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Abstract
Context—Quantitative changes of salivary proteins due to acute stress were detected.

Objective—To explore protein markers of stress in saliva of eight medical residents who
performed emergency medicine simulations.

Materials and methods—Saliva was collected before the simulations, after the simulations,
and following morning upon waking. Proteins were separated by SDS-PAGE, identified by MS,
and relatively quantified by densitometry.

Results—Salivary alpha-amylase and S—type cystatins significantly increased, while the ~26 kDa
and low-molecular weight (<10 kDa) SDS-PAGE bands exhibited changes after stress.

Discussion and conclusion—Alpha-amylase and cystatins are potential salivary markers of

acute stress, but further validation should be performed using larger sample populations.
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saliva; stress; mass spectrometry; gel electrophoresis; amylase; cystatins

1. Introduction

The use of saliva for biomarker discovery and monitoring has become a popular area of
research. Saliva can be analyzed for biomarkers as it reflects many local and systemic
physiological and biochemical processes, and its secretion is regulated by the autonomic
nervous system (Amado ef al., 2005, Al-Tarawneh et al., 2011, Brandéo et al., 2014).
Overall, saliva is a mixture of electrolytes, proteins, small organic compounds, and nucleic
acids (Vitorino et al., 2004, Millea et al., 2007, Branddo et al., 2014). The predominant
salivary protein families include amylases, mucins, cystatins, histatins, acidic proline-rich
proteins, and basic proline-rich proteins (Denny et al., 2008, Scarano et al., 2010,
Castagnola et al., 2011, Castagnola et al., 2012, Amado et al., 2013, Wu et al., 2014).

One commonly investigated salivary biomarker is cortisol for which correlation to chronic
and acute psychological stress has been shown (Soo-Quee Koh and Choon-Huat Koh, 2007,
Marrelli et al., 2014, Naumova et al., 2014). However, different types of stress exist in
various demanding occupations including those in the medical and military fields for which
monitoring potential biomarkers could prove beneficial. Preliminary studies have already
been conducted to detect high levels of stress in specific occupational settings. The
performance of health care professionals is affected by stress with the potential to impair the
treatment of patients (Valentin et a/., 2015). In this study, an increase in salivary alpha-
amylase in paramedics and EMS physicians performing emergency scenarios was detected.
Additionally, increases in cortisol and salivary alpha-amylase have been observed in Army
nurses performing a combat casualty stress scenario (McGraw et al., 2013). Increases in
salivary alpha-amylase, interleukin-6, and secretory IgA have also been detected in response
to police officers performing simulations (Groer et al., 2010, Strahler and Ziegert, 2015).
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Furthermore, orexin A has been associated with stress and cognitive performance
(Deadwyler et al., 2007, Strawn et al., 2010, Hagen et al., 2013). While preliminary studies
have assayed biomarkers of stress, the application of new methodologies to analyze
biomarkers of acute stress is important. Consequently, whether and how stress correlates
with human performance is also an important question with broad social and economic
implications, whose answer has not been fully elucidated.

The aim of this work is to begin addressing this question by using proteomics to determine
how salivary proteins change in order to elucidate potential biomarkers of acute stress. The
present study utilized gel electrophoresis, liquid chromatography, and mass spectrometry to
analyze whole saliva collected from medical residents who performed emergency medicine
simulations in hospital settings with computerized mannequins that have realistic features
and respond appropriately to interventions. It has been shown that simulations can create
realistic psychological challenges with high fidelity which will result in similar human
performance as in a real situation (Muller et al.,, 2009, Clarke et af., 2014). Therefore, the
simulations placed the residents into a brief stressed condition, providing an opportunity to
analyze saliva composition dynamics and to assist in the identification of salivary protein
biomarkers of acute stress.

2. Methods

2.1 Materials

Ammonium persulfate, glacial acetic acid and HPLC-grade acetonitrile were obtained from
Fisher Scientific (Pittsburgh, PA). Ammonium bicarbonate, p-mercaptoethanol, trypsin from
bovine pancreas, trifluoroacetic acid (TFA), formic acid (FA), dithiothreitol, iodoacetamide,
and LC-MS-grade water were purchased from Sigma (St. Louis, MO). Bio-Safe Coomassie
Brilliant Blue G-250 stain and 2x Laemmli sample buffer were from Bio-Rad (Hercules,
CA). For polyacrylamide gel casting, 30% acrylamide/bis solution (29:1), 1.5 M Tris-HCI
(pH 8.8), 0.5 M Tris-HCI (pH 6.8), and N,N,N’,N’-tetramethylelthylenediamine (TEMED)
were also obtained from Bio-Rad. Monoclonal histatin-3 antibody (4G9) was purchased
from Novus Biologicals (Littleton, CO). Histatin antibody (H-40), rabbit polyclonal 1gG,
was obtained from Santa Cruz Biotechnology. Synthetic histatin-3 was from Genemed
Synthesis Inc. (San Antonio, TX). A salivary alpha-amylase kinetic enzyme assay kit was
purchased from Salimetrics (State College, PA).

2.2 Methodology

2.2.1 Ethics approval—This study and the collection of saliva samples were approved by
the University of Toledo Biomedical Institutional Review Board (IRB #108200). Consent
was obtained from all participants of this study.

2.2.2 Emergency medicine case simulation paradigm—As part of their educational
overview in Emergency Medicine residents are trained in basic and advanced life-saving
skills (e.g., pediatric advanced life support, advanced cardiovascular life support, advanced
trauma life support), standard emergency medicine procedures, case management issues, and
are introduced into the day-to-day workings of the emergency department. This is achieved
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in part by training and assessment in scenarios utilizing high-fidelity simulators in the
Immersive Interdisciplinary Simulation Center (11SC) at the University of Toledo Medical
Center (Toledo, OH). Specific emergency medicine patient scenarios are created by a faculty
member from the Department of Emergency Medicine. These scenarios are then
incorporated into the computerized technology of the high-fidelity patient simulators. For
the current study, residents were briefed as to the workings of the 11SC, how the simulators
function, and how the residents, as part of a two-person team, are to interact with the
simulators (i.e., “patients”). After obtaining informed consent, eight first-year Emergency
Medicine residents (postgraduate year 1) with no in-depth training in emergency medicine
case simulation and within the first month of their residency program were acclimated to the
simulation process with initial cases designed to be basic, uncomplicated and not requiring
any sense of urgency on the part of the care-giver. Each case was followed by a debriefing
during which the residents assess themselves and receive targeted education from faculty.
However, during the testing period the cases were more acute and stressful. Each case
replicated a true emergency and involved a crisis of airway, breathing and/or circulation that
had to be managed immediately (e.g., seizures, tension pneumothorax, traumatic shock,
overdose, etc.). The cases were novel, involved multiple complications that required
prioritization and immediate correction, and involved a “family member” who added further
complications and complexities to the residents” management of the patient.

2.2.3 Saliva collection—Saliva was collected from eight first-year medical residents
(four male and four female, 24-30 years old, average 27.5 years old, Table 1) at the
University of Toledo Medical Center. Whole saliva was collected via the passive drool
method into 1.5 mL cryotubes. The residents were asked to refrain from eating or drinking
for at least 20 minutes prior to sample collection. Additionally, one of the residents was
fasting from sunrise to sunset during the study. The first saliva sample was collected
immediately prior to performing the emergency medicine simulation around 9:00 am at the
I1SC. A second saliva sample was collected shortly after completing the simulation, which
was within three hours of collecting the first sample. A third sample was collected upon
waking the following morning before eating, drinking or brushing their teeth (Figure 1). The
saliva samples preceding the simulation were stored on ice until the completion of the
simulation and the obtainment of the second saliva sample. These samples were transported
back to the lab on ice and aliquoted to avoid multiple freeze-thaw cycles prior to being
frozen at —80 °C. Although protease inhibitors were not added to these saliva samples, a
study by de Jong et a/. showed that the abundance of salivary peptides was stable without the
addition of protease inhibitors for short periods of time before the saliva was frozen (de Jong
et al., 2011). Before analysis, the saliva samples were thawed and centrifuged at 986 x g for
15 minutes to pellet any debris present.

2.2.4 SDS-PAGE—Samples were prepared in two comparable manners in which equal
volumes of saliva from each time point were loaded in the gels for SDS-PAGE. One manner
combined 30 pL of the saliva samples with 30 pL of buffer consisting of 19:1 (v:v) Laemmli
sample buffer: B-mercaptoethanol for a total sample volume of 60 pL, of which 25 pL was
loaded on the gel. For increased sensitivity of the low-molecular weight band, 20 pL of the
saliva samples were combined with 10 uL of buffer for a total sample volume of 30 L,
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whose entirety was loaded on the gel. Before loading, the samples were heated at ~90 °C for
five minutes to denature the proteins. Salivary proteins were separated using 12%
polyacrylamide gels run at 120 V. For each sample preparation method, the samples were
run in duplicate to ensure reproducibility. The proteins were visualized with Bio-Safe
Coomassie Brilliant Blue G-250 solution. Additionally, a commercially obtained histatin-3
protein (200 and 300 ng aliquots) was analyzed on the gels for comparison with the low-
molecular weight salivary protein band.

2.2.5 In-gel digestion and peptide mass fingerprinting—~Protein bands were
subjected to a standardized in-gel digestion protocol (Shevchenko et al., 2007). Briefly,
protein bands were excised from the gel. The gel pieces were destained using 1:1 (v:v) 100
mM ammonium bicarbonate: acetonitrile. The pieces were further destained and dehydrated
by adding neat acetonitrile. Next, the liquid was removed, and 50 pL of a 13 ng/pL solution
of trypsin in 10 MM ammonium bicarbonate was added to completely cover the pieces. The
samples were kept in the fridge for two hours to allow trypsin to fully saturate the gel.
Afterwards, 100 mM ammonium bicarbonate was added to the gel pieces prior to
transferring the tubes to a 37 °C water bath where they were incubated overnight (~16
hours).

For matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) analyses of
the digests, alpha-cyano-4-hydroxycinnamic acid (CHCA) matrix was obtained from Bruker
Daltonics (Bremen, Germany) and used without further purification. Bruker’s MALDI-
TOF/TOF UltrafleXtreme (equipped with a pulsed Smartbeam Il Nd:YAG 355 nm laser)
was used to analyze the samples. FlexControl (version 3.4, Bruker Daltonics) software was
used to acquire mass spectra. Calibration of the instrument was performed prior to data
acquisition using peptide standards obtained from Bruker Daltonics containing angiotensin
I1, angiotensin I, substance P, bombesin, ACTH fragment 1-17, ACTH fragment 18-39, and
somatostatin.

The trypsin-digested protein bands were identified using peptide mass fingerprinting (PMF).
Briefly, 1 pL of the digest was co-spotted with 1 pL of 10 mg/mL CHCA matrix in 60:40
(v:v) acetonitrile:0.1% TFA onto a MTP 384 ground steel target plate (Bruker Daltonics)
using the dried droplet method. MALDI-MS analysis was performed in positive ion
reflectron mode from mass-to-charge ratio (/7/2) 600 to m/z 3500. Mass spectra were
analyzed using FlexAnalysis software (version 3.3, Bruker). A MASCOT (Matrix Science)
search was performed using the SwissProt database of the tryptic peptides (Perkins et al.,
1999). The taxonomy was set to Homo sapiens. One missed cleavage was typically allowed
with methionine oxidation set as a variable modification, and a 0.2 Da mass tolerance was
permitted. However, two missed cleavages were typically permitted for bands with
molecular weight (MW) < 10 kDa. The threshold for confident protein identification was a
score equal to or greater than 56 corresponding to p < 0.05. Furthermore, proteins were
verified as salivary proteins by searching UCLA Dental Research Institute’s Salivary
Proteome Knowledge Base (UCLA Dental Research Institute, 2005, Yan et a/., 2009).

2.2.6 Densitometry and statistical analyses—Coomassie stained proteins bands of
interest were subjected to densitometric analyses using ImageJ (NIH) software. The stained
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gels were scanned using a desktop scanner (HP ScanJet 6300C) at its maximum resolution
(1200 dpi) before being imported into ImageJ. A few gels that contained 30 uL of sample
per well were omitted from statistical analyses due to slight protein migration into adjacent
lanes. To account for run to run differences, the 50 kDa MW ladder band was used for
normalization as it was sufficiently stained on all the gels. The area of each protein band of
interest was divided by the volume of the sample (25 or 30 uL) and by the area of the 50
kDa MW ladder band. The ratios of normalized protein band areas at post-emergency
medicine simulation to wake, post-emergency medicine simulation to pre-emergency
medicine simulation and wake to pre-emergency medicine simulation were determined. The
ratios for multiple runs were averaged and subjected to the Wilcoxon signed-rank test using
Minitab (Minitab Inc.) software to determine if the differences between salivary protein
abundances at different time points were significant. The Holm-Bonferroni correction
method was used to control for the multiple comparisons made for each SDS-PAGE protein
band. An adjusted p-value of less than 0.05 was considered significant.

2.2.7 In-solution enzymatic digestion of salivary proteins—Proteins in whole
saliva samples from the three collection time points were reduced, alkylated, and digested
using trypsin. For reduction of disulfide bonds, a 10 pL aliquot of saliva was combined with
7.5 pL of 100 mM ammonium bicarbonate and 1.25 uL of 200 mM dithiothreitol followed
by incubation at 60 °C for one hour. In order to alkylate the reduced cysteine residues, 1.25
pL of 200 mM iodoacetamide was added, and the sample was left in the dark for one hour at
room temperature. Afterwards, 1.25 uL of 200 mM dithiothreitol was added. Again, the
sample was left for one hour in the dark. Finally, 150 uL of water, 50 uL of 100 mM
ammonium bicarbonate, and 0.9 pg of trypsin in 10 pL of 50 mM acetic acid were added.
The samples were incubated overnight (~16 hours) at 37 °C. The enzymatic digestion was
halted by adding 2 uL of TFA.

Synthetic histatin-3 was used for comparison to the salivary histatin-3 for additional
confirmation studies. The synthetic protein was digested with trypsin in-solution. As
histatin-3 does not contain any cysteine residues, the reduction and alkylation steps were
omitted. Instead, 10 uL of 1 ug/uL histatin-3 in deionized water was combined with 50 uL of
100 mM ammonium bicarbonate and 20 pL of 50 mM acetic acid containing 100 ng of
trypsin. This sample was incubated overnight (~16 hrs) at 37 °C, at which point the
digestion was halted by the addition of 2 uL of TFA.

2.2.8 LC-ESI-MS/MS of salivary peptides—To confirm the protein identification of
SDS-PAGE bands of interest by PMF, peptides were extracted from the digested gel bands
for further nano-HPL C-electrospray ionization (ESI) tandem mass spectrometry (MS/MS)
analyses using an ESI-Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher, Waltham,
MA\) equipped with a nanospray source (Senko et al,, 2013). Extraction of tryptic peptides
was performed as described by Shevchenko et al. (Shevchenko et al., 2007). In addition, the
trypsin-digested whole saliva samples were analyzed by nano-HPLC-ESI-MS/MS.

The peptides were separated using a Dionex Ultimate 3000 HPLC RSLCnano system
equipped with an Acclaim® PepMap RSLC C18 column (75 pum x 15 cm, 2 pm particles,
100 A pore size). The flow rate was 300 nL/min, and the column oven temperature was
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35 °C. Mobile phase A was 0.1% FA in water, and mobile phase B was 0.08% FA in 80:20
(v:v) acetonitrile: water. Using an autosampler, 2 uL injections were made using 0.05% TFA
in 98:2 (v:v) water: acetonitrile. The peptides were loaded on a precolumn for a five-minute
desalting step prior to separation on the C18 column held at 4% B. For the separation of
extracted SDS-PAGE band peptides, a linear gradient from 4-55% B over 60 minutes was
used. To separate the complex peptide mixture of the whole saliva digest, the linear gradient
was extended to 4-55% B over 120 minutes. Then, the solvent composition was ramped to
100% B in 0.5 minute for 10 minutes, followed by re-equilibration at 4% B.

After separation, eluted peptides were detected using a UV-Vis nanoHPLC detector set at
214 nm. Then, the peptides were analyzed by the ESI-Orbitrap Fusion MS operated in data-
dependent mode. A positive spray voltage of 1800 V and an ion transfer tube temperature of
275 °C were used without sheath or auxiliary gas. The MS and MS/MS cycle time was 3
seconds. Full MS scans were acquired from /m/z 400 to m/z 1600 using quadrupole isolation
and orbitrap detection at a resolution of 120,000. MS/MS selection was performed using
“monoisotopic precursor selection” of ions having charge states from 2+ to 4+ with an ion
intensity threshold of 5.0e3 and a most intense precursor priority. Collision-induced
dissociation (CID) MS/MS was performed in the linear ion trap using a collision energy of
35%. The spectra were analyzed by Proteome Discoverer (version 1.4, Thermo). A
SEQUEST HT search of the tryptic peptides was performed using the SwissProt database
downloaded in September of 2014. The taxonomy was set to Homo sapiens. Two missed
cleavages were allowed with methionine oxidation and phosphorylation of serine, threonine
or tyrosine set as variable modifications for the gel band peptides. For the whole saliva
digest, which was subjected to reduction and alkylation, carbamidomethylation was set as a
fixed modification of cysteine. The maximum Delta correlation (Cn) was set to 0.05 with a
precursor mass tolerance of 10 ppm and a fragment mass tolerance of 0.6 Da. Results were
run through percolator for validation based on g-values with a relaxed target false discovery
rate (FDR) of 0.05 and a strict FDR of 0.01 (Kall et al., 2008). As with MALDI-MS peptide
mass fingerprinting, the protein identifications were verified as known salivary proteins by
searching UCLA Dental Research Institute’s Salivary Proteome Knowledge Base (UCLA
Dental Research Institute, 2005, Yan et al., 2009).

2.2.9 Salivary alpha-amylase kinetic enzyme assay—The remaining saliva samples
were subjected to a salivary alpha-amylase kinetic enzyme assay, which was performed
according to the manufacturer’s instructions. A 1:10 dilution was prepared for most of saliva
samples by diluting 10 pL of saliva with 90 pL of the alpha-amylase diluent. However, 5 pL
of saliva was used to prepare the 1:10 dilutions in the case of a few saliva samples whose
remaining volume was limited (< 10 pL). Next, a 1:200 dilution of saliva was prepared by
diluting 10 pL of the 1:10 dilution with 190 pL of the alpha-amylase diluent with brief
mixing. Then, 8 UL of the 1:200 dilution of the saliva was placed in the 96 well plate
supplied in the kit. A 320 pL aliquot of the alpha-amylase substrate warmed to 37 °C was
added to each well. The 96 well plate was promptly placed in a plate reader at 37 °C and
was mixed at 500-600 rpm. The optical density of the sample at 405 nm was read at exactly
1 minute and 3 minutes. The alpha-amylase activity was calculated according to an equation
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provided with the kit. For the samples that used 5 pL of saliva to prepare initial 1:10
dilution, the result was multiplied by a factor of two.

3. Results
3.1 SDS-PAGE and peptide mass fingerprinting

Equal volumes of the saliva samples from eight medical residents for each of the three time
points (Figure 1) were prepared and loaded onto 12% polyacrylamide SDS-PAGE gels for
protein separation (Figures 2 and S1-S2). The SDS-PAGE analyses were performed in
duplicate for each of the two sample preparation methods used, which respectively involved
loading 25 pL (gel images shown in Figures S1-S2) and 30 pL of the samples on the gels
(gel images omitted except for the one shown in Figure 2).

Protein bands were excised and subjected to in-gel trypsin digestion followed by peptide
mass fingerprinting for protein identification. Figure 2 shows a representative gel image
labeled with the most prevalent identified proteins. A few proteins were detected by
Coomassie staining. Alpha-amylase was identified as the most prominent band seen on the
gels. Several high molecular weight proteins were also identified, including mucin-7 and
polymeric immunoglobulin receptor. The cystatin type S family (cystatin-S, cystatin-SN, and
cystatin-SA) was another prominent group of salivary proteins on the gels (Figure 2), which
was readily identified by MALDI-MS (Figure S-3). Additionally, PMF analysis of the low-
molecular weight (< 10 kDa) band indicated that the small protein, histatin-3 was present
(Figure S-4). A complete listing of proteins identified by MALDI-MS peptide mass
fingerprinting is provided in Table 2.

3.2 Densitometry and statistical analyses

A few protein bands varied in amount from the wake and pre-emergency medicine
simulation samples compared to the post-emergency medicine simulation samples (Figures
S-1 and S-2). ImageJ was used to perform relative protein quantification of four bands:
alpha-amylase, a ~26 kDa protein band, cystatin type-S family, and a low-molecular weight
band. After importing the gel images into ImageJ, the peak area of each band was measured
and normalized. For normalization, the area of the band was divided by the volume of
sample loaded on the gel and by the area of the 50 kDa MW ladder band to account for run
to run differences (Tables S-1 and S-2). For example, the wake alpha-amylase band for the
first run of resident 1 saliva had an arbitrary unit area of 22,225. This area was divided by 25
for its sample volume and by 27,413 for the arbitrary unit area of the 50 kDa ladder band,
resulting in a normalized band area of 0.032430. Ratios of each protein band areas for post-
simulation to wake, post-simulation to pre-simulation, and wake to pre-simulation time
points were determined for each medical resident (Table 3). For the alpha-amylase, ~26 kDa,
and cystatin bands, the ratios from the two 25 pL-sample SDS-PAGE runs were averaged.
For the low-molecular weight band, data from one of the SDS-PAGE analyses employing 30
pL of loaded sample (run #4 in Table S-2) were used due to missing data (i.e., undetected
low-molecular weight band) in the other samples. Other data from the 30 uL of loaded
samples (Tables S-1 and S-2) were omitted due to slight protein migration in adjacent lanes
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and larger variability in the band areas compared to the 25 L of loaded sample, as
determined using Minitab.

Boxplots of the data were generated to gain insight into the distribution of the ratios of the
protein bands at the various time points (Figure 3 and Table 3). The ratios between the post-
simulation to the control time points were typically greater than 1 indicating an increase in
the protein abundances after the emergency medicine simulation (post-simulation). The
ratios of protein abundances at the non-stress time points were typically close to 1 indicating
that there were no significant changes in the amounts of the studied proteins at wake and
pre-simulation time points.

The non-parametric Wilcoxon signed-rank test was employed to determine if the median
ratios between the quantities of alpha-amylase, cystatins, the ~26 kDa band, and the low-
molecular weight band were significantly different from 1 comparing the three time points.
The resulting p-values are summarized in Table 4. As multiple tests were employed for each
protein band, the Holm-Bonferroni correction method was used, and the adjusted p-values
are also included in Table 4. Specifically, for the alpha-amylase band, the band area ratios
for the post-emergency medicine simulation to the wake time points as well as the post-
emergency medicine simulation to the pre-emergency medicine simulation time points
(Table 4) were determined to be significant as their Holm-Bonferroni adjusted p-values were
less than 0.05 (0.0468 for both).

The ratio of the band areas for post-emergency medicine simulation to the wake time points
of the ~26 kDa band was not significant (Holm-Bonferroni adjusted p-value of 0.383).
However, the ratio of the band areas for post-emergency medicine simulation to the pre-
emergency medicine simulation time points was significant (Holm-Bonferroni adjusted p-
value of 0.0468) for the ~26 kDa protein band. Additionally, the type-S cystatins band had
comparable results to the alpha-amylase band. The Holm-Bonferroni adjusted p-values from
the ratios of the post-emergency medicine simulation to wake time points as well as the post-
emergency medicine simulation to pre-emergency medicine simulation time points were
determined to be significant (0.0312 and 0.0234, respectively) for the type-S cystatins band
(Table 4).

The ratio of band areas for post-emergency medicine simulation to the wake time point as
well as the ratio of band areas for the post- to pre-emergency medicine simulation time
points for the low molecular weight band (Table 4) were not significant (Holm-Bonferroni
adjusted p-values of 0.188 and 0.250, respectively). The ratios of the waking to pre-
emergency medicine simulation time points for all four protein bands were not significant
indicating that there is no major difference in protein amount between the non-stress time
points.

3.3 Salivary alpha-amylase kinetic enzyme assay

The results of the salivary alpha-amylase kinetic enzyme assay are provided in
Supplementary Table S-3 and Figure S-5. Five of the residents had the lowest salivary alpha-
amylase activity in the sample obtained upon waking, and the remaining three residents had
the lowest salivary alpha-amylase activity in the sample collected prior to the emergency
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medicine simulation. The greatest amount of alpha-amylase activity was observed in saliva
collected after the emergency medicine simulation for seven of the medical residents.
However, there was an insufficient amount of post-simulation saliva from resident #8, who
was the resident that was fasting during the simulation, to perform the assay.

3.4 Additional salivary protein identification studies

Additional studies to ascertain the identity of the ~26 kDa and low-molecular weight SDS-
PAGE bands were performed using Western blotting and nanoHPLC-ESI-MS/MS. The low-
molecular weight band, which was identified as salivary histatin-3 by PMF, was also
compared to a synthetic histatin-3 standard for confirmation. In short, neither synthetic nor
salivary histatin-3 was detected by histatin-3 antibodies. Additionally, nanoHPLC-ESI-
MS/MS did not confirm the identities of the ~26 kDa and low-molecular weight SDS-PAGE
bands. Detailed results of these studies are provided in the supplementary data.

4. Discussion

In this study, equal volumes of saliva samples were loaded for SDS-PAGE separation instead
of saliva samples with the same amount of total protein. This was done in light of future
potential clinical applications in which an objective measurement of acute stress may be
performed directly in the workplace or in a clinic to provide rapid results and to attempt to
mitigate the stressor or any negative consequences of performing delicate tasks (e.g.,
medical and military tasks) when possible. It was noted previously that it is more practical to
use equal volumes of saliva for analysis as many clinical environments do not routinely
perform protein assays before analysis (Millea et al., 2007).

Overall, a few bands were detected by Coomassie staining. This finding is in accordance
with a previous study in which SDS-PAGE of whole saliva detected approximately ten
proteins (Bandhakavi ef al., 2009). As expected, alpha-amylase was the most prominent
band seen on the gels as it comprises approximately 60% of the proteins in saliva (Vitorino
et al., 2004, Deutsch et al., 2008). The primary role of alpha-amylase in saliva is to initiate
digestion as it hydrolyzes a-1,4-glycosidic bonds in starch (Soo-Quee Koh and Choon-Huat
Koh, 2007, Denny et af., 2008, Schulz et al., 2013).

Alpha-amylase has been previously shown as a salivary marker of stress (Groer et al., 2010,
Trueba et al,, 2012, McGraw et al., 2013, Strahler and Ziegert, 2015, Valentin et af., 2015),
and our results confirm such findings. It is evident from our densitometry (Table 4) and
kinetic enzyme assay (Table S-3 and Figure S-5) data that the amount of salivary alpha-
amylase is the highest after emergency medical simulations for all residents except for
resident # 8, who was fasting and for whom kinetic enzyme assay data were not available.
Additionally, the increase in salivary alpha-amylase due to stress is independent of salivary
flow rate (Obayashi, 2013). This indicates that salivary alpha-amylase can be used as a
marker of acute stress regardless of the salivary flow rate throughout the day. For detection,
it should be noted that salivary alpha-amylase exists in many glycosylated forms (Vitorino et
al., 2004, Hu et al., 2006).
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Identification of the protein band at ~26 kDa remained elusive by PMF. It can be postulated
that it contains proline-rich proteins (PRPs). This class of proteins is one of the most
abundant classes of proteins found in saliva and is rich in proline residues making
identification by trypsin digestion challenging (Beeley et a/., 1991a, Amado et al., 2005).
Previous studies noted that PRPs may be stained a pink-violet color, while the other proteins
are stained blue, when using Coomassie R-250 (instead of Coomassie G-250 used in this
study) and when organic solvent is omitted from the destaining solution (Beeley et af.,
1991a, Beeley et al., 1991b, Amado et al., 2005, Hardt et al., 2005). However, due to the
limited sample amounts, confirmation by this staining method was not performed. Based on
previous reports, this ~26 kDa band could contain a basic PRP with mass of 23,462 Da as it
has been noted that PRPs tend to migrate slower than expected due to their atypical amino
acid sequence (Beeley et al., 1991b, Messana et al., 2008). However, neither PMF nor
nanoLC-ESI-MS/MS confirmed presence of PRP in saliva samples analyzed in this study. In
contrast, the presence of prolactin-inducible protein in this band, as identified by
nanoHPLC-ESI-MS/MS (Table S-4), and its potential increase in response to acute stress
would agree with a previous study (Trueba et a/., 2012). Therefore, this band should be
studied further as it significantly increased due to the acute stress of the simulation
compared to the pre-simulation time point.

Besides alpha-amylase, it was found that another prominent SDS-PAGE band corresponding
to cystatin-S, -SN, and —SA changes due to acute stress in saliva of medical residents. These
members of the cystatin family have several commonalities including that they are cysteine
protease inhibitors with molecular masses between 13 and 14 kDa and have two conserved
disulfide bonds (Isemura et al., 1991, Lupi et al,, 2003, Amado et al., 2005, Hu et al., 2005,
Messana et al., 2008, Ryan et al., 2011, Sousa-Pereira et al., 2014). They also regulate
salivary calcium and have antimicrobial activity (Sousa-Pereira et al., 2014).

Based on the Wilcoxon signed-rank test and Holm-Bonferroni correction method, the
relative abundance of salivary cystatins increased in response to acute stress indicating that a
band corresponding to cystatin S family is a putative acute stress biomarker. Previous studies
identified cystatin-S as a potential marker of acute stress (Bosch et al., 2002, Trueba et al,
2012). Cystatin-S can be classified as either cystatin S1 or S2 which differ by their post-
translational phosphorylation. Cystatin S1 is monophosphorylated at Ser23, and cystatin S2
is diphosphorylated at Ser21 and Ser23 (Lupi ef a/., 2003, Ryan et al., 2011). Conversely,
cystatin-SA and —SN are not shown to be phosphorylated (Isemura ef a/., 1991). Cystatin-SA
has been studied previously as a putative salivary biomarker of oral cancer (Ryan et al.,
2011). Additionally, cystatins B, C, and D were identified in whole saliva of medical
residents using nanoHPLC-ESI-MS/MS (Table S-5).

In-gel digestion of the low-molecular weight band followed by MALDI-MS PMF (Figure
S-4) led to the identification of a small, 32-amino acid salivary protein histatin-3 (average
MW= 4062.41 Da). Two missed cleavages of trypsin were allowed for the MASCOT search,
which appears reasonable considering the small size and consecutive trypsin cleavage sites,
lysine (K) and arginine (R), present in the amino acid sequence of histatin-3
(DSHAKRHHGY KRKFHEKHHS HRGYRSNYLY DN) (Sabatini and Azen, 1989,
Ghafouri et al., 2003, Castagnola et al.,, 2004, Amado et al., 2005). Its small size is
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comparable to the size of the 33 amino acid protein orexin A, which has been shown to be
associated with performance and post-traumatic stress disorder (Deadwyler et al., 2007,
Strawn et al., 2010, Hagen et al., 2013). Histatin-3 is also known to exhibit antibacterial and
antifungal activities. Specifically, it is effective against C. neoformans, C. albicans, and P
gingivalis (Tsai et al., 1996, Tsai and Bobek, 1997, Gusman et al., 2001). Consequently,
changes in the amount of histatin-3 may indicate a response of the immune system after
experiencing acute stress.

Statistical analyses indicated that the protein(s) in this band did not change significantly in
medical resident saliva in response to acute stress due to the emergency medicine simulation.
It also showed higher variability when comparing the boxplots of the ratio of the proteins at
the various time points (Figure 3). This is likely a result of the limited number of samples
(n=5) and variability of densitometry data obtained by scanning SDS-PAGE gels containing
30 pL of saliva samples (run #4). Therefore, the data presumptively indicates that while
some changes occurred, they were not significant in this very small sample size, but this
result should be confirmed using a larger sample size.

As with many other proteins, salivary alpha-amylase and histatin-3 exhibit circadian
rhythms. Alpha-amylase’s maximum is in the late afternoon, and its minimum is in the
morning (Soo-Quee Koh and Choon-Huat Koh, 2007). The secretion of histatins is similar,
and it parallels the flow rate of saliva with a maximal peak occurring in the late afternoon
(Dawes, 1972, Sabatini and Azen, 1989, Castagnola et a/., 2002). These circadian rhythms
were not expected to contribute greatly to present analyses though because the saliva was
collected over a relatively short time period between pre- and post-emergency medicine
simulation samples, minimizing any circadian rhythm influence.

This study further demonstrated that the excretion of salivary proteins can change due to
stress as shown previously for salivary proteins such as alpha-amylase and cystatin-S (Bosch
etal., 2002, Groer et al., 2010, Trueba et al., 2012, McGraw et al., 2013, Strahler and
Ziegert, 2015, Valentin et al., 2015). Most of previous studies used assays to examine a
small number of analytes and determine if occupational simulations cause stress. Trueba et
al. observed an increase in salivary alpha-amylase and cystatin-S using a proteomics
approach. The primary purpose of their study was to determine how stress affects people
with asthma using Trier Social Stress Test, which is a laboratory-induced stressor. Present
study employed proteomics to investigate how the salivary proteins of individuals in a high
stress occupation change in response to acute stress, which was induced using a more
realistic, emergency medicine scenario.

As expected, a small inter-person variability in the relative amount of the four protein bands
at each time point was observed (Figure 3). Statistical analyses indicated that the amounts of
alpha-amylase and cystatins significantly increased upon acute stress compared to both non-
stress time points, while the ~26 kDa protein was significantly higher compared to the pre-
emergency medicine simulation time point. The low-molecular weight band showed greater
variability which may be significant, but the sample size for statistical analyses was
extremely limited (n=5) for this protein band.
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Furthermore, it was determined that the emergency medicine simulation induced acute stress
in the medical residents by performing a salivary alpha-amylase kinetic enzyme assay. For
all the samples that were analyzed (residents 1-7), the highest alpha-amylase activity was
observed in the saliva collected after the emergency medicine simulation (Table S-3 and
Figure S-5). For most of the residents, the alpha-amylase activity at the wake and pre-
emergency medicine simulation time points was similar. Consequently, the salivary alpha-
amylase assay indicated that the simulation resulted in a state of acute stress in this cohort of
medical residents.

Overall, there was a decrease in salivary cortisol from the pre-simulation to post-simulation
time point (Figure S-6 and Table S-6). In addition, the amount of cortisol upon waking the
next morning was higher than after the simulation. The decrease in salivary cortisol and
increase in salivary alpha-amylase for medical residents performing the simulations is in
good agreement with a similar study in which high-fidelity simulations in pre-hospital
emergency medicine training were used (Valentin et a/., 2015). Consequently, it can be
speculated that a panel of protein biomarkers of stress can be discovered in saliva and can be
used in conjunction with salivary cortisol concentration to monitor acute stress, but such a
hypothesis will need to be confirmed in a high-throughput study, potentially using LC-ESI-
MS/MS quantitation and involving more human subjects undergoing stress.

It should be acknowledged that certain limitations existed in this preliminary proteomics
study of the effect of acute stress on saliva. The major limitation is that only eight medical
residents were able to be recruited for the study. The small sample size increases the
possibility of false-positive results. Consequently, the statistically significant increase in the
amount of salivary alpha-amylase and type-S cystatins needs to be confirmed in a larger
population. Using a larger sample population will further validate that the increase in the
given salivary proteins is due to acute stress and determine if the differences in protein
amounts can be detected by devices that would enable monitoring in the workplace
environment. Additionally, a larger cohort would enable the investigation of possible sex-
specific differences in the expression of salivary proteins during the stressful scenarios.
Moreover, the limited volume of saliva made additional studies, such as quantification of
different forms of cystatin (cystatin-S, -SA, or -SN) and other proteins of interest,
unfeasible. Furthermore, this study was not designed to explore how stress affects
performance and how performance relates to salivary protein expression.

Additionally, to completely eliminate any circadian rhythm effects, an optimal control (i.e.,
non-stressed) sample would be collected on a day before or after the simulation when the
residents do not perform a stressful task, but at the same time that they performed the
emergency medicine simulation (~9:30 am). However, this paradigm was not possible in the
current study due to interference with the residents’ daily schedule and training. This
interference with their schedule also precluded the use of questionnaires that would allow
for the comparison of the individuals’ perceived stress levels from performing the
emergency medicine simulation and their correlation with changes in salivary proteins.
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5. Conclusion

This study utilized a combination of gel electrophoresis, nanoHPLC, and mass spectrometry
to examine salivary proteins from eight first-year medical residents participating in
emergency medicine simulations to investigate potential biomarkers of acute stress.
Densitometric analyses revealed changes in salivary alpha-amylase, a ~26 kDa band,
cystatins, and a low-molecular weight (<10 kDa) band following the emergency medicine
simulation. As indicated using the Wilcoxon signed-rank test and Holm-Bonferroni method,
the relative abundances of alpha-amylase and type-S cystatins changed significantly after the
emergency medicine simulations compared to both the pre-emergency medicine simulations
and waking time points. The relative amount of the ~26 kDa protein band changed
significantly when compared to the pre-emergency medicine simulation time point but not
when compared to the waking time point. In conclusion, salivary alpha-amylase and type-S
cystatins may be considered putative protein biomarkers of acute stress in medical residents.
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Rinse mouth Collect saliva Collect saliva Collect saliva
| | clinical simulation | |
[ | [ |
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Day 1 Day 1 Day 1 Day 2

Figurel.
Overview of the time course of saliva collection with the emergency medicine simulation
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Pre- Post-

Page 19
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Figure2.

Mucin-7
Polymeric immunoglobulinreceptor

Albumin
Alpha-amylase

~26 kDa band

Cystatin-S, -SN, -SA

Low-molecular weight band

Representative SDS-PAGE of salivary protein samples (30 pL loading volumes) obtained
from waking, prior to the emergency medicine simulation (pre), and after the emergency
medicine simulation (post) time points. The gel is labeled with some of the more prevalent

proteins identified by peptide mass fingerprinting.
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A Post-simulation to wake
B Post-simulation to pre-simulation
C Wake to pre-simulation
] '
& =
Amylase Cystatin Low MW
Figure 3.

Boxplots of the relative ratios of alpha-amylase, the ~26 kDa, cystatin, and the low-
molecular weight (low MW) protein bands. Panel A is the ratio of the protein band areas
after the emergency medicine simulation (post-simulation) compared to waking the morning
after the emergency medicine simulation (wake). Panel B is the ratio of the protein band
areas post-simulation compared to prior to the emergency medicine simulation (pre-
simulation). Panel C is the ratio of the protein band areas from wake to pre-simulation time

points.
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Demographics of the first-year medical residents participating in the study

Resident Gender Age pog-Simulation® Wake?
1 Male 26 11:18 AM 6:45 AM
2 Female 24 9:51 AM 7:00 AM
3 Female 29 10:57 AM 6:50 AM
4 Female 28 9:51 AM 6:50 AM
5 Male 28 11:19 AM 6:45 AM
6 Female 28 10:56 AM 6:00 AM
7 Male 27 11:48 AM 6:40 AM
g8 Male 30 11:47 AM 7:30 AM

*
Fasting from sunrise to sunset

a . . .
Refers to time at which saliva was collected
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Table 4

Summary of the relative quantification of the protein bands determined by Wilcoxon signed-rank test.

Protein Band Timepoint | p-value | Agjusted p-value®
Ratio

Post to Wake | 0.0234 0.0468
Alpha-amylase Post to Pre 0.0156 0.0468
Wake to Pre 0.641 0.641
Post to Wake 0.383 0.383
~26 kDa Post to Pre 0.0156 0.0468
Wake to Pre 0.109 0.218
Post to Wake | 0.0156 0.0312
Cystatin Post to Pre 0.0078 0.0234
Wake to Pre 0.844 0.844
Post to Wake | 0.0625 0.188
L ow-molecular weight Post to Pre 0.125 0.250
Wake to Pre 0.625 0.625

*
p-value adjusted using the Holm-Bonferroni correction method, values less than 0.05 are considered significant
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