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Acute Stress Disorder (ASD) is a psychiatric condition that can develop shortly
after trauma exposure. Although molecular studies of ASD are only beginning,
groups of metabolites have been found to be significantly altered with acute
stress phenotypes in various pre-clinical and clinical studies. ASD implicated
metabolites include amino acids (β-hydroxybutyrate, glutamate, 5-
aminovalerate, kynurenine and aspartate), ketone bodies (β-hydroxybutyrate),
lipids (cortisol, palmitoylethanomide, and N-palmitoyl taurine) and carbohydrates
(glucose and mannose). Network and pathway analysis with the most prominent
metabolites shows that Extracellular signal-regulated kinases and c-AMP
response element binding (CREB) protein can be crucial players. After
highlighting main recent findings on the role of metabolites in ASD, we will
discuss potential future directions and challenges that need to be tackled. Overall,
we aim to showcase that metabolomics present a promising opportunity to
advance our understanding of ASD pathophysiology as well as the development
of novel biomarkers and therapeutic targets.

KEYWORDS

acute stress disorder (ASD), PTSD, posttraumatic stress disorder, metabolomics (OMICS),
biomarker, lipids

1 Introduction

Acute stress disorder (ASD) is a prevalent psychiatric condition that can develop among
trauma exposed individuals (Adler and Gutierrez, 2022; Association, 2013). According to
DSM-V classification, ASD is an intense and debilitating reaction occurring in the
immediate aftermath of an overwhelming traumatic event persisting for 3 days and
lasting less than a month (Adler and Gutierrez, 2022; Ontario Health Quality, 2021).
The International Classification of Diseases (ICD-10) criterion describes acute stress
reactions (ASR) as a transient response observed immediately post-trauma that
normally resolves within 2–3 days. ASD shares a large proportion of its
symptomatology with other trauma-related psychiatric disorders such as post-traumatic
stress disorders (PTSD), the main distinguishing factor being the timing and duration of the
symptoms with respect to the trauma event. It was initially emphasized that a person
experiencing ASD should satisfy four symptom cluster such as dissociation, intrusion,
avoidance, and arousal and should satisfy the five dissociative symptoms (Bryant et al., 2011;
Fanai and Khan, 2023).

ASD is a well-documented precursor for long-term psychiatric sequalae of trauma
exposure. Research has found that about 80% of people that met ASD symptom criteria
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following acute trauma will go on to develop PTSD 6 months later
(Shalev, 2009). Still, it should be noted that an ASD diagnosis is not
necessarily intended to function as a predictor of subsequent PTSD
since at least one-third of people who develop PTSD do not meet
DSM-5 ASD criteria (Du et al., 2022; Wakefield, 2015; Schnyder
et al., 2015). Other long-term consequences of ASD include mood
disorders and substance abuse disorder (Fanai and Khan, 2023).

There are no validated risk factors for ASD, however,
considering its similarly to PTSD, pre-trauma, peri-trauma, and
post-trauma factors that may be involved in ASD pathophysiology
have been described (Fanai and Khan, 2023). The probability of ASD
onset depends on the type and severity of the trauma. For example,
33% of people who experienced a mass shooting develop ASD, while
14% of people who experienced a traumatic brain injury developed
ASD (The Recovery Village and Hill, 2023). Other factors such as
past psychiatric diagnosis, prior trauma, genetics, and being female
increases risk for developing ASD.

During the acute stress phase, the body undergoes profound
metabolic alterations leading to changes in metabolite abundances
in the brain, peripheral tissue, and the subcellular level (Morella
et al., 2022; Picard and McEwen, 2018; Yoganathan et al., 2023;
Rabasa and Dickson, 2024). Current research understands that acute
psychosocial stress has numerous effects on human cognition,
however, the role of specific metabolic dysregulation that occurs
in the brain during ASD is not well understood. (Spencer et al.,
2024). In this review, we summarize metabolites, biomolecules of
smaller molecular weight, that have been reported to be associated
with ASD. Our goal in bringing attention to specific metabolites is to
start drawing associations with metabolic pathways that could be
potentially dysregulated during ASD. Deciphering specific
metabolic changes can enable development of prognostic
biomarkers and intervention strategies to mitigate the impact of
ASD. Towards this end, there are recent efforts to study the
relevance of various metabolites to ASD onset and progression.
We discuss four categories of metabolites: amino acids, ketone
bodies, lipids, and carbohydrates. To further understand the
dynamic interplay of these metabolites that are individually
associated with ASD, we will also explore physiological and
functional themes by performing pathway and network analysis.

2 Metabolites associated with acute
stress phenotypes

Although metabolomics study of acute stress related phenotypes
began recently, given the central role of small molecules for stress
response variabilities, there have been a few studies and promising
findings. To find articles discussing ASD andmetabolomics, we used
the PubMed database for our literature search. Specifically, our
keyword searches were a combination of “Acute Stress Disorder,” or
“Acute Stress Response,” or “Acute Psychological Stress,” and
“Metabolomics,” or “Metabolites.” By compiling results from
literature search of clinical and pre-clinical studies, we want to
highlight the most current research-based evidence. These include
both preclinical studies with various animal models as well as clinical
studies of military and civilian cohorts. We excluded pre-clinical
studies that did not use rodent or NHP models. Most metabolites
that have been reported to be associated with ASD can be grouped

into four broad categories: 1) amino acids, 2) ketone bodies 3)
Lipids, and 4) carbohydrates.

2.1 Amino acids

Amino acids (AA) are the building blocks of proteins (Shen and
Sergi, 2024) and are involved in repair mechanisms, cellular
signaling, and energy production (Tipton and Wolfe, 2001).
Specific metabolites belonging to certain classes of non-essential
AA (AA that can be synthesized by the body) are affected by stress
exposure and are significantly associated with acute stress
phenotypes (Morgan et al., 2022; Son et al., 2021; Puchalska and
Crawford, 2017; Nehlig, 2004). A study using saliva samples from a
military population before, during, and after a 72-h mock mission
identified 30 significant metabolomic pathways during the acute
stress episode (McKetney et al., 2022). Notably, aspartate and
glutamate involved in energy breakdown process were identified
to be significantly increased. Elevated levels of blood glutamate was
found in another study on 229 post-traumatic injury patients (Li
et al., 2023) where longitudinal sample were collected 1-, 3-, 4-, and
28-days after hospital admission.

Increased Glutamate release within the limbic and cortical brain
regions may be a result of glucocorticoid release post-stress (Lowy
et al., 1993; Lowy et al., 1995). Within the brain, glutamate acts on
various receptors, including N-methyl-D-aspartate (NMDA)
receptors and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors (Piepoli et al., 2009). Activation of these
receptors contributes to synaptic plasticity, which is vital for
learning and memory processes (Pal, 2021). The heightened
release of glutamate contributes to excitatory signaling,
influencing neuronal activity and communication (Petroff, 2002).
This excitatory neurotransmission is closely linked to the activation
of the hypothalamic-pituitary-adrenal (HPA) axis, a key component
of the body’s stress response system which then triggers the release
of stress hormones, such as cortisol, further amplifying the overall
stress response (Wadsworth et al., 2019; Leistner and Menke, 2020;
Lee et al., 2022; Kinlein et al., 2019). Glutamatergic signaling is also
found to be intricately involved in the regulation of mood and
emotional responses (Yuan and Hou, 2015).

The involvement of kynurenine pathway in ASD have also been
documented which is the major route of degradation of the essential
amino acid tryptophan, accounting for ~95% of dietary tryptophan
disposal. Concentrations of Kynurenine were significantly lower
after stress induction compared to pre-stress induction in a study
that used Maastricht Acute Stress Test (MAST) (Shilton et al., 2017)
in a cohort of 56 male participants (La Torre et al., 2021). Stress-
induced immune activation stimulates the production of pro-
inflammatory cytokines leading to activation of kynurenine
pathway (Dhabhar, 2014; Mingoti et al., 2023; Deng et al., 2021).
Elevated kynurenine has been associated with neuroinflammation
and altered neurotransmission where the amino acid tryptophan,
have a crucial role in depression (Michels et al., 2018; Kim and Jeon,
2018; Mithaiwala et al., 2021; Li et al., 2021). This immune-neuro
crosstalk suggests that kynurenine serves as a signaling molecule
connecting peripheral immune activation to central nervous system
alterations during stress (Herhaus et al., 2021; Dostal et al., 2017;
Vecchiarelli et al., 2016).
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2.2 Ketone bodies

Acute stress can trigger the release of stress hormones that affect
production of ketone bodies, which are metabolized from free-fatty
acids in the liver and used by the brain in the event of energy starving
states (Evans et al., 2017). Amouse studymodeling acute stress using an
immobilization stressor found significantly increased levels of Beta-
Hydroxybutyrate (BHB) in the prefrontal cortex and blood (Son et al.,
2021). BHB becomes dysregulated in ASD and may affect the body’s
ability to supply nutrients for healthy function and thereby impacting
brain energy metabolism and overall neuronal health. BHB has been
shown to enhance the effects of gamma-aminobutyric acid (GABA), an
inhibitory neurotransmitter that regulates neuronal excitability. This
GABAergic modulation may contribute to the calming effects observed
in stressful situations and appears to have anti-inflammatory properties,
impacting immune responses associated with stress. By inhibiting
inflammatory pathways, BHB may mitigate the detrimental effects
of chronic stress on the body. This anti-inflammatory action by
BHB activation is thought to occur through the inhibition of
NLRP3 inflammasome activation, a key component of the innate
immune system (Youm et al., 2015). Furthermore, BHB is known to
activate specific cellular signaling pathways, such as the
Nrf2 antioxidant pathway. This activation may confer protection
against oxidative stress, which is often heightened during acute
stress episodes (Janšáková et al., 2021). By enhancing cellular
resilience, BHB could potentially mitigate the negative impact of
stress on the body’s tissues (Izuta et al., 2018).

Overall, BHB has emerged as a multifaceted molecule with
potential implications in stress modulation. Its influence on
GABAergic neurotransmission, anti-inflammatory properties, and
activation of cellular protective pathways suggests that BHB may
play a role in mitigating the physiological effects of acute stress
(Yamanashi et al., 2020).

2.3 Lipids

Cortisol and adrenocorticotropic hormone (ACTH), are secreted in
response to stress and plays a central role in the hypothalamic-pituitary-
adrenal axis (HPA), the primary stress response mechanism of
mammals (Hannibal and Bishop, 2014; Pulopulos et al., 2020;
Lightman et al., 2020; Rivier and Vale, 1983). Cortisol secretion is
activated by ACTH which, in turn, increases blood pressure and dilates
pupils, both of which are found in association with increased
cardiovascular disease risk (John-Henderson et al., 2020; Langer
et al., 2022). Studies have shown other steroid hormones such as
testosterone to also be affected in response to acute stress (Sze and
Brunton, 2020; Rostamkhani et al., 2012; Kelly et al., 2022). This
hormone surge prompts the mobilization of triglycerides from
adipose tissue providing a rapid source of energy (Du et al., 2016;
Maduka et al., 2015). The breakdown of triglycerides into fatty acids
enables cells and tissues to meet the high energy demand during stress
response. Significantly lower saliva cortisol awakening response levels
were found in association with ASD in 51 subjects in the first few hours
after verbal or physical trauma (Marin et al., 2019). ACTH along with
cortisol is also found to be significantly increased in association with
acute stress in blood samples from 19 patients who underwent a Trier
Social Stress Test (TSST) (Lennartsson et al., 2015). Acute mental stress

also found significant association with hormonal increase in
norepinephrine, as well as other dopaminergic neurons indicating
the potential effects on cognition during periods of stress
(Bloomfield et al., 2019; Musazzi et al., 2019; Motta eMotta et al., 2021).

The endocannabinoid system that includes molecules like
palmitoylethanomide (PEA) and N-palmitoyl taurine plays an
important role in regulating stress response. A global metabolic
analysis identified increased levels of PEA and N-palmitoyl
taurine in association with response to a water avoidance
stress mouse model (Lee et al., 2023). PEA is an endogenous
fatty acid mediator that is synthetized from membrane
phospholipids by N-acyl phosphatidylethanolamine
phospholipase D and is linked to inflammation modulation
due to endocannabinoid dysregulation (Gugliandolo et al.,
2017). Interestingly, the endocannabinoid system and PEA
specifically has been implicated in diminishing inflammation
found in the brain due to anxiety (Lama et al., 2022).

Overall, lipids are integral part of the physiological
adaptation to acute stress. Their role in energy related
pathways, membrane structure and synthesis of signaling
molecules place them as essential contributors in ASD.
Multiple studies show hormonal surge post-ASD can
potentially be implicated in lipid metabolism dysregulation
leading to future physiological consequences (Rabasa et al.,
2019; Motta e Motta et al., 2021; Dlugos et al., 2012).

2.4 Carbohydrates

During stress, carbohydrates stored as glycogen in the liver
and muscles, and circulating in the bloodstream as glucose, are
rapidly broken down to meet the increased energy demands.
(Roh et al., 2016). Elevation in glucose level provides for the
quick energy demand as a part of acute stress response; however,
persistent elevation of blood glucose can contribute to
development of metabolic disorders such as diabetes (Lee
et al., 2023; Levin et al., 1999; Kilcoyne and Joshi, 2007). A
decreased level of glucose was found in blood and saliva from
male soldiers immediately pre- and post-submersion into cold
water (Kelly et al., 2022). An increased level of glucose and
insulin levels was observed in blood in male soldiers after acute
psychosocial stress (Nowotny et al., 2010). In general,
dysregulation in the levels of glucose signals that the body is
under stress (Sancini et al., 2017). Mannose, a C-2 epimer of
glucose (Lee et al., 2023), was significantly increased during an
acute stress response (Lee et al., 2023). However, increase in
glucose may not necessarily be a result of the body directly
impacted by Acute Stress and could be due to a delay in
metabolite breakdown or dysregulation that happened earlier
in the pathway, so these results should not be interpreted
as causal.

2.5 Relationship among the ASD associated
metabolites

To provide biological context to the shortlisted ASD relevant
metabolites (Table 1), we sought to investigate shared, if any,
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biological themes and categories they represent using IPA
(Ingenuity pathway analysis) knowledge database. Metabolites
were mapped to canonical pathways using their unique
identification numbers (KEGG or PubChem IDs) and a
network of metabolites is generated (Figures 1B,C).

Further examination of metabolite specific networks
identified a network consisting of 35 biomolecules associated
with diseases and biofunctions “amino acid metabolism,

endocrine system development and post-translational
modifications.” Extracellular signal-regulated kinases
(ERK1 and ERK2) were observed in this network which has
not been directly associated with ASD in previous studies. ERK
1 and ERK 2 are evolutionarily conserved serine-threonine
kinases that are involved in regulating cell signaling and Erk
pathway can activate c-AMP response element (CRE) binding
(CREB) protein via glutamic acid and calcium dependent

TABLE 1 Metabolites associated with ASD.

Metabolite Class Pathway References Study setting Findings

Glutamate Amino Acid Glutamate metabolism Li et al. (2023) 52 ASD-positive and 177 ASD-
negative participants are
included. ASD status was
evaluated using acute stress
disorder scale (ASDS)

Glutamate is increased in
serum of ASD diagnosed
patients

5-aminovalerate Amino Acid Lysine metabolism Lee et al. (2023a) Acute stress response was
modeled using water avoidance
stress (WAS) in 8–10 weeks old
male mice (n = 6)

5-aminovalerate level is
significantly increased in the
brain of acute WAS mice
compared to normal controls

Glutamine Amino Acid Glutamate Metabolism Son et al. (2021),
McKetney et al. (2022)

male mice exposed to
immobilization stress and
biospecimen (blood and brain)
are obtained 30 min after
restraint
Saliva samples (n = 30) collected
before, during and after an
acute stress training event

Glutamate pathway was
enriched post trauma

Kynurenine Amino Acid Tryptophan Metabolism La Torre et al. (2021) Male subjects (n = 56) blood
samples

KYN pathway metabolites
were lower after acute
psychosocial stress

Aspartate Amino Acid Alanine and Aspartate
Metabolism

McKetney et al. (2022) Saliva samples (n = 30) collected
before, during and after an
acute stress training event

Aspartate pathway was
enriched post trauma

β-hydroxybutyrate (BHB) Ketone Body Glutathione metabolism Son et al. (2021) Male mice exposed to
immobilization stress and
biospecimen (blood and brain)
are obtained 30 min after
restraint

BHB is increased in prefrontal
cortex and blood

GABA Lipid Neurotransmitter Houtepen et al. (2017) Healthy adult males (n = 29)
were exposed to acute
psychosocial stress (Trier Social
Stress Test) and in vivo medial
prefrontal GABA level is
measured using magnetic
resonance spectroscopy

No significant relationship is
detected

Cortisol Lipid Corticosteroids La Torre et al. (2021) Healthy adult male (n = 56)
exposed to Maastricht Acute
Stress Test

Cortisol level is elevated in
saliva in the first few minutes
after stress exposure

Glucose Carbohydrate Nowotny et al. (2010) Acute psychosocial stress was
measured using trauma script
exposure in fifteen (n = 15) male
war refugees

Glucose level is significantly
increased after exposure to
stress

Mannose Carbohydrate Lee et al. (2023a) Acute stress response was
modeled using water avoidance
stress (WAS) in 8–10 weeks old
male mice (n = 6)

Mannose level is significantly
increased in mice brain tissue
compared to controls

Adrenocorticotropic
hormone (ACTH)

Polypeptide
Hormone

hypothalamic-pituitary-
adrenal axis role

Lennartsson et al. (2015) Patients with clinical burnout
(n = 19) and healthy controls
(n = 37) underwent Trier Social
Stress Test

Plasma ACTH increased
significantly following stress
exposure, patients with severe
symptoms showing a slightly
blunted response
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protein kinase (CAMK2A). Interestingly, CREB signaling
pathway has been shown to be associated with PTSD
diagnosis (Manners et al., 2019). GABA association with
glucose was found, which has been implicated in sleep
disturbances (Tsuneki et al., 2016). ERK is also involved in
cognition and emotional behavior during adulthood (Albert-
Gascó et al., 2020). Given that it has important implications in
various neurodegenerative diseases, it is crucial to assess its
relevance in ASD pathophysiology and its potential role in
linking ASD and PTSD.

2.6 Relevance ofmetabolites to other stress-
related psychiatric disorders

It is interesting to note that the aforementioned sets of ASD
relevant metabolites are largely overlapping with those associated
with other relatively well-studied psychiatric illnesses (Mellon
et al., 2018; Nedic Erjavec et al., 2017; Bryant, 2011). Amino acids
have a crucial role in neurotransmitter synthesis and glutamate
disruption, leading to lower concentrations of the amino acid in
the brain, which have been linked to major depressive disorder

FIGURE 1
Metabolites associated with acute stress. (A) Network describing metabolic disease, hereditary and developmental disorder is obtained using IPA
network analysis of ASD associated metabolites. ERK1/2 appears at the center of the network; LEP levels affects glutamine, glutamate, insulin, palmitic
acid, pro-insulin, LDL, CAMK2A, NFKB, ACTH and JNK which are also visible in this network. Dashed line represents indirect relationship. (B)Overview of
pathways significantly enriched in the set of ASD relevant metabolites.
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(MDD) (Nasir et al., 2020). Similar to ASD, Kynurenine pathway
was affected with a decrease in concentrations of tryptophan and
kynurenine (Almulla et al., 2022; Ormstad et al., 2016; Sa et al.,
2012; Lin et al., 2023). Imbalances in glutamate levels have also
been linked to various neuropsychiatric disorders, including
anxiety and depression, highlighting the significance of
understanding the glutamate-mediated mechanisms in ASD
pathophysiology (Graybeal et al., 2012).

Not unlike ASD, chronic inflammation has been associated
with depression and PTSD (Rohleder, 2019; Lee and Giuliani,
2019; Hori and Kim, 2019; Quinones et al., 2020). Lipids have
been implicated as metabolites significantly altered in individuals
diagnosed with PTSD (Huguenard et al., 2020; Bharti et al., 2022;
Konjevod et al., 2022). Persistent elevation of lipids in PTSD
patients have been shown to lead to hyperlipidemia (Jergović
et al., 2015; Nkiliza et al., 2023). Other stress-related psychiatric
conditions such as MDD is also linked with a change in blood
lipids (Zhang et al., 2022).

The relationship between carbohydrates and serotonin,
neurotransmitters involved in mood regulation, is
noteworthy. Carbohydrate consumption can lead to increased
serotonin production, potentially influencing mood, and
emotional wellbeing (Wurtman and Wurtman, 1996;
Wurtman, 1984). This connection suggests that the intake of
carbohydrates may have a role in modulating the psychological
aspects of the stress response.

3 Conclusions and perspectives

Accumulating evidence from recent studies has indicated the
crucial role of metabolic regulation for ASD pathophysiology.
Although the study of metabolomics in acute stress variables is
still relatively young, some notable insights has already been
revealed. In order to accelerate and optimize the impact of these
findings, future studies should focus on addressing challenges
surrounding sample collection for large-scale human trails. First,
most existing studies are preclinical investigations utilizing various
animal/experimental models. Although metabolites are largely
conserved across species, some of the preclinical findings may
not necessarily readily translate to humans. A potential
shortcoming of psychiatric studies on animals is that there is no
concrete way to diagnose a psychiatric condition, since human
diagnoses often rely on questionnaires, survey, and scores that
could not be implemented on non-human models. Thus, large-
scale human studies are critical for filling this (translational) gap.

Second, existing studies are limited to elucidating a handful of
targeted metabolites preselected based on a hypothesis driven by
findings in other psychiatric conditions. Recent technological
advances in liquid chromatography-mass spectrometry (LC/MS)
enabled accurate measurements/quantification of high-throughput
untargeted metabolomics which can detect a large number of
metabolites simultaneously (Gertsman and Barshop, 2018). ASD
studies that employ such high-throughput approaches should be
prioritized.

Third, metabolite abundances are significantly influenced
by several potential confounding factors, affecting specificity
and reproducibility of study findings. Variables such as

preexisting psychiatric and metabolic conditions, type and
severity of trauma, comorbidities (TBI, physical injury),
ASD assessment method as well as sociodemographic factors
need to be carefully considered. Furthermore, existing studies
comprise modest sample size cohorts. Larger adequately
powered studies are needed to identify reproducible findings
and thoroughly characterize the role and interplay of
metabolomics and ASD outcomes.

Lastly, beyond a mere association test, delineating the
direction of causal influences (i.e., metabolic alterations that
predispose to ASD susceptibility from those that are
consequences of ASD onset) is crucial for real-world
application purposes. Future studies should leverage modern
bioinformatics and machine learning techniques. Longitudinal
studies that can map time profiles of metabolite trajectories
(distinguish transitory responses from persistent longer-
duration maladaptive changes) should be conducted.

The potential benefit from metabolic studies is profound and
wide-ranging; from developing biomarkers to identifying
therapeutic targets. ASD is an important precursor for
subsequent psychiatric illnesses in the longer term. Metabolomic
events are downstream molecular consequences closer to the
physiological changes and are likely to have a larger effect size
and more readily interpretable results.

Future studies that further interrogate metabolomics with
stress exposure and its neuropsychiatric sequalae will allow
development of prognostic biomarkers and novel
preventative strategies. Overall, metabolomics studies present
a unique and promising opportunity for understanding the
molecular underpinnings of ASD onset and progression,
thereby providing new avenues for development of
biomarkers and therapeutic targets.

Author contributions

NG: Investigation, Writing–original draft. BM:
Conceptualization, Writing–review and editing. RH: Supervision,
Writing–review and editing. AG: Conceptualization, Formal
Analysis, Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. Military
Operational Medicine Research Program.

Acknowledgments

We would like to thank Kevin Swift, Kim Kreuger, and Ayla
Kishi for their help with proofreading.

Conflict of interest

Author BM was employed by Culmen International.

Frontiers in Genetics frontiersin.org06

Gary et al. 10.3389/fgene.2024.1394630

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1394630


The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Author disclaimer

Material has been reviewed by the Walter Reed Army Institute of
Research. There is no objection to its presentation and/or publication.
The opinions or assertions contained herein are the private views of the
author, and are not to be construed as official, or as reflecting true views
of the Department of the Army or the Department of Defense.

References

Adler, A. B., and Gutierrez, I. A. (2022). Acute stress reaction in combat: emerging
evidence and peer-based interventions. Curr. Psychiatry Rep. 24 (4), 277–284. doi:10.
1007/s11920-022-01335-2

Albert-Gascó, H., Ros-Bernal, F., Castillo-Gómez, E., and Olucha-Bordonau, F. E.
(2020). MAP/ERK signaling in developing cognitive and emotional function and its
effect on pathological and neurodegenerative processes. Int. J. Mol. Sci. 21 (12), 4471.
doi:10.3390/ijms21124471

Almulla, A. F., Thipakorn, Y., Vasupanrajit, A., Abo Algon, A. A., Tunvirachaisakul,
C., Hashim Aljanabi, A. A., et al. (2022). The tryptophan catabolite or kynurenine
pathway in major depressive and bipolar disorder: a systematic review and meta-
analysis. Brain Behav. Immun. Health 26, 100537. doi:10.1016/j.bbih.2022.100537

Association, A. P. (2013).Diagnostic and statistical manual of mental disorders (DSM-
5®). American Psychiatric Pub.

Bharti, V., Bhardwaj, A., Elias, D. A., Metcalfe, A. W. S., and Kim, J. S. (2022). A
systematic review and meta-analysis of lipid signatures in post-traumatic stress
disorder. Front. Psychiatry 13, 847310. doi:10.3389/fpsyt.2022.847310

Bloomfield, M. A., McCutcheon, R. A., Kempton, M., Freeman, T. P., and Howes, O.
(2019). The effects of psychosocial stress on dopaminergic function and the acute stress
response. Elife 8, e46797. doi:10.7554/eLife.46797

Bryant, R. A. (2011). Acute stress disorder as a predictor of posttraumatic stress
disorder: a systematic review. J. Clin. Psychiatry 72 (2), 233–239. doi:10.4088/JCP.
09r05072blu

Bryant, R. A., Friedman, M. J., Spiegel, D., Ursano, R., and Strain, J. (2011). A review of
acute stress disorder in DSM-5. Depress. Anxiety 28 (9), 802–817. doi:10.1002/da.20737

Deng, Y., Zhou, M., Wang, J., Yao, J., Yu, J., Liu, W., et al. (2021). Involvement of the
microbiota-gut-brain axis in chronic restraint stress: disturbances of the kynurenine
metabolic pathway in both the gut and brain. Gut Microbes 13 (1), 1–16. doi:10.1080/
19490976.2020.1869501

Dhabhar, F. S. (2014). Effects of stress on immune function: the good, the bad, and the
beautiful. Immunol. Res. 58 (2–3), 193–210. doi:10.1007/s12026-014-8517-0

Dlugos, A., Childs, E., Stuhr, K. L., Hillard, C. J., and de Wit, H. (2012). Acute stress
increases circulating anandamide and other N-acylethanolamines in healthy humans.
Neuropsychopharmacology 37 (11), 2416–2427. doi:10.1038/npp.2012.100

Dostal, C. R., Carson Sulzer, M., Kelley, K. W., Freund, G. G., and McCusker, R. H.
(2017). Glial and tissue-specific regulation of Kynurenine Pathway dioxygenases by
acute stress of mice. Neurobiol. Stress 7, 1–15. doi:10.1016/j.ynstr.2017.02.002

Du, J., Diao, H., Zhou, X., Zhang, C., Chen, Y., Gao, Y., et al. (2022). Post-traumatic
stress disorder: a psychiatric disorder requiring urgent attention. Med. Rev. Berl. 2 (3),
219–243. doi:10.1515/mr-2022-0012

Du, J., Zhu, M., Bao, H., Li, B., Dong, Y., Xiao, C., et al. (2016). The role of nutrients in
protecting mitochondrial function and neurotransmitter signaling: implications for the
treatment of depression, PTSD, and suicidal behaviors. Crit. Rev. Food Sci. Nutr. 56 (15),
2560–2578. doi:10.1080/10408398.2013.876960

Evans, M., Cogan, K. E., and Egan, B. (2017). Metabolism of ketone bodies during
exercise and training: physiological basis for exogenous supplementation. J. Physiol. 595
(9), 2857–2871. doi:10.1113/JP273185

Fanai, M., and Khan, M. A. (2023). “Acute stress disorder,” in StatPearls (Treasure
Island, FL: StatPearls Publishing). Available at: http://www.ncbi.nlm.nih.gov/books/
NBK560815/ (Accessed November 04, 2023).

Gertsman, I., and Barshop, B. A. (2018). Promises and pitfalls of untargeted
metabolomics. J. Inherit. Metab. Dis. 41 (3), 355–366. doi:10.1007/s10545-017-
0130-7

Graybeal, C., Kiselycznyk, C., and Holmes, A. (2012). Stress-induced deficits in
cognition and emotionality: a role of glutamate. Curr. Top. Behav. Neurosci. 12,
189–207. doi:10.1007/7854_2011_193

Gugliandolo, E., Fusco, R., Biundo, F., D’Amico, R., Benedetto, F., Di Paola, R., et al. (2017).
Palmitoylethanolamide and Polydatin combination reduces inflammation and oxidative
stress in vascular injury. Pharmacol. Res. 123, 83–92. doi:10.1016/j.phrs.2017.06.014

Hannibal, K. E., and Bishop, M. D. (2014). Chronic stress, cortisol dysfunction, and
pain: a psychoneuroendocrine rationale for stress management in pain rehabilitation.
Phys. Ther. 94 (12), 1816–1825. doi:10.2522/ptj.20130597

Herhaus, B., Joisten, N., Wessels, I., Zimmer, P., and Petrowski, K. (2021). How acute
physical and psychological stress differentially influence the kynurenine pathway: a
randomized cross-over trial. Psychoneuroendocrinology 134, 105433. doi:10.1016/j.
psyneuen.2021.105433

Hori, H., and Kim, Y. (2019). Inflammation and post-traumatic stress disorder.
Psychiatry Clin. Neurosci. 73 (4), 143–153. doi:10.1111/pcn.12820

Houtepen, L. C., Schür, R. R., Wijnen, J. P., Boer, V. O., Boks, M. P. M., Kahn, R. S.,
et al. (2017). Acute stress effects on GABA and glutamate levels in the prefrontal cortex:
a 7T 1Hmagnetic resonance spectroscopy study. Neuroimage Clin. 14, 195–200. doi:10.
1016/j.nicl.2017.01.001

Huguenard, C. J. C., Cseresznye, A., Evans, J. E., Oberlin, S., Langlois, H., Ferguson, S.,
et al. (2020). Plasma lipidomic analyses in cohorts with mTBI and/or PTSD reveal lipids
differentially associated with diagnosis and APOE ε4 carrier status. Front. Physiol. 11,
12. doi:10.3389/fphys.2020.00012

Rabasa, C., and Dickson, L.S. (2024). Impact of stress on metabolism and energy
balance - ScienceDirect. (Accessed: May 29, 2024) Available at: https://www.
sciencedirect.com/science/article/pii/S2352154616300183

Izuta, Y., Imada, T., Hisamura, R., Oonishi, E., Nakamura, S., Inagaki, E., et al. (2018).
Ketone body 3-hydroxybutyrate mimics calorie restriction via the Nrf2 activator,
fumarate, in the retina. Aging Cell 17 (1), e12699. doi:10.1111/acel.12699

Janšáková, K., Belica, I., Rajčániová, E., Rajčáni, J., Kyselicová, K., Celušáková, H.,
et al. (2021). The acute effect of psychosocial stress on the level of oxidative stress in
children. Int. J. Psychophysiol. 161, 86–90. doi:10.1016/j.ijpsycho.2021.01.007

Jergović, M., Bendelja, K., Savić Mlakar, A., Vojvoda, V., Aberle, N., Jovanovic, T.,
et al. (2015). Circulating levels of hormones, lipids, and immune mediators in post-
traumatic stress disorder - a 3-month follow-up study. Front. Psychiatry 6, 49. doi:10.
3389/fpsyt.2015.00049

John-Henderson, N. A., Gruman, H. E., Counts, C. J., and Ginty, A. T. (2020).
American Indian young adults display diminished cardiovascular and cortisol responses
to acute psychological stress. Psychoneuroendocrinology 114, 104583. doi:10.1016/j.
psyneuen.2020.104583

Kelly, K. R., Arrington, L. J., Bernards, J. R., and Jensen, A. E. (2022). Prolonged
extreme cold water diving and the acute stress response during military dive training.
Front. Physiol. 13, 842612. doi:10.3389/fphys.2022.842612

Kilcoyne, M., and Joshi, L. (2007). Carbohydrates in therapeutics. Cardiovasc
Hematol. Agents Med. Chem. 5 (3), 186–197. doi:10.2174/187152507781058663

Kim, Y.-K., and Jeon, S. W. (2018). Neuroinflammation and the immune-kynurenine
pathway in anxiety disorders. Curr. Neuropharmacol. 16 (5), 574–582. doi:10.2174/
1570159X15666170913110426

Kinlein, S. A., Phillips, D. J., Keller, C. R., and Karatsoreos, I. N. (2019). Role of
corticosterone in altered neurobehavioral responses to acute stress in a model of
compromised hypothalamic-pituitary-adrenal axis function. Psychoneuroendocrinology
102, 248–255. doi:10.1016/j.psyneuen.2018.12.010

Konjevod, M., Sáiz, J., Nikolac Perkovic, M., Nedic Erjavec, G., Tudor, L., Uzun, S.,
et al. (2022). Plasma lipidomics in subjects with combat posttraumatic stress disorder.
Free Radic. Biol. Med. 189, 169–177. doi:10.1016/j.freeradbiomed.2022.07.012

Lama, A., Pirozzi, C., Severi, I., Morgese, M. G., Senzacqua, M., Annunziata, C., et al.
(2022). Palmitoylethanolamide dampens neuroinflammation and anxiety-like behavior
in obese mice. Brain Behav. Immun. 102, 110–123. doi:10.1016/j.bbi.2022.02.008

Frontiers in Genetics frontiersin.org07

Gary et al. 10.3389/fgene.2024.1394630

https://doi.org/10.1007/s11920-022-01335-2
https://doi.org/10.1007/s11920-022-01335-2
https://doi.org/10.3390/ijms21124471
https://doi.org/10.1016/j.bbih.2022.100537
https://doi.org/10.3389/fpsyt.2022.847310
https://doi.org/10.7554/eLife.46797
https://doi.org/10.4088/JCP.09r05072blu
https://doi.org/10.4088/JCP.09r05072blu
https://doi.org/10.1002/da.20737
https://doi.org/10.1080/19490976.2020.1869501
https://doi.org/10.1080/19490976.2020.1869501
https://doi.org/10.1007/s12026-014-8517-0
https://doi.org/10.1038/npp.2012.100
https://doi.org/10.1016/j.ynstr.2017.02.002
https://doi.org/10.1515/mr-2022-0012
https://doi.org/10.1080/10408398.2013.876960
https://doi.org/10.1113/JP273185
http://www.ncbi.nlm.nih.gov/books/NBK560815/
http://www.ncbi.nlm.nih.gov/books/NBK560815/
https://doi.org/10.1007/s10545-017-0130-7
https://doi.org/10.1007/s10545-017-0130-7
https://doi.org/10.1007/7854_2011_193
https://doi.org/10.1016/j.phrs.2017.06.014
https://doi.org/10.2522/ptj.20130597
https://doi.org/10.1016/j.psyneuen.2021.105433
https://doi.org/10.1016/j.psyneuen.2021.105433
https://doi.org/10.1111/pcn.12820
https://doi.org/10.1016/j.nicl.2017.01.001
https://doi.org/10.1016/j.nicl.2017.01.001
https://doi.org/10.3389/fphys.2020.00012
https://www.sciencedirect.com/science/article/pii/S2352154616300183
https://www.sciencedirect.com/science/article/pii/S2352154616300183
https://doi.org/10.1111/acel.12699
https://doi.org/10.1016/j.ijpsycho.2021.01.007
https://doi.org/10.3389/fpsyt.2015.00049
https://doi.org/10.3389/fpsyt.2015.00049
https://doi.org/10.1016/j.psyneuen.2020.104583
https://doi.org/10.1016/j.psyneuen.2020.104583
https://doi.org/10.3389/fphys.2022.842612
https://doi.org/10.2174/187152507781058663
https://doi.org/10.2174/1570159X15666170913110426
https://doi.org/10.2174/1570159X15666170913110426
https://doi.org/10.1016/j.psyneuen.2018.12.010
https://doi.org/10.1016/j.freeradbiomed.2022.07.012
https://doi.org/10.1016/j.bbi.2022.02.008
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1394630


Langer, K., Jentsch, V. L., and Wolf, O. T. (2022). Cortisol promotes the cognitive
regulation of high intensive emotions independent of timing. Eur. J. Neurosci. 55 (9–10),
2684–2698. doi:10.1111/ejn.15182

La Torre, D., Dalile, B., de Loor, H., Van Oudenhove, L., and Verbeke, K. (2021).
Changes in kynurenine pathway metabolites after acute psychosocial stress in healthy
males: a single-arm pilot study. Stress 24 (6), 920–930. doi:10.1080/10253890.2021.
1959546

Lee, C.-H., and Giuliani, F. (2019). The role of inflammation in depression and
fatigue. Front. Immunol. 10, 1696. doi:10.3389/fimmu.2019.01696

Lee, H., Park, J., and Kim, S. (2023a). Metabolic and transcriptomic signatures of the
acute psychological stress response in the mouse brain. Metabolites 13 (3), 453. doi:10.
3390/metabo13030453

Lee, M.-H., Hwang, Y. H., Yun, C.-S., Han, B. S., and Kim, D. Y. (2022). Altered small-
world property of a dynamic metabolic network in murine left hippocampus after
exposure to acute stress. Sci. Rep. 12 (1), 3885. doi:10.1038/s41598-022-07586-6

Lee, W. D., Liang, L., AbuSalim, J., Jankowski, C. S. R., Samarah, L. Z., Neinast, M. D.,
et al. (2023b). Impact of acute stress on murine metabolomics and metabolic flux. Proc.
Natl. Acad. Sci. 120 (21), e2301215120. doi:10.1073/pnas.2301215120

Leistner, C., and Menke, A. (2020). Hypothalamic-pituitary-adrenal axis and stress.
Handb. Clin. Neurol. 175, 55–64. doi:10.1016/B978-0-444-64123-6.00004-7

Lennartsson, A.-K., Sjörs, A., Währborg, P., Ljung, T., and Jonsdottir, I. H. (2015).
Burnout and hypocortisolism - a matter of severity? A study on ACTH and cortisol
responses to acute psychosocial stress. Front. Psychiatry 6, 8. doi:10.3389/fpsyt.2015.
00008

Levin, B. E., Dunn-Meynell, A. A., and Routh, V. H. (1999). Brain glucose sensing and
body energy homeostasis: role in obesity and diabetes. Am. J. Physiol. 276 (5),
R1223–R1231. doi:10.1152/ajpregu.1999.276.5.R1223

Li, C.-C., Gan, L., Tan, Y., Yan, M. Z., Liu, X. M., Chang, Q., et al. (2021). Chronic
restraint stress induced changes in colonic homeostasis-related indexes and tryptophan-
kynurenine metabolism in rats. J. Proteomics 240, 104190. doi:10.1016/j.jprot.2021.
104190

Li, X., Gu, Y., Qi, M., Chen, R., Xiao, D., Yuan, P., et al. (2023). Neurobiochemical
biomarkers and other risk factors for post-traumatic acute stress disorder. J. Psychiatr.
Res. 157, 276–284. doi:10.1016/j.jpsychires.2022.12.005

Lightman, S. L., Birnie, M. T., and Conway-Campbell, B. L. (2020). Dynamics of
ACTH and cortisol secretion and implications for disease. Endocr. Rev. 41 (3), bnaa002.
doi:10.1210/endrev/bnaa002

Lin, P., Li, D., Shi, Y., Li, Q., Guo, X., Dong, K., et al. (2023). Dysbiosis of the gut
microbiota and kynurenine (kyn) pathway activity as potential biomarkers in patients
with major depressive disorder. Nutrients 15 (7), 1752. doi:10.3390/nu15071752

Lowy, M. T., Gault, L., and Yamamoto, B. K. (1993). Adrenalectomy attenuates stress-
induced elevations in extracellular glutamate concentrations in the hippocampus.
J. Neurochem. 61 (5), 1957–1960. doi:10.1111/j.1471-4159.1993.tb09839.x

Lowy, M. T., Wittenberg, L., and Yamamoto, B. K. (1995). Effect of acute stress on
hippocampal glutamate levels and spectrin proteolysis in young and aged rats.
J. Neurochem. 65 (1), 268–274. doi:10.1046/j.1471-4159.1995.65010268.x

Maduka, I. C., Neboh, E. E., and Ufelle, S. A. (2015). The relationship between serum
cortisol, adrenaline, blood glucose and lipid profile of undergraduate students under
examination stress. Afr. Health Sci. 15 (1), 131–136. doi:10.4314/ahs.v15i1.18

Manners, M. T., Brynildsen, J. K., Schechter, M., Liu, X., Eacret, D., and Blendy, J. A.
(2019). CREB deletion increases resilience to stress and downregulates inflammatory
gene expression in the hippocampus. Brain Behav. Immun. 81, 388–398. doi:10.1016/j.
bbi.2019.06.035

Marin, M.-F., Geoffrion, S., Juster, R. P., Giguère, C. E., Marchand, A., Lupien, S. J.,
et al. (2019). High cortisol awakening response in the aftermath of workplace violence
exposure moderates the association between acute stress disorder symptoms and PTSD
symptoms. Psychoneuroendocrinology 104, 238–242. doi:10.1016/j.psyneuen.2019.
03.006

McKetney, J., Jenkins, C. C., Minogue, C., Mach, P. M., Hussey, E. K., Glaros, T. G.,
et al. (2022). Proteomic and metabolomic profiling of acute and chronic stress events
associated with military exercises. Mol. Omics 18 (4), 279–295. doi:10.1039/
D1MO00271F

Mellon, S. H., Gautam, A., Hammamieh, R., Jett, M., and Wolkowitz, O. M. (2018).
Metabolism, metabolomics, and inflammation in posttraumatic stress disorder. Biol.
Psychiatry 83 (10), 866–875. doi:10.1016/j.biopsych.2018.02.007

Michels, N., Clarke, G., Olavarria-Ramirez, L., Gómez-Martínez, S., Díaz, L. E.,
Marcos, A., et al. (2018). Psychosocial stress and inflammation driving tryptophan
breakdown in children and adolescents: a cross-sectional analysis of two cohorts.
Psychoneuroendocrinology 94, 104–111. doi:10.1016/j.psyneuen.2018.05.013

Mingoti, M. E. D., Bertollo, A. G., de Oliveira, T., and Ignácio, Z. M. (2023). Stress and
kynurenine-inflammation pathway in major depressive disorder. Adv. Exp. Med. Biol.
1411, 163–190. doi:10.1007/978-981-19-7376-5_8

Mithaiwala, M. N., Santana-Coelho, D., Porter, G. A., and O’Connor, J. C. (2021).
Neuroinflammation and the kynurenine pathway in CNS disease: molecular
mechanisms and therapeutic implications. Cells 10 (6), 1548. doi:10.3390/cells10061548

Morella, I. M., Brambilla, R., andMorè, L. (2022). Emerging roles of brain metabolism
in cognitive impairment and neuropsychiatric disorders. Neurosci. Biobehav Rev. 142,
104892. doi:10.1016/j.neubiorev.2022.104892

Morgan, L., Birkler, R. I. D., Shaham-Niv, S., Dong, Y., Wachsman, T., Carmi, L., et al.
(2022). Saliva metabolome alterations after acute stress. Sci. Rep. 12, 18470. doi:10.1038/
s41598-022-23136-6

Motta e Motta, J., Souza, L. N., Vieira, B. B., Delle, H., Consolim-Colombo, F. M.,
Egan, B.M., et al. (2021). Acute physical andmental stress resulted in an increase in fatty
acids, norepinephrine, and hemodynamic changes in normal individuals: a possible
pathophysiological mechanism for hypertension—pilot study. J. Clin. Hypertens.
(Greenwich) 23 (4), 888–894. doi:10.1111/jch.14190

Musazzi, L., Sala, N., Tornese, P., Gallivanone, F., Belloli, S., Conte, A., et al. (2019).
Acute inescapable stress rapidly increases synaptic energy metabolism in prefrontal
cortex and alters working memory performance. Cereb. Cortex 29 (12), 4948–4957.
doi:10.1093/cercor/bhz034

Nasir, M., Trujillo, D., Levine, J., Dwyer, J. B., Rupp, Z. W., and Bloch, M. H. (2020).
Glutamate systems in DSM-5 anxiety disorders: their role and a review of glutamate and
GABA psychopharmacology. Front. Psychiatry 11, 548505. doi:10.3389/fpsyt.2020.548505

Nedic Erjavec, G., Konjevod,M., Nikolac Perkovic,M., Svob Strac, D., Tudor, L., Barbas, C.,
et al. (2017). Short overview on metabolomic approach and redox changes in psychiatric
disorders. Redox Biol. 14, 178–186. doi:10.1016/j.redox.2017.09.002

Nehlig, A. (2004). Brain uptake and metabolism of ketone bodies in animal
models. Prostagl. Leukot. Essent. Fat. Acids 70 (3), 265–275. doi:10.1016/j.plefa.
2003.07.006

Nkiliza, A., Huguenard, C. J. C., Aldrich, G. J., Ferguson, S., Cseresznye, A., Darcey, T., et al.
(2023). Levels of arachidonic acid-derived oxylipins and anandamide are elevated among
military APOE ε4 carriers with a history of mild traumatic brain injury and post-traumatic
stress disorder symptoms. Neurotrauma Rep. 4 (1), 643–654. doi:10.1089/neur.2023.0045

Nowotny, B., Cavka, M., Herder, C., Löffler, H., Poschen, U., Joksimovic, L., et al.
(2010). Effects of acute psychological stress on glucose metabolism and subclinical
inflammation in patients with post-traumatic stress disorder. Horm. Metab. Res. 42
(10), 746–753. doi:10.1055/s-0030-1261924

Ontario Health (Quality) (2021). Internet-delivered cognitive behavioural therapy for
post-traumatic stress disorder or acute stress disorder: a health technology assessment.
Ont. Health Technol. Assess. Ser. 21 (9), 1–120.

Ormstad, H., Dahl, J., Verkerk, R., Andreassen, O. A., and Maes, M. (2016). Increased
plasma levels of competing amino acids, rather than lowered plasma tryptophan levels,
are associated with a non-response to treatment in major depression. Eur.
Neuropsychopharmacol. 26 (8), 1286–1296. doi:10.1016/j.euroneuro.2016.05.005

Pal, M. M. (2021). Glutamate: the master neurotransmitter and its implications in
chronic stress and mood disorders. Front. Hum. Neurosci. 15, 722323. doi:10.3389/
fnhum.2021.722323

Petroff, O. A. C. (2002). GABA and glutamate in the human brain. Neuroscientist 8
(6), 562–573. doi:10.1177/1073858402238515

Picard, M., and McEwen, B. S. (2018). Psychological stress and mitochondria: a
systematic review. Psychosom. Med. 80 (2), 141–153. doi:10.1097/PSY.
0000000000000545

Piepoli, T., Mennuni, L., Zerbi, S., Lanza, M., Rovati, L. C., and Caselli, G. (2009).
Glutamate signaling in chondrocytes and the potential involvement of NMDA receptors
in cell proliferation and inflammatory gene expression. Osteoarthr. Cartil. 17 (8),
1076–1083. doi:10.1016/j.joca.2009.02.002

Puchalska, P., and Crawford, P. A. (2017). Multi-dimensional roles of ketone bodies
in fuel metabolism, signaling, and therapeutics. Cell Metab. 25 (2), 262–284. doi:10.
1016/j.cmet.2016.12.022

Pulopulos, M. M., Baeken, C., and De Raedt, R. (2020). Cortisol response to stress: the
role of expectancy and anticipatory stress regulation.Horm. Behav. 117, 104587. doi:10.
1016/j.yhbeh.2019.104587

Quinones, M. M., Gallegos, A. M., Lin, F. V., and Heffner, K. (2020). Dysregulation of
inflammation, neurobiology, and cognitive function in PTSD: an integrative review.
Cogn. Affect Behav. Neurosci. 20 (3), 455–480. doi:10.3758/s13415-020-00782-9

Rabasa, C., Askevik, K., Schéle, E., Hu, M., Vogel, H., and Dickson, S. L. (2019).
Divergent metabolic effects of acute versus chronic repeated forced swim stress in the
rat. Obesity 27 (3), 427–433. doi:10.1002/oby.22390

Rivier, C., and Vale, W. (1983). Modulation of stress-induced ACTH release by
corticotropin-releasing factor, catecholamines and vasopressin. Nature 305 (5932),
325–327. doi:10.1038/305325a0

Roh, E., Song, D. K., and Kim, M.-S. (2016). Emerging role of the brain in the
homeostatic regulation of energy and glucose metabolism. Exp. Mol. Med. 48 (3), e216.
doi:10.1038/emm.2016.4

Rohleder, N. (2019). Stress and inflammation - the need to address the gap in the
transition between acute and chronic stress effects. Psychoneuroendocrinology 105,
164–171. doi:10.1016/j.psyneuen.2019.02.021

Rostamkhani, F., Zardooz, H., Zahediasl, S., and Farrokhi, B. (2012). Comparison of
the effects of acute and chronic psychological stress on metabolic features in rats.
J. Zhejiang Univ. Sci. B 13 (11), 904–912. doi:10.1631/jzus.B1100383

Frontiers in Genetics frontiersin.org08

Gary et al. 10.3389/fgene.2024.1394630

https://doi.org/10.1111/ejn.15182
https://doi.org/10.1080/10253890.2021.1959546
https://doi.org/10.1080/10253890.2021.1959546
https://doi.org/10.3389/fimmu.2019.01696
https://doi.org/10.3390/metabo13030453
https://doi.org/10.3390/metabo13030453
https://doi.org/10.1038/s41598-022-07586-6
https://doi.org/10.1073/pnas.2301215120
https://doi.org/10.1016/B978-0-444-64123-6.00004-7
https://doi.org/10.3389/fpsyt.2015.00008
https://doi.org/10.3389/fpsyt.2015.00008
https://doi.org/10.1152/ajpregu.1999.276.5.R1223
https://doi.org/10.1016/j.jprot.2021.104190
https://doi.org/10.1016/j.jprot.2021.104190
https://doi.org/10.1016/j.jpsychires.2022.12.005
https://doi.org/10.1210/endrev/bnaa002
https://doi.org/10.3390/nu15071752
https://doi.org/10.1111/j.1471-4159.1993.tb09839.x
https://doi.org/10.1046/j.1471-4159.1995.65010268.x
https://doi.org/10.4314/ahs.v15i1.18
https://doi.org/10.1016/j.bbi.2019.06.035
https://doi.org/10.1016/j.bbi.2019.06.035
https://doi.org/10.1016/j.psyneuen.2019.03.006
https://doi.org/10.1016/j.psyneuen.2019.03.006
https://doi.org/10.1039/D1MO00271F
https://doi.org/10.1039/D1MO00271F
https://doi.org/10.1016/j.biopsych.2018.02.007
https://doi.org/10.1016/j.psyneuen.2018.05.013
https://doi.org/10.1007/978-981-19-7376-5_8
https://doi.org/10.3390/cells10061548
https://doi.org/10.1016/j.neubiorev.2022.104892
https://doi.org/10.1038/s41598-022-23136-6
https://doi.org/10.1038/s41598-022-23136-6
https://doi.org/10.1111/jch.14190
https://doi.org/10.1093/cercor/bhz034
https://doi.org/10.3389/fpsyt.2020.548505
https://doi.org/10.1016/j.redox.2017.09.002
https://doi.org/10.1016/j.plefa.2003.07.006
https://doi.org/10.1016/j.plefa.2003.07.006
https://doi.org/10.1089/neur.2023.0045
https://doi.org/10.1055/s-0030-1261924
https://doi.org/10.1016/j.euroneuro.2016.05.005
https://doi.org/10.3389/fnhum.2021.722323
https://doi.org/10.3389/fnhum.2021.722323
https://doi.org/10.1177/1073858402238515
https://doi.org/10.1097/PSY.0000000000000545
https://doi.org/10.1097/PSY.0000000000000545
https://doi.org/10.1016/j.joca.2009.02.002
https://doi.org/10.1016/j.cmet.2016.12.022
https://doi.org/10.1016/j.cmet.2016.12.022
https://doi.org/10.1016/j.yhbeh.2019.104587
https://doi.org/10.1016/j.yhbeh.2019.104587
https://doi.org/10.3758/s13415-020-00782-9
https://doi.org/10.1002/oby.22390
https://doi.org/10.1038/305325a0
https://doi.org/10.1038/emm.2016.4
https://doi.org/10.1016/j.psyneuen.2019.02.021
https://doi.org/10.1631/jzus.B1100383
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1394630


Sa, M., Ying, L., Tang, A.-G., Xiao, L.-D., and Ren, Y.-P. (2012). Simultaneous
determination of tyrosine, tryptophan and 5-hydroxytryptamine in serum of MDD
patients by high performance liquid chromatography with fluorescence detection. Clin.
Chim. Acta 413 (11–12), 973–977. doi:10.1016/j.cca.2012.02.019

Sancini, A., Ricci, S., Tomei, F., Sacco, C., Pacchiarotti, A., Nardone, N., et al. (2017). Work
related stress and blood glucose levels. Ann. Ig. 29 (2), 123–133. doi:10.7416/ai.2017.2139

Schnyder, U., Müller, J., Morina, N., Schick, M., Bryant, R. A., and Nickerson, A. (2015). A
comparison of DSM-5 and DSM-IV diagnostic criteria for posttraumatic stress disorder in
traumatized refugees. J. Trauma Stress 28 (4), 267–274. doi:10.1002/jts.22023

Shalev, A. Y. (2009). Posttraumatic stress disorder and stress-related disorders.
Psychiatr. Clin. North Am. 32 (3), 687–704. doi:10.1016/j.psc.2009.06.001

Shen, F., and Sergi, C. (2024). “Biochemistry, amino acid synthesis and degradation,”
in StatPearls, treasure island (FL) (StatPearls Publishing). Available at: http://www.ncbi.
nlm.nih.gov/books/NBK559250/(Accessed January 26, 2024).

Shilton, A. L., Laycock, R., and Crewther, S. G. (2017). The Maastricht acute stress test
(MAST): physiological and subjective responses in anticipation, and post-stress. Front.
Psychol. 8, 567. doi:10.3389/fpsyg.2017.00567

Son, H., Baek, J. H., Kang, J. S., Jung, S., Chung, H. J., and Kim, H. J. (2021). Acutely
increased β-hydroxybutyrate plays a role in the prefrontal cortex to escape stressful
conditions during the acute stress response. Biochem. Biophys. Res. Commun. 554,
19–24. doi:10.1016/j.bbrc.2021.03.062

Spencer, S., Mill, R. D., Bhanji, J. P., Delgado, M. R., Cole., M. W., and Tricomi, E.
(2024). Acute psychosocial stress modulates neural and behavioral substrates of
cognitive control (Accessed June 11, 2024) Available at: https://pubmed.ncbi.nlm.
nih.gov/38798117

Sze, Y., and Brunton, P. J. (2020). Sex, stress and steroids. Eur. J. Neurosci. 52 (1),
2487–2515. doi:10.1111/ejn.14615

The Recovery Village (2023). Acute stress disorder Statistics. Editor M. Hill (Accessed
December 18, 2023) Available at: https://www.therecoveryvillage.com/mental-health/
acute-stress-disorder/asd-statistics/

Tipton, K. D., and Wolfe, R. R. (2001). Exercise, protein metabolism, and muscle
growth. Int. J. Sport Nutr. Exerc Metab. 11 (1), 109–132. doi:10.1123/ijsnem.11.1.109

Tsuneki, H., Sasaoka, T., and Sakurai, T. (2016). Sleep control, GPCRs, and glucose
metabolism. Trends Endocrinol. Metab. 27 (9), 633–642. doi:10.1016/j.tem.2016.06.011

Vecchiarelli, H. A., Gandhi, C. P., and Hill, M. N. (2016). Acute psychological stress
modulates the expression of enzymes involved in the kynurenine pathway throughout
corticolimbic circuits in adult male rats. Neural Plast. 2016, 7215684. doi:10.1155/2016/
7215684

Wadsworth, M. E., Broderick, A. V., Loughlin-Presnal, J. E., Bendezu, J. J., Joos, C. M.,
Ahlkvist, J. A., et al. (2019). Co-activation of SAM and HPA responses to acute stress: a
review of the literature and test of differential associations with preadolescents’
internalizing and externalizing. Dev. Psychobiol. 61 (7), 1079–1093. doi:10.1002/dev.
21866

Wakefield, J. C. (2015). DSM-5, psychiatric epidemiology and the false positives
problem. Epidemiol. Psychiatr. Sci. 24 (3), 188–196. doi:10.1017/S2045796015000116

Wurtman, J. J. (1984). The involvement of brain serotonin in excessive carbohydrate
snacking by obese carbohydrate cravers. J. Am. Diet. Assoc. 84 (9), 1004–1007. doi:10.
1016/s0002-8223(21)08294-8

Wurtman, R. J., and Wurtman, J. J. (1996). Brain serotonin, carbohydrate-craving,
obesity and depression. Adv. Exp. Med. Biol. 398, 35–41. doi:10.1007/978-1-4613-0381-
7_4

Yamanashi, T., Iwata, M., Shibushita, M., Tsunetomi, K., Nagata, M., Kajitani, N.,
et al. (2020). Beta-hydroxybutyrate, an endogenous NLRP3 inflammasome inhibitor,
attenuates anxiety-related behavior in a rodent post-traumatic stress disorder model.
Sci. Rep. 10 (1), 21629. doi:10.1038/s41598-020-78410-2

Yoganathan, T., Perez-Liva, M., Balvay, D., Le Gall, M., Lallemand, A.,
Certain, A., et al. (2023). Acute stress induces long-term metabolic,
functional, and structural remodeling of the heart. Nat. Commun. 14 (1),
3835. doi:10.1038/s41467-023-39590-3

Youm, Y.-H., Nguyen, K. Y., Grant, R. W., Goldberg, E. L., Bodogai, M., Kim,
D., et al. (2015). The ketone metabolite β-hydroxybutyrate blocks
NLRP3 inflammasome-mediated inflammatory disease. Nat. Med. 21 (3),
263–269. doi:10.1038/nm.3804

Yuan, T.-F., and Hou, G. (2015). The effects of stress on glutamatergic
transmission in the brain. Mol. Neurobiol. 51 (3), 1139–1143. doi:10.1007/
s12035-014-8783-9

Zhang, T., Guo, L., Li, R., Wang, F., Yang, W. M., Yang, J. B., et al. (2022). Alterations
of plasma lipids in adult women with major depressive disorder and bipolar depression.
Front. Psychiatry 13, 927817. doi:10.3389/fpsyt.2022.927817

Frontiers in Genetics frontiersin.org09

Gary et al. 10.3389/fgene.2024.1394630

https://doi.org/10.1016/j.cca.2012.02.019
https://doi.org/10.7416/ai.2017.2139
https://doi.org/10.1002/jts.22023
https://doi.org/10.1016/j.psc.2009.06.001
http://www.ncbi.nlm.nih.gov/books/NBK559250/
http://www.ncbi.nlm.nih.gov/books/NBK559250/
https://doi.org/10.3389/fpsyg.2017.00567
https://doi.org/10.1016/j.bbrc.2021.03.062
https://pubmed.ncbi.nlm.nih.gov/38798117
https://pubmed.ncbi.nlm.nih.gov/38798117
https://doi.org/10.1111/ejn.14615
https://www.therecoveryvillage.com/mental-health/acute-stress-disorder/asd-statistics/
https://www.therecoveryvillage.com/mental-health/acute-stress-disorder/asd-statistics/
https://doi.org/10.1123/ijsnem.11.1.109
https://doi.org/10.1016/j.tem.2016.06.011
https://doi.org/10.1155/2016/7215684
https://doi.org/10.1155/2016/7215684
https://doi.org/10.1002/dev.21866
https://doi.org/10.1002/dev.21866
https://doi.org/10.1017/S2045796015000116
https://doi.org/10.1016/s0002-8223(21)08294-8
https://doi.org/10.1016/s0002-8223(21)08294-8
https://doi.org/10.1007/978-1-4613-0381-7_4
https://doi.org/10.1007/978-1-4613-0381-7_4
https://doi.org/10.1038/s41598-020-78410-2
https://doi.org/10.1038/s41467-023-39590-3
https://doi.org/10.1038/nm.3804
https://doi.org/10.1007/s12035-014-8783-9
https://doi.org/10.1007/s12035-014-8783-9
https://doi.org/10.3389/fpsyt.2022.927817
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1394630

	Exploring metabolomic dynamics in acute stress disorder: amino acids, lipids, and carbohydrates
	1 Introduction
	2 Metabolites associated with acute stress phenotypes
	2.1 Amino acids
	2.2 Ketone bodies
	2.3 Lipids
	2.4 Carbohydrates
	2.5 Relationship among the ASD associated metabolites
	2.6 Relevance of metabolites to other stress-related psychiatric disorders

	3 Conclusions and perspectives
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Author disclaimer
	References


