 06, 2013 (http://www.uniprot.org) using Thermo Proteome Discoverer 1.3 (Thermo
Fisher Scientific) considering tryptic peptides with up to two missed cleavages.
lodoacetamide derivatives of cysteines, and oxidation of methionines were specified as
variable modifications. At the time of the search, this reference proteome set contained
88,323 protein entries. Proteins were identified at 99% confidence with XCorr score cut-offs
[25] as determined by a reversed database search. The protein and peptide identification
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results from the LC-MS/MS experiment were also interrogated and visualized with Scaffold
v 4.0.5 (Proteome Software Inc., Portland OR), a program that relies on various search
engine results and uses Bayesian statistics to reliably identify more spectra [26, 27]. Those
proteins were accepted that passed the criteria of a minimum of two peptides identified at
0.1% FDR at peptide level and 1% FDR at the protein level.

All LCMSE data were processed and searched using ProteinLynx GlobalServer version 2.4
(Waters Corp., Milford, MA). Protein identifications were obtained with the embedded ion
accounting algorithm of the software (IdentityF) and searching a human database
downloaded from Uniprot to which the primary sequence of the T33V cytochrome ¢ from
Rhodobacter was appended. The combined protein database was randomized once before
use. Trypsin was specified as the digestion enzyme allowing for 1 missed cleavage.
lodoacetamide derivatives of cysteines, and oxidation of methionines were specified as fixed
and variable modifications, respectively. A minimum of 3 fragment ions matched were
required per peptide, and a minimum of 1 peptide was required per protein for identification.
The ion detection, clustering, and normalization were performed using ProteinLynx
GlobalServer. The principles of the applied data clustering and normalization have been
explained in great detail elsewhere [28-30]. IdentityE results of all three replicates were
imported into Scaffold v 3.2.0 (Proteome Software Inc., Portland, OR). Peptide
identifications were accepted if they could be established at greater than 90% probability as
specified by the Peptide Prophet algorithm [26]. Protein identifications were accepted if they
could be established at greater than 90% probability and contained at least two identified
peptides. Protein probabilities were assigned by the Protein Prophet algorithm [27]. Proteins
that contained similar peptides and could not be differentiated based on MS/MS analysis
alone were grouped to satisfy the principles of parsimony.

Design of targeted proteomic method

In silico trypsin digestion of human dermcidin and prolactin inducible protein (PIP)
sequences derived from Uniprot database were performed and the tryptic peptides were
subjected to Blastp search against the NCBInr database in order to exclude the nonspecific
sequences. The SRM transitions characteristic for dermcidin and PIP specific peptide
sequences were designed with Skyline software (www.brendanx-uw1.gs.washington.edu).
Stable isotope labeled synthetic standard peptides were obtained from JPT Peptide
Technologies, Germany and used for collision energy and declustering potential
optimization.

The sweat samples were trypsin digested and, following ZipTip (Millipore, Billerica, MA)
C18 sample clean-up according to the manufacturer’s instructions, 5 pg of tryptic digest was
injected to the HPLC. Peptides were eluted from a Zorbax C18 precolumn (Agilent) onto a
Zorbax C18 (150 mm x 75 ym, 3,5um pore size) analytical column (Agilent) performing a
0-100% gradient of solvent B over 15 minutes, a 100% solvent B hold for 5 minutes and a
rapid 0% solvent B change in 2 minutes followed by a 0% solvent B hold for 8 minutes. The
flow rate was 300 nl/min. SRM data were recorded on a 4000 QTRAP (ABSciex) mass
spectrometer equipped with NanoSpray 11 (ABSciex) operating in positive ion mode (spray
voltage 2800 V, nebulizig gas 50 psi, curtain gas 20 psi, source temperature 70 °C)
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controlled by Analyst 1.4.2. (ABSciex) software and coupled to Easy nLC nano HPLC
(Bruker). Data evaluation and the calculation of the AUC values were done using Skyline.

All the recorded data are available upon request by sending an email to the corresponding
author.

Results and Discussion

The feasibility of sweat protein analysis; made possible by the abundance of sweat and the
simple non-invasive means of sweat collection, makes it an excellent target for biomarker
research. Chemical analysis of the sweat may demonstrate the presence of macromolecules
others than those derived from the plasma, making the sweat ideal for the detection of
disease-specific biomarkers [31]. Sweat analysis was used for the identification of
biomarkers characteristic of schizophrenia, and seventeen proteins were identified whose
abundance had changed in the sweat of schizophrenic patients as compared to controls [13].
There is also accumulating evidence that the protein profile of skin surface is altered in
pathological conditions like atopic dermatitis [32]. In order to identify disease-specific
changes, we ought to first understand the role and composition of the protein panel
expressed in the surface of the skin under physiological conditions.

Sweat protein identification and quantification

In this work we have used a sweat pool collected during sauna bathing from healthy adult
volunteers and examined it in order to gain more insight into the skin surface proteins. Using
consecutive mass spectrometry scans, 95 proteins were identified by high resolution LC-
MS/MS based on a minimum of 2 peptides, 20 of them being novel proteins that were not
reported in sweat previously (Supplementary Table 1).

The relative levels of individual proteins identified from human sweat were determined
based on a spiked internal digest of T33V Rhodobacter cytochrome c (Figure 1a).
Dermcidin was the most abundant protein in the sweat, with a concentration of 1.14
pmol/ug, a finding that was reported by other experiments as well [33]. Besides dermcidin,
levels of apolipoprotein D and clusterin were also shown to be considerably high.
Dermicidin, clusterin, apolipoprotein D and PIP accounted for 46%, 17%, 15%, and 8% of
the secreted sweat proteins, respectively, while the serum albumin accounted only for 6%
(Figure 1b). To the best of our knowledge, this is the first study to present a broad overview
of the sweat protein profile, providing comparative analysis of individual protein levels.
Based on our quantification, the five most abundant sweat proteins; dermcidin, clusterin,
apolipoprotein D, PIP and serum albumin constituted 91% of secreted sweat proteins.

In order to validate our results obtained by label free quantification, we have designed SRM-
based targeted proteomic experiments to analyze dermcidin and PIP levels in human sweat.
After the determination of tryptic sequences specific for dermcidin and PIP respectively, the
sequences ENAGEDPGLAR for dermcidin and YTACLCDDNPK and TVQIAAVVDVIR
for PIP were used to design the SRM transitions. Stable isotope labeled reference peptides
were administrated, and the relative amount of dermcidin and PIP in the sweat pool was
determined (Figure 2). Both the SRM-based targeted proteomics experiment and the label
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free quantification support the evidence regarding dermcidin being the most characteristic
sweat protein.

Role of highly abundant proteins in the skin barrier function and non-immune mediated
defense

Based on the GeneOnthology (GO) annotation, the number of identified sweat proteins
involved in immune system processes and defense against bacteria and fungi is quite high
(Figure 3, Supplementary Table 2). To better understand the function of highly abundant
sweat proteins, the scientific literature was reviewed. The meticulous analysis of these
highly abundant sweat proteins revealed their possible implication in protecting the skin
from invading pathogens (Table 1), as part of a chemical barrier whose alterations may lead
to an increased rate of skin infections [7, 32-39]. Dermcidin and its peptide derivatives with
broad spectrum antibiotic activity were shown to be the main sweat protein/peptides
secreted [33]. Their activity is not altered by low pH and high salt concentrations —
conditions typically observed in sweat — making them the principal skin antimicrobial
peptides [4]. In this study, using label free quantitative MS analysis, we confirmed that the
most abundant component of sweat derived from healthy human volunteers is dermcidin
(Figure 1). The function of PIP is not clear, it can bind different bacteria, and was identified
in human sweat, saliva and tears, practically in all body fluids which are exposed to
microbes [34-37]. It was detected in mice at an early embryonic stage, before the
development of the immune system, and in human amniotic fluid, most probably providing
some protection against bacteria before the development and maturation of the immune
system [35]. Secreted form of clusterin belongs to the extracellular chaperones, and it is
present in almost all physiological fluids, maintaining fluid-epithelial interface homeostasis
and preventing the onset of inflammatory conditions [38, 39]. Recent data suggest that
clusterin interacts with MMPs inhibiting their enzymatic activity, and it is highly possible
that it is able to reduce keratinocyte damage and inflammation of the skin [38]. The presence
of albumin in sweat was demonstrated by other studies as well [31], but its origin is not
clear. It may originate from the blood as seen in the case of tears where the albumin content
can be used as the measure of transudation [40]. It was shown previously that the DAHK
peptide; derived from the N-terminal part of albumin, has a potent antioxidant activity [41].
Considering the presence of different proteases in the sweat [42], (Supplementary Table 1)
and the GO function of albumin, (Supplementary Table 2) one can speculate about the
possible antioxidant function of this protein in human sweat. The lipocalin family member
apolipoprotein D is a multi-ligand binding protein able to transport hydrophobic molecules.
It was proven to have a role in preventing lipid peroxidation, especially in the central
nervous system, protecting the cells from oxidative stress [43, 44]. Its presence in the sweat
may indicate its protective roles as a component of the first line of defense, preventing the
skin lipids from damage caused by peroxidation.

Taking into account our findings and the information available in the scientific literature,
concerning the function of highly abundant proteins in human sweat, it seems evident that
these highly abundant proteins are essential to the formation of the chemical barrier.
Dermcidin and PIP most probably play a pivotal role in antibacterial defense, while clusterin
functions as a chaperone and MMP inhibitor. It seems obvious that the primary role of
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apolipoprotein D in the sweat is to inhibit lipid peroxidation, while the presence of albumin
might hint to either a scavenger function; by binding different molecules preventing their
enrichment on the skin surface, or an antioxidant effect through its N-terminal tetrapeptide.

Concluding remarks

Utilizing label free quantification and SRM-based validation, we were able to identify and
quantify dermcidin, clusterin, apolipoprotein D, PIP and serum albumin as highly abundant
sweat proteins. Based on data from the literature, it appears that they are all implicated in the
formation of the chemical barrier of the skin. Moreover, dermcidin and PIP probably play a
vital role; as part of the innate immune response, in defense against potential pathogens. We
hope that our findings may shed some light on the protein composition of the sweat, thereby
providing insight into the constituents of the skin's chemical barrier. This in turn will serve
as valuable asset to the ever-growing, rapidly-advancing field of biomarker studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sweat protein amounts determined by label free quantification
The bars show the amount of sweat proteins representing the mean values of three parallel

label-free mass spectrometry analyses on QTOF instrument. Error bars indicate standard
error of means. Panel A. Proteins identified in the sweat. The spiked Rhodobacter
cytochrome C is also indicated. Panel B. Percentage of the eight most abundant secreted
sweat proteins.
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Figure 2. Relative amount of dermcidin and PIP determined by SRM-based targeted proteomic
approach. Panel A-C

Representative SRM spectra for dermcidin and PIP specific sequences (red spectra) and
their synthetic, stable isotope labeled counterparts (blue spectra). The following optimized
parameters were used: ENAGEDPGLAR peptide: 564.7/628.3, 564.7/513.3, CE 27.9eV, DP
72.3eV; ENAGEDPGLAR™ peptide: 569.7/638.3, 569.7/523.3, CE 27.9eV, DP 72.3eV;
YTACLCDDNPK peptide: 678.7/1092.4, 678.7/748.3, CE 34.4eV, DP 80.6eV;
YTACLCDDNPK™* peptide: 682.7/1100.4, 682.7/756.3, CE 34.4eV, DP 80.6eV;
TVQIAAVVDVIR peptide: 642.4/842.5, 642.4/771.5, CE 32.4eV, DP 77.9eV;
TVQIAAVVDVIR* peptide: 647.4/852.5, 647.4/781.5 CE 32.4eV, DP 77.9eV. * represents
the stable isotope containing amino acid. Panel D. Relative amount of dermcidin and PIP.
The bars represent the mean AUC values per g of total protein in case of two parallel
experiments. Error bars indicate standard error of means.

J Eur Acad Dermatol Venereol. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Csbsz et al. Page 13

) b
Biological process (GO) (b) Molecular function (GO)
Rhythmic process Transporter activity []
Response to stimulus L .
Reproductive process ] Transcription regulator activity |
Reproduction ] n
Multicellular organismal process | Structural molecule activity (I
Multi-organism process ] Molecular transducer activity [T]
Metabolic process
Locomotion ] Molecular function ]
Localization | ] .
Immune system process | T Enzyme regulator activity [
Growth] Electron carrier activi
Establishment of localization 7] v
Dewelopmental process ] Catalytic activity
Cellular process | o
Cell kiling [ Binding
Biclogical regulation ] o -
Biological adhesion Antioxidant activity Jil

0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 90
Number of proteins Number of proteins

Figure 3. GO functions of identified sweat proteins
Number of sweat proteins having a role in different GO Biological Processes (Panel A) and

GO Molecular Functions (Panel B).
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Table 1

Protein name

Accession Number

Function

Dermcidin

P81605

Defense response to bacteria and fungi*
Antimicrobial peptide with broad antimicrobial spectrum [4]

Prolactin-inducible protein  P12273

Binding to different species of bacteria showing highest affinity to streptococci [34,36]
Binding to 1gG, 1gG-Fc, CD4-T cell receptor suggesting a wide range of immunological
functions [35]

Clusterin P10909 Chaperone, modulator of MMP9 activity [37,38]
Apolipoprotein D P05090 Tissue regeneration®

Lipid binding*

Prevents lipid damage caused by free radicals [43]
Serum albumin P02768 Response to stress*

Transport, binding, antioxidant role* [40]
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