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By characterizing physiological changes that occur in warfighters during simulated combat, we can start
to unravel the key biomolecular components that are linked to physical and cognitive performance.
Viable field-based sensors for the warfighter must be rapid and noninvasive. In an effort to facilitate this,
we applied a multiomics pipeline to characterize the stress response in the saliva of warfighters to

Received 29th July 2021, correlate biomolecular changes with overall performance and health. In this study, two different stress

Accepted 16th November 2021 models were observed — one of chronic stress and one of acute stress. In both models, significant per-
DOI: 10.1039/d1mo00271f turbations in the immune, metabolic, and protein manufacturing/processing systems were observed.

However, when differentiating between stress models, specific metabolites associated with the “fight or
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Introduction

The human ‘fight or flight’ stress response serves an important
evolutionary purpose in preparing and mobilizing physiological
systems to react to altered homeostasis or a perceived threat.>
When stressor events occur, sympathetic stimulation of the
autonomic nervous system releases adrenaline and noradren-
aline.” Such signaling molecules induce many physiological
changes associated with acute stress, like vasoconstriction,
rapid glucose breakdown and elevated heart rate. A slower,
secondary response also occurs from the stimulation of the
hypothalamic-pituitary-adrenal (HPA) axis. This releases gluco-
corticoids, such as cortisol, which regulate metabolism, energy
availability, inflammation, and cognitive function.*
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flight” response and protein folding were seen to be discriminate of the acute stress model.

Humans experience a variety of stress-inducing events daily.
These stressors, which fluctuate in type, timing, and severity,
have consequences ranging from mild alterations in homeo-
stasis to death.’ Individuals in particular occupations, such
as warfighters, medics, airline pilots, and athletes encounter
‘high-stress’ events on a regular basis.®™' Identification of
when and how acute and chronic stress impact these indivi-
duals, especially in comparison to a ‘normal’ person, warrants
investigation. Stress can inhibit optimal performance and nega-
tively impact physiology and health; especially since chronic
stress can cause the development of long-term issues such
as post-traumatic stress disorder,’>™"” metabolic syndromes,
cardiovascular disease, and immune dysfunction.'®2°

Warfighters encounter multiple types of stress (acute and
chronic) depending on particular situations (i.e. skirmishes,
infantry tactics, and training).” Understanding how these
different situations affect warfighter performance and their
long-term health are key to sustainment, readiness, and ensur-
ing wellbeing post-service. Detangling this complicated system
requires a deeper knowledge of how cellular systems are altered
when experiencing warfighter-specific stress. A starting point to
achieving such a mechanistic understanding is to characterize
the molecules and biological signatures of these conditions.
Previous work has identified peptides,*' proteins,** and meta-
bolites*® associated with physical and mental fatigue in a
variety of contexts including both physicians®® and athletes.”*
Beyond mechanistic understanding, the ability to monitor the
chemical signatures of stress and fatigue could play a vital role
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in both strategic decisions regarding warfighters in the field, as
well as interventions that could reduce or mitigate the negative
health consequences associated with stress events.

Saliva presents an accessible biofluid that can be obtained
2526 without specialized training or a
clinical setting. In addition to ease of collection, saliva provides
a safer alternative due to lower risks of disease transmission
when compared to blood or other biofluids.?”” The molecular
composition of saliva is impacted by both physical and psycho-
logical factors including age, circadian rhythm, pain level, and
stress.”””® The dynamic composition of saliva along with its
ease of collection make it an ideal diagnostic and investigatory
tool. Proteomic and metabolomic analysis of saliva has identi-
fied biomarkers for cancer, multiple sclerosis, diabetes, and
heart disease.?* ! Additionally, salivary compounds associated
with fetal development,®* hypoxic conditions,®® and stress®
have also been identified. In an effort to more holistically
understand the molecular changes occurring on multiple molecule
types (i.e. metabolites and proteins), multiomic analysis has been
employed in this study. This type of analysis integrates multiple
data streams to allow for more comprehensive understanding of
biological processes under different conditions.>**

For this study, we collected saliva from members of the 82nd
Airborne’s 2nd Battalion, 505th Parachute Infantry Regiment of
the U.S. Army at discrete time points (Fig. 1) before, during, and
after a 72 hour combat simulation event. The three-day ‘Battle
Ready” period was a series of baselining activities for various
metrics (e.g. fitness testing, strength assessments, cognitive/
social-emotional/physical surveys) that were collected during
the “Mission” period. The 72 hour “Mission” period began
with a weight-loaded six mile infiltration march, receiving

in a non-invasive manner
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operational orders, moving on foot to the operational objective
and performing the objective, moving to a secondary objective,
receiving a change of orders, then moving to a third objective,
performing the objective, and then performing a weight-loaded
six mile exfiltration march. In addition to the general chronic
physical and cognitive stress associated with the “Mission”
period, soldiers also participated in two instances of acute
stress involving short live combat firefights. The ‘“Recovery”
period was similar to the ‘“Battle Ready”” period in that metrics
(e.g. fitness testing, strength assessments, and cognitive/social-
emotional/physical surveys) were collected as final data points.
Salivary samples obtained throughout the mission were
subjected to proteomic and metabolomic characterization to
elucidate biomarkers and biochemical pathways that are most
affected from these stressors. Repeated measurements of the
same subject allowed for individualized baselines to be estab-
lished, an essential feature of the study design. While a number
of well-known bio-indicators such as dopamine, cortisol, and
serotonin are perturbed during stress,*® herein we unveil a
cadre of proteins and metabolites dynamically changing in
conjunction with each other and stress level.

Experimental
Saliva collection - chronic stress & acute stress studies

Salivary samples were collected from 30 participants at discrete
times before, during and after a training event. Up to 5 mL of
saliva was collected by passive drool and frozen in the field on
dry ice, then stored at —80 °C until analysis. Participants
refrained from eating, drinking, and nicotine consumption
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*
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Fig. 1 Timeline of field study and samples collected. Overview of field study and the collection time points; each rectangle represents one day. The
sampling points are broadly categorized as “Battle Ready” (BR; green), “Mission” (M; red), and “Recovery” (R; yellow). Within these categories, salivary
samples for proteomic (blue diamond) and metabolomic (orange circle) analyses were collected. For clarity, individual samples will be referred to with the
following nomenclature: Category_StudyDay_Timepoint (i.e. BR_2_PM). Additionally, two acute stress events (ASE) were conducted immediately before
and immediately after the Mission. The sampling scheme for ASE metabolomic (purple circle) analysis is shown in the box in the lower right of the figure.
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thirty minutes prior to each collection. For the chronic stress
analysis, only 20 participant’s samples were selected for analysis
due to absent or inadequate sample volumes. Secondary sampling
occurred during acute stress events (ASE) occurring directly before
and after the mission. Sampling procedure followed the scheme
detailed above. All collection protocols were approved for human
subjects’ research by the local designated Combat Capabilities
Development Command Review Board (IRB). In accordance with
the Declaration of Helsinki, all participants provided written
informed consent before the completion of any study procedures.
Demographic information for participants is available in ESI, ¥
Supplemental File 1.

Metabolomics

Sample preparation. Samples were prepared according to
Mcbride et al.?® Briefly, saliva samples were thawed and centri-
fuged at 20 000 RCF for 20 minutes at 5 °C. A 100 pL aliquot of
saliva was added to a centrifuge tube, along with 20 uL of
internal standard and 800 pL of 8:1:1 (v/v/v) acetonitrile:
methanol:acetone. The internal standard is prepared by mak-
ing working stocks of each solution at 2 mg mL™" by dissolving
10 mg of each standard in 5 mL of 90:10 water : acetonitrile.
A working stock solution was prepared by combining the
following volumes of each internal standard stock into a single
vial containing 4715 pL of Fisher Optima gold label water with
0.1% formic acid (final volume 5000 pL): d3-creatine (10 pL),
d10-leucine (10 pL), d3-i-tryptophan (10 pL), *Ceé-citric acid
(20 pL), “*C11-tryptophan (100 pL), “*Cé-leucine (10 uL), *C6-1-
phenylalanine (10 pL), T-BOC-L-tert-leucine (10 pL), and T-BOC-
L-aspartic acid (5 pL upon addition of the extraction solution,
each sample was vortexed and refrigerated for at least 60 minutes
at 5 °C to precipitate proteins. This solution was centrifuged at
20 000 RCF for ten minutes at 5 °C to pellet the proteins. A 750 pL
aliquot of supernatant was transferred to a new, labeled centrifuge
tube and evaporated via Speedvac. Immediately prior to analysis
by liquid chromatography mass spectrometry (LC-MS), sample
was reconstituted in 100 uL of Optima grade water with 0.1%
formic acid (Fischer Scientific, LS118) and vortexed briefly.
Samples were placed at 4 °C for 10 minutes to allow for
resuspension. Finally, each sample is centrifuged at 20 000g
for 10 minutes to removed insoluble particulates. The super-
natant was transferred to glass autosampler vials (Agilent
Technologies, Santa Clara, CA) for analysis.

Data acquisition. Each sample was analyzed on a Thermo
Fisher (Waltham, MA) Orbitrap Q Exactive Plus mass spectro-
meter coupled to a Thermo Fisher Ultimate 3000 uHPLC
system. Injections of each sample (2 pl) were resolved with
the analytical pump (350 ul min~!) on a 100 pm x 2.1 mm id
ACE Excel 1.7 um C18-PFP (Mac-Mod Analytical, Chadds Ford,
PA) using a 22.5 min flow gradient. The A buffer was Optima
grade water with 0.1% formic acid and the B buffer was 100%
Optima grade acetonitrile. For the first 3 minutes, mobile
phase A was held at 100%. Mobile phase B was increased to
80% from minute 3 to 13 and then held for 2 minutes. The
method finished with an equilibration step of a 4 minute
gradient back to initial conditions with a 2.5 minute hold at

This journal is © The Royal Society of Chemistry 2022
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0% B. MS1 scans were acquired with a resolution of 70 000 with
a scan range of m/z 70-1000. AGC target was set to 3E6 with a
maximum injection time of 100 ms. All metabolomics data
were acquired in positive and negative ionization modes using
the heated electrospray source ionization (HESI). The source
settings were as follows: spray voltage: +4.0/—3.7 kV, capillary
temperature: 325 °C, sheath gas (N,): 30 arbitrary units (AU),
auxiliary gas (N,): 10 AU, S-Lens RF: 50 AU and probe heater:
350 °C. In addition to the samples, blanks of Fisher Optima
gold label water with 0.1% formic acid were collected (three
blanks at the beginning of the sequence and a blank after every
ten sample injections), as well as quality control standards
using the previously described internal standard mixture (col-
lected once at the beginning of the sequence and after every ten
sample injections and a blank).

Data analysis. Data was searched using Compound Dis-
coverer (CD) 3.1 (Thermo Fisher Scientific) using an untargeted
metabolomic workflow. Within this workflow, the blanks were
utilized in the “background subtraction” step. Samples with
greater than 50% missing values were removed from further
analysis. The quantitation was normalized to the total intensity
(Constant Sum) and MS1 based identifications were performed
with an in-house generated library, Chemspider (searching the
human metabolome database) and Metabolika modules. The
in-house library was generated using retention times and m/z of
metabolite standards purchased from IROA Technologies (Sea
Girt, NJ). Post hoc testing was performed utilizing a Benjamini
Hochberg correction with a 5% FDR cutoff. Downstream ana-
lysis of results were performed by in-house python scripts to
clean and process the CD output. The Web hosted version of
Metaboanalyst 4.0 (https://www.metaboanalyst.ca/MetaboAna
lyst/home.xhtml) was utilized for pathway enrichment analysis
of small molecules.

Proteomics

Sample preparation (denaturation, extraction, digestion).
Saliva was aliquoted into 96 well plates and dried down in a
speed-vacuum concentrator before being resuspended in 4 M
guanidine hydrochloride (GnHCIl), 100 mM Tris, pH 8. Protein
concentration was determined via protein BCA (Pierce, Thermo
Fisher). Resuspended samples were incubated at 100 °C for
6 minutes three separate times with 6 minutes of rest at room
temperature between incubations. Sample wells were then
brought to 90% methanol before centrifugation at 4000 rpm
for 40 minutes. Supernatant was disposed.

Protein precipitate was resuspended in reducing and alky-
lating buffer (10 mM TCEP, 40 mM chloroacetamide, 8 M urea,
100 mM Tris, pH 8) to a total protein concentration between
2-4 mg ml~". Endoprotease Lys-C was added to each well at an
approximate ratio of 50:1 w/w protease/total protein. Plates
were incubated at room temperature for 4 hours with slow
rocking. Reducing and alkylating buffer was diluted to
25% concentration with 100 mM Tris, pH 8. Trypsin was added
to sample wells at an approximate ratio of 50:1 w/w protease/
total protein. Samples were incubated overnight at room
temperature.
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Digestion reactions were quenched when samples were
brought to 0.5% TFA. Digested peptides were desalted using
Phenomenex Strata C18 96-well plates (8E-S001-BGB) following
manufacturers’ instructions before being dried in a speed-
vacuum concentrator (Thermo Scientific).

Online reverse-phase columns were prepared in-house using
a high-pressure packing apparatus previously described.?”
In brief, 1.5 pm bridged ethylene hybrid C18 particles were
packed at 30000 psi into a New Objective PicoTipTM emitter
(Stock#t PF360-75-10-N-5) with an inner diameter of 75 um and
an outer diameter of 360 pm. During separations, the column
was heated to a temperature of 50 °C inside an in-house heater
and interfaced with the mass spectrometer via an embedded
emitter.

Data acquisition. An UltiMate 3000 RSLCnanoSystem (Thermo
Fisher Scientific) was used for online chromatography with
mobile phase buffer A consisting of 0.2% formic acid in water
and mobile phase buffer B consisting of Optima grade water with
0.2% formic acid in 70% Optima grade acetonitrile. Samples were
loaded onto the column for 4 minutes at 300 nL min*. Mobile
phase B was increased to 9% in the first 4 minutes then increased
to 52% by 59 minutes. The method finished with a wash stage of
100% B from 60-69 minutes and an equilibration step of 0% B
from 70-80 minutes.

Eluted peptides were ionized by electrospray ionization and
analyzed on a Thermo Orbitrap Fusion Eclipse. Survey scans of
precursors were taken from m/z 300 to 1400 at 240 000 resolu-
tion while using Advanced Precursor Determination®® with an
AGC target of 1E6 and a maximum injection time of 50 ms.
Tandem MS was performed using an isolation window of 0.5 Da
with 20 ppm mass tolerance and a dynamic exclusion time of
10 s. Selected precursors were fragmented using HCD with a
normalized collision energy of 27%. The MS2 AGC target was
set at 3E4 with a maximum injection time of 20 ms. Scans were
taken in the ion trap using the turbo setting, and only peptides
with a charge state of +2 or greater were selected for fragmenta-
tion. Samples were analyzed in duplicate.

Data searching. The resulting spectra were searched in
MaxQuant (1.6.0.13) using fast LFQ against a full human
proteome with isoforms downloaded from Uniprot (October
29, 2019). Carbamidomethylation of cysteine was set as fixed
modification. Matching between runs was used with a retention
time window of 0.7 min. Searches were performed using a
protein FDR of 1%, a minimum peptide length of 7, and a
0.5 Da MS2 match tolerance. Protein data were then extracted
from the “ProteinGroups.txt” file of the Maxquant output after
decoy, contaminants, and reverse sequences were removed.
The protein counts were based on protein groups with an
LFQ intensity > 0.

Post processing. Post processing was performed primarily
in R (version 3.6.3). Protein gene ontologies were retrieved
from the NCBI DAVID database with significance established
using the Fisher exact test function in R or the built-in function
of the NCBI website. Protein LFQ intensities were normalized
by log 2 transformation. Paired significance testing and Pear-
son correlations were performed using base R. Partial least
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squares discriminant analysis (PLS-DA) was performed using
the plsda function from the mixOmics®® package (version
6.10.9) in R. Linear discriminant analyses were performed
using the Ida function of the MASS package®® (7.3.51.5), with
area under the curve (AUC) of the receiver operator character-
istic calculated using the auc or the multiclass.auc function of
the pROC package*' (1.16.2). Mixed-effect models were gener-
ated using the Imer function of the Ime4 package®® (1.1.23).
Fixed-effect models were generated using Im function in base
R. Circular dendrogram was generated using the circlize
(0.4.11) and dendextend (1.14.0) packages in R. Other plots
generated using base R and ggplot2 (3.3.2).

Results and discussion

The big picture: distinguishing chronic combat-linked stress
and enervation

Proteomics overview. Untargeted bottom-up proteomics was
performed on saliva samples from 20 individuals across eight
different time points (blue diamonds in Fig. 1), for a total of
160 samples. The time points included four collections during
the Battle Ready period - one evening (BR_2_PM) and three
morning (BR_3_AM1/AM3/AM4) samples - and four collections
during the Mission/Recovery periods - one evening (M_6_PM)
and three morning (R_7_AM1/AM3/AM4) samples. For clarifi-
cation, the M_6_PM sample was collected after the 72 hour
combat simulation event was completed. As a result, each set of
four samples bookends the 72 hour combat simulation event
(i.e. Mission). Given this structure, the proteomic samples were
organized into four unique pairs (BR_2_PM/M_6_PM; BR_3_
AM1/R_7_AM1; BR_3_AM3/R_7_AM3; BR_3_AM4/R_7_AM4) to
assess the proteomic effects of the mission-derived chronic
stress.

Overall, 2087 proteins were identified based on 28511
unique peptides. On average, 1332 proteins and 13 680 peptides
were quantified in each sample (ESIL, Fig. S1). Although high
variability was observed in peptide identifications across sam-
ples, outliers do not appear systematically related to external
stimuli, and the protein identifications remain relatively
consistent. The analysis quantified 545 protein groups across
all 160 samples, with 720 proteins consistently quantified in
>50% of all four sample pairs. When examining the gene
ontology enrichment using a full human proteome as back-
ground, the highest enrichment was observed for the biological
processes proteolysis, cell-cell adhesion and complement acti-
vation, (ESLt Fig. S2), which would be expected given the role
of saliva as a host-microbe interface and its proximity to
the epithelial cells of the mouth. Additionally, enrichment
of proteins involved in protein turnover, such as translation
initiation and endopeptidase activity, were seen. The 720 proteins
consistently quantified here represents x20% of the known
human salivary proteome.*

Metabolomics overview. Metabolomic analysis was also per-
formed on 40 samples (orange circles in Fig. 1) collected at
discreet time points from each of these same 20 individuals.

This journal is © The Royal Society of Chemistry 2022
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The time points included nine AM and three PM collections
during the Battle Ready phase, twelve AM and two PM collec-
tions during the Mission phase, and ten AM and four PM
collections during the Recovery phase. More than 5000 com-
pound features were resolved overall with relative quantitation
information garnered for more than 4000 across all samples
analyzed by metabolomics. Additionally, 860 features were
identified with high confidence matches, which are defined
as compounds that are a full match (i.e. monoisotopic mass + at
least one isotopic peak) in Metabloka, ChemSpider, and Ther-
mo’s predicted composition database. These are level two
identifications by the Metabolomics Standards Initiative.**

As part of the physical nature of the field exercise, the hydra-
tion level of the participants most likely varies from time point to
time point. The effects of dehydration plays a role in physical
performance,®® metabolic stress, and cognitive performance.*®

As the objective of this work is to determine performance
biomarkers during military exercises, any changes that occur as
part of changing hydration status are important to monitor.

Time of day vs. mission initiation

In reference to Fig. 1, the following linear analysis was done to
compare AM vs. PM collection points and battle ready (Green)
vs. samples collected post-mission initiation (Mission-Red &
Recovery-Yellow) to determine which variable contributed most
to the baseline shift of the proteomic and metabolomic data.

Several factors are known contribute to differences in mole-
cular abundances within the saliva, including time of day, level
of physical and mental stress, and individual variability. Under-
standing and controlling for each of these variables is impor-
tant when attempting to analyze the effects of stress and
exercise-induced malaise. When applying a partial least squares
discriminant analysis (PLS-DA), proteins exhibit a slight separa-
tion between the battle ready time points and the mission/
recovery time points (ESL{ Fig. S3A), while more substantial
separation occurs between AM and PM collection events (ESLt
Fig. S3C). Metabolomic analyses indicate some separation
based on both variables (ESILt Fig. S3B and D). A principal
component analysis (PCA) is included for comparison with an
unsupervised technique (ESL{ Fig. S4). Circadian rhythm is
known to play a major role in the content of human biofluids
including the salivary proteome.*”*® This includes the pulsatile
releases of cortisol,*® one of the primary hormonal signalers in
stress.’® The discriminatory power of this data based on time of
day (morning vs. evening) should increase the capacity to
capture hormonal homeostatic systems, such as sleep-wake
cycle and stress, both of which interact with the HPA axis in
the human brain.4,51

In order to investigate these effects further, a set of linear
models was created for both the proteomic and metabolomic
datasets. Significance for each protein across time of day
(AM vs. PM) and in relation to the mission initiation (Battle
Ready vs. Mission/Recovery) was established using a mixed
effect model in which time and mission category were treated
as fixed effects and individual soldiers were treated as a
random effect. Linear models were then constructed for each

This journal is © The Royal Society of Chemistry 2022
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protein, and comparisons were made using analysis of variance
(ANOVA) with and without mission category or time as expla-
natory variables. As suggested by the discriminant analysis,
substantially more proteins were associated with time of day
than mission category (Fig. 2A). Small molecule significance
was established using ANOVA on fixed-effect linear models with
a focus on time of day and mission category. Compound
features for metabolites exhibited a more even distribution in
significance between these two variables as compared to pro-
teins (Fig. 2B). Normalized metabolite and protein abundances
were then correlated using only overlapping samples for
which both proteomic and metabolomic data were collected.
We identified a single large cluster of metabolites that exhibit
strong correlations to two protein clusters: one positively
correlated (red box - Fig. 2C) and one negatively correlated
(blue box - Fig. 2C). This small molecule cluster includes a high
density of compounds found to be significant to both mission
initiation and time of day (red box - Fig. 2C), while the anti-
correlated protein cluster appears to include a large number of
proteins significant to time of day (blue box - Fig. 2C).

When examining the gene ontology terms associated with
these two extracted clusters, we observed overrepresentation of
proteins related to protein processing/degradation, the endo-
plasmic reticulum (ER), and amino acid metabolism (Table 1,
row 1 and Table 2, row 8). In addition, the metabolite cluster
contains more than 40 dipeptides, potentially resulting from
protein degradation associated with the proteasome and the
ER. The metabolite cluster also includes several isolated cano-
nical amino acids and their precursors.

The analysis identified 21 proteins via gene ontology related
to protein processing in the ER, with 14 of them found to be
significantly associated with mission initiation. Of these 14
proteins, five increase with the initiation of the mission, while
the other nine decrease following mission initiation (Fig. 3A).
Up regulated proteins exhibit a larger magnitude shift
with protein OS9, nucleotide exchange factor SIL1 (SIL1) and
mannosyl-oligosaccharide 1,2-alpha-mannosidase IA (MAN1A1)
most effected. MAN1A1 and OS9 both function in shuttling
glycoproteins out of the endomembrane system, by maturation
of their glycan chain or degradation of misfolded proteins,
respectively.’>>® Neutral alpha-glucosidase AB (GANAB1) also
functions in the maturation process of glycoproteins and
increases following mission initiation.* SIL1 functions as a
co-chaperone to ER chaperone BiP (HSPA5), allowing HSPA5 to
exchange ADP for ATP. SIL1 has been shown to play a role in
cellular sensing of ER stress, with aberrant SIL1 associated with
accumulation of ubiquitinated proteins.>® There is a decrease
in abundance of proteins, such as PDIA6 and HSPA5, which can
repress the unfolded protein response (UPR), along with
increases in DNAJC3, which is activated by ER stress and the
UPR.”*® Many of the proteins decreasing following mission
initiation participate in the refolding of misfolded proteins
including DNAJB1, CANX1, HSPA1B, HSPA8,°°®' although
these changes are of a smaller magnitude.

The analysis identified 46 proteins and 120 metabolites
related to amino acid biosynthesis or metabolism with 14
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Fig. 2 Correlation of proteins and small molecules with mission category and time of day. (A) Significance of time of day and mission initiation for
proteins based on these variables inclusion in regression models. Cutoff set at p-value <0.001. Proteins significant across time of day only are blue,
significant to the mission only are red, and significant to both time of day and mission are purple. (B) Significance of time of day and mission initiation for
small molecules based on these variables’ inclusion in regression models. Small molecules significant across time of day only are blue, significant to the
mission only are red, and significant to both time of day and mission are purple. (C) Heatmap showing correlation of proteins (x-axis) and compound
features (y-axis) with axis annotations based on significance of time of day, mission, or both. A single metabolite cluster and two protein clusters with
substantial correlations were observed from this heatmap (boxed out).

Table 1 Associated processes for proteins in anti-correlated cluster [blue]

GO term Count P-Value
1 Negative regulation of cysteine-type endopeptidase activity 5 8.03 x 10°°
2 Platelet degranulation 9 1.27 x 10°*
3 O-Glycan processing 4 7.48 x 1073
4 Retina homeostasis 4 1.23 x 107>
5 Cell activation 2 1.66 x 10>
6 IRE1-mediated unfolded protein response 3 1.73 x 1072

Six most significant biological processes included in protein cluster negatively correlated with small molecule cluster.

and 25 mission-significant proteins and metabolites, respec-
tively (Fig. 3B). When examining this significant protein subset,
it was observed that many of the proteins had their primary
function in cellular metabolism and ATP generation, rather
than acting directly on amino acids or amino acid precursors.
Three key enzymes in glycolysis exhibited significantly
increased abundance upon initiation of the mission, pyruvate
kinase (PKM), phosphoglycerate kinase (PGK1) and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH). Additionally,
lactate dehydrogenase (LDHB), the enzymatic driver of anaero-
bic respiration, was also significantly increased. Although not
reaching significance, we also detected elevated abundance
with mission initiation for seven other enzymes involved in
glycolysis: hexokinase (HK1), phosphofructokinase (PFKL),
fructose bisphosphate aldolase (ALDOA), triosephosphate iso-
merase (TPI), enolase (ENO1), and phosphoglycerate mutase
(PGAM) (Fig. 3C). These proteins also play a key role in gluconeo-
genesis which has been shown to be upregulated in situations of
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acute psychological stress.®”*® Blood glucose elevation has been

detected in animals as an early reaction to stressors.” Increased
expression of glycolysis proteins and those associated with anae-
robic respiration reflects cellular expression changes in response
to continued energetic stress.

Determining a mission-specific protein biomarker panel

In reference to Fig. 1, the following paired analysis was done to
determine protein changes that occur when comparing pre/
post mission initiation (i.e. Battle Ready vs. Mission/Recovery),
controlling for the time of day.

Given both the paired structure and observed impact that
time of day has on protein expression, the proteomic effects of
the mission were also assessed using a paired t-test, across each
Battle Ready and Mission/Recovery pair. Overall, proteins
trended toward higher abundances in the Mission and Recovery
sample groups (i.e. M_6_PM, R_7_AM1/AM3/AM4). Paired t-tests
were performed to account for unequal variance and multiple

This journal is © The Royal Society of Chemistry 2022
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Table 2 Associated Processes for Proteins in Positively Correlated Cluster [Red]
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GO Term Count P-Value
1 Proteolysis involved in cellular protein catabolic processes 10 2.15 x 1077
2 Protein polyubiquitination 11 5.00 x 1077
3 MAPK cascade 12 1.40 x 10°°
4 Regulation of mRNA stability 11 1.45 x 107°
5 Stimulatory C-type lectin receptor signaling pathway 10 2.19 x 10°°
6 Proteasome 9 3.67 x 107°
7 T cell receptor signaling pathway 10 5.20 x 10°°
8 Regulation of cellular amino acid metabolic processes 9 5.43 x 107°

Eight most significant biological processes included in protein cluster positively correlated with small molecule cluster.
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Fig. 3 Altered abundance in protein processing and metabolism. (A) Hierarchical clustering of proteins significantly affected by mission initiation,
associated with protein processing in the ER. Gene name label size indicates magnitude of mean fold change with red proteins exhibiting increased
expression with mission and blue proteins exhibiting decreased expression. (B) Network plot showing proteins and small molecules involved in
biosynthesis and metabolism of amino acids identified. Metabolites and proteins are indicated by green squares and purple circles, respectively. (C) Bar
plot showing fold change, post/pre mission initiation, of enzymes involved in glycolysis and gluconeogenesis. Proteins that increase upon mission

initiation are colored in red while those that decrease are colored in blue (only GPI). * Asterisk indicates significance.

hypotheses (Benjamini Hochberg, 5% FDR) for all proteins iden-
tified in at least half of all pairs (720 proteins). From those tests,
302 significant proteins were identified (Fig. 4A). Similar to
previous analysis, biological processes such as protein processing
and MAPK signaling were observed, but the complement and
coagulation cascade was also identified as highly upregulated in
the Mission/Recovery samples. Interestingly, the data showed an
increase in angiotensinogen, a component of the stress-activated
MAPK cascade, which assists in regulation of osmotic balance in

This journal is © The Royal Society of Chemistry 2022

the vascular system.®* Stress-related changes to the vascular

system have been observed in the literature.>® Proteins asso-
ciated with the complement and coagulation cascade demon-
strate a consistent increase in abundance upon mission initiation
(Fig. 4B).

When performing a pairwise correlation of expression pro-
files for all 302 proteins significantly associated with mission
initiation, four well-defined clusters were identified (Fig. 4B).
Two of these clusters include proteins that modify structures

Mol. Omics, 2022, 18, 279-295 | 285
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Fig. 4 Differentially expressed proteins with mission. (A) Volcano plot of mean fold change and significance for proteins across Battle Ready vs. Mission/
Recovery pairs. Dotted line indicates approximate significance cutoff for Benjamini—Hochberg correction with 5% FDR. Proteins are colored by three
KEGG pathways — blue: protein processing in the ER; green: complement and coagulation cascade; orange: stress-activated MAPK cascade. (B) Protein—
protein correlation heatmap for all 302 significant proteins identified in (A). Four strongly correlated clusters with their proteins most common functions
are highlighted. (C) Line plot of normalized expression across all 160 samples of the six significant complement proteins associated with mission
initiation: complement C2, complement Clr, complement 4b (C4B), complement C6, complement factor B (CFB) and complement factor | (CFI). All six
proteins are present in the bottom right cluster of B.

via the cytoskeleton and extracellular matrix. The other two complement component (C9). Among the AM specific post
clusters continue the theme of innate immunity and protein mission initiation time points, proteins were detected relating
processing. Interestingly, the same cluster containing protein to an increased abundance of hypoxia-up regulated protein 1,
chaperones involved in protein folding also contains several which inhibits apoptosis due to oxygen deprivation,®® and 14-3-
proteins for processing reactive oxygen species, compounds 3 protein eta, which has been shown to be a transcriptional
that are typically detrimental to the structure of proteins and activator of glucocorticoid receptors.®® Alpha-amylase was also
known to be generated from consistent physical stress®® and ER  observed to be significantly increased with mission initiation in
stress.”” When examining the complement and coagulation these AM samples. Salivary alpha-amylase has been previously
cluster more closely (Fig. 4B, bottom right), the data revealed identified as a marker of stress-induced stimulation of the
more than 10 complement proteins, including multiple sub- sympathetic-adrenal-medullary system.70-72
components of the C1 initiator and the alpha, beta and gamma
chain of complement component C8, which forms the
membrane attack complex. A comparison of normalized expres-
sion across all 160 samples of complement C2, complement We sought to identify the molecules most discriminant for
C1r, complement 4b, complement C6, complement factor B mission initiation as indicators of the associated stress and
and complement factor I, reveals highly similar profiles of these  exercise-induced malaise. These compounds could serve as
proteins. This similarity reflects the tight regulation of the innate  biomarkers of performance and provide clues as to the cellular
immune system at this host-pathogen interface (Fig. 4C). state. Considering this objective, linear discriminant analysis
A paired t-test was also performed against the post mission (LDA) was performed focusing on proteins or small molecules
initiation samples (i.e. M_6_PM, R_7_AM1/AM3/AM4) using found to be significant in the linear models. We calculated the
only Battle Ready AM or PM samples in order to identify area-under-the-curve (AUC) for the receiver operator charac-
mission-associated proteins specific to a single time of day. teristic (ROC), utilizing the leave one out strategy. When
These samples yielded an additional 54 significant proteins performing a linear discriminant analysis using a single pro-
specific to the AM samples (Fig. 5A) and one additional protein  tein, periplakin (PPL), galactosidase beta 1 (GLB1), complement
specific to the PM samples (Fig. 5B). The additional protein component C9 (C9), ubiquitin fold modifier 1 (UFM1), and
identified when examining only PM samples was also a prelamin A/C (LMNA) provided the best performance, with

Proteomic and metabolomic stress/enervation discrimination
power

286 | Mol Omics, 2022, 18, 279-295 This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Differential proteins for time of day and linear discriminant analysis. (A) Volcano plot depicting significance and mean fold change across mission
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Significant proteins (BH correction, 5% FDR) are shown in blue and green, with green indicating proteins newly significant when testing only a single time

of day, while blue indicates proteins previously identified as significant.

AUCs of 0.701, 0.697, 0.683, 0.683, 0.674, respectively (Fig. 6A).
Among the metabolites, C,,H;5CIN,O, three pipecolic acid-like
compounds (PALC) (ESI,i Table S1), and acetylspermidine
exhibited the greatest discriminatory performance for mission
initiation with areas under the curve of 0.835, 0.832, 0.819,
0.802 and 0.808, respectively. It should be noted that the
discriminatory power of small molecules far outweighs that of
even the best performing proteins, with substantially higher
AUCs (Fig. 6B).

Because human performance deficits manifest as a ‘whole
body’ syndrome, a panel of biomarkers will likely offer a better
predictive value than a single biomarker. As such, linear dis-
criminant analysis was pursued, relying on five compounds for
both proteomic and small molecule analysis. A substantial
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increase in AUCROC was observed when utilizing a combination
of the top five components listed above for each dataset. However,
the best performing five-component model was identified by
iteratively testing combinations and optimizing area-under-the-
curve, starting with periplakin or C;6H;3CIN,O. The optimal
protein combination included periplakin (PPL), heat shock pro-
tein alpha family class B member 1 (HSPAB1), myeloperoxidase
(MPO), heat shock protein family A member 9 (HSPA9), and
transketolase (TKT) yielding a predictive value of 83% (Fig. 6A).
The optimal small molecule combination consisted of C;cH;s-
CIN,O, gamma-butyrobetaine, L-proline, and proline-glycine, and
pipecolic acid yielded a predictive value of 96%.

Increasing the complexity of a model by adding explanatory
variables will most likely improve performance. However, it was
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Fig. 6 Linear discriminant analysis. (A) Based on the AUC for the top five most discriminant proteins determined from mission initiation (Battle Ready vs.
Recovery), a ROC curve for LDA model was built. Both single component models and a combination model were used. The combination model (yellow)
was generated by iteratively identifying the four additional most complementary proteins in relation to periplakin (PPL). (B) Based on the AUC for the top
five most discriminant metabolites determined from mission initiation (Battle Ready vs. Recovery, excluding the acute stress events), a ROC curve for LDA
model was built. The combination model from the five best performing features is shown in yellow, and an optimized five component model is shown
in black.
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interesting that, of the nine potentially discriminant proteins
identified, two are components of chaperones that participate
in the unfolded protein response (UPR) [HSPAB1 and HSPA9]
and one mediates the ER stress response (UFM1). In the
metabolomic model, gamma-butyrobetaine, r-proline, pipeco-
lic acid, and proline-glycine are all associated with amino acid
metabolism. Gamma-butyrobetaine is involved in lysine degra-
dation and a precursor to r-carnitine.”® r-Proline is an amino
acid itself, with proline-rich proteins playing an important
signaling role in human saliva.”* Proline-glycine is involved
in protein catabolism but also plays roles in metabolism and
coagulation.”>”” The proteins identified here are of interest in
understanding the biological effects of stress, but more targeted
methods would be required for validating protein signatures as
baseline response to stress varies greatly among individuals, thus
even the most discriminatory proteins exhibit somewhat minor
shifts in abundance overall (ESL Fig. S5).

Detection of acute stress by metabolomics

In reference to Fig. 1, we are assessing whether or not there are
metabolites that discriminate the two ASE events from the rest
of the study (Battle Ready, Mission, and Recovery).

Because metabolomics analysis proved to have the most
discrimination power for exercised-induced malaise and stress,
we sought to investigate if only small molecules could discri-
minate a short-lived acute stress event (Fig. 1, ASE 1 & 2) during
a period of chronic stress. For this study, we included 30
individuals that were sampled at five different time points
(Baseline, Ty, Ti15miny T+30miny aNd Tigsmin) during both acute
stress events (ASE 1 & ASE 2). The ASE simulates both an acute
physical and cognitive stress event, in which subjects must
learn a series of signs and symbols before the activity that relate
to how they must execute encountered tasks (i.e. recognizing
friend versus foe, aim points, accuracy, position: standing,
kneeling, or prone). These tasks were then performed while
the subjects were timed.

Normalized peak areas for all compound features were
averaged for Battle Ready, Mission, Recovery, ASE 1 and ASE
2 then these groups and associated compounds were clustered
based on Euclidean distance. Fig. 7A shows the distinct group-
ing of metabolites that occurs among compounds when
comparing these five groups. We specifically observe increased
abundance in several compound clusters in the two ASE samples,
while the other three time point groups cluster together, with the
ASE 1 baseline event located most distally (Fig. 7A). Based on this
preliminary result, 200 features were determined to experience
significant changes in abundance between the five time point
groups, with p-values <0.05. These compounds included small
molecules involved in a variety of biological pathways largely
related to metabolism of amino acids. Metaboanalyst’® pathway
enrichment analysis (Fig. 7B) reveals enrichment occurring in
30 different pathways, including arginine biosynthesis, histidine
metabolism, beta-alanine and alanine, aspartate and glutamate
metabolism.

In order to distinguish potential discriminant biomarkers of
different stress states, linear discriminant analysis (LDA) was
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Fig. 7 Differential metabolites for acute stress events. (A) Hierarchical
clustering of all compounds based on mean normalized peak areas of five
time point event groups — Battle Ready, Mission, Recovery, ASE 1 and ASE
2. (B) Bar plot showing significance and enrichment ratio for pathways
associated with compounds found to be significantly different between
the five time point groups — Battle Ready, Mission, Recovery, ASE 1 and ASE
2. (C) ROC for LDA separating samples from acute stress events as
compared to all other samples (Battle Ready, Mission, Recovery). Single
component models are shown for five best performing compound
features based on AUC. Five component model from five best performing
features is shown in yellow while an optimized five component model is
shown in black.

performed with the objective of separating the ASE samples
from all others. Several amino acids were identified as discri-
minant for these acute stress events including arginine, histi-
dine and the dipeptide alanine-proline (Fig. 7C). Dipeptide
alanine-proline is known to interact with angiotensin convert-
ing enzyme (ACE).”® This enzyme is a central component of
the renin-angiotensin system that controls blood pressure
regulation and electrolyte balance, particularly when the “flight
or fight” response is observed as a result of exposure to acute
stress.®® Chitobiose, an acylaminosugar, has been observed in
protein folding assistance, furthering the previous hypothesis
that stressor events cause an alteration in protein refolding,
degradation, and synthesis.®! Considering the identification
of histidine and arginine and the significance of these two
pathways in the enrichment analysis (Fig. 7B), arginine bio-
synthesis and histidine metabolism were extracted and ana-
lyzed via a similar clustering analysis. Compounds related to
arginine biosynthesis cluster into two high level groups: one
with large variability in mean abundance across the different
time point events and one with minimal variability. The high
variance compounds contribute to the separation of the two
ASE samples from the other three time point groups (ESL Fig. S6).

This journal is © The Royal Society of Chemistry 2022
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Upon initial review, the biological variation occurring during
the ASE time points appear to stem from increased amino acid
metabolism.

Discussion

Presented is a multiomics analysis of raw saliva focused on
identifying biomolecular perturbations following two unique
stress models: (1) chronic/long-term stress and (2) acute/short-
lived stress. Regarding chronic stress, like that experienced
during multi-day military exercises, significant abundance
changes were observed in molecules related to three biological
functions: (1) innate immunity, (2) protein cycling and proces-
sing, and (3) metabolism of sugars and amino acids. Within
the proteins, increased expression was identified in the com-
plement system upon initiation of the mission, indicating
immune activation and inflammation. These observations
demonstrated altered abundance of endoplasmic reticulum
processing proteins, such as chaperones and those involved
in the unfolded protein response (UPR). These changes are
accompanied by increased abundance of metabolites asso-
ciated with amino acid metabolism and translation. Changes
are also observed in proteins functioning in sugar metabolism.

The proteomic analysis identifies more than 300 proteins
significantly affected by mission. Relatively uniform upregula-
tion of complement proteins was observed upon mission
initiation, with tightly correlated shifts from sample to sample.
The complement system has been shown to be stimulated
in situations of both short and long duration exercise.®*"%*
Moderate physical training provides a beneficial immunomo-
dulatory effect,® while extreme physical exertion can increase
susceptibility to infection®® by depressing immune cell popula-
tions and signaling molecules. Similar changes have been
detected in cases of psychological stress with increased expres-
sion of proinflammatory cytokines in acute psychological
stress®”®® and immune dysfunction linked to long-term psycho-
logical health impacts, such as post-traumatic stress disorder.***°
In contrast to the complement system, two other pathways of
interest, (1) protein processing in the ER and (2) the stress-
activated MAPK cascade, demonstrate varying directions of
abundance changes. In the stress activated MAPK cascade,
angiotensinogen exhibits increased abundance with mission,
likely in response to the associated physical stress. When
attempting to construct a discriminant proteomic model, several
of the proteins identified were related to innate immunity or
protein processing, including complement component C9 and
multiple heat shock cognate chaperones.

The metabolomic analysis identified more than 100 com-
pound features associated with mission initiation. Metabolites
identified as significantly associated with mission initiation,
like proline, arginine, and g-butyrobetaine, are related to amino
acid biosynthesis and protein translation. When a discrimina-
tory model for mission initiation was built, those compounds
were highly discriminant within the system. As these meta-
bolites are involved in protein translation, effects were further

This journal is © The Royal Society of Chemistry 2022
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witnessed in the aminoacyl-tRNA biosynthesis pathway. Pertur-
bations of translation via this pathway have been observed as a
response to various stressors, including temperature, oxidative
environment, and nutrient deprivation.’***

The strongest correlation between proteomic and meta-
bolomic datasets occurred across two protein clusters and a
single small molecule cluster. The cluster of metabolites was
comprised of isolated amino acids and short polypeptides.
These products are related to protein degradation. Positive
correlation was observed between these small molecules and
a protein cluster enriched for components of the proteasome,
as well as the polyubiquitination process, protein catabolism
and regulation of amino acid metabolism. These same small
molecules also exhibit an anticorrelation with a second protein
cluster containing the ER-associated processes of glycosylation
and the unfolded protein response.

Upon initiation of the mission, altered abundances were
observed for many key chaperones associated with protein
quality control, managing ER stress, and the unfolded protein
response (UPR), such as SIL1, PDIA, DNAJC1, DNAJB1, OS9,
HSPAS5, HSPA1B, and HSPA8.%*%%59761:93 ER stress and the UPR
can be induced by both physical and mental stress. Accelerated
metabolic activity in skeletal muscle in response to physical
exertion generates increased reactive oxygen species and
stimulates the UPR.**® Stress-induced stimulation of the
hypothalamic-pituitary-adrenal axis increases free radicals in
the brain and has been associated with altered chaperone
expression.”®®® Similar to immunity, moderate triggering of
these quality control system can be beneficially adaptive,”® but
constant or extreme pressure on the ER can lead to autophagy
or apoptosis.®” These detrimental pressures can also lead to a
pathogenic reduction in response in the ER, which can play a
role in pathogenesis of diseases such as diabetes."*

When the effected metabolic pathways were examined more
closely, the data demonstrated mission-associated increases in
glycolysis enzymes: glyceraldehyde-3-phosphate dehydrogenase,
phosphoglycerate kinase, and pyruvate kinase, as well as lactate
dehydrogenase, a key enzyme in anaerobic respiration. Less
significant increases were detected in seven other glycolysis-
related enzymes: hexokinase, phosphofructokinase, fructose
bisphosphate aldolase, triosephosphate isomerase, enolase,
and phosphoglycerate mutase. These shifts suggest increased
glycolytic activity and anaerobic energy generation. Metabolic
changes of this type have been observed in muscle in both
endurance training,'®" as well as short interval, high intensity
training.'>'** Psychological stress can also lead to stimulation
of lactate dehydrogenase,'®>'% as well as induction of genes
that stimulate glycolysis.'®” % This chronic stress often leads
to a variety of metabolic diseases, including obesity and
diabetes."’ """ These proteins also participate in the reverse
reaction of gluconeogenesis, generating glucose. Glucose serves
as the only useable energy reservoir for central nervous system
function, and elevated blood glucose and gluconeogenesis activity
has been observed in animals undergoing acute stress.”

As a result of the metabolite changes seen due to the chronic
stress of a multi-day battlefield exercise, a further study was
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performed in an effort to distinguish long-term stress events
from acute stress events. During the field study, subjects
underwent two acute stress scenarios, which entailed learning
a series of signs and symbols before the activity that were
related to how they must execute the task. The signs and
symbols relayed to the subject how they should position their
bodies at each station (i.e. standing, kneeling, or prone) and
where on the target they should aim their weapon (i.e. head vs.
center of mass).

When the acute stress time points are compared to all other
events within the study (i.e. ASE 1 or 2 vs. Battle Ready, ASE 1 or
2 vs. Mission, ASE 1 or 2 vs. Recovery), more than 200 features
are significantly changing within the comparison groups.
Metabolites identified as significantly changing within specific
time point comparisons were related to amino acid meta-
bolism, with arginine, histidine, aspartate, and glutamate
especially impacted. Histidine and arginine metabolites exhi-
bited increased abundance specifically in samples from the two
ASE, indicating a possible physiological effect of acute stress in
these systems. Previous work has indicated a role of r-arginine
as a component molecule of the arginine nitric oxide pathway,
which can be stimulated by psychological stress.''> Some
evidence also exists for L-arginine as a stress reducing molecule
when ingested as a dietary supplement.'™® Metabolomic discri-
mination analysis showed compounds associated with a “flight
or fight” response and protein folding can be used to differ-
entiate points of acute stress. Further studies will focus on
validating identification of the compounds contributing most
to the differentiation of the time point groups and absolute
quantitation of selected metabolites to identify state of stress
expression thresholds.

Conclusions

Stress responses play a complex role in human physiology,
effecting a variety of physical and psychological systems and
requiring a multifaceted approach for their study. This effort
presents potential biomarkers that could be utilized in diag-
nostic tools to differentiate types of stress - either (1) chronic
stress by monitoring proteins associated with quality control
and unfolded protein response and metabolites associated with
the glycolytic process or (2) acute stress by monitoring dipep-
tides associated with “fight or flight” response and small
molecules that assist in protein folding. Differentiating these
types of stress can lead to better management of their effects in
both the short and long-term, leading to better overall health
outcomes for the warfighter. The impact of this stress-type
differentiation extends beyond the warfighter to other high
stress jobs - such as medical personnel, aircraft controllers,
EMS, and law enforcement. Research has pointed to higher
levels of acute fatigue in nurses and trauma surgeons leading to
decreased performance and decision making, even after the
period during which the acute stress occurred.'*'"® Under-
standing the overlap of these biomarkers, particularly amino
acids, with other non-invasive mediums such as exhaled breath
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would allow for a breath-based diagnostic that could prevent
fatigue-linked accidents and deaths.'*® Further research needs
to be conducted to validate these markers and assess their
availability in human breath.
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