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Preface

As Guest Editors of the Special Issue “Dualistic Equilibrium in Neurotransmission and Beyond:
Unraveling the Pathophysiology and Unlocking Novel Therapeutic Targets in Neuropsychiatric
Disorders”, we set out to capture a simple yet profound idea; health in the brain—and by extension
the body—relies on a finely balanced dialog between opposing biochemical forces. When that
dialog falters, mood, cognition, and behavior unravel. Our purpose was to assemble evidence that
travels the full arc from molecular binding sites to patient-level biomarkers and interventions, and to
spotlight research paths that can restore equilibrium where it is lost.

The resulting Reprint gathers eight peer-reviewed articles that examine monoaminergic
allostery, trace-amine and cannabinoid-serotonin crosstalk, orexin-guided stress adaptation,
microRNA-driven neuroinflammation, and isoform-specific tau diagnostics, each illustrating how
multiscale approaches can reshape prevention, diagnosis, and therapy. Our intended readership
spans basic neuroscientists, clinical psychiatrists, pharmacologists, computational modelers, and
policy makers seeking mechanistic clarity and translational traction.

We are indebted to the contributing authors for their rigorous scholarship, to the expert
reviewers whose incisive feedback raised every manuscript’s standard, and to the Biomedicines
Editorial Office for seamless coordination throughout the call, peer review, and production phases.

May this Reprint serve as both a distilled reference and a launching pad for future consortia that
aim to convert insights on dualistic neurotransmission into precision interventions for depression,
dementia, chronic pain, and allied disorders. We invite readers to explore the chapters that follow

and to join the collaborative effort toward a truly convergent neuropsychiatry.

Masaru Tanaka and Simone Battaglia
Guest Editors
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Dualistic Dynamics in Neuropsychiatry: From Monoaminergic
Modulators to Multiscale Biomarker Maps
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Department of Psychology, University of Turin, 10124 Turin, Italy
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1. Introduction: The Dualistic Lens

Neuropsychiatry lives at the crossroads of chemistry and cognition, where millisecond
synaptic sparks sculpt decades-long stories of mood, memory, and identity [1-3]. The same
organ then turns inward, making brain-body self-inquiry a central paradox now probed
by advanced imaging, stimulation, and physiological modeling [4-6]. Modern data depict
neurotransmission as a yin—yang choreography: glutamatergic bursts checked by gamma-
aminobutyric acid (GABA) brakes and cortical volleys echoed by visceral afferents carrying
gut, liver, and immune cues, while nanoscopic receptor tweaks reverberate through whole
networks [7-9]. Mapping the harmonics of this loop may decode consciousness and its
breakdown across neuropsychiatric and neurodegenerative disease, since equilibrium
failure begets illness [10-12].

Within this framework, psychiatric and neurodegenerative disorders appear less
like single-node breakdowns and more like systemic disequilibria [13-15]. When the
delicate balance collapses, as in post-traumatic stress disorder (PTSD), dysregulated fear cir-
cuitry and hypothalamic-pituitary-adrenal (HPA) axis perturbations create neuroendocrine
noise—cortisol volatility, monoaminergic surges, failed fear extinction, and intrusive mem-
ory loops [16-18]. Similarly, in Alzheimer’s disease (AD) or Parkinson’s disease, oxidative
stress derails networks, yet antioxidant-rich diets and compounds modestly stabilize mem-
ory and action control in longitudinal human cohorts [17,19,20]. Complementing those
longitudinal data, reviews show that phytocompounds—including polyphenols, alkaloids,
and terpenoids—improve cognition and neuropsychiatric symptoms across AD and re-
lated disorders [21-23]. An expanding Topical Collection, “Neurodegeneration No More,”
now assembles cutting-edge diagnostics, therapeutic targets, and integrative care mod-
els aimed at reversing disease trajectories, underscoring the urgency of interdisciplinary
collaboration for neurodegenerative disease management [24]. Reinforcing this perspec-
tive, an increasing amount of evidence maps how medicinal plants inhibit nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-«B), cyclooxygenase-2 (COX-2), and
inducible nitric oxide synthase (iNOS) while activating nuclear factor erythroid 2-related
factor 2 (Nrf2) signaling, detailing dose windows and translational gaps across progressive
neurodegenerative disease [25-27]. Nonetheless, three enduring translational gaps impede
the conversion of conceptual advances into clinical benefit. The first is the bench-to-bedside
divide: antioxidant interventions that show efficacy in rodent models or in silico screens
rarely advance to well-powered clinical trials that rigorously account for sex, age, lifestyle

Biomedicines 2025, 13, 1456 https:/ /doi.org/10.3390/biomedicines13061456
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factors, and comorbidities [27-29]. Second, a network-integration blind spot: investigations
isolate single receptors, overlooking the multiplex cortisol-monoamine-immune crosstalk
that governs resilience across organs and lifespan [30-32]. Third, the composite-biomarker
vacuum: p-tau isoforms, circulating microRNAs, cortisol rhythms, or receptor-binding
positron emission tomography (PET) signals remain unharmonized, limiting our ability to
stratify patients, forecast trajectories, and personalize interventions [33-37].

This Special Issue, “Dualistic Equilibrium in Neurotransmission and Beyond,” is
curated to illuminate that landscape, bridge its chasms, and chart future routes “https:
/ /www.mdpi.com/journal /biomedicines/special_issues/Neurotransmission (accessed on
12 June 2025)”. By uniting eight studies that journey from resveratrol-induced monoamine
oxidase A (MAO-A) allostery and trace amine receptor agonism to orexin-orchestrated
stress adaptation and isoform-specific tau diagnostics, the collection strives to translate
basic insights, weave an empirically grounded system map, and lay scaffolds for next-
generation composite biomarker panels. Together, these contributions aim to ignite inter-
disciplinary alliances spanning medicinal chemistry, network neuroscience, computational
modeling, clinical psychiatry, policy makers, caregivers, and public health leaders world-
wide, driving progress in basic science, clinical translation, and population health and
steering lasting therapeutic innovation for patients across the globe.

2. Eight Windows on Equilibrium

Molecular docking, dynamics, and predator-stressed rats reveal resveratrol and its glu-
curonide occupy an allosteric pocket on MAO-A, dampening brain and liver enzyme activ-
ity and pointing dietary polyphenols toward anxiolytic monoaminergic therapy [38]. Shemi-
akova et al. synthesize evidence positioning trace amine-associated receptors (TAARs) as
novel antidepressant targets [39] (Table 1). TAAR1-TAAR9 extend beyond smell, populat-
ing limbic circuits. The TAAR1 agonist ulotaront succeeds in phase 2/3 depression trials.
Preclinical data show that TAAR2/TAARS5 shape emotion, monoamine signaling, and
hippocampal neurogenesis, suggesting TAAR-targeted drugs could outpace monoamine
therapies and cut side-effects in hard-to-treat depression populations.

Table 1. Thematic clustering of the eight contributions in the Special Issue “Dualistic Equilibrium in
Neurotransmission and Beyond.” The table groups each paper under a shared mechanistic theme,
lists its concise title, and links to the corresponding reference segment. This layout spotlights how the
collection spans monoaminergic modulation, serotonergic/peripheral stress circuits, symptom-level
and molecular modulators in psychiatric disorders, and biomarker discovery for neurodegeneration.

Group/Topic Shared Idea Paper Ref.
Monoaminergic Targets for MAO-A or TAARs rebalance Resveratrol as MAO-A allosteric [38]
Mood Regulation monoamines modulator

TAARs as novel antidepressant
(391
targets
Serotonergic and Peripheral ~ 5-HT, CB1, orexin in stress and ~ Perinatal 5-HT enhancers alter [40]
Stress Systems organs gut-liver axis
CB1-5-HT1A in stress-induced [41]
analgesia
Orexin system in stress vigilance [42]
Symptom Dynamics in Brain ~ Clinical/microRNA OCD symptoms worsen
: CE . . [43]
Disorders modulators of symptoms depression in schizophrenia
miR-200b-3p antagonism reduces [44]
ADHD traits
Molecular Biomarkers for Next-gen fluid markers for Plasma p-tau217/231 [45]
Neurodegeneration early AD diagnosis differentiation of AD

AD, Alzheimer’s disease; ADHD, attention-deficit/hyperactivity disorder; CB1, cannabinoid receptor type 1;
5-HT, 5-hydroxytryptamine; 5-HT1A, 5-hydroxytryptamine receptor type 1A; miR-200b-3p, microRNA 200b
family subtype the 3’ strand; MAO-A, monoamine oxidase A; OCD, obsessive—compulsive disorder; p-tau217/231,
phosphorylated tau protein at threonine 217 and threonine 231; TAARs, trace amine-associated receptors.
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Perinatal exposure of rats to 5-hydroxytryptophan (5-HTP) or tranylcypromine in-
duces adult-onset histomorphometric and metabolic alterations in the jejunum and liver,
spotlighting how early hyperserotonemia imprints a persistent gut-liver serotonergic loop
beyond the brain [40]. Pharmacological pairing of CB1 and 5-HT1A agonists or antagonists
before versus after cold stress in rats showed serotonergic signaling maintains stress-
induced analgesia pre-stress while cannabinoid modulation predominates post-stress,
exposing time-specific crosstalk vital for designing anti-stress pain interventions [41]. A
narrative review synthesizes evidence that orexin/hypocretin neurons act as master neuro-
modulators coupling vigilance with autonomic, endocrine, and behavioral stress responses;
highlights their roles in fear, anxiety, and learning; and surveys emerging orexin-based
pharmacotherapies for sleep and stress disorders [42].

In 111 outpatients with schizophrenia, higher disorganized and obsessive-compulsive
symptom scores independently predicted greater depressive severity, whereas a longer du-
ration of untreated psychosis paradoxically correlated with milder depression, indicating
that early circuit disorganization, rather than demographic factors, is the primary driver of
comorbid depressive burden [43]. Striatal injection of a miR-200b-3p antagomir in spon-
taneously hypertensive rats alleviated inattention, reduced pro-inflammatory cytokines,
and elevated antioxidant enzymes, spotlighting miR-200b-3p as a promising therapeutic
microRNA target for attention-deficit/hyperactivity disorder (ADHD) [44].

A narrative review of 85 original studies concludes that plasma and cerebrospinal fluid
(CSF) p-tau217 and p-tau231 outperform p-taul81 in detecting preclinical A3 pathology,
track tau-tangle progression, and differentiate AD from other dementias, positioning these
isoform-specific assays as front-line, minimally invasive biomarkers for early diagnosis
and staging [45].

3. Bridging the Gaps: How These Papers Move the Needle

Bridging conceptual insights to clinical utility requires proof that discoveries travel
the full distance from molecules to networks to patients. The following three subsections
illustrate this trajectory, showing how preclinical candidates acquire translational momen-
tum, how receptor-centric views expand into circuit logic, and how layered biomarkers
converge into actionable precision panels.

3.1. Translational Momentum of Rodent Leads

Three rodent-based investigations within the Special Issue push molecular leads
toward the clinic. In chronically predator-stressed rats, resveratrol and its glucuronide
occupied a newly charted monoamine-oxidase-A allosteric pocket, halved cortical and
hepatic enzyme activity, and attenuated anxiety-like behavior, suggesting that a safe nu-
tritional polyphenol could be repurposed for affective disorders [38]. Complementing
this single-compound result, a recent narrative review shows that phytochemicals—from
curcumin to flavonoids and alkaloids—concurrently quell neuroinflammation, oxidative
stress, and mitochondrial dysfunction, easing major-depression phenotypes in preclinical
and clinical studies [46]. Systemic delivery of the selective trace amine receptor-1 agonist
RO5263397 reversed immobility in forced-swim and tail-suspension tests, normalized
hippocampal neurogenesis, and reduced peripheral corticosterone, mechanistic outcomes
echoed by the clinical-stage compound ulotaront now in phase 2/3 trials for depression and
anxiety [39]. Meanwhile, CRISPR/Cas9 knockout of kynurenine-aminotransferase genes
in mice suppressed cerebellar and hippocampal oxidative phosphorylation, highlighting
kynurenine aminotransferase-dependent kynurenic control of mitochondrial respiration
and energy metabolism in vivo [47,48]. Extending that axis, a quinoline-focused narrative
review shows how halogenation, esterification, and in silico screening refine tryptophan-
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derived metabolites into multi-target ligands that cross the blood—-brain barrier and quell
excitotoxic-immune cascades, steering rational design for next-generation quinoline-based
mitochondrial therapeutics [49]. Finally, stereotaxic inhibition of striatal miR-200b-3p in
spontaneously hypertensive rats restored attentional performance, suppressed interleukin
(IL)-6 and tumor necrosis factor (TNF)-alpha (o), and boosted superoxide-dismutase ac-
tivity, delineating a microRNA—inflammation axis ripe for biomarker-guided antisense
therapies that are advancing into first-in-human safety assessments [44]. Collectively, these
convergent results validate target engagement, demonstrate behavioral rescue across inde-
pendent models, and furnish biochemical read-outs that align seamlessly with ongoing or
planned human studies, thereby shortening the bench-to-bedside journey.

3.2. From Receptor Islands to Circuit Continents—System-Level Integration

Perinatal elevation of systemic serotonin through 5-HTP or tranylcypromine re-
sculpted adult gut-liver physiology: villus shortening, crypt hyperplasia, suppressed
enterochromaffin 5-HT staining, and altered hepatic 5-HT-metabolizing enzymes, estab-
lishing a persistent peripheral serotonin circuit poised to influence brain mood circuits
via the portal vein and vagus [40]. In an acute cold-stress model, bidirectional pharmacol-
ogy revealed time-stamped reciprocity between CB1 and 5-HT1A signaling: co-agonism
before stress magnified analgesia, whereas the identical cocktail after stress dampened it;
selective antagonist pairings confirmed serotonergic dominance in stress initiation and
cannabinoid control during recovery, underscoring a dynamic receptor handshake across
limbic, periaqueductal-gray, and HPA nodes [41]. Complementing these rodent data, a
comprehensive review positions orexin neurons as master switches that broadcast stress
salience through widespread projections, coordinating vigilance, autonomic, and endocrine
outputs while modulating monoamines, endocannabinoids, and neuropeptides, thereby
offering a top-down scaffold for multi-target drug design [42]. Collectively, these findings
shift the narrative from single-receptor pharmacology to network neuroscience, illuminat-
ing organ-to-brain loops and temporal hierarchies that future therapeutics must respect. A
recent synthesis highlights that age-related vascular dysfunction, sarcopenic muscle loss,
and neurodegenerative cognitive decline constitute a pathophysiological triad unified by
oxidative stress and chronic inflammation [50].

3.3. Toward Composite Precision Panels

The Special Issue showcases how disparate biomarker layers can converge into patient-
stratifying toolkits. A narrative synthesis of 85 studies reports that plasma and CSF p-tau217
and p-tau231 consistently outclass p-taul8l, flagging pre-amyloid pathology with >90%
accuracy, tracking Braak staging, and cleanly separating AD from frontotemporal and
vascular dementias [45]. In a rodent model of ADHD, stereotaxic silencing of striatal
miR-200b-3p rescued working-memory deficits, lowered IL-6 and TNF-«, and restored
superoxide-dismutase activity, positioning this microRNA as both a mechanistic node and a
peripheral read-out for neuro-immune dysregulation in ADHD [44]. Complementing these
fluid signatures, a clinical cohort of 111 individuals with schizophrenia showed that disor-
ganized and obsessive-compulsive symptom clusters, rather than demographic variables,
predicted depressive load, while a longer untreated psychosis interval paradoxically atten-
uated it, nominating symptom network topology as a low-cost behavioral biomarker [43].
Together, isoform-specific tau assays, actionable microRNAs, and data-driven symptom
lattices foreshadow multiplex panels capable of early detection, mechanistic staging, and
personalized therapeutic steering across neuropsychiatric spectra.
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4. Future Frontiers

Translating the mechanistic advances documented in this Special Issue into clinically
transformative applications demands an integrated research agenda. We therefore outline five
strategic imperatives—ranging from multi-omics imaging convergence to ethical governance—
that together promise to consolidate molecular discoveries, refine patient stratification across
the lifespan, and guide the deployment of network-targeted interventions.

4.1. Multi-Omics Coupling with In Vivo Imaging

Next-generation discovery hinges on stitching lipidomic, metabolomic and receptor-
specific PET readouts within individuals [51-53]. Chemo-connectome scans link arachi-
donic acid flux or phospholipid turnover to network fragility [54-57]. To deepen inter-
pretability, pipelines should also track brain-autonomic synchrony, capturing covariation
between cortical activity and cardiac deceleration, charting loops that tie emotions to auto-
nomic outflow [4,52,55]. Delivering this vision will require hybrid scanners, biofluid taps,
and cloud analytics that fuse terabytes of omics spectra with voxel-wise binding maps in
time [58-60].

4.2. Longitudinal, Sex-Balanced Cohorts

Most existing datasets are cross-sectional snapshots or male-skewed rodent lines [61-63].
We need cradle-to-senescence cohorts, stratified by chromosomal and hormonal sex, that
collect neuroimaging, multi-omics, immune read-outs, and detailed life-event chronologies
at repeated milestones [64—66]. Tracking the same individuals from perinatal stages through
puberty, reproductive transitions, and neurodegenerative risk windows will reveal when
gut-liver-brain loops or monoaminergic balances hit irreversible tipping points—and whether
those inflections differ by sex, ancestry, or socio-environmental load [67-71].

4.3. Digital Phenotyping and Artificial Intelligence (Al) Biomarker Fusion

Wearables, smartphones, and ambient sensors convert gait micro-variability, sleep
architecture, voice prosody, and social-touch signatures into continuous phenomic streams,
illustrating the field’s pivot from serendipitous drug discovery toward precision men-
tal health research [72-76]. Parallel conceptual work urges replacing categorical Diag-
nostic and Statistical Manual of Mental Disorders (DSM)/International Classification of
Diseases (ICD) diagnoses with dimensional Hierarchical Taxonomy of Psychopathology
(HiTOP) and Research Domain Criteria (RDoC) taxonomies, integrating these phenomic
streams into empirically anchored, biologically informed nosology [77-81]. Coupled with
federated artificial intelligence (Al) that simultaneously ingests PET-omics, microRNA
panels, and symptom lattices, these data lakes could generate personalized risk curves
updated hourly [82-86]. Key priorities include open ontologies for feature harmonization,
self-supervised algorithms that learn across modalities with minimal labels, and privacy-
preserving architectures that keep raw data on-device while sharing encrypted embeddings
for population-level modeling [87,88].

4.4. Network-Level Interventions

Insights from circuit-centric papers invite therapies that modulate entire networks
rather than single receptors [89-91]. Closed-loop deep-brain or vagus nerve stimulators,
guided by real-time neurochemical sensors, could nudge maladaptive oscillations back
into equilibrium [89-91]. On the peripheral front, liver-targeted MAO-A inhibitors or
gut-restricted 5-HT modulators may recalibrate central affect without crossing the blood-
brain barrier, reducing systemic side-effects [68,92,93]. Combinatorial designs—such as
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pairing orexin antagonists with anti-inflammatory microRNA mimics—should be tested in
adaptive platform trials that can rapidly prune ineffective arms [94-97].

4.5. Ethical and Regulatory Horizon-Scanning

As datasets sprawl and interventions become closed-loop, guardrails must keep
pace [98-100]. Regulators will need new guidelines for multi-omics companion diagnostics,
Al-driven adaptive trials, and implantable devices that learn on the fly [101-103]. Equitable
access requires subsidized genomic and imaging pipelines in low-resource settings and
bias audits for machine learning models [100-102]. Finally, consent frameworks should
allow participants granular control over which data layers—lipids, speech, location—enter
shared repositories, ensuring progress does not outstrip public trust [98,99,103].

5. Conclusions: Toward a Convergent Neuropsychiatry

The studies collected in this Special Issue validate “dualistic equilibrium” as a uni-
fying framework for neuropsychiatric science, showing that health depends on balanced
interactions between excitation and inhibition, central and peripheral signaling, and molec-
ular events and network dynamics. Each contribution shifts the discourse from isolated
observations to a layered map that connects monoaminergic allostery, trace amine recep-
tor pharmacology, orexin-regulated stress circuitry, microRNA-driven inflammation, and
isoform-specific tau pathology. The resulting atlas is mechanistically precise, since it iden-
tifies actionable binding pockets, temporal receptor handshakes, and fluid biomarkers;
translationally actionable, because several rodent leads already align with phase 2 or phase
3 trials; and ethically responsible, thanks to an explicit focus on sex-balanced cohorts,
privacy-aware digital phenotyping, and equitable access to advanced diagnostics.

The next milestone is collective execution. Specialist silos must give way to consortia
that integrate medicinal chemistry, imaging physics, multi-omics analytics, computational
psychiatry, regulatory science, and patient advocacy. Shared protocols for hybrid PET-
omics pipelines, harmonized outcome measures for adaptive trials, and interoperable data
standards for wearable-derived phenomics will accelerate discovery while preventing
duplication. Funding bodies should prioritize platforms that enroll cradle-to-senescence
participants in diverse settings, ensuring that findings generalize across sex, ancestry, and
socio-economic strata. Regulatory agencies can support this trajectory by creating pathways
for composite biomarker approval and real-time neuromodulation devices.

Anchored in dualistic equilibrium, guided by a systems lens, and propelled by an ethic
of inclusivity, the field is now positioned to transform fragmented mechanistic snapshots
into integrated, patient-centered care paradigms. Progress will hinge not on isolated
breakthroughs but on coordinated, transparent collaboration that keeps scientific ambition
and societal responsibility in steady alignment.

Author Contributions: Conceptualization, M.T. and S.B.; methodology, M.T.; software, M.T.; valida-
tion, M.T. and S.B.; formal analysis, M.T. and S.B.; investigation, M.T. and S.B.; resources, M.T.; data
curation, M.T.; writing—original draft preparation, M.T.; writing—review and editing, M.T. and S.B.;
visualization, M.T.; supervision, M.T.; project administration, M.T. and S.B.; funding acquisition, M.T.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by HUN-REN Hungarian Research Network funding to M.T. S.B.
is supported by #NEXTGENERATIONEU (NGEU) and funded by the Ministry of University and
Research (MUR), National Recovery and Resilience Plan (NRRP), project MNESYS (PE0000006)—a
multiscale integrated approach to the study of the nervous system in health and disease (DN. 1553
11.10.2022)—and Bial Foundation, Portugal (235/22). The views and opinions expressed are solely
those of the authors and do not necessarily reflect those of the European Union, nor can the European
Union be held responsible for them.



Biomedicines 2025, 13, 1456

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

AD Alzheimer’s disease

ADHD attention-deficit/hyperactivity disorder

Al artificial intelligence

CB1 cannabinoid receptor type 1

CSF cerebrospinal fluid

HPA hypothalamic-pituitary—adrenal

5-HT 5-hydroxytryptamine

5-HT1A 5-hydroxytryptamine receptor type 1A
5-HTP 5-hydroxytryptophan

IL interleukin

MAO-A monoamine oxidase A

miR-200b-3p  microRNA 200b family subtype the 3’ strand
OCD obsessive-compulsive disorder

PET positron emission tomography
p-tau217/231 phosphorylated tau protein at threonine 217 and threonine 231
TAARs trace amine-associated receptors

TNF tumor necrosis factor
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Abstract: Attention-deficit/hyperactivity disorder (ADHD) is a prevalent neurodevelopmental
disorder in children with unknown etiology. Impaired learning ability was commonly reported
in ADHD patients and has been associated with dopamine uptake in the striatum of an animal
model. Another evidence also indicated that micro-RNA (miR)-200b-3p is associated with learning
ability in various animal models. However, the association between miR-200b-3p and ADHD-related
symptoms remains unclear. Therefore, the current study investigated the role of miR-200b-3p in
ADHD-related symptoms such as inattention and striatal inflammatory cytokines. To verify the
influence of miR-200b-3p in ADHD-related symptoms, striatal stereotaxic injection of miR-200b-
3p antagomir (AT) was performed on spontaneously hypertensive rats (SHR). The antioxidant
activity and expressions of miR-200b-3p, slit guidance ligand 2 (Slit2), and inflammatory cytokines
in the striatum of SHR were measured using quantitative real-time polymerase chain reaction (RT-
qPCR), immunohistochemistry (IHC), immunoblotting, and enzyme-linked immunosorbent assay
(ELISA). The spontaneous alternation of SHR was tested using a three-arm Y-shaped maze. The
administration of miR-200b-3p AT or taurine significantly decreased striatal tumor necrosis factor
(TNF)-«, interleukin (IL)-1f, and IL-6 in SHR, along with increased super-oxide dismutase (SOD)
and glutathione peroxidase (GSH-Px) activities and significantly higher spontaneous alternation.
In this paper, we show that miR-200b-3p AT and taurine alleviates ADHD-related symptoms in
SHR. These findings provide insights into ADHD’s molecular basis and suggest miR-200b-3p as a
potential therapeutic target. Concurrently, this study also suggests broad implications for treating
neurodevelopmental disorders affecting learning activity such as ADHD.

Keywords: taurine; attention deficit hyperactivity disorder (ADHD); neuropsychiatric disorder;
microRNA (miR)-200b-3p; striatum; spontaneously hypertensive rats (SHR); inflammatory factors;
spontaneous alternations

1. Introduction

According to the latest Diagnostic and Statistical Manual of Mental Disorders, fifth
edition (DSM-5), attention-deficit/hyperactivity disorder (ADHD) is classified as neurode-
velopmental disorders (NDDs). Notably, ADHD is known as a global neuropsychiatric
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deficit that accounts for approximately 8-12% of all children [1]. Although the etiology of
ADHD is complicated and still unclear, neurodevelopmental theory indicates that disrup-
tions in normal brain development during early life can lead to neuropsychiatric symptoms
in later life, impacting disorders such as autism spectrum disorder, ADHD, schizophrenia,
bipolar disorder, and obsessive compulsive disorder [2]. Additionally, inattentiveness
and hyperactivity /impulsiveness are known as the main symptoms of ADHD that lead
to various conditions such as depression, epilepsy, and learning deficits [3]. Substantial
evidence has reported that gene variants and environmental triggers are the main possible
causes of ADHD [4]. Hence, the conventional treatment of ADHD involves a multimodal
approach by addressing various aspects of the condition such as cognitive behavioral
therapy (CBT), behavioral interventions, exercise, psychoeducation, and medication [1].

MicroRNAs (miRNAs), first discovered in 1993, are known as noncoding RNAs that
exhibit pivotal roles in modulating gene expression [5,6]. MiRNAs exist in all animal
systems, and some miRNAs are reported to be highly conserved in various species [7,8],
which regulate gene expression by binding 3'UTR specific regions of target messenger
ribonucleic acid (mRNA) to silence gene expression and promotor-specific regions of target
mRNA to induce transcription [9,10]. MiRNAs have gained significant recognition for their
roles in neuropsychiatric disorders, with extensive research in recent decades focusing on
their impacts on neurodevelopmental conditions like ADHD, autism, and Alzheimer’s
disease. These studies primarily explore the influences of miRNAs on cognitive, behavioral,
memory, and learning deficits [11-13]. Notably, a recent study indicated that the miRNA
expression profile, including miR-4516, miR-6090, miR-4763-3p, miR-4281, and miR-4466,
has great diagnostic accuracy and specificity in assessing ADHD [14]. A similar result
was also reported, where the expression levels of miR-126-5p, miR-140-3p, and miR-30e-
5p in total white blood cells (WBCs) revealed great clinical potential as diagnostic and
therapeutic biomarkers for ADHD [15]. Although these miRNAs change significantly in
ADHD patients as compared to healthy individuals, the precise roles of each miRNA and
their interactions in the development of ADHD are still unclear. However, the application
of miRNAs aids in pinpointing potential targets for therapy and paves the way for the
possibility of genetic mRNA treatments.

Taurine, known as a free 3-amino acid, is a very abundant neurotransmitter in the
human nervous system that exhibits diverse physiological roles such as a regulator of
calcium transport and homeostasis, an osmolyte, and a trophic factor in the development
of central nervous system [16-19]. Taurine has been demonstrated to have therapeutic
potential in a broad range of disorders, including neurodegenerative diseases such as
Alzheimer’s disease, Parkinson’s disease, epilepsy [20], muscle atrophy [21], congestive
heart failure [22,23], rheumatoid arthritis [24], thrombosis [25], and lipid metabolism dis-
orders [26]. Additionally, taurine exhibits neuroprotective properties through its ability
to stabilize cell membranes, inhibits reactive oxygen species (ROS)-producing enzymes,
and indirectly acts as an antioxidant by maintaining cellular redox balance, effectively safe-
guarding neuronal health [27]. Recent evidence revealed that amino acid supplementation
may influence genetic expression through epigenetic mechanisms such as DNA hyper-
methylation, potentially altering the outcomes of NDDs [28]. Maternal protein restriction
during gestation in spontaneously hypertensive rats (SHR), a well-documented ADHD
animal model for investigating the treatment of ADHD [29], led to a positive correlation
between DNA hypermethylation at the CpG island of the renal prostaglandin E receptor 1
(Ptgerl) gene and increased Ptgerl mRNA expression in offsprings. Interestingly, the study
also found that post-weaning dietary adjustments, either to a low-protein or high-protein
diet, could modify the Ptgerl DNA hypermethylation caused by fetal malnutrition [28].
These findings revealed that nutritional supplements like taurine may influence genetic ex-
pressions through epigenetic mechanisms like DNA hypermethylation, potentially altering
the outcomes of NDDs.

Compared with the controls, SHR receiving high-dose taurine (45 mmol/kg) for four
weeks revealed significantly decreased hyperactive behavior by reducing inflammatory
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cytokines, functional connectivity (FC) signal, and the mean amplitude of low-frequency
fluctuation (mALFF) in the bilateral hippocampus [30]. Additionally, the administration
of high-dose taurine reduced the dopamine uptake in striatal synaptosomes of SHR and
increased the spontaneous alternation of SHR [31]. Although these findings suggested the
ameliorating effects of taurine on ADHD-like symptoms in SHR, the mechanism of taurine
in improving the symptoms of ADHD is still unclear. Adding to this, recent studies have
linked the expression of miR-200b-3p with learning ability in various disease models [32,33].
Building on this evidence, the current study explores the role of miR-200b-3p in SHR, aim-
ing to evaluate its therapeutic potential for ADHD. Therefore, the current study investigated
the role of miR-200b-3p in SHR to assess its therapeutic potential in ADHD. We hypothe-
sized that the administration of either taurine or miR-200b-3p antagomir (AT) positively
influences the neurobiological and behavioral symptoms associated with ADHD in the
SHR. Specifically, taurine or miR-200b-3p AT will lead to a reduction in the miR-200b-3p
level and an increase in its target, Slit2, expression in the striatum of SHR, accompanied by
a reduction in oxidative stress in the striatum and improved inattention behavior.

2. Materials and Methods

This study was designed based on previous publications [31,34] and explored the
effects of taurine and miR-200b-3p AT on ADHD-related symptoms using spontaneously
hypertensive rats (SHR), a model for ADHD. The research involved dividing rats into
groups for various treatments and control conditions, administering taurine diets, stereo-
taxic injections of miR-200b-3p antagomir, and conducting behavioral, molecular, and
biochemical analyses. Techniques such as RT-qPCR, ELISA, immunohistochemistry, and
immunoblotting were used to assess mRNA expression, inflammatory cytokines, antioxi-
dant enzyme levels, and protein expression as described elsewhere [35-37]. Additionally,
the study evaluated working memory using a Y-maze test and employed statistical analysis
to interpret the data [38].

2.1. Animals and Experimental Procedure

To investigate the influence of taurine and miR-200b-3p antagomir on ADHD-related
symptoms, the spontaneously hypertensive rat (SHR/NCrlCrlj; SHR), a valid ADHD ani-
mal model, and the Wistar Kyoto rat (WKY /NCrlCrlj; WKY), control rats for SHR, were
adopted in this study [34]. All rats were obtained at three weeks old from the National
Laboratory Animal Center, Taipei, Taiwan, and separated into five groups (five rats/group),
including the Control, Taurine, Sham, miR ATNC (miR-200b-3p antagomir negative con-
trol), and miR AT (miR-200b-3p antagomir) groups. The animals were kept in a facility
at 22 £ 2 °C with a 12/12 h light-dark cycle. Experimental handling was approved and
supervised by the Institutional Animal Care and Use Committee at Chung Shan Medical
University (IACUC approval number: 2136). The taurine dose used in this study was
45 mmol/kg diet according to our previous publication [30,31]. At four weeks of age, rats
from the taurine group were administered a taurine diet, while those rats from the other
groups were fed a standard chow diet until they reached eight weeks of age. Stereotaxic
injection surgery was performed on rats from the Sham, miR ATNC, and miR AT groups at
five weeks of age. The Y-maze test was conducted for all rats one day prior to their sacrifice
by CO; asphyxiation at eight weeks of age. The striatum tissue of rats from each group
was resected and kept in a —80 °C freezer before analysis.

2.2. MicroRNA and Striatal Stereotaxic Injection

To assess the impacts of blocking striatum miR-200b-3p expression in SHR, rat miR-
200b-3p antagomir (AT) and the antagomir-negative control (ATNC) were purchased
(BioLion Technology Co., Ltd., Taipei, Taiwan). Five nmol miR-200b-3p AT and ATNC in
1 uL PBS were mixed with 1 uL. HiPerFect transfection reagent (Cat. #: 301705, Qiagen,
Germantown, MA, USA) prior to injection into the striatum of SHR. The striatal stereo-taxic
injection was performed as described elsewhere [35]. Briefly, SHR were intraperitoneally
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injected with urethane (1.25 g/kg) to anesthetize them, and they were placed on an animal
heating pad. Next, the rats were fixed in a stereotactic apparatus, and a hole was drilled
in the skull. The mixed solution was then injected (1 pL/min) into the left striatum of
rats using a 10 uL. Hamilton syringe (Sigma-Aldrich, St. Louis, MO, USA) connected
to a microinfusion pump (Stoelting Co., Wood Dale, IL, USA). The skin was sutured
after injection.

2.3. Quantitative Real-Time PCR (RT-qPCR)

To detect the mRNA expression in the striatum of rats, RT-qPCR analysis was per-
formed based on a previous study [33]. Total RNA was extracted from the left striatum
of rats using miRNeasy Kits (Cat. #: 217604, Qiagen, Germantown, MA, USA) and subse-
quently reversed to complementary DNA (cDNA) using miRCURY LNA RT Kit (Cat. #:
339340, Qiagen, Germantown, MA, USA). Quantitative real-time PCR (RT-qPCR) was com-
pleted using miRCURY LNA SYBR® Green PCR Kits (Cat. #: 339345, Qiagen, Germantown,
MA, USA) and analyzed using Applied Biosystems StepOne Plus Real-Time PCR System.
The specific primers used in this study are shown in Table 1. The relative gene expression
was analyzed as described elsewhere [36].

Table 1. Primers for quantitative real-time PCR (qRT-PCR).

Gene Forward Primer Reverse Primer

Slit2 5-CGCCAAAGGGATTCAAGTGT-3 5-CACTGGCATATTGGTTCATTCA-3'
B-actin 5/-CCCATCTATGAGGGTTACGC-3' 5-TTTAATGTCACGCACGATTTC-3’
TNF-a 5-TCAGCCGATTTGCCATTTCAT-3' 5'-ACACGCCAGTCGCTTCACAGA-3'
IL-1B 5-GTCCTTTCACTTGCCCTCAT-3 5-CAAACTGGTCACAGCTTTCGA-3'
IL-6 5'-AATGCCTCGTGCTGTCTGACC-3' 5'-GGTGGGTGTGCCGTCTTTCATC-3

Slit2: Slit guidance ligand 2; TNF: Tumor necrosis factor; IL: Interleukin.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA)

To detect the levels of inflammatory cytokines and the activity of antioxidant en-
zymes, ELISA tests were performed. The striatum tissues were homogenized, and the
supernatants were collected after centrifugation. The levels of superoxide dismutase (SOD)
and glutathione peroxidase (GSH-Px) in rat striatum were measured using ELISA kits
purchased from MyBioSource (Cat. #: MBS266897, MyBioSource, San Diego, CA, USA;
Cat. #: MBS032696, MyBioSource, San Diego, CA, USA). The contents of tumor necrosis
factor-« (TNF-«), interleukin-1f3 (IL-1f3), and interleukin-6 (IL-6) were also measured using
ELISA Kkits obtained from Invitrogen (Cat. #: KRC3011, Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA; Cat. #: BMS630 Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA; Cat. #: ERA31IRB, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA).

2.5. Immunohistochemistry (IHC)

To detect the expression of the Slit2 protein in the striatum of SHR, immunohistochem-
istry (IHC) was performed as described elsewhere [37]. Animals were euthanized by carbon
dioxide. The striatum tissues were excised, soaked in 10% formalin, and subsequently
embedded with paraffin wax. The embedded tissues were sectioned into 5 pm slices and
incubated overnight with antibodies against rat Slit2 (Cat. #: ab7665, Abcam, Waltham, MA,
USA). Finally, the sections were observed and quantified using the automated Tissue-FAXS
PLUS system (TISSUE GNOSTICS, Vienna, Austria).

2.6. Immunoblotting

To detect the Slit2 protein expression in the striatum tissue of SHR with different treat-
ments, immunoblot was conducted as described in our previous study [31]. Total proteins
were extracted from the striatal tissues in PRO-PREP™ buffer (iNtRON Bio-technology, Inc.,
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Seongnam, Republic of Korea), and the concentrations of protein were measured according
to a modified Bradford’s assay using a spectrophotometer (Hitachi U3000, Tokyo, Japan) at
595 nm. The proteins were separated into a sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) via electrophoresis and then transferred onto a nitrocellulose
membrane (Amersham Biosciences, Piscataway, NJ, USA). After blocking the membrane
with 5% nonfat dry milk, antibodies against rat Slit2 (Cat. #:ab7665, Abcam, Waltham, MA,
USA), or pB-actin (Cat. #: MAB1501, Merck Millipore, Burlington, MA, USA), they were
incubated for 2 h with mild shaking. Subsequent incubation of horseradish peroxidase
(HRP) conjugated secondary antibody for another hour was performed. For detecting
the antigen—antibody complexes, Immobilon Western Chemiluminescent HRP Substrate
(Millipore, Burlington, MA, USA) and an imaging analyzer (GE ImageQuant TL 8.1, GE
Healthcare Life Sciences, Pittsburgh, PA, USA) were used.

2.7. Spontaneous Alternation

The working memory of the rats was assessed according to a previous method de-
scribed elsewhere [31,38]. Briefly, a three-arm Y-shaped maze with 200 Ix illumination was
used to test the spontaneous alternation. The three arms are angled 120° to each other,
and each arm is 20 inches long, 4 inches wide, and 15 inches high. A rat is considered to
have entered the arm when its four paws are in the arm. Spontaneous alternation was
defined as the entry of all three arms in consecutive choices in triplet sets overlapped, and
the percentage of spontaneous alternation was shown as (actual alternations/maximal
alternations) x100. The maximum number of alternations was defined as the total number
of arm entries minus two.

2.8. Statistical Analysis

GraphPad Prism 5.0 software was used to analyze the experimental data. The data
were presented as mean £ S.D. Two-way ANOVA with Bonferroni’s post hoc test for
multiple comparisons was used to analyze the effects of rat type and treatment, as well as
the interaction of these two factors. One-way ANOVA with Tukey’s multiple comparisons
post hoc test was performed to determine the significance of different treatments of SHR. A
p-value less than 0.05 (p < 0.05) was considered as statistically significant.

3. Results
3.1. Effect of High-Dose Taurine on Expressions of miR-200b-3p and Silt2 in the Striatum of WKY
and SHR

We first employed RT-qPCR and immunoblotting to assess the expression levels of
miR-200b-3p and Slit2 in the striatum of both WKY and SHR. As shown in Figure 1A, the
expression of miR-200b-3p was significantly higher in the striatum of SHR as compared
to WKY rats. No significant difference in miR-200b-3p expression was observed between
the WKY rats administered high-dose taurine and those on a control diet. A significantly
decreased miR-200b-3p level was detected in SHR treated with high-dose taurine compared
to the SHR controls (Figure 1A). No significant difference in the expressions of Slit2 mRNA,
a target gene of miR-200b-3p, and Slit2 protein was observed in the striatum of WKY rats
treated with high-dose taurine (Figure 1B,C). Notably, significantly upregulated levels
of both Slit2 mRNA and Slit2 protein were detected in the striatum of SHR treated with
high-dose taurine compared to the SHR controls (Figure 1B,C).

3.2. Effects of miR-200b-3p Antagomir on miR-200b-3p and Slit2 Protein Expressions in Striatum
of SHR

The expressions of miR-200b-3p and Slit2 protein in the striatum of SHR were detected
using RT-qPCR and immunoblotting analysis, respectively. Compared with the controls,
the level of miR-200b-3p was significantly decreased in the striatum of SHR treated with
high-dose taurine as well as those rats treated with miR-200b-3p antagomir (Figure 2A).
Additionally, a significantly increased expression of Slit2 protein was detected in the
striatum of SHR treated with high-dose taurine and miR-200b-3p antagomir, respectively
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(Figure 2B). Immunohistochemistry (IHC) was also performed to confirm the expressions
of the Slit2 protein in the striatum of SHR with different treatments. A significantly higher
Slit2 protein level was detected in the striatum of SHR treated with high-dose taurine and
miR-200b-3p antagomir, respectively, compared with the controls (Figure 3A,B).
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Figure 1. Comparison of miR-200b-3p and Slit2 expressions in the striatum of WKY and SHR.
(A) miR-200b-3p, (B) Slit2 mRNA, and (C) Slit2 protein in the striatum of WKY and SHR from
different groups (n = 5 per group). Data are shown as mean £ S.D. The symbols, * p < 0.05 and
#p <0.05, indicate significant differences compared with the WKY group and SHR group, respectively,
using two-way ANOVA with Bonferroni’s post hoc test. WKY (fed with Cho diet); WKY + tau (fed
with 45 mM taurine); SHR (fed with Cho diet); SHR + tau (fed with 45 mM taurine).
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Figure 2. Expression of miR-200b-3p and Slit2 protein in SHR treated with miR-200b-3p antagomir.
(A) miR-200b-3p and (B) Slit2 protein in the striatum of SHR from different groups (1 = 5 per group).
Data are shown as mean =+ S.D. The symbols, * p < 0.05, and # p < 0.05, indicate significant differences
compared with the Control group and Sham group, respectively, using one-way ANOVA with
Tukey’s multiple comparisons post hoc test. Control (fed with Cho diet); Taurine (fed with 45 mM
taurine); Sham (fed with Cho diet); miR ATNC (injection of miR-200b-3p antagomir negative-control);
miR AT (injection of miR-200b-3p antagomir).

3.3. MiR-200b-3p Antagomir Attenuated the Expressions of Inflammatory Cytokines and Increased
the Activity of Antioxidant Enzymes

To verify the effects of miR-200b-3p antagomir on inflammation-related factors, the
expressions of TNF-«, IL-13, and IL-6 in the striatum of SHR were measured. Significantly
lower levels of TNF-«, IL-13, and IL-6 mRNA and their protein expressions were observed
in the striatum of SHR treated with high-dose taurine and miR-200b-3p antagomir, respec-
tively, compared to the controls (Figure 4A,B). Additionally, a significantly higher activity
of GSH-Px and SOD was detected in the striatum of SHR treated with high-dose taurine
and miR-200b-3p antagomir, respectively (Figure 5A,B).
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Figure 3. Immunohistological stainings for Slit2 proteins. (A) Representative images of the striatal
section with immunohistological stainings of SHR with different treatments (1 = 5 per group). The
arrow indicates the expression of Slit2 proteins. (B) Quantified results for Slit2 protein expression. The
symbol, * p < 0.05, and # p < 0.05, indicate significant differences compared with the Control group and
Sham group, respectively, using one-way ANOVA with Tukey’s multiple comparisons post hoc test.
Control (fed with Cho diet); Taurine (fed with 45 mM taurine); Sham (fed with Cho diet); miR ATNC
(injection of miR-200b-3p antagomir negative-control); miR AT (injection of miR-200b-3p antagomir).

3.4. MiR-2000-3p Antagomir Improves Working Memory in SHR

To verify the effects of miR-200b-3p antagomir on working memory in SHR, arm
entries, and spontaneous alternation tests were performed with a three arms Y-maze test
(Figure 6A). A significantly lower total number of arm entries was observed in SHR treated
with high-dose taurine compared to those of the control group. A similar result was also
detected in SHR treated with miR-200b-3p antagomir as compared with those from the
Sham and miR ATNC groups, respectively (Figure 6B). Additionally, a significantly higher
percentage of spontaneous alternation was detected in SHR treated with high-dose taurine
and miR-200b-3p antagomir compared to the control groups (Figure 6C).
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Figure 4. Levels of inflammatory cytokines in the striatum of SHR treated with miR-200b-3p an-
tagomir. (A) Relative mRNA expression of TNF-«, IL-13, and IL-6 and (B) concentrations of TNF-«,
IL-1p3, and IL-6 in the striatum of SHR from different groups (1 = 5 per group). Data are shown as
mean =+ S.D. The symbol, * p < 0.05, and # p < 0.05, indicate significant differences compared with
the Control group and Sham group, respectively, using one-way ANOVA with Tukey’s multiple
comparisons post hoc test. Control (fed with Cho diet); Taurine (fed with 45 mM taurine); Sham (fed
with Cho diet); miR ATNC (injection of miR-200b-3p antagomir negative-control); miR AT (injection
of miR-200b-3p antagomir).
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Figure 5. The levels of SOD and GSH-Px in the striatum of rats treated with miR-200b-3p antagomir.
The activity of (A) SOD and (B) GSH-Px in the striatum of SHR from different groups (1 = 5 per group).
Data are shown as mean =+ S.D. The symbol, * p < 0.05, and # p < 0.05, indicate significant differences
compared with the Control group and Sham group, respectively, using one-way ANOVA with
Tukey’s multiple comparisons post hoc test. Control (fed with Cho diet); Taurine (fed with 45 mM
taurine); Sham (fed with Cho diet); miR ATNC (injection of miR-200b-3p antagomir negative-control);
miR AT (injection of miR-200b-3p antagomir).

In summary, our experimental results revealed that the administration of taurine or
miR-200b-3p AT significantly ameliorates the striatal proinflammatory cytokines, including
TNF-«, IL-13, and IL-6, and increases the activity of anti-oxidant enzyme activity, including
SOD and GSH-Px, in SHR. Concurrently, a significant increase in spontaneous alternation
was detected in SHR treated with taurine or miR-200b-3p AT.
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Figure 6. Effects of miR-200b-3p antagomir on inattention of SHR. (A) Schematic diagram of 3-arm
Y-maze device and experimental design. (B) Total arm entries and (C) spontaneous alternation

behavior in SHR from different groups (1 = 5 per group). Data are shown as mean =+ S.D. The symbol,

*p <0.05, and # p < 0.05, indicate significant differences compared with the Control group and

Sham group, respectively, using one-way ANOVA with Tukey’s multiple comparisons post hoc test.
Control (fed with Cho diet); Taurine (fed with 45 mM taurine); Sham (fed with Cho diet); miR ATNC
(injection of miR-200b-3p antagomir negative-control); miR AT (injection of miR-200b-3p antagomir).
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4. Discussion

MicroRNAs (miRNAs) are known as a family of untranslated single-stranded RNAs
with approximately 22 nucleotides in length [39]. Although the detailed mechanism
of miRNAs is still not fully understood, the function of most miRNAs in mammals
is thought to inhibit the target gene translation by mRNA degradation, which plays
an essential role in controlling cell division, differentiation, and death [40]. In recent
decades, miRNAs have been versatile, being used in the diagnosis, prognosis, and as
therapeutic targets in many diseases, including cancers, CNS disorders, hepatic diseases,
autoimmune disorders, and cardiovascular diseases [41-45]. Although increasing stud-
ies have been focused on investigating the miRNAs in attention-deficit/hyperactivity
disorder (ADHD) [15], the roles and applications of miRNAs in ADHD are still very
limited. For the first time, we reported that high-dose taurine significantly attenuated the
level of miR-200b-3p along with increased Slit2 protein in the striatum of SHR, leading
to attenuated expressions of inflammatory cytokines, elevated activity of antioxidants,
and increased spontaneous alternations. These findings indicated the involvement and
regulatory roles of miR-200b-3p in ADHD-like symptoms and suggested miR-200b-3p as
a therapeutic target for ADHD-like symptoms.

MiR-200b-3p is a member of miR-200b family, which contains miR-200a, miR-200b,
miR-200c, miR-429, and miR-141. Although most studies investigating miR-200b-3p are
related to its regulation and mechanism on malignant phenotype tumors [46], miR-200b-3p
also exhibits modulatory roles in many physiological and pathological processes, including
the formation of insulin-producing cells [47], fetal cartilage differentiation [48], preeclamp-
sia [49], wound healing [50], and neuropathological disorders [51]. However, very limited
information is known about the roles of miR-200b-3p in ADHD-like symptoms. Recently,
upregulated miR-200b-3p was reported to be associated with the development of brain
arteriovenous malformations [52]. Another study also indicated that miR-200b-3p an-
tagomir improved spatial and learning memory loss in hypoxia-ischemia animals [53].
These findings indicated that the decline of miR-200b-3p expression may reveal a protective
effect on brain development as well as improved spatial and learning memory, which may
provide a possible explanation for the effects of the downregulated miR-200b-3p level in
the striatum of SHR treated with high-dose taurine. However, more investigations are still
required to verify the precise mechanism of miR-200b-3p in the pathological processes of
ADHD and its related symptoms.

The current study reported the decreased expressions of proinflammatory cytokines
and the increased activity of antioxidant enzymes in the striatum of SHR receiving high-
dose taurine. However, information about the role of miR-200b-3p on the expression of
proinflammatory cytokines and antioxidant enzyme activity is still unclear. Notably, the
enhancement of various inflammatory cytokines by miR-200b-3p was reported in an avian
model [54]. A recent study indicated that upregulation of gga-miR-200b-3p promotes
macrophage differentiation and enhances the expressions of proinflammatory cytokines
such as TNF-«, IL-1p3, IL-6, and IL-12 by directly targeting monocyte to macrophage
differentiation-associated (MMD) [54]. This finding indicated evidence that miR-200b-3p
directly regulates the expressions of various proinflammatory cytokines. Although no
direct evidence indicated the act of miR-200b-3p on antioxidant enzymes such as superoxide
dismutase (SOD) and glutathione peroxidases (GPxs), a recent review study indicated the
association between ROS and the miR-200 family [55]. Notably, compelling evidence has
indicated the existence of a reciprocal connection between antioxidant enzyme activity
and the miR-200b family that maintains the cellular redox balance [56]. Apart from the
findings mentioned above, the downregulated inflammatory cytokines and upregulated
antioxidant activity may also be caused by the action of taurine [57], which also provides
another rationale for the findings in this study.

In this study, SHR fed with high-dose taurine revealed significantly decreased miR-
200b-3p in the striatum. In fact, current research on taurine-regulated miRs and their
related mechanisms is still very limited. Therefore, very little information is known about
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the regulatory mechanism of taurine on miR-200b-3p expression. Interestingly, in an ex
vivo study of adaptive osmotic response under hypertonic stress, significantly upregulated
Na+/Cl—-taurine transporter, a hypertonic responsive gene, was due to the downregulated
levels of miR-29b-3p and miR-200b-3p [58]. As taurine and the taurine transporter are
known to play essential roles in the modulation of neuron osmosis and neurotransmitter
balance [19], this finding may provide a possible explanation for the mechanism of the
regulatory role of taurine on the miR-200b-3p level. Further investigations are required to
verify the detailed network of how taurine downregulates the level of miR-200b-3p.

Although there are various animal models for investigating ADHD, SHR are currently
recognized as the most appropriate animal model for ADHD. Various studies have reported
that attention-deficit/hyperactivity disorder (ADHD) is linked to changes in encoding
processes, specifically in working or short-term memory [59]. Interestingly, the sponta-
neously hypertensive rats (SHR) displays certain dysfunctional domains associated with
ADHD [60,61]. Indeed, spontaneously hypertensive rats (SHR) exhibit symptoms related
to hypertension [62] and ADHD-like syndromes such as inattention, hyperactivity, and
impulsivity [60]. Moreover, the dysregulation of dopamine signaling between the frontal
cortex and the striatum is known as an important occurrence associated with behavioral
changes in ADHD [63]. Notably, similar deficits in energy metabolism, dopaminergic sig-
naling, and neural development are also reported in the striatum of SHR [31,64]. Therefore,
in this study, SHR were the appropriate animal model to investigate the effects of taurine
and miR-200b-3p AT on ADHD-related symptoms.

In order to assess clinical relevance, it is essential to compare the doses administered
to animals in this study with those necessary for humans. Previous evidence has suggested
that the taurine intake from daily food consumption is approximately 58 mg [65], aligning
with the taurine concentration (30 to 160 mg) found in a standard 100 g taurine-rich food
like fish, beef, or pork [66]. However, high-dose taurine has been demonstrated as nontoxic
to humans [67] and has been applied in different pathophysiological conditions such as
skeletal muscle disorders and heart failure [21,68]. For the clinical treatment of congestive
heart failure [69], hypertension [70], and dystrophic myotonia [71], taurine is used at
doses as high as 6 g per day or more. Notably, the highest tolerable dose of taurine was
identified as 21 g per day in a clinical trial aimed at managing epilepsy [72]. These findings
suggest that high-dose taurine intake is well tolerated for the treatment of various human
pathological conditions. The taurine dose used in this study was 45 mmol taurine/kg diet
(5.6 g taurine/kg diet), which is equivalent to a dose of 0.9 g taurine/kg diet in humans [73].
The dose of taurine used in this study is much lower than that used for various diseases
mentioned above [72], which provides rational support for ADHD treatment.

Certain concerns within this study require further emphasis. First, there are some
issues that need to be raised in the animal behavior experiment of this study. Since only the
striatum was measured, this study is still limited in interpreting the experimental results
of taurine and miR-200b-3p antagomir affecting animal behavior. Additionally, the test of
spontaneous alternation alone may not provide a comprehensive assessment of ADHD
symptoms or working memory. Therefore, other tests such as a locomotion test, Morris
water maze test, open field test, and Barnes maze test may be merited to clarify the effects of
taurine and miR-200b-3p antagomir on learning and cognition in SHR in the future [74,75].
Additionally, this study shows that the elevated miR-200b-3p levels in the striatum of SHR
were reduced by the administration of taurine, resulting in improved attention. However,
it is worth noting that taurine is known to influence a broad range of miRNAs involved in
various physiological and pathological processes, including CNS development, hormone
metabolism, inflammation, and cognitive function [76-80]. Therefore, further investigations
are warranted to better understand the specific regulatory network of miRNAs modulated
by taurine, particularly in the context of improving ADHD-like symptoms in SHR. More-
over, it is important to acknowledge that microRNA-based therapy faces several limitations
and challenges that must be addressed before translating these findings into clinical applica-
tions. Notably, issues such as immunotoxic reactions and suboptimal delivery systems have
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been identified as significant hurdles in recent research [81,82]. Hence, the development of
miRNA therapies with low toxicity, high effectiveness, and precise targeting is essential for
advancing miRNA-based drug development.

5. Conclusions

Irregular dopamine signaling between the frontal cortex and the striatum is recog-
nized as a noteworthy phenomenon associated with behavioral changes in ADHD [63,83].
Therefore, in this study, we investigated the effects of taurine supplementation on the
striatum of SHR. As shown in Figure 7, SHR fed with taurine exhibited a noteworthy reduc-
tion in miR-200b-3p expression in the striatum of the brain, accompanied by diminished
expressions of inflammatory cytokines, including TNF-«, IL-13, and IL-6, and heightened
antioxidant enzyme activity, including SOD and GSH-Px. Intriguingly, SHR treated with
the miR-200b-3p antagomir also displayed reduced expressions of inflammation-related
cytokines and increased antioxidant enzyme activity in the striatum of the brain. Fur-
thermore, regardless of whether the SHR were administered taurine or injected with the
miR-200b-3p antagomir, a significant improvement in their working memory was observed.
These findings suggest that the miR-200b-3p antagomir reveals a similar function to taurine
and highlights its potential as a therapeutic target for ADHD treatment.
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Figure 7. Graphical abstract of the effects of both taurine and miR-200b-3p antagomir on striatum of
SHR and inattention.
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Abstract: The perception of ,stress” triggers many physiological and behavioral responses, collec-
tively called the stress response. Such a complex process allows for coping with stress and also
triggers severe pathology. Because of the multidirectional effect of stress on the body, multiple
systems participate in its pathogenesis, with the endogenous cannabinoid and the serotoninergic
ones among them. These two systems also take part in the pain perception decrease, known as
stress-induced analgesia (SIA), which can then be taken as an indirect indicator of the stress response.
The aim of our study was to study the changes in cold SIA (c-SIA) resulting from the exogenous
activation of cannabinoid receptor type 1 (CB1) and 5-hydroxytryptamine (5-HT, serotonin) receptor
type 15 (5-HT1A). Various combinations of agonists and/or antagonists of CB1 and 5-HT1A, before
or after 1 h of cold exposure, were applied, since we presumed that the exogenous activation of the
receptors before the cold exposure would influence the pathogenesis of the stress response, while
their activation after the stressful trigger would influence the later development. Our results show
that the serotonergic system “maintained” c-SIA in the pre-stress treatment, while the cannabinoids’
modulative effect was more prominent in the post-stress treatment. Here, we show the interactions
of the two systems in the stress response. The interpretation and understanding of the mechanisms
of interaction between CB1 and 5-HT1A may provide information for the prevention and control
of adverse stress effects, as well as suggest interesting directions for the development of targeted
interventions for the control of specific body responses.

Keywords: pain perception; cannabinoid receptor CB1; 5-HT receptor 1A; cold stress-induced
analgesia; stress-response

1. Introduction

As things have become increasingly complex and hectic, stress seems to be a ubiquitous
aspect of life. Confrontation with adverse circumstances, perceived as ,stress”, triggers in
both humans and animals a cascade of intricate physiological and behavioral responses,
collectively referred to as the stress response. At the heart of such a response, a range of
coordinated events orchestrates a network of afferent and efferent projections, starting with
the activation of the autonomic nervous system (ANS) and the hypothalamic-pituitary—
adrenal (HPA) axis, and culminating in the release of glucocorticoids from the adrenal
cortex. The ANS is responsible for the immediate reactions to the stressor—the activation
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of the sympathetic nervous system underlines the “fight or flight” response, enabling the
body to defend itself, while the parasympathetic nervous system aims at restoring the
balance when the stressor has been answered. The hypothalamus is a crucial player, acting
as a central coordinator of the stress response. The activation of the HPA finally leads to
cortisol release, which exerts widespread effects on metabolism, immune function, and
inflammation. Stress changes the biochemistry of the brain, involving other specific areas,
such as the limbic system and brainstem nuclei. Glucocorticoid feedback along the HPA
axis is regulated at the level of the hypothalamus by a diverse group of afferent and efferent
projections to the limbic lobe of the brain, brainstem nuclei, and projections along the
spinal cord [1].

The main evolutionary purpose of the stress response is to provide an opportunity
for the organism to optimally cope with a specific adverse situation, increasing its adap-
tation and the chance to survive. But this complex process, driving the homeostasis to
a thoroughly different level, can also trigger specific (stress-)induced pathology [2,3]. A
complex series of biochemical reactions disrupt the body’s homeostasis leading to changes
in behavioral responses. A growing number of studies in this direction indicate that a
stressful lifestyle (acute or chronic exposure to stress) is associated with increased arterial
pressure, endothelial dysfunction, disturbances in the lipid profile, and metabolic devia-
tions, which in turn are the basis of significant social pathology: leading causes of mortality
(such as cardiovascular disease, diabetes, cancer), decreasing quality of life (obesity), or
other unfavorable consequences (reproductive problems).

Given the negative consequences of stress, many studies have tried to reveal its
underlying pathogenetic mechanisms. Understanding the molecular mechanisms of the
stress response is crucial since that would make it possible to determine specific practical
approaches and strategies to limit or at least mitigate the pathological effects. The difficulty
in studying stress is largely related to the subjective nature of the experience. The perception
of a specific situation such as ,stress” by the specific individual depends on factors such as
attitude, value system, motivation, and others, which can hardly be objective; the individual
perception of the predictability and controllability of the stressful situation also plays a
role [4]. In order to track the influence of specific impacts on the stress-reaction, the use
of an objective indicator is required that can be relatively easily measured and serve to
objectify changes over time. During the stress response, many physiological parameters of
the organism change with the aim of optimal adaptation to the specific situation, adequate
response, and the possibility of survival. In this context, the perception of pain, which is
basically defined as protective (since it includes reflexes aimed at preserving the health and
life of the individual), in the specifics of the stress response, appears unfavorable. A kind
of paradox arises—pain perception would limit the organism’s ability to overcome stress.
Therefore, it seems logical that pain perception decreases during the stressful situation,
thus eliminating its paralyzing effect on the body.

The first information about the decrease in pain perception in stressful situations was
provided by Beecher, who observed wounded soldiers during the World War II. He noted
that wounds, which under other circumstances were felt as very painful, caused a weak
sensation of pain [5-7]. In fact, this built-in mammalian pain-suppressing response has a
defensive purpose—making it possible to focus more effectively on the stressful (fearful)
stimulus, thus better coping with the stress [8]. SIA is a complex process, although endoge-
nous opioids play a key role in mediating endogenous analgesia [9], several mediating
systems have also been proved to be involved [10]. As for the anatomical substrate of SIA,
some subcortical areas, such as the periaqueductal gray, the amygdala, and the rostral
ventromedial medulla, seem critical for the descending inhibitory pain pathways [10-12].
The dependence of SIA on stress itself allows an increase in the pain threshold during
the stress-dominated period to be taken as a relatively objective indicator of the body’s
stress reaction.

Given the multidirectional effect of stress on the body, multiple systems are impli-
cated in its pathogenesis, and one in particular has been demonstrated to participate in
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the mechanism of SIA [13]. In recent decades, the endocannabinoid system (ECS) has
been the focus of many studies due to its participation in both physiological and patho-
physiological reactions [14,15]. The ECS is a neuromodulatory system consisting of (i) a
complex network of G-protein-coupled cannabinoid receptors type 1 (CB1) and 2 (CB2) [15],
widely distributed in the central and peripheral nervous systems [16]; (ii) their endoge-
nous ligands—endocannabinoids: anandamide (N-arachidonoyl ethanolamine, AEA) and
2-arachidonylglycerol (2-AG); and (iii) an enzyme system engaged in their biosynthesis
and subsequent metabolisms [15]. However, there may also be additional “players” such as
the transient receptor potential vanilloid 1 (TRPV1) [17] and several putative CB1 receptor
antagonist peptides [15]. The cannabinoid CB1 receptors are highly expressed in several
limbic brain regions (i.e., hippocampus, amygdala, prefrontal cortex), and involved in the
HPA axis [18,19] and adrenal gland regulation [20]. The CB2 receptors have been detected
in glial cells, and, to a much lesser extent, in neurons of several brain regions such as the
amygdala, hippocampus, cerebral cortex, hypothalamus, and cerebellum [21,22]. For the
moment, the overall evidence indicates the pivotal role of CB1, and not CB2, in HPA axis
regulation following stress exposure [23,24].

As a lipid signaling system whose components are expressed widely across the body,
the ECS plays a key role in the regulation of a wide array of physiological processes includ-
ing metabolism, mood, motor function, appetite, cardiovascular control, gastrointestinal
tract function, developmental biology, cell fate, immune and inflammatory response, en-
docrine function, neurotransmission, and pain [25]. It appears that the ECS plays an
important role in the regulation of stress-related behavior [26], with its role appearing to
be aimed at modulating the stress-response in order to “spare” the organism. The sys-
tem continues to be the focus of many studies in the attempt to “rehabilitate” exogenous
cannabinoids and enable their wider use given their many positive effects on the body.
Research mostly focuses on several directions: (a) evaluating the pharmacology of cannabi-
noids and endocannabinoid system modulators; (b) evaluating cannabinoids’ effects in
different animal models of pathological or injury-related persistent pain; (c) describing the
pharmacokinetics of cannabinoids in humans. Some cannabis-based medicines (CBMs)
have proven to be efficient in reducing chronic pain [27,28]. In addition to pain, the thera-
peutic use of cannabis reduces stress, distress, and anxiety in both experimental animals
and humans [29]. The results from animal studies have shown that the pharmacological
blockade of CB1 receptors alters stress-induced behavior [30,31] and models conditioned
fear responses [32]. The pharmacological enhancement of ECS signaling, by the blockade
of endocannabinoids” metabolism and/or uptake, reduces stress-related behavior and
facilitates the extinction of stress-conditioned responses [33]. At the same time, proof exists
that the chronic use of cannabis has the opposite effect, leading to an increase in mental and
somatic symptoms, including anxiety and panic attacks [29,34]. It is the observed adverse
side effects that fuel the reserves of the ECS’s opponents.

In the last decade, our team has also focused on the ECS during stress. It is not the
only system involved in the stress response: behavioral responses to stress are similar in
humans and animals, and this complex response includes different neurotransmitters—
catecholamines, serotonin, dopamine, dynorphin, 5-HT, acetylcholine, nitric oxide, and, of
course, endocannabinoids [2]. This encouraged us to evaluate the interactions of ECS with
other mediator systems—adrenergic [35] and nitric oxide [36], as well as the joint effects of
cannabinoids with the Tyr-MIF-1 family of peptides [37]. Our observations substantiated
the need for further investigation into ECS signaling under various stressogens, and ECS’s
interrelation with the serotonergic system seemed to be a promising candidate [38,39].

Serotonin (5-hydroxytryptamine, 5-HT) is one of the key neurotransmitters involved
in a wide variety of behavioral and cognitive responses. 5-HT-releasing neurons are vastly
distributed in the central nervous system, which is the primary target of nociceptive infor-
mation. Such neurons can regenerate and their activation under various stressful conditions
is associated with depression, anxiety, and cognitive impairment. Serotonin is released
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in association with pain-related behaviors, manifesting both pro- and antinociceptive
effects [40-42].

The investigations of Marks et coauthors (2009), as well as Chae et al. (2020), also
support the theory of the interaction between cannabinoid and serotonergic systems in
the brain [43-45]. Additionally, there are shreds of evidence indicating that interplays
between the two systems are also involved in the stress-response development [46]. SIA is
a relatively easy indicator to be determined. On the other hand, it could be used to objectify
the stress response, as numerous studies show the relationship between the two of them.
In this regard, there is evidence that certain parameters’ changes during stress invariably
and specifically affect pain sensitivity and, accordingly, cause SIA—e.g., the increase in
endogenous opioid levels [47], the activation of the sympathetic nervous system [48], or
the potentiation of the descending control of spinal nociception [49]. Taking the level of
SIA as an indirect indicator of the degree of the stress response, we decided to evaluate the
changes in the pain thresholds of rats exposed to one hour of cold environment.

The healing effects of cold on the body were already known to the ancient Egyp-
tians and Greeks. They used cold water immersion to treat various ailments and pain
symptoms [50].

In modern clinical practice for pain reduction, cryotherapy is a widely used modality
for pain relief, which is practiced in a wide range of medical fields and produces analgesic
effects. Specialist clinicians classify it as the so-called non-pharmacological approaches to
achieve pain control and an analgesic effect in which the threshold of pain sensitivity is
increased [51,52].

In a previous study of our team, we evaluated the effects of cannabinoids and the
nitric oxide-ergic system on the modulation of stress response before and after restraint
stress—the results showed interesting differences in the effect of cannabinoid-nitric oxide
interaction on restraint-SIA before and after stress [53]. Such findings encouraged us to
hypothesize that exogenous factors would have different effects if administered before
or after the stressful impact: in the first case they would be involved in the pathogenesis
of the stress reaction, while in the second in its modulation. On the other hand, both the
endogenous cannabinoid and the serotonergic systems are known to be involved in the
body’s stress-response but also take part in SIA. Acute stress has been proved to exert
an analgesic effect by activating the serotonergic system [54]; 2-arachidonoylglycerol and
anandamide increase in the midbrain after acute stress has been demonstrated, pointing at
an endocannabinoid mechanism involved in stress-induced analgesia [13]. Considering
the evidence for the involvement of the two systems in the stress response and the devel-
opment of cold SIA, in the present study, we aimed to investigate the interaction between
cannabinoids and the serotoninergic system through the exogenous activation of cannabi-
noid receptor type 1 (CB1) and 5-hydroxytryptamine (5-HT, serotonin) receptor type 1A
(5-HT1A). To further refine the involvement of each of the systems in the reported effects,
we provided additional treatments with the appropriate antagonists of both receptor types.
The analysis of the combined results of the agonists” effect, on the one hand, compared with
the results obtained after antagonizing one receptor type with the simultaneous activation
of the other, on the other hand, would allow us to better specify the importance of each of
the systems for their joint effect.

The benefit of research on the mechanisms of stress can be seen in several directions.
To begin with the medical and psychological influences of post-traumatic disorders, de-
pressive, anxiety disorders, etc., preventive strategies could also be developed based on
interventions to mitigate stress impact. Specifically, regarding the ECS, investigating its
involvement in the stress response and the potential benefits of its activation or suppres-
sion may provide interesting directions for the development of targeted interventions and
medications that modulate specific body responses.

33



Biomedicines 2024, 12, 235

2. Materials and Methods
2.1. General Study Design

The aim of this study was to determine the joint effect of the cannabinoid and the
serotonergic systems on cold SIA. The effect of both systems was followed by administration
of cannabinoid (CB1) and serotonin (5-HT1A) receptor agonists before and after one hour
of cold stress.

Further clarification of the degree of involvement of each of the systems in the reported
effect was achieved by injecting the animals with combinations of an agonist of one receptor
and an antagonist of the other, again before and after the stressogenic impact.

Cold stress method has been described long ago, and among the first to use it were E.
Zeisberger [55] and Z. Wiesenfeld and R. G. Hallin in 1981 [56]. The method has evolved
into cold water immersion, cold water swim, repetitive cold stress, chronic cold stress.
In our experiments, we aimed to induce not cold stress itself but cold stress-induced
analgesia, and for such purposes, we needed an acute stress method. It should also be a
stress method that is easy to induce and is effective at the same time to activate the HPA
axis without causing permanent physical or psychological disorders in the experimental
animals. Our previous experiments [36,57] showed that one hour of cold environment
(4 °C) exposure provoked stress analgesia—experimental animals’ paw pressure thresholds
were statistically higher than control animals’ ones. In addition, substantial studies have
confirmed the effects of cold stress on memory and behavior, as well as its implication in
some cognitive changes and anxiety disorders [58].

To determine analgesia, we chose the Randal Selitto Paw Pressure test method—it
allows repeated determination of the pain threshold without negative consequences for the
experimental animals, as well as without causing significant discomfort, which makes it
suitable according to the ethical criteria for working with laboratory animals [59].

2.2. Animals

Adult male Wistar rats, 250-300 g body weight (BW), were kept in plastic cages under
a 12 h light:12 h darkness cycle (light onset at 08.00 h), at 24 + 1 °C; a standard diet and tap
water were available ad libitum [60]. All experimental protocols (regarding the number
of animals in the experimental groups and the respective treatments) were approved by
our institutional animal care committee—the Bulgarian Food Safety Association (BFSA)—
Permission Protocol Ne 314/06.10.2021.

2.3. Methodology

Since we hypothesized that the interaction between CB1- and 5SHTA1-agonists could
have a different outcome if the receptors were activated before or after the stressful impact,
the animals were treated with a combination of CB1- and 5-HT1A-agonists before or after
cold environment exposure. An eventual decrease in pain thresholds would point to
an anti-stress effect, while the increase in the pain thresholds should be regarded as an
indicator of increased activity in the body’s stress systems.

In the pre-stress experimental set-up, the measurement of pain thresholds began
10 min after the end of the cold exposure.

In the post-stress experimental set-up, the measurement of pain thresholds started
10 min after the injection of the substances.

2.4. Experimental Groups

Group 1 (Controls)—the animals (# = 8) in this group were injected with 1 mL of saline;

Group 2 (AEA+DPAT+1 h CS)—the animals (n = 8) in this group were injected with
CB1-agonist (anandamide, AEA) and 5-HT1A- receptors’ agonist (8-Hydroxy-DPAT hydro-
bromide, DPAT) BEFORE being subjected to 1 h of cold stress;

Group 3 (1 h CS+AEA+DPAT)—the animals (7 = 8) in this group were injected with
agonists of both receptors (AEA and DPAT) AFTER being subjected to 1 h of cold stress;
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Group 4 (AEA+NAN+1 h CS)—the animals (n = 8) in this group were injected with
CB1 receptors’ agonist AEA and 5-HT1A receptors’ antagonist (NAN-190 hydrobromide,
NAN) BEFORE being subjected to 1 h of cold stress;

Group 5 (1 h CS+AEA+NAN)—the animals (1 = 8) in this group were injected with CB1
receptors’ agonist AEA and 5-HT1A receptors’ antagonist NAN AFTER being subjected to
1-h of cold stress;

Group 6 (DPAT+AM+1 h CS)—the animals (n = 8) in this group were injected with
the 5-HT1A receptors” agonist DPAT and CB1 receptor’s antagonist AM251 BEFORE being
subjected to 1 h of cold stress;

Group 7 (1 h CS+DPAT+AM)—the animals (n = 8) in this group were injected with of
the 5-HT1A receptors” agonist DPAT and CB1 receptors” antagonist AM251 AFTER being
subjected to 1 h of cold stress.

2.5. Acute Model of Cold Stress

Acute cold stress was induced by placing the animals at a low environmental temper-
ature (4 °C) for 1 h. During the time of cold exposure, no food and water were allowed; the
rats could move freely, allocated in individual cages without sawdust.

2.6. Drugs

All the drugs were purchased from Sigma (Sigma Chem. Co., St. Louis, MO, USA).
The CB1-agonist N-arachidonoyl-ethanolamine (AEA, 1 mg/kg BW); the CBl-antagonist N-
(Piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carbox-
amide (AM251, 1.25 mg/kg BW); the 5HT1A-agonist (R)-(+)-8-Hydroxy-DPAT hydro-
bromide (DPAT, 1 mg/kg BW); and the 5SHT1A-antagonist NAN-190 hydrobromide (NAN,
1 mg/kg BW), dissolved in vehicle [61,62] were intraperitoneally administered in different
combinations before or after stress exposure.

2.7. Nociceptive Test

Paw-pressure test (PP; Randall-Selitto test): The changes in the mechanical nociceptive
thresholds of the rats were measured using an analgesimeter (Ugo Basile, Gemonio, Italy).
The pressure was applied to the rat hind-paw and the pressure required for eliciting a
nociceptive response, such as a squeak or struggle, was taken as the mechanical nociceptive
threshold (paw-pressure thresholds, PPT—represented in arbitrary units, AU, according to
the scale of the analgesimeter). A cut-off value of 500 g was observed to prevent damage in
the paw [63].

2.8. Statistical Analysis

Results were statistically assessed using a General Linear Model for repeated mea-
sures (mixed model ANOVA), and one-way analysis of variance (ANOVA at each time
point followed by Newman—Keuls post hoc comparison test. Values were presented as
mean + S.E.M and p < 0.05 was considered to indicate statistical significance.

3. Results

In the present study, we investigated the interaction between exogenously adminis-
tered cannabinoid (AEA) and serotonin receptor (DPAT) agonists, and their joint effect on
cold stress-induced analgesia, determined by measuring the paw pressure threshold (PPT).

The co-administration of the substances was before or after exposure of the experi-
mental animals to one-hour of cold (4 °C).

3.1. Antinociceptive Effect of AEA and DPAT before and after 1 h of Cold Exposure

For our experiment, we chose the doses as follows: the CB1-agonist N-arachidonoyleth-
anolamine (anandamide, AEA, 1 mg/kg BW); the CBl-antagonist N-(Piperidin-1-y1)-5-(4-
iodophenyl)-1-(2,4-chlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251, 1.25 mg /kg
BW); the 5HT1A-agonist (R)-(+)-8-Hydroxy-DPAT hydrobromide (DPAT, 1 mg/kg BW);
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and the 5HT1A-antagonist NAN-190 hydrobromide (NAN, 1 mg/kg BW), dissolved in
the vehicle.

Figure 1 shows the paw pressure thresholds (PPT) of the experimental animals after 1 h
of exposure at 4 °C (1 h of cold stress, 1 h CS). In the 1h CS group, we observed an increase
in PPT values compared with those of the control animals. One-way ANOVA showed a
significant effect—p-values were <0.00001 (F = 2749.61972 on the 10th min; F = 1375.5814
on the 20th min; F = 1962.33333 on the 30th min; F = 2373.71795 on the 40th min) for the
whole time estimated (Figure 1).
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Figure 1. Effect on cold-SIA after administration of CB1 agonist (anandamide, AEA) and 5SHT1A-
agonist DPAT before or after stress exposure. Pain thresholds are presented as mean values = S.E.M.
in arbitrary units (AU). *** p < 0.001, vs. controls; +++ p < 0.001. AEA—exogenously administered
anandamide; DPAT—5-HT1A-agonist; 1 h CS—1 h of cold stress.

At the very beginning of the experiments, the control values of the pain thresholds
were determined using the paw pressure method (our long-term practice shows that, if we
work with properly handled animals, there is no statistically significant difference between
the paw pressure thresholds, PPT, of animals injected with a physiological solution and
intact animals).

One hour of cold exposure (1 h of cold stress, 1 h CS) produced a sustained and
statistically significant increase in paw pressure thresholds (PPT) in the experimental
group compared with the control one. The results of the experiments were analyzed using
one-way ANOVA.

A statistically relevant potentiation of cold-SIA (c-SIA) was observed at the 10th min
after AEA and DPAT pretreatment (p = 000021, F = 38.98676), while a decrease in PPT
followed the administration of the same combination (AEA+DPAT) after stress exposure
(Figure 1).

3.2. Effects of Agonist/Antagonist Co-Administration before and after Cold Exposure on Cold-SIA

To better elucidate the contribution of each of the two systems to the effects described,
we chose an approach in which each one of the agonists was co-administered with the
antagonist of the other receptor.

The administration of the CB1 agonist AEA together with the 5SHT1A-antagonist NAN
before exposure to stress completely abolished the development of c-SIA. The obtained
results showed that the PPT of the experimental animals were similar to the controls
and even showed a tendency towards hyperalgesia at the 50th minute of the experiment
(AEA+NAN+1 h CS, Figure 2A).
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Figure 2. CBI1- or 5HT1A-antagonization before (A) and after (B) stress exposure—effect on
1 h cold-SIA. Pain thresholds are presented as mean values + S.E.M. in arbitrary units (AU).
***p <0.001, * p <0.05 vs. controls; +++ p < 0.001 vs. AEA+DPAT+1 h CS (A)/1 h CS+AEA+DPAT
(B). AEA—exogenously administered anandamide; DPAT—5-HT1A-agonist; NAN—5-HT1A-
antagonist; AM—CB1-antagonist; 1 h CS5—1 h of cold stress.

AEA+NAN-administration after 1 h CS led to a constant level of c-SIA. The PPT of
1 h CS+AEA+NAN-animals were lower than the 1 h CS+ AEA+DPAT-animals’ ones at the
10th and 20th min but they exceeded them from the 30th min until the 50th min of the
experiment (Figure 2B).

The administration of 5SHT1A-agonist DPAT along with the CB1-antagonist AM251
before stress exposure led to a constant level of ¢-SIA for the first 40 min, followed by a
brisk decrease at the 50th min of the experiment. The PPT of AM+DPAT+1 h CS-animals
were lower than AEA+DPAT+1 h CS-animals’ ones at the 10th and 20th min, while at the
30th and 40th min, they were comparable to them (Figure 2A).

AM+DPAT-administration after 1 h CS decreased PPT at the 10th min compared with
1 h CS+AEA+DPAT-animals’ ones, with no ¢-SIA detected at the 20th min, and a tendency
toward hyperalgesia from the 30th min to the end of the experiment (1 h CS+AM+DPAT,
Figure 2B).

The analysis of the data obtained from the different experimental setups allowed us to
confirm our hypothesis about the joint effect of the exogenous activation of the cannabinoid
and serotonergic systems. The results obtained pointed that the two systems impacted
on ¢-SIA, decreasing it, but they participated differently in the pathogenesis of the stress
reaction and in the modulation of an already activated stress response of the body. In a
more general context, the results should be considered in terms of the individual and joint
importance of the systems in the body’s stress response, pain perception, and the possibility
of including them in therapeutic schemes approfittating of their positive influence.
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4. Discussion

The exogenous manipulation of cannabinoid and serotonin receptors by means of
agonists and antagonists allowed us to draw different conclusions regarding the joint effect
of the two systems on c-SIA.

In first place, cold exposure led to statistically higher PPT in experimental animals
compared with control ones, allowing us to conclude that stress-analgesia was induced.
The results were concordant with the literature data about cold stress as a factor inducing
stress analgesia, including our previous findings [36,64].

In second place, we found that the exogenous administration of CB1- and 5HT1A-
agonists together, before or after stress, generally influenced c-SIA in rats, and the changes
in PPTs differed before and after stress exposure. Our findings are summarized in Table 1,
and additionally illustrated in Figure 3.

Table 1. Summarizes the most important points of the results.

Before 1 h Cold Stress After 1 h Cold Stress

transient potentiating of c-SIA on the 10th min; e  tendency to decrease c-SIA from the 10th min;
AEA+DPAT ° tendency to decrease c-SIA after the 10th min; ° control values are reached soon after the 30th min;
° stable level of c-SIA from the 30th min until the e tendency to hyperalgesia on 40th min until the end of

end of the time estimated. the experiment.
AEA+NAN e total abolishment of c-SIA ° time-constant c-SIA
AM+DPAT o stable level of c-STA ° reduced c-SIA to the control values after the 20th min

AEA—exogenously administered anandamide; DPAT—5-HT1A-agonist; NAN—5-HT1A-antagonist; AM—
CB1-antagonist.
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Figure 3. Effect on cold-SIA after administration of CB1 agonist (AEA) and 5HT1A-agonist DPAT
before or after stress exposure—the results are presented as tendencies over time. AEA—exogenously
administered cannabinoid; DPAT—5HT1A-agonist; AM—CB1-antagonist, CS—1 h of cold stress.

The results are consistent with the literature data on the involvement of ECS in analge-
sia. At the supraspinal level, cannabinoids have been proved to exert analgesic action in
the periaqueductal gray [65,66], the thalamus [67], the rostral ventromedial medulla [68,69],
and the amygdala [32,70]. Cannabinoids suppress behavioral responses to noxious stimula-
tion and decrease nociceptive processing through the activation of cannabinoid CB1 and
CB2 receptor subtypes [71]. At the spinal level, an endocannabinoid modulative effect on
nociception has been documented in behavioral [72,73], electrophysiological [74-76], and
neurochemical [77,78] studies. The endocannabinoid analgesic effect has also been proved
at the peripheral level in several animal models [79-81]. Such multi-level involvement of
the ECS in the mechanisms of analgesia probably accounts for the observed maintenance
of some level of analgesia until the end of the follow-up period in the pre-treatment trials.
The effects from cannabinoids and serotonin agonists” administration before cold exposure
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imply that the corresponding receptors participate in a specific way in the mechanisms
of development (i.e., in the pathogenesis) of the body’s stress response. Since we assume
that the changes in the PPTs of animals exposed to stress, compared with those of animals
without stress (controls), are an indirect indicator of the level of the stress-reaction of the
organism, we could conclude that the exogenous administration of both agonists mod-
ulates the stress-response with an initial activation followed by a moderate decrease in
activity. The results also support the idea that the serotonergic system is relatively more
important than the ECS in “maintaining” c-SIA in pre-treated animals, while in the case
of post-treatment, analgesia depends, to a relatively higher degree, on the activity of the
cannabinoid system. Our conclusions have been additionally illustrated in Figure 4A,B.
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Figure 4. CB1- or 5HT1A-antagonization before (A) and after (B) cold stress exposure and effect on
1 h cold-SIA—the results are presented as tendencies over time. AEA—exogenously administered
anandamide; DPA—5-HT1A-agonist; NAN—5-HT1A-antagonist; AM—CB1-antagonist, 1 h CS—1 h
of cold stress.

The statistically significant decrease in c-SIA level described in our study after the
exogenous administration of both cannabinoid- and 5-HT1A-receptors’ agonists after the
stressor, could be explained by the endocannabinoids” modulation of the neuroendocrine
function through the HPA axis [82]. The decrease in its activity is probably important
for the better adaptation and survival of animals when exposed to stressful stimuli. In
the conditions where the experimental animals have already been exposed to cold, and
therefore c-SIA has already been induced, the subsequent introduction of the combination
of cannabinoid and serotonin receptors’ agonists suggests that the interaction between both
receptors modulates c-SIA—decreasing it, but not thoroughly abolishing it.

Our results indicate that the interaction between the two systems has opposing effects
before and after the stressogenic impact. Moreover, the activation of serotonin receptors
prior to stress appears to be a necessary condition for the onset of c- SIA as well as its dura-
tion, thus the interaction follows the “all or nothing” principle. Conversely, once c-SIA has
already been induced, antagonizing the 5HTA1-receptors contributes to its duration. Our
research shows that interactions between mediator systems differ in non-stress and post-
stress conditions, and the outcome of these different interactions differentially affects the
stress response itself. It is logical to expect that not only the systems we have investigated
are subject to different relationships, but as are all other mediator systems. This suggests
that the prophylactic and therapeutic protocols of influencing the stress-response, resp.
stress-induced pathology, should take such differences into account. On the other hand,
from the obtained results, and in particular from the overtime tendencies illustrated in
Figures 3 and 4, it can be seen that the effect of the interactions between the systems varies
over time. This is logical, insofar as the timely and effective activation of stress-response
mechanisms favors adaptation, but at the same time, their timely shutdown favors the
restoration of balance and homeostasis. Such logic supports the multidirectional effect we
have demonstrated of the interaction between endocannabinoids and the serotonin system.

A known limitation in the interpretation of the in vivo effects described above is
the lack of indications about specific changes in receptors’ expression. In a previous
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study, we performed an in vivo determination of the analgesic activity of administered
substances coupled with the in vitro immunohistochemical determination of the expression
of cannabinoid receptors. Interesting data were obtained on changes in the CB1 receptors’
expression in rat brainstem after the introduction of cannabinoids and peptides of the
Tyr-MIF-1 family against a background of heat stress. The parallel reporting of in vivo
effects and specific in vitro changes in the expression of a given receptor would enable
more precise conclusions regarding the role of the receptor, and the mediator system,
respectively, for the observed effects. It would be interesting to track possible receptor
changes (up-/downregulation, conformation shifts, etc.) under conditions of chronic (cold
or other type of) stress. Furthermore, since receptors’ affinity is also important for the
obtained effects, the determination of specific changes could enable a more thorough and
detailed interpretation of the in vivo results.

Our research involves mainly acute trials. In the longer term, it would be interesting
to follow up on the in vivo effect of exposing the animals to chronic stress. Various chronic
stress setups have been described in the literature, and we also have some as yet unpub-
lished data from the exposure of animals to repetitive swimming stress. Our preliminary
results are concordant with the literature data that acute and chronic stress can differently
affect some parameters [83,84]. On the other hand, studies on the effects of chronic stress
are of particular interest, due to their clear connection with neurodegenerative diseases—
dementia, Alzheimer’s disease, etc. [85-87]. Another interesting direction would be to
establish the effect of another type of stress—in this sense, there is evidence that restraint
stress in rats can be considered as the equivalent of psychosocial stress in humans [88],
and other suitable models would be learned helplessness, social defeat, and social isola-
tion [89]. Tracking the interactions between the cannabinoid and other mediator systems,
e.g., dopaminergic and GABA-ergic, is also among our future, given the involvement of
D1- and GABA - receptors in the development of depressive behavior [90].

Our research was primarily aimed at the interpretation of the stress response, but the
analysis of the literature data carried out in connection with a previous publication [53]
suggested that the findings could be useful in the drug development field [91,92]. Both
systems represent targets for pharmaceutical development: several agonist drugs are
known [93,94] for both the cannabinoid and the serotonin receptors, since both the up- and
downregulation of ECS-/5-HT-mediated signaling are desired in specific pathophysiolog-
ical conditions [91,95]. Other drugs (e.g., opioids) antagonize the serotonin transporter
and increase serotonin levels, causing so-called serotonin toxicity [96]. It is also important
that CB receptors exhibit constitutive activity [97,98], meaning that their ligands’ intrinsic
activities vary from agonist, through partial agonist and antagonist, to inverse agonist.
Moreover, they exhibit biased signaling, thus structurally diverse agonists stabilize different
ranges of active conformations of the receptors, consequently allowing the activation of
different biochemical pathways [99]. Knowing the outcome of the exogenous antagoniza-
tion/potentiation of a certain type of receptor, as well as the possible interactions between
the different types, would provide certain guidelines for the therapeutic effect of the devel-
oped chemical structures. Also, the availability of data on specific interactions between
individual receptors should be considered in view of possible adverse drug effects [95].

The potential clinical significance of this type of research is determined by the two
systems—the cannabinoid and the serotoninergic themselves. Cannabinoids have been
known about since ancient times, but their modern presence in medical practice is com-
promised by evidence of adverse effects [100]. At the same time, a large-scale campaign
for their “rehabilitation” is underway, considering the beneficial effects of cannabinoids
in the reduction of chronic pain treatment [101], chemotherapy-induced nausea and vom-
iting [102], and for some other medical conditions [103]. With this in mind, any study
involving ECS contributes to elucidating its involvement in physiological and pathophysio-
logical responses, thereby confirming or refuting the health benefits of cannabinoid-based
substances. On the other hand, in recent years, the serotoninergic system has been the
focus of numerous studies with the discovery of the kynurenine pathway [104]. In 2020,
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Savitz produced a rather interesting title [105], raising the question of the relationship of
this system with major depressive disorder, bipolar disorder, and schizophrenia. The rela-
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common precursor—tryptophan, and the development of mood disorders is associated
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ferently affect stress reaction, which should be taken into consideration in the field of occu-
pational medicine and health promotion programs for temperature-challenged workplaces.

We hope that the present study contributes to a better understanding of the role of the
endogenous cannabinoid and the serotonergic systems interacting in both the pathogenesis
and mediation of the stress response. Since both types of receptors (cannabinoid and
serotonin) are widely distributed in the human body and, at the same time, represent
valuable targets for the pharmacological influencing of a number of pathological conditions,
we believe that the proposed information could provide interesting directions for different
fields of science.

In conclusion, we have found a different type of interaction between the ECS and
the serotoninergic system before and after stress. We assume that the potentiation of
c-SIA (observed in the pre-stress treatment) is due to a higher degree of the effect of the
serotonergic system that “maintains” analgesia, while the c-SIA (observed in the post-stress
treatment) is more the result of the cannabinoids’ modulative effect on the HPA axis.
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Abstract: Serotonin (5-hydroxytryptamine, 5HT) homeostasis is essential for many physiological
processes in the central nervous system and peripheral tissues. Hyperserotonemia, a measurable
sign of 5HT homeostasis disruption, can be caused by 5SHT-directed treatment of psychiatric and
gastrointestinal diseases. Its impact on the long-term balance and function of 5HT in the peripheral
compartment remains unresolved and requires further research due to possible effects on human
health. We explored the effects of perinatal SHT imbalance on the peripheral organs responsible for
serotonin metabolism—the jejunum, a synthesis site, and the liver, a catabolism site—in adult rats. Hy-
perserotonemia was induced by subchronic treatment with serotonin precursor 5-hydroxytryptophan
(5HTP) or serotonin degradation inhibitor tranylcypromine (TCP). The jejunum and liver were
collected on postnatal day 70 and analyzed histomorphometrically. Relative mRNA levels of 5HT-
regulating proteins were determined using qRT-PCR. Compared to controls, 5SHTP- and TCP-treated
rats had a reduced number of 5SHT-producing cells and expression of the 5SHT-synthesising enzyme
in the jejunum, and an increased expression of 5SHT-transporter accompanied by karyomegaly in
hepatocytes, with these differences being more pronounced in the TCP-treated animals. Here, we
report that perinatal 5HT disbalance induced long-term cellular and molecular changes in organs
regulating SHT-metabolism, which may have a negative impact on 5HT availability and function
in the periphery. Our rat model demonstrates a link between the developmental abnormalities of
serotonin homeostasis and 5HT-related changes in adult life and may be suitable for exploring the
neurobiological substrates of vulnerability to behavioral and metabolic disorders, as well as for
modeling the adverse effects of the prenatal exposure to 5SHT enhancers in the human population.

Keywords: serotonin; 5-hydroxytryptophan; tranylcypromine; monoamine oxidase; liver; jejunum;
histological techniques; gRT-PCR; enterochromaffin cells; rat

1. Introduction

Serotonin (5-hydroxytryptamine, 5HT) is a biologically active amine present in the
central nervous system (CNS) and the peripheral tissues of mammals. In the “central
SHT compartment”, it is best known as a neurotransmitter that modulates neural activity
and a range of neuropsychological processes including mood, perception, reward, anger,
aggression, appetite, memory, cognition, pain sensitivity, thermoregulation, sleep, sex-
ual behavior, and circadian rhythm [1,2]. The cell bodies of 5HT-synthesizing neurons
are located in the raphe nuclei of the brain stem and project their axons throughout the
cortical and subcortical regions of the brain. The first step in serotonin biosynthesis, the
conversion of L-tryptophan to 5-hydroxytryptophan (5HTP), is catalyzed by the enzyme
tryptophan hydroxylase (TPH2 isoform), which is followed by the reduction to 5HT via
aromatic L-amino acid decarboxylase and active transport into synaptic vesicles by vesicu-
lar monoamine transporter (VMAT2 isoform). 5HT synaptic action is terminated through
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its reuptake by SHT transporter (5HTt) and degradation to 5-hydroxyindoleacetic acid by
the enzyme monoamine oxidase (MAO), preferentially the MAOA isoform [3].

Nonetheless, most serotonin is found outside the CNS, in the “peripheral compart-
ment”. 5HT is primarily produced in the gut enterochromaffin (EC) cells of the mucosa [4]
by the TPH1 isoform and packed into dense granules by the VMAT1 isoform [5]. Upon its
release into circulation, platelets accumulate the majority of peripheral serotonin, while
small amounts of 5HT remaining in platelet-free plasma can activate more than seventeen
SHT receptors located in various peripheral tissues [6] before SHT is taken up by 5HTt and
catabolized by MAOA in the endothelial cells of the lungs and liver [7]. Peripheral 5HT
regulates numerous biological processes in cardiovascular, pulmonary, gastrointestinal
(GI), and genitourinary systems [1]. 5HT from the circulatory system governs hemo-
dynamics, modifies blood pressure, and changes body temperature through cutaneous
vasodilation [4,7]. Previous studies have suggested that EC cells are pressure sensors that
secrete serotonin into the wall of the GI tract, initiate peristaltic and secretory reflexes, and
activate sensory nerves [8]. However, recent studies imply that 5HT from the neurons of
the enteric system is more important for constitutive gastrointestinal transit than is enteric
serotonin from EC cells. Neuronal 5HT also promotes the growth/maintenance of the
mucosa and neurogenesis, while enteric serotonin induces a GI inflammatory response [9].
Enteric serotonin enters the liver through the portal vein and affects several key processes:
gluconeogenesis [6], hepatic lipid metabolism via a gut-liver endocrine axis, hepatic blood
flow (portal and sinusoidal), regeneration, innervation, and wound healing [10,11].

The central and the peripheral serotonergic systems are functionally separated by a
blood-brain barrier and regulated independently. However, during the fetal and early
postnatal development of the brain, the blood-brain barrier is not fully formed, and the
two systems can freely communicate [12]. Considering the role of 5-HT in neurodevelop-
ment [13] and prenatal programming [14], genetic or environmental disruption of optimal
serotonin concentrations can affect serotonin homeostasis in both compartments, leading
to an increased vulnerability to behavioral and/or metabolic disorders [15,16]. One of
the measurable signs of SHT homeostasis disruption is hyperserotonemia—a state of ele-
vated blood 5HT levels. It has been identified in some developmental disorders such as
those of autism spectrum but can also be caused by the use of serotonergic medications
developed for medical treatments of psychiatric, neurological, and some gastrointesti-
nal disorders [17-19]. In addition to the “classical” 5HT-targeting drugs, such as MAO
inhibitors, selective serotonin reuptake inhibitors (SSRIs), or agents targeting specific sero-
tonin receptors, the immediate 5SHT precursor 5-HTP has been widely offered for alleviating
depressive symptoms, binge eating, headache, or insomnia [20]. Although the effects of
serotonergic drugs have been examined in detail and are fully understood in the CNS and
partially in the digestive tract [21], some side effects (e.g., diabetes, metabolic syndrome,
and valvular heart disease [8,22]) reveal that the physiological role of the peripheral sero-
tonergic system is still unclear and needs to be studied further. This especially holds true
for SHTP, whose safety of use has hardly been studied in the human population or in
animal models [23].

To identify the consequences of developmentally disturbed serotonin homeostasis, we
pharmacologically induced elevated blood 5HT levels by the perinatal treatment of rats with
serotonin precursor 5-hydroxytryptophan (5HTP) or MAO inhibitor tranylcypromine (TCP)
during the most intensive development of 5HT neurons. The aim was to induce perinatal
hyperserotonemia through endogenous serotonin, i.e., not through an analog but through
the inhibition of catabolism or the stimulation of synthesis at two levels. First, primarily at
the peripheral level, the administration of 5-hydorxytryptophan, the immediate precursor
of 5HT, allowed us to bypass the rate-limiting step in the synthesis of 5HT and significantly
increase peripheral serotonin (treatment explained in more detail in [24]). Second, both at
the central and peripheral levels, TCP inhibited both monoamine oxidase isoforms inducing
long-term hyperserotonemia (explained in more detail in [25]). In our previous studies, we
showed the immediate effects of the treatments and their long-lasting impact on the central
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5HT compartment at the molecular, neurochemical, and behavioral level. While treatment
with 5SHTP significantly raised peripheral but not central 5HT concentrations, treatment
with TCP induced significant 5SHT elevations in both “compartments” [26]. Still, both
treatments increased pup mortality, reduced weight gain, compromised thermoregulation,
and altered affiliative behavior [24,25,27]. At adult age, SHTP-treated rats displayed a
modest but significant decrease in 5SHT concentration [26] and an increase in MaoA and
MaoB mRNA abundance [28] in the frontal cortex, accompanied by increased exploratory
activity [29]. More prominent long-lasting effects were observed in TCP-treated rats.
Disturbed peripheral 5HT homeostasis was reflected in hyperserotonemia, altered bone
remodeling, and hematopoiesis [30]. Disturbed central 5SHT homeostasis was reflected
in a significant increase in mRNA abundance for both Mao genes [28] and, consequently,
increased brain 5HT metabolism and drastically decreased 5HT concentrations in the
frontal cortex and raphe nuclei [26], accompanied by highly anxiolytic behavior [29].

In this study, we further explored the structural and molecular backgrounds of the
disturbed peripheral homeostasis by focusing on the peripheral organs responsible for
serotonin metabolism—the digestive tract, where enteric 5HT is synthesized, and the liver,
where enteric 5HT is primarily metabolized. Our aim was to analyze the long-lasting
histomorphological and 5HT-regulating gene expression changes in the jejunum and liver
tissue after SHTP-induced and TCP-induced perinatal hyperserotonemia. Jejunum and liver
samples were collected from 13 5HTP-treated, 13 TCP-treated, and 11 saline-treated rats of
both sexes on postnatal day (P) 70; the samples were analyzed histomorphometrically; and
the relative expression of the genes coding for TPH1 and VMAT1 in the jejunum and 5HTt
and MAOA in the liver was compared among the three groups.

2. Materials and Methods

We performed a two-step chronic treatment of animals with either of the two 5HT-
enhancers—5-hydorxytryptophan (SHTP) and tranylcypromine (TCP)—or with saline.
In the first step, we treated pregnant females (3 with each of the 5HT enhancers and 2
with saline) from gestational day 12 until parturition. In the second step, we treated pups
(13 with TCP, 13 with 5SHTP, and 11 with saline) from postnatal day (PND) 1 until PND21. At
PND70, blood, jejunum, and liver samples were collected from all experimental and control
rats. Serum S5HT concentrations were measured with ELISA, jejunum and liver tissue was
examined histomorphologically, and the relative expression of the genes of the serotonin
pathway proteins, including tryptophan hydroxylase 1 (Tphl) and vesicular monoamine
transporter 1 (Vmat1)—responsible for serotonin synthesis and storage in the jejunum—and
serotonin transporter (5HTt) and monoamine oxidase A (MaoA)—responsible for SHT
elimination in liver—were determined via quantitative PCR.

2.1. Housing and Breeding of Animals

The experiment was performed on eight nulliparous Wistar females acquired from
the animal facility of the Croatian Institute for Brain Research (University of Zagreb,
Zagreb, Croatia), weighing 220-250 g, which were randomly assigned to a saline, 5-
hydroxytryptophan (SHTP), or tranylcypromine (TCP) group and mated with males of the
same strain and age in a 3:1 or 2:1 ratio in order to synchronize paring and parturition [31]
and reduce the number of male progenitors in accordance with the 3R’s principle [32].
Nulliparous females were used in order to eliminate the effect of previous pregnancies and
lactation on the dam’s affiliative behavior influenced by serotonin [33] through the HPA
axis [34] and to allow for the same conditions for all pups being reared. After gravidity was
confirmed in all females, the male was removed from the cage. Females remained together
until 2 days before parturition when they were separated and remained singly housed until
weaning of the pups. After weaning, animals were kept 3—4 per cage in polycarbonate
cages under 12 h light:12 h dark conditions at a temperature of 22 &+ 2 °C, with free access to
rat chow and tap water. Animals were kept at the Animal facility of the Division of Animal
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Physiology, Department of Biology, Faculty of Science, University of Zagreb (Facility reg.
num. HR-POK-027).

The animals’ health status was monitored throughout the experiments by a health
surveillance program according to Federation of European Laboratory Animal Science
Associations (FELASA) guidelines. The rats were free of all viral, bacterial, and parasitic
pathogens listed in the FELASA recommendations. All efforts were made to reduce the
number of animals used and to minimize animal suffering. The study was approved by
the ethics committee of the University of Zagreb (251-58-508-10-19) and was conducted in
accordance with the Directive of The European Parliament and of the Council (2010/63/EU)
and the Croatian Animal Protection Law (NN, 102/2017, NN 32/2019) as well as the
directive on animal protection in scientific research (NN 55/2013, NN, 116/2019).

2.2. Pharmacological Treatments

Rats were treated with serotonin synthesis precursor, 5-hydroxytryptophan (5HTP),
or with the nonselective MAO inhibitor, tranylcypromine (TCP), in order to increase the
level of serotonin and induce hyperserotonemia. The treatment started prenatally from the
12th until the 21st gestation day by treating pregnant females—three with 2 mg/kg of TCP
(Sigma—-Aldrich, St. Louis, MO, USA), three with 25 mg/kg of 5SHTP (Sigma-Aldrich), and
two with saline. The experiment continued with postnatal treatment of pups from P1 to
P21—13 rats with TCP, 13 rats with 5HTD, and 11 rats with saline (control group). Young
adult rats of both sexes were used to check for the potential differences in vulnerability
to disbalance in 5HT homeostasis and avoid a sex-biased interpretation of the results [35].
Solutions were delivered in volumes of 1.51 mL per kg of body mass to dams, in volumes
of 3.3 mL per kg of body mass to pups until they reached 15 g, and in volumes of 5 mL per
kg of body mass until the end of treatment. The control group was treated with saline in the
same manner. All subcutaneous injections were performed between 2 and 3 pm. SHTP was
dissolved in acidified saline, neutralized with NaOH, and warmed to body temperature,
while TCP was dissolved in ethanol and saline, neutralized with HCl, and again warmed
to body temperature.

2.3. Collection and Processing of Tissue Samples

On P 70 £ 1, all 37 rats were decapitated under isofluorane anesthesia (C3H2CIF50;
Mr = 184.49 g/mol; Baxter, Deerfield, IL, USA). Blood samples were collected as reported
in Blazevic et al. [30] and analyzed as reported in our previous study. Tissue samples
were collected for histological and gene expression analysis from the second part of the
small intestine (jejunum) and from the left liver lobe. For mRNA expression analysis,
approximately 85 mg of the liver and 65 mg of jejunum tissue were immediately cut
with a scalpel, washed in cold saline, placed in microtubes, and frozen in liquid nitrogen.
Samples for histological processing were fixed in 10% neutral formalin for 24 h, dehydrated
through graded alcohol series (70-100%), cleared in xylene, and embedded in Paraplast
embedding media (Sherwood Medical, Norfolk, NE, USA). Cross sections were cut on a
rotating microtome (Shandon Finesse 325, Thermo Fisher Scientific, Waltham, MA, USA)
at 5-7 um in thickness, stained with hematoxylin-eosin (HE), and processed for general
histology examination and analysis. Additionally, small intestine sections were stained with
the histochemical Masson—-Fontana method to identify neuroendocrine argentaffin cells,
while liver sections were stained with periodic acid-Schiff (PAS) to highlight basement
membranes and enable precise morphometry. The tissue samples from all of the groups
were coded and studied independently in a blinded fashion, with 1-2 sections being
selected at random for each rat.

2.4. qRT-PCR

Samples were disrupted and homogenized with an ultrasonic homogenizer (Bandelin
electronic, Mecklenburg-Vorpommern, Germany) in 500 pL of guanidinium thiocyanate
solution and frozen at —80 °C until further processing. RNA isolation was performed
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utilizing the phenol-free RNAqueous-4PCR kit (Ambion Inc., Austin, TX, USA), following
the manufacturer’s guidelines. Subsequently, genomic DNA was eliminated as per the
provided instructions. RNA quality and concentrations were assessed through agarose
gel (1.5%) electrophoresis and measured in a spectrophotometer (Biochrome). Samples
with degraded RNA or 260/280 nm ratios outside the 1.7-2.1 range were excluded from
further processing (Supplementary Materials). Following the manufacturer’s instructions,
mRNA was reversely transcribed from 1 pg of total RNA using MuLV reverse transcriptase
(Applied Biosystems, Foster City, CA, USA) and oligo dT primers (Applied Biosystems,
Foster City, CA, USA). The efficacy of reverse transcription was assessed through end-point
PCR with the primers provided in the kit. Until further analysis, cDNA was stored at
—20°C.

Relative expression was assessed through qPCR using the TagMan gene expression
master mix (Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s
instructions for the following genes of interest (all primer probe sets predesigned and acquired
from Applied Biosystems): tryptophan hydroxylase (Tphl, Rn01476869_m1), monoamine
oxidase A (MaoA, Rn01430961_m1), vesicle-monoamine transporter (Vmat, Rn00564688_m1),
and serotonin transporter (6HTt, Rn00564737_m1). Serial dilutions were employed to validate
primers, duplex reactions, and ascertain the initial concentrations of cDNA. All reactions were
performed in a duplex setup with primer limited rat 3-actin (ACTB, VIC labelled, 4352340E,
Applied Biosystems) or glyceraldehyde 3-phosphate dehydrogenase (GAPDH, VIC labelled,
4352338E, Applied Biosystems) as endogenous control reference genes (REF) and completed
in duplicate. GOIs were amplified in duplex with each REF gene separately. Pipetting errors
were minimized and efficiency maximized using duplexing, reducing the need for multiple
technical replicates, especially with limited samples.

The gPCR setup on the AB 7300 real-time PCR System involved a two-minute incuba-
tion at 50 °C, followed by 10 min at 95 °C, and then 40 cycles of 95 °C for 15 s and 60 °C for
60 s. Amplification results were analyzed using 7300 System SDS v1.4. software (Applied
Biosystems, Foster City, CA, USA). Relative gene expression was calculated according to
the Pfaffl method with efficiency (E) correction [36] according to the following equation:
(EGOI)ACt GOI/Geometric Mean [(EREF)ACt REF]. Experiments were conducted follow-
ing the Minimum Information for Publication of Quantitative Real-Time PCR Experiments
(MIQE) guidelines [37]. Tphl and MaoA gene expression was analyzed and partially re-
ported (for saline and TCP) in our previous study [25], in which we applied a different
method for calculating relative gene expression.

2.5. Quantitative Histomorphometric Analysis

To determine whether experimentally caused hyperserotonemia increased the number
of argentaffin cells which produce serotonin in the mucosal epithelial layer, we counted
the number of positive cells stained with the specific Masson-Fontana method. The whole
digestive tract surface (without lumen) was measured, and cells were counted on 1 cross
section of the jejunum in the surface epithelial and crypt epithelial area separately. These
values were expressed as the average number of argentaffin cells on 1 mm of referent space.
In some cases, there was a positive reaction in lymphocytes, erythrocytes, and Paneth cells,
which were all excluded from counting.

To determine the quantity of argentaffin granules in positive cells, we examined each
cell with 1000 x magnification, assigned the values from 1 (low intensity of stain) to 3 (high
intensity of stain), and averaged these results for each animal (Figure 1A-C). We also
measured the thickness of the tunica mucosa, the height of the mucosal epithelial cells, and
the thickness of the outer muscle wall (tunica muscularis) at 5 randomly chosen test fields
at magnification of 100x for each animal.

To investigate whether altered serotonin homeostasis affected structures in the liver,
we morphometrically analyzed 10 randomly chosen test fields (at a magnification of 200x)
per animal and digitally captured the pericentral zone around the central vein in hepatic
lobules from 34 liver samples stained with PAS. In each field, we measured the following:
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the minimum and maximum width of 10 hepatocytes, the width of 10 hepatocyte nuclei,
the diameter of 10 sinusoids, and the minimum and maximum diameter of a central
vein (Figure 1D,E). All morphometric measures were performed with a computerized
image analysis system comprised of a light microscope (Nikon Eclipse E600), a digital
camera (AxioCamErc 5s, Zeiss), and ZENlite 2.1 software (Carl Zeiss Microscopy, GmbH,
Jena, Germany).

Figure 1. Histological sections of the jejunum with three representative argentaffin (serotonin-
producing) cells (arrow) of different staining intensity: (A) low staining intensity, (B) medium
staining intensity, and (C) high staining intensity (Masson-Fontana technique, magnification: 1000x).
Normal histological structure of the (D) hepatic lobule in the rat liver with a rectangular area enlarged
at (E) showing analyzed histomorphometric parameters. CV—central vein; HND—hepatocyte nuclei
diameter; HD—hepatocyte diameter; SD—sinusoid diameter. PAS stain, magnification: 100x.

2.6. Statistical Analysis

Data were processed with GraphPad Prism 9.1.2 software (GraphPad Software, Inc.,
La Jolla, CA, USA). The normality of distribution was checked with Kolmogorov—Smirnov
test. Original or transformed values of all parameters were analyzed with two-way ANOVA
with treatment and sex as the main effects. Tukey’s multiple comparison test was used
for post hoc analyses. Correlation was analyzed with Pearson r correlation factor on all
measured parameters. Values are presented as the median with interquartile range. The
level of significance was set to 0.05 (two-tail p value). Some samples were lost during
processing, and a female TCP-treated rat was excluded from all analyses, as the results
were consistently outliers. The final number of samples on which the statistical analyses
were performed is given in Table 1.
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3. Results
3.1. Blood 5HT Concentrations

Although blood 5HT concentrations were analyzed and partially reported (for saline
and TCP) in our previous study [30], it is important to re-examine them in the context of the
current study. As shown in Figure 2, there was a tendency of increase in blood 5HT concen-
trations after TCP treatment (males 959 (1238, 718) ng/mL, females 927 (1478, 558) ng/mL)
in comparison to saline (males 711 (1005, 242) ng/mL, females 349 (1069, 176) ng/mL) and
SHTP (males 484 (794, 188) ng/mL, females 827 (1277, 600) ng/mL) treatment. However,
two-way ANOVA did not show significant effects of treatment (F(2,24) = 2.396; p = 0.1125),
sex (F(1,24) = 0.7624; p = 0.3912), or treatment x sex interaction (F(2,24) = 1.156; p = 0.3318)
on 5HT concentrations in the blood of adult animals.
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Figure 2. Effects of chronic treatment with 25 mg/kg 5-hydroxytryptophan (SHTP) or 2 mg/kg
tranylcypromine (TCP) on 5SHT concentrations in whole blood expressed as ng 5HT per mL of blood.
Results are shown as the median with interquartile range; males are depicted as triangles and females

as circles.

3.2. Histomorphological and Gene Expression Changes in Jejunum

Histological sections of the jejunum viewed under a light microscope showed nor-
mal architecture in all layers of the digestive tract. All examined samples from the three
experimental groups exhibited intact epithelial lining of the mucosa, well-preserved cel-
lular integrity, and no evidence of distortion or crypt atrophy in the mucosa or signs of
inflammation. Consequently, histomorphometric characteristics of digestive tract layers
showed similar mean values for the measured parameters in all three groups (Table 1).
Indeed, as analyzed by two-way ANOVA, treatment, sex, and treatment X sex interaction
did not have a significant effect on either the epithelial layer width (F(2,30) = 2.08, p = 0.14;
F(1,30) = 0.47, p = 0.4978 and F(2,30) = 0.33, p = 0.7181, respectively) or the muscle layer
width (F(2,30) = 0.14, p = 0.8732; F(1,30) = 1.00, p = 0.3242 and F(2,30) = 0.39, p = 0.6775,
respectively). The mucosal layer width was significantly affected by treatment x sex inter-
action (F(2,30) = 4.01, p = 0.0274), but no effect of treatment or sex (F(2,30) = 1.0, p = 0.3682
and F(1,30) = 0.029, p = 0.8653, respectively) was observed.

An extremely significant effect of treatment was observed on the total number of
argentaffin-positive cells (F(2,30) = 17.53, p < 0.0001), with no effects of sex (F(1,30) = 0.11,
p = 0.7388) or treatment x sex interaction (F(21,30) = 0.15, p = 0.8621). As can be seen
in Figure 3A, post hoc analysis revealed significantly lower values in the TCP-treated
group in comparison to controls, with intermediate values of SHTP-treated animals. Inter-
estingly, the total number of argentaffin-positive cells significantly negatively correlated
with blood 5HT concentration (r = —0.465, p = 0.01). The argentaffin-positive cells were
stained brownish to black, with varying intensity depending on the number of granules
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within cells. The staining intensity of argentaffin cells was not significantly affected by
treatment (F(2,30) = 1.98, p = 0.1558), although a significant effect was observed for both
sex (F(1,30) = 5.864, p = 0.0217) and sex x treatment interaction (F(2,30) = 11.92, p = 0.0002).
Post hoc analysis showed that this significance was due to males from the TCP treatment
group having a significantly lower staining intensity than that of animals from the other
subgroups (Figure 3B).

A B * % ¥k

20+ T 3+

-
[3,]
1

total number of argentaffin
cells/mm?
o =
[ [
o
S
° pefeg
" >
e
intensity of granules
in argentaffin cells
[ o]
1
>
—f— o
P >
2 B

0 T T T 0 T T T
Saline 5HTP TCP Saline 5HTP TCP
treatment treatment
*
20q 2.0
5 A =) A
I -
o % 154 T o g 15 °
2§ — g2 .
s B T2 404
: o 1.0+ b e g .
it i TE vg &8 =
Fo g5 A =2 (54
7] &
o o
0.0-— 7 7 0.0 , I I
Saline SHTP TCP Saline SHTP TCP
treatment treatment

Figure 3. Effects of chronic treatment with serotonin enhancers 5-hydroxytryptophan (5HTP,
25 mg/kg) and tranylcypromine (TCP, 2 mg/kg) or saline on the small intestine (jejunum). (A) Num-
ber of argentaffin-positive cells, which produce serotonin, per mm? of surface in the epithelial layer
of the jejunum. Two-way ANOVA revealed a significant effect of treatment. (B) Staining intensity
corresponding to the number of granules in argentaffin cells. Cells were rated subjectively from 1
(low intensity) to 3 (high intensity), and averages of 5 measurements per animal are shown. Two-way
ANOVA revealed the significant effect of treatment x sex interaction. (C) Relative expression of
tryptophan hydroxylase (TPH1) mRNA. Two-way ANOVA revealed the significant effect of treatment.
(D) Relative expression of vesicular monoamine transporter (VMAT) mRNA. Results are shown as
the median with interquartile range; males are depicted as triangles, and females as circles. * p < 0.05,
% p < 0.001, *** p < 0.0001, Tukey’s multiple comparison test for post hoc analyses.

Treatment (F(2,21) = 4.013, p = 0.0334), but not sex (F(1,21) = 1.362, p = 0.2562) or
treatment X sex interaction (F(2,21) = 0.05219, p = 0.9493), had a significant effect on the
relative gene expression for TPH1. Post hoc analysis showed significantly lower mean
levels of mRNA for TPH1 in both the treatment groups compared to the controls (Figure 3C).
Although treatment (F(2,22) = 1.908, p = 0.1722, Figure 3D), as well as sex and treatment x
sex interaction (F(1,22) = 4.192, p = 0.0527; and F(2,22) = 0.03419, p = 0.9664, respectively), did
not significantly affect mRNA levels for Vimat, relative expression of this gene significantly
positively correlated with the expression of the Tphl gene (r = 0.440, p = 0.022).
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3.3. Histomorphological and Gene Expression Changes in Liver

Microscopically, liver sections from all three groups appeared normal, with no heavy
pathological findings such as inflammation, fat deposits, fibrosis, or necrosis. The hepatic
parenchyma was organized into polygonal lobules with hepatocytes, normal portal tracts,
and a regular pattern of the central veins. However, quantitative morphometric parameters
revealed some changes in the treated groups. According to two-way ANOVA, treatment
had a significant (F(2,26) = 6.259, p = 0.006) effect on hepatocyte nuclei diameter, with
the values of TCP-treated group being significantly higher and the values of the SHTP
group being intermediate as compared to the values of the control group (Figure 4A).
Sex had a marginally significant effect (F(1,26) = 4.399, p = 0.0458), and sex X treatment
interaction had no effect (F(2,27) = 0.1107, p = 0.8956). Interestingly, the effect of treatment
on nuclear enlargement (karyomegaly) was not followed by enlargement of hepatocytes
(hepatocellular hypertrophy). Two-way ANOVA revealed only a significant effect of sex
(F(1,27) =9.252, p = 0.0052) but not of treatment or sex x treatment interaction on hepatocyte
diameter (F(2,27) = 1.556, p = 0.2292 and F(2,27) = 1.031, p = 0.3703, respectively).
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Figure 4. Effects of chronic treatment with serotonin enhancers 5-hydroxytryptophan (SHTP,
25 mg/kg) and tranylcypromine (TCP, 2 mg/kg) or saline on the liver. (A) Average diameter
of hepatocyte nuclei. Each measure represents the average of the measured width of 100 hepatocyte
nuclei. Two-way ANOVA revealed a significant effect of treatment. (B) Relative gene expression
for 5HT transporter (5HTt) mRNA. Two-way ANOVA revealed a significant effect of treatment.
(C) Relative gene expression for monoamine oxidase A (MAOA) mRNA. Two-way ANOVA revealed
a significant effect of sex. Results are shown as the median with interquartile range; males are
depicted as triangles and females as circles. * p < 0.05, **** p < 0.0001, Tukey’s multiple comparison
test.

Although some early signs of connective tissue deposition around the central veins
(perivenular fibrosis) were visible in females treated with 5HTP, no significant differences
between the treated groups were detected with two-way ANOVA for structural dilatation
of the sinusoid diameter or central veins.

Treatment had a significant effect on the gene expression for 5HTt (F(2,21) = 4.636,
p = 0.0215) due to a significantly higher expression in the TCP-treated group, with the
values of the SHTP-treated group again being in between (Figure 4B). No effect of sex
(F(1,21) =2.149, p = 0.1575) or sex x treatment interaction (F(2,21) = 1.453, p = 0.2565) was
observed. A strong effect of sex was noticed for MAOA mRNA expression (F(1,21) = 38.69,
p < 0.0001), with no effect of treatment or treatment x sex interaction (F(2,21) = 0.5400,
p = 0.5906 and F(2,22) = 2.599, p = 0.0970; respectively).

We studied the long-lasting effects of perinatal exposure to excessive 5HT concen-
trations on the organs responsible for the maintenance of peripheral 5HT homeostasis.
Animals treated perinatally with 5HT enhancers displayed decreased number and func-
tion of serotonin-producing cells in the jejunum, enlarged nuclei of the liver cells, and an
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increase in 5SHTt mRNA expression. In comparison to TCP, 5SHTP had smaller yet visible
effects on the measured parameters.

4. Discussion

We showed earlier that blood serotonin levels were significantly increased in both
treatment groups during treatment, while TCP, unlike 5HTP, also caused a significant
increase in brain 5HT concentrations [26]. TCP seemed to have induced a more prominent
disbalance in 5HT homeostasis, which affected both 5HT compartments, and we therefore
expected to see more serious effects in TCP-treated animals than in 5HTP-treated animals.
At adult age, differences in blood 5HT levels of the TCP- and 5SHTP-treated animals were
not significantly different from those in saline-treated rats, but a tendency of gradual saline-
SHTP-TCP increase was still observed. The fact that 5HT levels did not fully return to
normal seven weeks after the end of treatment indicates that peripheral SHT homeostasis
was not fully reestablished in spite of the compensatory mechanisms. Indeed, we observed
specific, 5SHT-related changes, which is in accordance with the reported findings that
high levels of neurotransmitters during development induce permanent changes at the
histological and cellular level [38,39].

As expected, perinatal treatment with 5HT enhancers did not have a gross effect on the
enteric tissue, as the thickness of tunica mucosa, height of the mucosal epithelial cells, and
thickness of the outer muscle wall remained unchanged. Argentaffin-positive cells from
our study were pyramidal or triangular in shape (Figure 1A-C), similar to the description
by Gustafsson et al. [40], and clearly showed the presence of secretory granules in the basal
portion of the cells, which can activate vagal afferent fibers inducing intestinal motility
and modulating brain—gut axis signaling, or they can be released into the cardiovascular
system and stimulate glucose and lipid metabolism [41]. The TCP-treated group from
our study showed a significantly lower number of argentaffin-positive cells and a lower
presence of 5HT in the granules in these cells (significant only for males), which was
reflected in the lower level of gene expression for TPH1 (significantly so in both the TCP-
and 5HTP-treated groups). Although mRNA levels for VMATT1 significantly positively
correlated with mRNA levels for TPH1, as it would be expected that less synthesis leads to
less need for storage, the expression of this gene was not significantly lowered in the treated
groups. Takahashi and colleagues [42] found that heterozygous Vmat2 knock-out mice had
reduced neuronal 5HT concentrations probably due to the lack of storage and, therefore,
easier availability for degradation. A more stable concentration of VMAT than of TPH1
might be explained by an attempt to compensate for the decrease in the number of cells
and synthesis rate and to protect the remaining 5HT from degradation. We assume that
the reduction in number of 5HT-producing cells and down-regulation of Tphl expression,
long after a washout-period, are the results of the extensive compensatory mechanism that
occurred during the increased availability of the immediate 5HT precursor (in the case of
SHTP treatment) or the lack of degradation of SHT during MAO inhibition (in the case of
TCP treatment). In contrast with these results, a high-tryptophan diet during fetal and early
postnatal development, caused, besides hyperserotonemia, an increase in the number of
serotonin-producing cells [43]. The discrepancy between these results could be explained
by the type of administered 5HT enhancer—5HT precursor tryptophan requires TPH1
as the rate-limiting enzyme crucial for the first step of serotonin synthesis, which might
have caused an increase in both Tphl gene expression and the number of TPH1-expressing
cells. In our experiment, there was no need for increased TPH1 activity, allowing for the
compensatory reduction of serotonin-producing cells and enzymes.

As in the jejunum, changes at the tissue level were also absent in the liver—both
sinusoid and central vein diameters showed no difference between the groups. At the
cellular level, the hepatocyte nuclei diameter showed an increase in the treated groups
paralleled by an increase in 5HTt gene expression. The increase in both parameters was
significant in the TCP-treated group with intermediate values in the SHTP-treated group.
A highly significant difference in MaoA expression between the sexes, with females having
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double the expression than males, was expected due to the location of this gene on the
X chromosome. Interestingly, our earlier study demonstrated a marked, long-lasting
compensatory increase in mRNA expression for MAOA and 5HTt in the brains of TCP-
treated animals [28], yet no changes were observed in the liver MaoA gene expression after
S5HT enhancement. Although we cannot rule out an increased MaoA expression in the
lungs (another site of SHT degradation), it seems that in the liver, serotonin enhancement
specifically upregulates 5HTt expression. Serotonin promotes liver regeneration [44] yet
may cause hepatotoxicity due to the generation of reactive oxygen species (ROS) during
degradation by MAOA [45]. This might be the reason why we did not see an increase in the
peripheral expression of MaoA after chronic inhibition since the compensatory mechanism
of increasing MaoA expression might have a deleterious effect on liver cells due to excess
ROS. Instead, 5SHT uptake into hepatocytes increased (as demonstrated by increased 5HTt
expression), after which the excess of 5SHT might have been converted to melatonin, as
hepatocytes were shown to express serotonin N-acetyltransferase and hydroxyindole-
O-methyl transferase [46]. Alternatively, hepatocyte 5SHT content might have remained
increased, potentially inducing karyomegaly, as serotonin was reported to mediate the
induction of DNA synthesis in primary cultures of rat hepatocytes [47] and stimulate liver
regeneration after hepatectomy in humans [48].

Taken all together, our current results indicate that in the periphery, a reduction in 5HT
synthesis (lower number of SHT-producing cells and decreased Tphl expression) coupled
with an enhanced removal of 5HT from blood plasma (increased 5HTt expression) are the
main means of compensation for excessive blood 5HT levels. The resulting alteration in
5HT production might have induced dysregulation of 5HT signaling and caused impair-
ments in 5HT-regulated peripheral functions, such as bone maintenance and leukocyte
development and/or the sustainment previously observed in adult TCP-treated rats [30].
Future investigation of the gene expression of proinflammatory molecules and the expres-
sion of serotonin receptors in both tissues should provide a deeper understanding of the
physiological changes in the digestive tract as a consequence of perinatal 5HT enhancement.

In humans, inadequate 5HT production leads to various disorders such as inflam-
matory bowel diseases (IBDs), celiac disease, and neuroendocrine disorders [41]. Studies
on 5HT signaling in IBD show that the number of EC cells and the presence of 5SHT in
secretory granules can be either increased or decreased both in animal and human mod-
els [49-52]. These differences may arise from different model organisms of induced diseases
and from the severity and location of the disease [52]. Serotonin’s role in gut inflammation
is well known [49,53-57]. In studies, inflammation in the intestine was present in Tphl or
5HTt KO models fully lacking the ability of 5HT synthesis or removal, respectively. The
administration of 5SHTP to Tphl~/~ mice increased the number of 5HT-expressing cells
and intestinal histologic damage [58], while gastrointestinal inflammation was induced
with 2,4,6-trinitrobenzene sulfonic acid (TNBS) in a 5HTt KO model [59]. The lack of
inflammation in the intestines of the 5SHTP- and TCP-treated rats 2 months after the end of
treatment might be the result of the compensatory decrease in intestine Tphl expression
and a parallel increase in liver 5HTt expression. Still, both SHTP- and TCP-treated rats had
previously shown a slower rate of increase in body mass compared to the saline-treated
rats [24,25], pointing to a possible inadequacy in nutrient absorption and storage and/or
consumption and rendering them a potential model for studying gastrointestinal and
metabolic disorders.

The fact that the period of 5SHTP and TCP treatment used in our study corresponds
to the second and third trimester of human pregnancy [13] provides another point of
potential clinical relevance to our model. Selective serotonin reuptake inhibitors (SSRIs)
are commonly used 5HT enhancers during pregnancy [60], and the consequences of de-
velopmental exposure to SSRIs have been thoroughly studied in both animal models and
human populations [61,62]. On the other hand, the use of MAO inhibitors is restricted to
SSRI-nonresponsive patients; hence, reports on the prenatal exposure to MAO inhibitors are
limited. Even less is known about the prenatal exposure to 5HTP, which is often offered as
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anatural alternative to antidepressant drugs, and the versatility of the potential therapeutic
effects, easy availability, and convenience of unsupervised use increase the probability of
prenatal exposure [20]. Effects analogous to those observed in our model, such as impeded
growth and potential behavioral and/or metabolic alterations, might occur in exposed
humans, suggesting that systematic studies on the prenatal impact of these 5SHT enhancers
in the human population are needed.

Our study has several advantages. First, by employing the inhibition of catabolism
or the stimulation of synthesis, we were able to study the consequences of 5SHT metabolic
alterations, which complemented previously reported studies focused on SHT synaptic
action, i.e., treatment with SSRI’s [63] and S5HT receptor agonists [64,65]. Second, parallel
use of the two compounds, one altering 5HT homeostasis only in the peripheral 5SHT
compartment and the other altering 5HT homeostasis both peripherally and centrally,
enabled us to study the relationship between the two compartments and to examine the
contribution of central 5HT disbalance to the alterations in the peripheral compartment.
Third, the use of SHTP instead of tryptophan (Trp) as a 5SHT precursor allowed us to avoid
the rate-limiting step in the synthesis of serotonin and to mimic the effect of increased
serotonin synthesis through the chosen 5SHTP dose. As opposed to Trp, which is an
essential amino acid with many functions in the body (more than 90% of Trp enters the
kynurenine metabolic pathway, about 5% is metabolized through the indole pathway by
the gut microbiota, and only the remaining Trp is used in the serotonin synthesis [66,67]),
SHTP is only found in the serotonin synthesis pathway and is quantitatively converted to
SHT [20]. Fourth, experimenting on both male and female animals enabled us to check
for the potential sex differences in the vulnerability to disbalance in 5SHT homeostasis and
to avoid a sex-biased interpretation of the results. Finally, the low chronic doses used
in this study ae similar to those taken by humans, enhancing the translatability of the
obtained results.

We also have to mention several limitations of our study, which could affect the
reliability and interpretation of the results. The major limitation of the study lies in the
relatively small number of animals, which could have caused some false-negative results
due to insufficient sample power. The number of females included in the experiment was
determined from our previous experience and according to the 3R principle [32], but rather
small litter sizes and the loss of several samples resulted in a suboptimal sample number,
rendering our findings only as preliminary and requiring further confirmation. We should
note that TCP, as a nonselective MAQO inhibitor, also affects catecholamine metabolism,
allowing for the possibility that other monoamines influenced our results. Still, unlike
5HT, catecholamines can enter an alternative degradation pathway through catechol-O-
methyltransferase, which is present in the brain and peripheral tissues and increases its
activity when MAO is blocked [68]. Accordingly, we showed earlier that TCP treatment
raised central dopamine and noradrenaline concentrations to a considerably lower extent
than did that of 5HT, while it did not affect peripheral catecholamine levels [27]. Finally,
our study did not include analysis at the protein level, which would have enabled us to
establish a link between gene expression and structural changes and provide a clearer view
of the mild yet significant effects of the 5SHT enhancers.

5. Conclusions

We have shown that the perinatal exposure to the increased 5HT concentrations
induces long-lasting cellular and molecular changes in the two organs responsible for
serotonin metabolism, which may have a negative impact on 5HT availability and, con-
sequently, on the 5HT-regulated peripheral functions. Our current and previous results
demonstrate a link between developmental abnormalities of serotonin homeostasis and
5HT-related molecular, neurochemical, structural, and functional changes in adult life,
suggesting our rat model to be suitable for exploring the neurobiological substrates of
vulnerability to behavioral and metabolic disorders, as well as for modeling the adverse
effects of the prenatal exposure to 5SHT enhancers in the human population. Future studies
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on our model should help unravel the role of serotonin in mediating gut-brain interplay as
well as microbiota—host interactions and, hopefully, set paths for the improvement of early
diagnostics and individualized therapy.
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Abstract: The orexin/hypocretin neuropeptide family has emerged as a focal point of neuroscientific
research following the discovery that this family plays a crucial role in a variety of physiological
and behavioral processes. These neuropeptides serve as powerful neuromodulators, intricately
shaping autonomic, endocrine, and behavioral responses across species. Notably, they serve as
master regulators of vigilance and stress responses; however, their roles in food intake, metabolism,
and thermoregulation appear complementary and warrant further investigation. This narrative
review provides a journey through the evolution of our understanding of the orexin system, from
its initial discovery to the promising progress made in developing orexin derivatives. It goes
beyond conventional boundaries, striving to synthesize the multifaceted activities of orexins. Special
emphasis is placed on domains such as stress response, fear, anxiety, and learning, in which the
authors have contributed to the literature with original publications. This paper also overviews
the advancement of orexin pharmacology, which has already yielded some promising successes,
particularly in the treatment of sleep disorders.

Keywords: orexins; neuropeptides; neurotransmitters; stress; feeding; temperature regulation; fear;
anxiety; learning; sleep-wake disorders

1. Introduction: Neuropeptides as the Modulators of the Connectome

In Sections 1 and 2, a general overview of the orexin system is given, and Sections 3 and 4
will be devoted to those fields in which the authors have considerably contributed to the
literature. Neuropeptide research started more than a hundred years ago with the discovery
of the effects of vasopressin [1] and oxytocin [2] and tissue extraction of the first classical
neuropeptide: substance P [3]. Since then, more and more distinct features of neuropep-
tides have been identified that clearly separate them from classical neurotransmitters [4-6].
First, some obvious biochemical features justify the differentiation. They are much larger
molecules than classical neurotransmitters; therefore, the energy requirements for their
synthesis and transport well exceed those of these neurotransmitters. Functionally, their
release is not confined to the synapses, although some portions of their pool are also
frequently co-secreted together with classic neurotransmitters. In contrast, they can be
released from the dense core vesicles of practically any portion of the neurons [4-6]. Unlike
classic neurotransmitters, neuropeptides are not taken back economically by a reuptake
system but are metabolized by peptidases. Nonetheless, this process frequently yields
biologically active compounds [6]. Further, due to their prolonged half-life, neuropep-
tides can diffuse to long distances; therefore, they act not only post- and pre-synaptically
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(i.e., in a paracrine and autocrine fashion) but also in an endocrine manner [6] through the
operation of G-protein-coupled receptors (GPCRs) [6]. Due to these characteristics, their
effects develop slowly but are usually longer lasting. Their impact, compared to that of
classic small molecular and even gaseous neurotransmitters, is almost always less robust,
which strongly resembles the activity of hormones [7]. That is why in the literature some
members are still referred to as neurohormones and their activity has been formulated as
“neuromodulation” [4-6], which represents a “mild” or “functionally buffered” form of
signal transduction [4-6]. A unique feature of neuromodulation is that it is realized using
a much broader arsenal of receptors than that of neurotransmitters [5]. Also, the ligands
themselves show immense structural versatility because, in some families, almost infinite
splice variants can be produced from several copies of an ancestral gene [5]. Therefore, it is
not surprising that neuroscience has struggled to formulate a rigid functional definition of
neuromodulation, in contrast with that of neurotransmission and neurotransmitters [8].

Accordingly, neuropeptides appear to represent an individual and separate form of
transfer of biological information, somewhere in between that of the classical neurotrans-
mitters and peripheral hormones. The secretion of these modulators gives rise to less
acute but, in the long run, more profound changes in the neural connectome, the operative
framework of neurophysiology [9]. The multi-faceted activity and redundancy of these
signaling molecules provide an indispensable component of the plasticity and resilience of
the central nervous system (CNS). This is further augmented by the bewildering diversity
and extremely broad distribution of several neuropeptide families. Certain groups and
their receptors are expressed at every level of neuroendocrine control [4-6].

It is apparent that the challenges to which the CNS is exposed ultimately will give rise
to changes in translational processes. These will manifest themselves in the modification of
receptor and enzyme expression, synaptic plasticity, and the dendritic pattern and structure
and finally the complete wiring of the connectome [9,10]. Neuropeptides represent an
essential but so-far overlooked element of the translational machinery, bridging the gap
between volatile functional alterations and permanent structural changes. As peptides,
they represent one of the earliest steps (along with neurotransmission-evoked peptide
and protein synthesis) in the translational processes of information signaling in the CNS.
Their modulatory action via extremely versatile ligands, the corresponding receptors,
and a multitude of stimulated signaling cascades make them the most flexible line of
neuroendocrine plasticity and adaptation [4-6].

The experiments carried out on the orexin/hypocretin system especially support
this view: its cooperation with other neuropeptides appears to harmonize the autonomic,
behavioral, and endocrine response to arousal [11-20]. Hence, firstly, the present paper
gives a general overview of the general biochemical, anatomical-histological, physiological,
and pathophysiological features of the orexin/hypocretin system. This review focuses on
those specific fields (stress response, thermoregulation, fear, anxiety, and learning) in which
the authors have also contributed to the literature.

2. The Hypocretin/Orexin Peptide and Receptor Family

The hypocretin/orexin system represents an extremely complex neuropeptide network
in the CNS [21,22]. The seminal papers [23-25] that dealt with the discovery of these ligands
and their receptors also demonstrated the hyperphagic [23] and neuroexcitatory activity [24]
of orexins and the unique distribution pattern of the system. The orexin/hypocretin
system, similarly to melanin-concentrating hormone (MCH)-positive neurons [26], has
a well-circumscribed expression in the hypothalamus (Figure 1) [24,27]. Its cell bodies
are restricted to the lateral, dorsal, dorsomedial, and perifornical areas, and the whole
population does not exceed 50,000-80,000 cells in the hypothalamus. However, its axon
terminals reach distant regions, and its receptors are scattered throughout the whole
CNS [25].
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Figure 1. The localization of the lateral hypothalamic area and the amino acid sequences of the
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orexin/hypocretin family peptides. The letters stand for the one letter code of amino acids. A: Alanine,
C: Cysteine, D: Aspartic acid, E: Glutamic acid, G: Glycine, H: Histidine, I: Isoleucine, K: Lysine,
L: Leucine, M: Methionine, N: Asparagine, P: Proline, Q: Glutamine, R: Arginine, S: Serine, T: Threonine,
U: Pyroglutamic acid, Y: Tyrosine.

At the cellular level, so far, two ligands (orexin-A, orexin-B) and two receptors (OX1R
and OX2R) of the system have been described (Figure 1) [23,24]. The peptides biochem-
ically belong to the incretin family, but they bear weak structural resemblance only to
a few members of the group [23,24]. Even orexin-A and orexin-B differ by 50% of their
primary structure. Both peptides are cleft from pre-pro-orexin (PPO) and are amidated C-
terminally, but orexin-A is larger, comprising 33 amino acids, while orexin-B consists of only
28 residues [28]. Orexin-A is also less prone to proteolytic degradation because it comprises
an N-terminal pyroglutamate residue and two disulfide bonds. Additionally, orexin-A is
more hydrophobic, and therefore it can bypass more efficiently the blood-brain barrier
(BBB) [29]. These orexins also exhibit significantly different receptor affinities [23,24,30],
which is definitely attributed to the fact that the orexin receptors (OXRs) share only 64%
amino acid identity [28,31]. The two receptor subtypes create diversity within the cellular
signaling pathways [28,31-34]. Both OX1R and OX2R activity is mediated by Gq11, which,
in turn, leads to the activation of phospholipase C (PLC), phospholipase A (PLA), and
phospholipase D, ultimately resulting in an increase in cytosolic Ca?* and the activation
of protein kinase C (PKC). In addition, OX1R can elevate the intracellular Ca’* level by
activating non-selective cation channels (NSCCs) [31]. On the other hand, OX2R can also
inhibit adenyl cyclase (AC) and protein kinase A (PKA) through the G-protein-coupled
pathway. The potential dimerization of the OXRs and the structural overlap between OXRs
and some other GPCRs lend further diversity to the signal transduction of the system [31].
For example, certain neuropeptide receptors, such as the type-2 neuropeptide-Y (NPY)
receptor, the thyrotropin-releasing hormone (TRH) receptor, the cholecystokinin (CCK)
type-A receptor, and the NK2 neurokinin receptor, show some similarities (26%, 25%, 23%,
and 20% identity, respectively) to the orexin receptors [23]. The highest structural similarity
is exhibited by the neuropeptide FF (NPFF) receptor of the RF-amide peptide family, which
is 37% identical to OX1R and 35% identical to OX2R, respectively [35,36].

Neither the distribution of the immunoreactivity of the two orexins [37,38] nor the
expression of OX1R [30,39—41] and OX2R [30,40—42] completely overlaps. This, together
with the aforementioned distinct features of the pharmacokinetics of orexin peptides and
the differences in the signal transduction of OX1R and OX2R [32-34], must be responsible
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for some divergence in the physiologic and pathophysiologic actions of orexin-A and
orexin-B [38].

3. The Orexin System, as an Indispensable Regulator of Arousal, Cooperates with the
Central Oscillator to Control Circadian Activities

At the systemic level, the function of target areas of the orexin neurons has suggested
numerous clues on the feasible actions of orexins [25] (Table 1). Although, at first, orexins
were proved to play an important role in hedonic feeding [23,43], later publications un-
veiled that the most important aspect of their functional spectrum could be the regulation
of arousal [44]. Later studies also verified that the orexin network receives important input
from the neurons of the circadian system [45,46], the most important center of which is the
suprachiasmatic nucleus (SCN). These results substantiated the way circadian rhythms
and arousal are synchronized in the mammalian brain. The mammalian circadian clock
itself is hierarchically organized [47-50]. Its main components are the input signaling
pathways, the main pacemaker, and the output signaling pathways [47-50]. The most
important inputs to the SCN are photic stimuli, which arrive from the retina through the
retinohypothalamic pathway [47,48,51]. The SCN serves as the “master clock” for the
brain and the body and controls the activity of “local clocks”. In the CNS, its outputs
reach several autonomic centers in the hypothalamus, such as the ventrolateral preoptic
nucleus (VLPO), the arcuate nucleus (ARC), the organum vasculosum laminae terminalis
(OVLTI), the median preoptic area (MnPO), the lateral hypothalamus, the medial preoptic
area (MPO), and the paraventricular nucleus (PVN) [48]. Therefore, the central oscillator
determines the circadian, diurnal, or mensual characteristics of the sleep—wake cycle, food
and fluid intake, core temperature, vigilance, and several endocrine activities, such as the
estrous cycle and the activity of the hypothalamic—pituitary—adrenal cortex (HPA). The
SCN also targets several extrahypothalamic centers from the brainstem, through the pineal
gland to the hippocampus [47]. This way, it also provides temporal clues on the entrain-
ment of arousal, autonomic control, pain sensation, and even higher cortical activities
such as mood, affection, and learning. The connection between the SCN and the orexin
neurons has two-way bidirectional components, as described in recent publications [48].
However, a strong endocrine connection has also been verified between the two centers,
through the melatonin secretion of the pineal gland [51]. Ultimately, indirect communi-
cation is established between the central oscillator and the orexin neurons at the level
of the ascending reticular activation system (ARAS). First, the ARAS is undoubtedly the
most important output of the lateral hypothalamus since orexinergic cells target several
important centers of the ARAS, such as the pedunculopontine tegmental (PPT) and lateral
dorsal tegmental (LDT) nuclei in the mesopontine tegmentum (MT), the nucleus raphe
(NR), the locus coeruleus (LC), and the periaqueductal gray (PG) [25,52]. Second, these
nuclei also provide the most important non-photic inputs to the central oscillator [48].

The nuclei of the ARAS operate with the classical neurotransmitters (acetylcholine,
serotonin, norepinephrine, and dopamine, respectively) and foster the inputs to the du-
alistic centers of sleep-wakefulness regulation: the tuberomammillary nucleus (TMN)
and the VLPO of the hypothalamus. The histaminergic TMN and the galanin- and y-
amino-butyric-acid (GABA)-positive VLPO control sleep onset according to a flip-flop
mechanism [53-55]. It seems that the orexin-positive cells facilitate arousal through indirect
disinhibition: they block the GABAergic output of the VLPO through the stimulation of
the above-mentioned cholinergic and monoaminergic nuclei of the ARAS [25,56-61]. In
this activity, OX2R mediation appears to play a predominant role. OX2R antagonism is
sufficient to induce sleep, while OX1R blockade even attenuates this phenomenon [62-64].
This way, the orexin system could be easily categorized not only as the master regulator of
arousal [65] but also as a significant modulator of the sleep—wake cycle and other circadian
rhythms [44,53,66,67]. The indispensable role of the orexin system in the maintenance of
vigilance is strongly supported by the finding that narcolepsy and cataplexy observed in
dogs [68] and mice [69] can be solely attributed to the deficiency of the orexin/hypocretin
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system. Moreover, by now, it has been supported by several observations that human
cases of narcolepsy with cataplexy [70-72] can also be attributed to either the abnormal
development [73] or acquired immunological destruction [74] of the orexin—hypocretin
system. Narcolepsy is characterized by REM intrusion into wakefulness, and REM sleep
depends on the cholinergic activity of the ARAS, which is gated by the histaminergic neu-
rons of the system [60,61,64]. These antagonistic centers both receive orexinergic input [25].
However, it appears that it is the selective deficiency of histaminergic gating that is respon-
sible for the disease. This can be attributed to the absence of OX2R in the histaminergic
neurons [60,61,64]. These observations offer great therapeutic opportunities not only for
sleep disorders but also for abnormalities of these physiological functions, which are influ-
enced by the orexin/hypocretin network. The most important physiological processes the
circadian control of which the orexin system modulates are food and fluid intake [75-77],
metabolism and thermoregulation [78], the activity of the HPA axis [11,13,65,79-82], and
reproduction [83,84]. As mentioned above, the anatomical connections, which provide
the foundation of these physiological actions, have also been verified: the orexinergic
axons target the ARC, the PVN, and the preoptic and supraoptic nuclei (PON and SON,
respectively) of the hypothalamus [10,53].

Even the initial publications suggested that orexins increase body weight and acutely
stimulate food intake [23,85]. Due to the hyperphagic activity and specific localization
of the orexin neurons, at least a group of their population can certainly be identified
with some portion of the classic glucose-sensitive feeding center of the ventrolateral
hypothalamus [86-90]. The orexin-positive neurons are bidirectionally connected to the
ARC and the PVN, which operate in a well-known dualistic manner in food intake regula-
tion. The most important stimulatory neuropeptides are NPY and agouti-related peptide
(AgRP) in the ARC and TRH in the PVN. The inhibitory neurohormones are cocaine- and
amphetamine-regulated transcript (CART) and melanocortins (MCs) in the ARC and CRH
in the PVN [91,92]. According to the literature, orexin-A evokes the activation [93] of
the OX1Rs [77] in the ARC, and the PVN mediates the hyperphagic effect of the system.
However, the role of orexins is more complex since, in the long run, it is their deficiency
that is associated with weight gain [94], which is attributed to their two-pronged action
in thermoregulation. The anatomical substrate of this activity is the connection of the
orexin system to the PON and the dorsomedial hypothalamus (DMH) [25]. The orexins
concurrently activate heat loss and thermogenesis. That is why they can either decrease
or increase the core temperature depending on the experimental settings [12,95-97]. In
summary, they stimulate heat dissipation [12,97] through sympathetic vasodilation [95],
which is mediated by OX1R. However, it is accompanied by the modulation of metabolism
in the brown adipose tissue (BAT) [98]. In the sympathetic nervous system, OX1Rs ap-
parently activate [96,99] while OX2Rs inhibit [100] non-shivering thermogenesis in the
BAT. Obviously, concomitant increases in heat generation and heat dissipation prevent the
excessive accumulation of fat.

Orexins also modulate the activity of the reproductive axis [83,84,101,102]. This
action is bidirectional and brain-region- and, in females, estrous-cycle-dependent. Fur-
ther, both orexin-A and orexin-B and both OXR1 and OXR2 take part in the control of
the hypothalamic—pituitary—gonadal (HPG) axis [103]. The orexin system may supply
period-dependent inputs to the HPG axis. Moreover, it can provide the link between
self-preservation and species preservation since a well-fed but not overweight subject can
optimally guarantee the survival of its offspring. It appears, that in the regulation of the
HPG axis, the interaction between the orexigenic and anorexigenic (such as leptin) peptides
plays a pivotal role [104,105]. As far as self-preservation is concerned, orexins have also
been proved to be one of the most important orchestrators of the stress response [80,81].
Further, they modulate all threat-related adaptive behavioral processes [106-108], even
fear-related learning [109-112].
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Table 1. An outline of the orexin/hypocretin connectome in physiologic regulation [113].

. Core . .
Input Region Region Target Region Receptor Function
Thalamus, LC, DR, Circadian regulation, arousal,
Thalamus, TMN, SCN PEA, LHA VTA, TMN OX2R wakefulness [44,53,65-67]
Peripheral signals, VMH, ARC, .
ARC, PVN, SCN LHA, DMH PVN, NAC OXIR Food intake [23,43,85]
Autonomic regulation:
. PAG, NST, PON, .
Perlpheral receptors, LHA, PFA PVN, RVLM, OXIR, OX2R thermoregu.latlon [12,95-97],
brainstem, septum cardiovascular
RVMM, VTA
responses [114,115]
Thalamus
. ! CeA, LA, LC, PPT, Emotions (anxiety, fear,
hippocampus, PFA, DMH A ! OX1R ! /
PVN, BNST PVT, BNST and MTL mood) [109,110,116]
Thalamus, VTA, NAc, DR, IC, Cognition, reward, and
hippocampus, SCN LHA, DMH and PFC OXIR, OX2R addiction [117,118]
Pituitary, adrenal
gland, thalamus, LHA, DMH PVN, PON OX1R, OX2R ‘ htgﬁgi[lﬁt'(i'sl 1331;“%0 1]
brainstem, SCN & & P !
Pituitary, ovary, LHA, DMH ARC OXIR, OX2R Gonadal functions [83,103]
brainstem, SCN

ARC: arcuate nucleus, CeA: central amygdala, DMH: dorsomedial hypothalamus, BNST: bed nucleus of stria
terminals, DR: dorsal raphe, IC: insular cortex, LA: lateral amygdala, LC: locus coeruleus, LHA: lateral hy-
pothalamic area, MTL: medial temporal lobe, NAc: nucleus accumbens, NST: nucleus of the solitary tract,
OX1R: orexin-1 receptor, OX2R: orexin-2 receptor, PAG: periaqueductal gray material, PFA: perifornical area,
PEC: prefrontal cortex, PON: preoptic nucleus, PVN: paraventricular nucleus, PPT: pedunculopontine tegmental
nucleus, RVLM: rostral ventrolateral medulla, RVMM: rostral ventromedial medulla, TMN: tuberomammillary
nucleus, VMH: ventromedial hypothalamus, VTA: ventral tegmental area.

However, the orexin system has been proven to act as an important regulator even
in physiological and pathophysiological processes which possess less obvious temporal
characteristics: to mention a few of them, pain sensation [120,121], anxiety, mood, reward
processes, and addiction [21,79,106,122,123]. The orexin system represents the poster child
of neuropeptide regulation: its perikarya are confined to a small region, but it signals
diverse evolutionarily conserved functions to distant targets. In summary, we can say that
its principal role must be the temporal gating of brainstem functions [10,53].

4. The Role of Orexins in the Regulation of the Stress Response

The reaction of our neuroendocrine regulation to adverse challenges is provided
by the interaction between the sympathoadrenal (SA) system and the HPA axis [124].
Although they represent two distinct pathways, the line between them is frequently blurred,
even in scientific literature. Perhaps this is due to their interwoven functions, as they
complement each other’s activity while trying to maintain the homeostatic balance of
challenged individuals. However, the SA response described by Cannon [125] is carried
out according to the cooperation of the autonomic nervous system and the adrenal medulla,
while the stress response, discovered by Selye [126], relies on the reaction of the HPA
system, one of the central neuroendocrine axes later described by Schally, Guillemin [127],
and Vale [128]. Unfortunately, by now, the terminology has been oversimplified, and
stress response (though it has several stages) is frequently used as an umbrella term for
both responses. Only in meticulous descriptions are these two neuroendocrine reactions
clearly separated. To avoid confusion, for the HPA response, the most suitable term is the
synonym (general adaptation syndrome: GAS) coined later by Selye [129]. Nonetheless, the
distinction between the two pathways is of crucial importance because it helps clarify many
contradictions in the literature. Some conflicting responses to certain stress paradigms
could be easily resolved by clear discrimination between the two potential targets of
adverse stimuli, that is, the SA system and the HPA axis.
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It is well known that many neuropeptides modulate the activity of the HPA axis. For in-
stance, NPY, neurotensin (NT), ghrelin, apelin, and endomorphins activate [14,17,20,130-133]
while oxytocin and natriuretic peptides inhibit the system [134-137]. The output of the
HPA axis is quite uniform: it begins with the pituitary translation and cleavage of pro-
opiomelanocortin (POMC), yielding adrenocorticotropic hormone (ACTH), which, upon
secretion, stimulates glucocorticoid release from the adrenal cortex [126,129]. However,
in sharp contrast with the output, the input of the HPA axis is extremely diverse and
involves a multitude of neuropeptides in signal transduction [131]. Therefore, it is not
surprising that the modality (systemic or neurogenic) and schedule (acute, repeated, or
chronic) of the stressors strongly influence the extent of the HPA response [138]. Systemic
challenges (e.g. osmotic, immune, etc.) perturb the homeostatic balance of the organism,
which is directly projected to the brainstem, while neurogenic paradigms (fear, pain) are
processed by the cerebral centers [124]. The responses to these two types of challenges
are signaled in a dichotomized manner in the brain. The corticotrope-releasing hormone
(CRH)-positive neurons of the PVN are responsible for the acute and processed stimuli,
while parvocellular arginine vasopressin (AVP) cells in the PVN and the SON maintain
responsiveness to chronic, repeated, and homeostatic challenges [139]. It is also worth
noting that neuropeptide modulation perfectly complements the built-in brakes of the
GAS: the stepwise ultrashort, short, and long loop feedback mechanisms provided by
CRH, ACTH, and the glucocorticoids, as well as the potent anti-inflammatory action of the
glucocorticoids [124]. These mechanisms are called stress coping or stress resilience, and
they harness the severe inflammatory response (SIRS), which otherwise could consume the
organism [124,140,141].

As far as the effect of orexins on the HPA axis and the SA system is concerned, the two
responses work hand in hand. Namely, in both responses, orexins play a predominantly
stimulatory role [80,81]. However, according to the data from the literature, they are
stimulated separately. It seems that the SA system is uniformly activated by orexin-A,
which stimulates the OX1Rs expressed in the neurons of the nucleus of the solitary tract
(NST), the LC, and the sympathetic neurons [53,65,75,80,142-144]. Ultimately, it is not a
far-fetched idea to state that the perifornical, dorsal, dorsomedial, and lateral hypothalamic
foci of orexin-positive neurons can be identified with those in the caudal hypothalamic
region, which were demonstrated to be essential for an intact “fight or flight” and “sham
rage” response by Philip Bard and Walter Hess [8,106].

However, as for the HPA axis, the picture is more complex. Soon after the discovery
of the dense orexinergic innervation of the hypothalamic centers (PVN and SON) of the
GAS, the scientific rivalry surrounding this highly coveted topic begot several important
papers, which established that orexin neurons can activate the HPA axis predominantly
at the hypothalamic level [11,65,119]. The main targets of the orexin neurons are the
OX2Rs [145] expressed in the CRH-positive perikarya of the PVN [25,119]. Nonetheless,
later publications showed that the connection between the orexin- and CRH-positive neuron
population is bidirectional since abundant CRH-positive fibers land in the orexinergic
perikarya of the hypothalamus [146-148]. Apparently, orexin-evoked HPA activation
also involves the release of noradrenaline and NPY [13,149-151], which can significantly
diversify its processing [140,141].

As far as the input of the HPA axis is concerned, the activity of orexins appears to
be stressor- and schedule-specific [80,81]. In an acute setting, the challenges processed
with heightened arousal (aversive odors, novelty, and contextual fear) give rise to more
conspicuous activation of the orexin neurons (verified according to c-fos expression) than
systemic challenges (e.g., cold exposure) or long-lasting procedures (e.g., restraint and
immobilization) [80,81,108,152]. Nevertheless, while acute stress mostly activates the orexin
neurons, experiments with chronic or repeated stressors returned mixed results [80,81],
the findings of which may reflect an adaptation to unavoidable and permanent challenges.
Further studies have revealed that the involvement of the orexins in the GAS depends on
not only the modalities and schedule of the applied stressor but also the species and gender
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of the investigated subjects. Females and strains with better stress resilience phenotypes
release less orexin in response to adverse stimuli [80,81].

Regarding the output of the HPA axis, orexins have been proven to stimulate the HPA
axis not only at the hypothalamic but also at the pituitary and adrenal levels [80,81]. This
finding is of crucial importance as peripheral activation stabilizes the HPA response to
prolonged stimuli. It nurtures sufficient basal activity but also prevents an exaggerated
hypothalamic response by maintaining negative feedback through the release of ACTH
and glucocorticoids. Apparently, the orexin/hypocretin system also plays a crucial role
in the cooperation and seamless integration of the GAS and the “fight or flight” response.
Even the earliest publications which dealt with the orexin system demonstrated the dense
innervation of the BNST, a limbic center, which harmonizes the activity of the SA system and
the GAS [25]. Therefore, it is not unrealistic at all to conceive of orexins as the coordinators
of the stress response to challenges with heightened arousal [80,81].

5. The Role of the Orexins in the Regulation of Anxiety and Reward-Related
Learning Processes

There is a consensus in the scientific community that the orexin system is the most
important peptidergic mediator of the ARAS [44,53,65] and thus arousal processes. Its in-
dispensable role in the regulation of vigilance was ultimately confirmed by the observation
that its deficit leads to irreversible functional consequences both in congenital and acquired
disorders of arousal and sleep: narcolepsy and cataplexy [68,70-73]. However, over time,
it became obvious that not only the maintenance of wakefulness but also the fine-tuning
of arousal-related behavior belongs to the functional repertoire of the orexin system [109].
This concept is supported by the experimental data, which have demonstrated that orexins
stimulate attention, rearing, and locomotion as well as such anxiety-related stereotyped
behaviors as grooming and freezing [44,53,65,153-156]. Further experiments are needed to
verify its role in such ancient behavioral patterns as thanatosis [157,158].

It is well known that threats are the strongest activators of vigilance. They evoke
alertness and attention and then provoke an emotional response, that is, fear. And fear has
a huge impact on all aspects of behavior, which manifests itself in anxiety and alterations
in mood and cognition, among other things [159]. This strong association considered, it is
not surprising that the appropriate behavioral responses to both transient and permanent
threats are accompanied by the stimulation of the orexin system, one of the key components
of arousal regulation [160]. It seems that in the central processing of threats, first, the robust
stimulation of the ARAS involves activation of the orexinergic network [44,53,65]. In turn,
its hypothalamic foci fine-tune the neurotransmitter release [107,111,112,116,160,161] of
those brainstem and limbic centers which are responsible for the regulation of emotions,
affections, mood, and learning processes [80,160,162]. The neuroanatomical substrate of
fear- and reward-related learning consists of three components: first, the sensory center,
the thalamus, and second, the primary modulator, the amygdala. However, the third,
the output, is modality-dependent. Reward-related learning is controlled by the ventral
striatum and the ventral tegmental area (VTA), while it is the medial temporal lobe (MTL)
that synchronizes fear-related learning [159,163]. Both the central (CeA) and the extended
amygdala (e.g., BNST) take part in the facilitation of fear-related memory engraving. Then,
contextual memory consolidation is achieved through the activity of such components
of the MTL as the hippocampus and the entorhinal, perirhinal, and parahippocampal
cortices [163]. On the other hand, reward-related memory is processed by the basolateral
amygdala, and the output reaches the prefrontal cortex (PFC). This connection, however, is
permanently fine-tuned by such mesolimbic reward centers as the VTA and the nucleus
accumbens (NAc) [164]. The orexin-induced activation, similarly to the neuroendocrine
parallels, is bidirectional, as inputs from the limbic structures (the septum, BNST, basal
forebrain, central amygdala, and hippocampus) account for most of the telencephalic
inputs to the orexin neurons [165]. The activity of this connection was demonstrated in
a multitude of experiments, which revealed that anxiogenic stimuli, such as exposure to
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cat odor or novelty [106-108,166], gave rise to the activation of the orexin network. In
this way, it is not surprising that orexin treatment enhances the startle response [167] and
passive avoidance [112]. Later studies specified that the function of the amygdala, which
monitors emotional learning and arousal-driven memory consolidation [168], is controlled
by the orexin network indirectly and directly. The amygdala receives direct orexinergic
projections [25], but the indirect pathway (through the LC) is more important: it carries
rich noradrenergic projections to the lateral amygdala [160]. These studies ultimately
revealed that orexins play an especially important role in cue-dependent fear memory
formation, mainly indirectly through the release of noradrenaline in the LC [109-111].
Both this indirect pathway and the direct pathway utilize OX1Rs. The LC expresses
exclusively OX1Rs [169], and the direct pathway targets the OX1Rs in the lateral nucleus
of the amygdala and hippocampus [160,170]. This hypothesis was confirmed by the
finding that orexin-A, which prefers OXIR, proved to promote emotional learning, memory
consolidation, and retrieval processes in a passive avoidance paradigm and in social
learning [112,171]. Hence, facilitation of learning ensures the avoidance of potentially
harmful events, which ultimately is preventive and therefore the most effective technique
in stress coping.

Recently, more and more attention has been paid to specific aspects of orexin-mediated
behavioral responses: reward and addiction [117]. Functionally, orexins are prime examples
of hedonistic neuropeptides [172]. In the past two decades, orexins have been proven to
take part in the control of such strong natural rewards as food and fluid intake [23,43,75-77]
and reproduction [83,102]. They especially stimulate binge eating of palatable food [85,173].
These physiological data have already been substantiated by the histological findings, as
well. The cells of the two principal dopaminergic pathways (mesolimbic and mesocortical
tracts) of the reward system [8] bear orexin-positive boutons [25]. The beginning (the
VTA) of the pathways, the relay centers (the BNST, the CeA, and the hippocampus), and
the endings (the NAc, the target of the mesolimbic tract, and the PFC, the target of the
mesocortical fibers) receive rich orexinergic inputs [25]. Perhaps the orexinergic inputs can
fine-tune the SCN-independent circadian activity of the reward system [118]. However,
this hypothesis requires experimental verification.

In addition to these primary hedonistic features, orexins appear to control stress re-
silience, especially in chronic and repeated experimental conditions [80,81]. This concept
was reinforced by the histological data when the interaction between the orexin network
and another hedonistic peptide, ghrelin, was verified [89,174,175]. It was suggested that
they should augment each other’s activity in stress coping, which could dampen the detri-
mental psychological consequences of adverse stimuli. Therefore, it was postulated early
on that they could take part in the mediation and modulation of behavioral responses
evoked by not only natural but also pharmacological rewards. Since then, numerous publi-
cations have revealed that the orexin connectomics shows significant alterations not only in
obesity [89,174,175] but also in drug dependence [176]. This way, several pathophysiologi-
cal responses in addiction, such as reinforcement, drug-seeking, and self-administration,
were attributed to its modified activity [177]. The orexin network is unambiguously upregu-
lated in cocaine [178-180] and opiate abuse [181-183], while in the case of other substances,
the reaction is more complex [177]. Acute alcohol consumption increased while chronic
alcohol, A19—tetrahydrocannabinol, and nicotine abuse decreased the orexin expression in
the hypothalamus [177,184-186]. Acute changes must be related to the direct effect of the
addictive substance. However, chronic changes may reflect the response to a specific stress
paradigm: drug withdrawal. Ultimately, these schedule-dependent bimodal changes also
appear to reflect adaptation, a form of stress coping.

6. The Cooperation between Orexinergic and Other Peptidergic Neuronal Networks

As has been discussed, the somas of the orexin/hypocretin neurons are restricted
to the caudal portion of the hypothalamus [23] but their axon terminals reach distant
regions, and their receptors are scattered throughout the whole CNS [25]. This spatial
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concentration of the cell bodies is not unique in the CNS since it can be observed among
other neuropeptides such as MCH [187], ghrelin [188,189], and neuromedin-S [190]. As is
the case with other neuropeptides, the feasible interaction of the orexin system and other
networks greatly broadens the regulatory repertoire of the orexin/hypocretin neurons. The
potential partners are MCH- [191], NPY- [192], apelin- [14,193-195], ghrelin- [15-17,196],
and neuromedin-positive [20,197] networks, which show a marked functional overlap with
orexins in the regulation of food intake, the sleep—wake cycle, stress response, and behavior.
These networks may cooperate with each other, but the intact function of the orexin system
is required for normal processing of arousal-related processes [68-72].

So far, besides releasing hormones of the hypothalamic—pituitary—target organ axis,
only the orexin system has proven to be an essential neuropeptide in the regulation of
the CNS. However, the interpolations of other neuropeptides and neurotransmitters in
the signal transduction of the orexin neurons lend immense diversity and flexibility to
the orexin-regulated responses [83]. This is because the neuropeptide ligand and receptor
families typically consist of several members, which may have numerous splice vari-
ants, can also be modified by peptidases after secretion, and can act on an arsenal of
receptors [4-6,131,140,198]. With the different binding affinities and activities taken into
consideration, the number of potential interactions between this abundance of ligands and
receptors is infinite and may span from full agonism to complete antagonism [4,5,7,198].

Cooperation both in the afferent and efferent pathways of the orexin system has been
verified. In the input, monoamines [25], NPY [199,200], and ghrelin [89,174,175] seem to
play the most important role, while in the output, NPY [12,13,151,199,201], POMC [202],
and also monoamines [25,107,112,161,203] have been identified. Unambiguously, the
pathways between the LC and the lateral hypothalamus are the most important connec-
tions of the orexin network in the regulation of arousal-related behavioral and endocrine
responses [24,25]. Also, circulating peripheral or centrally released ghrelin significantly
contributes to the hyperphagic activity of the orexins [89]. In efferentation, the orexin con-
nectomics cooperates with the corticotrope-releasing hormone (CRH)-urocortin system [11],
the network of NPY-positive [12,13] and monoaminergic [203] cells in the orchestration
of the neuroendocrine responses to processed and homeostatic challenges [11,13]. Such
interactions were established in other functions such as thermoregulation, mood, anxiety,
learning [12,107,112,148,161,204,205], and reproduction [151]. Regarding arousal, one of
the most important connections between the orexinergic system of the organism and the
environment is established through the SCN [46]. The neuromedin-S released from the SCN
of the hypothalamus might interpret these photic stimulations, which arrive at the SCN
through the retinohypothalamic pathway [190]. Nevertheless, this aspect of hypocretin
physiology must be further scrutinized and confirmed using experimental data.

During the investigation of pathophysiological alterations in the hypocretin/orexin
network, some unique features of the system were unveiled. It is a well-known phe-
nomenon in neuropeptide pathophysiology that the deficiency of a given neuropeptide
or its secretory neurons usually does not bring about significant functional disturbances
in the affected organism. This is due to the functional overlap between and redundancy
of different neuropeptides or neuropeptide families. Typically, in congenital cases, during
embryonic and fetal development, other neuropeptides can functionally compensate for
the deficiency of the affected transcript even in knockout animals. Obviously, acquired
abnormalities are less prone to correction due to the much more limited adaptation of the
adult brain. Therefore, neuropeptide deficiencies do not cause such dramatic pathophys-
iological and clinical changes as is the case in congenital or acquired disorders of neuro-
transmission such as dopamine (phenylketonuria, Parkinson’s disease, and Sydenham’s
chorea minor), GABA (Huntington’s disease and some forms of congenital epilepsies), or
acetylcholine (myasthenia gravis, Lambert-Eaton myasthenic syndrome, and Alzheimer’s
disease) metabolism disorders. However, the orexin/hypocretin system is different in
this respect. Not only acquired but also congenital deficiency inevitably leads to severe
pathophysiological changes, as exemplified in narcolepsy [70,71] or the blunted stress
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response exhibited by OX2R-deficient knockout mice [145]. This might be attributed to the
fact that the orexin-positive neuron population does not exceed 50,000-80,000 cells in the
hypothalamus [72], which makes it peculiarly sensitive to injuries. Furthermore, orexins
bear weak structural resemblance only to a few members of the incretin family [23,24].
Even orexin-A and orexin-B differ in 50% of their primary structure, and they exhibit
significantly different receptor affinities [23,24]. Therefore, it is not surprising that hardly
any other neuronal network can take over the function of the orexinergic system. Some
functional overlap might be provided by other GPCRs since certain neuropeptide receptors,
such as the type-2 NPY receptor, the TRH receptor, the CCK type-A receptor, and the NK2
neurokinin receptor show some similarities (26%, 25%, 23%, and 20% identity, respectively)
to the orexin receptors (OX1R and OX2R) [23]. However, their binding affinity to orexins
is negligible [206]. The highest structural similarity is exhibited by the NPFF receptor of
the RF-amide peptide family, which is 37% identical to OX1R and 35% identical to OX2R,
respectively, and shows significant affinity to the orexins [35,36].

7. Aspects of Human Pathophysiology: The Present and Future Therapeutic Potential of
Orexin Receptor Ligands

Even the first results of experiments carried out on the orexin/hypocretin system
suggested that several human pathophysiological conditions could be explained by alter-
ations in the orexin neurons [207]. Dysfunctions of the ARAS and sleep disorders, such as
obstructive sleep apnea-hypopnea syndrome, were the first and somewhat obvious cul-
prits, which were thoroughly and successfully investigated. Since then, both in narcolepsy
with cataplexy [70-73,208] and in obstructive sleep apnea—hypopnea syndrome [209-211],
the dysfunction of the orexin system has been established. Moreover, the acquired form
of narcolepsy proved to be a classic example of a neuroinflammatory disorder. It seems
to be evoked by HIN1 influenza virus infection or vaccination, which gives rise to an
autoimmune reaction against the hypocretin neurons [74,212,213].

Increased tone of the orexinergic system, especially in cooperation with the ghrelin
network, has also been suspected in disorders of the reward system. It appears that their
synergistic hyperactivity is accountable for a rare form of monogenic obesity, Prader—Willi
syndrome (PWS) [214]. However, the picture is more complex, as the orexin system is a
double-edged sword; it increases feeding and energy expenditure simultaneously depend-
ing on the environmental cues. Accordingly, it has been implicated in both weight gain and
weight loss [85], as well as in such disorders of food consumption as binge eating [215],
bulimia, and anorexia nervosa [216]. Furthermore, in Kleine-Levin syndrome [217,218],
the alternation of the alert and hyperphagic stages of hypersomnia has been connected to
fluctuations in the orexin levels in the cerebrospinal fluid (CSF). It seems that, like the HPA
response, the actual eating disorder is determined by the schedule and the modality of the
psychological stressor [219], and it can manifest itself in seemingly opposite conditions.

Regarding reproductive processes, hypoactivity of the orexin system was observed in
mothers suffering from gestational diabetes [220] and in patients diagnosed with polycystic
ovary syndrome (PCOS) [221,222]. This might be related to the concomitant increase in the
body weight and leptin levels of the patients, which downregulates orexin expression [223].
As for the pharmacological rewards, it is substance withdrawal that represents the common
mechanism of orexin upregulation in different forms of drug addictions. Apparently,
withdrawal symptoms are managed by individuals as stress stimuli, and they increase
arousal, attention, and drug-seeking behavior [172,224,225].

In humans, the dysfunction of the orexin system in the regulation of the ARAS may
also bring about the development of such diseases as attention deficit hyperactivity disorder
(ADHD), anxiety, epilepsy, panic, and phobias [106,160,162,172,226]. As far as hyperactivity
is concerned, the role of the orexin system has also been verified since the exaggerated
startle response in anxious patients could be effectively reduced with an orexin recep-
tor antagonist [227]. These conditions accompany the pathophysiological regulation of
neuronal excitation and show clear circadian fluctuation, which reinforces the view that al-
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teration in the orexin/hypocretin system plays a causative role in their development. Long
periods of overexcitation have a detrimental impact on the neurons. In the burnt-out phase,
these diseases give way to such chronic conditions as major depression, post-traumatic
stress disorder (PTSD), psychosomatic problems like hypertension [228-231], and even neu-
rodegenerative disorders [232]. Some further conditions such as cognitive disorders [233]
and abnormal pain sensation [234-236] may also be related to alterations in alertness and
the gating mechanism and therefore can be connected to the orexin/hypocretin system.
However, it is important to emphasize that orexin receptors show some structural simi-
larities to those of RF-amides [233]. Accordingly, their direct action may be mediated by
not only their own receptors, expressed on the crucial gating elements (LC and PAG) of
pain signaling, but also can be reinforced indirectly via the RF-amide receptors, which
are expressed in both the ascending and descending pathways of pain sensation [237].
Abnormalities in orexin physiology have already been identified in chronic pain disorders,
such as fibromyalgia [238], and especially in primary headaches such as migraine and
cluster headaches [120,121,198]. The latter condition deserves special attention since these
attacks show a clear diurnal pattern, and in its pathogenesis, the role of the SCN has already
been verified [121]. According to the data from the literature, this analgesic action of the
orexin network is mediated by orexin-A and OX1Rs [239].

The previously mentioned conformational overlap between the RF-amide and orexin recep-
tors may also account for the reproductive and antineoplastic activities of orexins [28,240,241].
This is because RF-amides play a well-known role in the inhibition of metastasis formation [242],
and in the past few years, they have emerged as metabolic regulators of the gonadal
axis [243]. Since the activity of the RF-amide system shows clear periodicity, it is quite
reasonable to imply that the orexin system may modulate its function either directly or
indirectly [240].

Finally, it must be mentioned that the dysfunction of the orexin system was demon-
strated in common neuropsychiatric, neuroinflammatory, and neurodegenerative disorders
such as schizophrenia, Parkinson’s disease, Alzheimer’s disease, Huntington’s disease,
multiple sclerosis (MS), and amyotrophic lateral sclerosis (ALS) [232,244-247]. Neverthe-
less, in these pathologic conditions, the dysfunction of the orexin system is not specific but
can be attributed to the widespread devastation of the connectome. In these conditions,
ultimately, all neural networks will be affected, but the orexin system is specifically frail
and sensitive to focal injuries since it has a limited number of neurons, which are confined
to a relatively small region. Therefore, it is among the first centers that succumb to the detri-
mental effects of misfolded protein aggregation and neuroinflammation. That is why some
shared, conspicuous symptoms of the above-mentioned fatal disorders were identified as
resulting from the failure of the orexin network. Cataplexy and dysfunction of the postural
reflexes can be observed in Parkinson’s, Huntington’s, and prion diseases. Alterations in
sleep patterns and vigilance are common findings in Alzheimer’s, MS, and prion diseases.
Rapid fluctuations in mood, unwarranted anxiety, irrational fears, and extreme irritability
are the common behavioral symptoms [248,249] in the above-mentioned diseases. Later, in
all these symptom categories, either hyperactivity or hypoactivity of the orexin system has
been suspected or already verified [232,244].

8. Promising Results in Translational Pharmacology

It is a well-known hindrance in neuropeptide pharmacology that often those com-
pounds which possess the most promising biochemical features (affinity, activity, half-life,
etc.) cannot bypass the blood-brain barrier (BBB) [7]. In several instances, only circum-
scribed areas (the lamina cribrosa or the circumventricular organs) provide access to the
cerebrospinal fluid (CSF) to native ligands [7], or sophisticated nanocarriers (liposomes,
nanoparticles, etc.) are required to surmount this pharmacokinetic obstacle [250]. However,
in the case of the previously discussed feed-promoting neuropeptides such as ghrelin and
the orexin system, both natural ligands and their chemically designed analogs can freely
bypass the BBB [7,251,252]. Derivatives of orexins are especially successful in this regard
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because some of these antagonists have already been approved by the Food and Drug
Administration (FDA) in the treatment of insomnia [113] (Table 2). Other antagonists,
which are suggested for the treatment of panic, major depressive disorder, anxiety, and
binge eating, are under investigation [113]. Studies on antagonists which are recommended
for the treatment of narcolepsy are also in the clinical phase of pharmacological trials [113].

Table 2. Orexin analogs under clinical investigation [113,253].

Classes Indications Stage
OX2R agonists Narcolepsy Phase II. [254,255]

. Major depressive

OX2R antagonists disorder (MDD) Phase II1. [256]

approved
Dual antagonists Insomnia (e.g., Suvorexant [257,258],
Lemborexant [259])

. Binge eating disorder Phase II. [260]

OXIR antagonists Panic disorder, MDD, anxiety Phase II. [261]

At present, the most coveted aim in neuroendocrine research is to engineer orexin
derivatives which could relieve the abnormalities of the sleep-wake cycle in neurode-
generative disorders. They would be game-changers in palliative therapy, as traditional
hypnotics are strong depressants and further deteriorate the function of the otherwise fail-
ing CNS. Therefore, present and future orexin derivatives are among the most pioneering
and successful compounds in neuropeptide pharmacology and have huge potential in
pharmaceutical development [113].

Additionally, emerging research explores the potential of non-invasive brain stimula-
tion techniques (NIBS), such as transcranial magnetic stimulation (TMS) and transcranial
direct current stimulation (tDCS). These NIBS techniques seem to be promising therapeutic
alternatives as the orexin system occupies a well-circumscribed region in the CNS. There-
fore, the symptoms of conditions like narcolepsy, cluster headaches, and affective and
cognitive disorders that are associated with the dysfunction of the orexin system could be
mitigated by them [262-264].

9. Discussion

Orexin/hypocretin neuropeptides are pivotal players in regulating various physi-
ological processes, such as food intake, metabolism, the HPA axis, reproduction, and
behavior [10,21,23,43,82,83,85,109,136,265,266]. They were primarily described to orches-
trate such parameters of homeostatic balance as feeding, thermogenesis, and heat dissipa-
tion [12,23,43,85,97]. Later research shed light on their intricate involvement in the media-
tion and modulation of such behavioral paradigms as arousal, anxiety, fear, and the stress
response [11,44,65,82,106,111,116,160]. The orexin system is also implicated in the regula-
tion of pain sensation and the behavioral changes evoked by natural and pharmacological
rewards such as addiction [79,106,117,120,181,198,224,267,268]. This way, dysfunctions in
the orexin system have been associated with various human pathophysiological conditions,
such as obesity, addictive disorders, narcolepsy, obstructive sleep apnea—hypopnea syndrome,
anxiety, cognitive disorders, and abnormal mood fluctuations [10,109,122,215,227,230,269].
This review tries to seamlessly integrate the diverse activities of orexins and provides a
more in-depth understanding of those fields such as stress response, fear, anxiety, and learn-
ing in which the authors have significantly contributed to the literature [11-13,107,112,161].

Regarding the limits of this article, it is important to note that the review is based on
the existing literature and does not present any new experimental data. As a result, the cal-
iber and scope of the studies included in the analysis limit the conclusions drawn from this
review. Additionally, the review focuses on preclinical research on the orexin/hypocretin
system, and the translation of these findings into clinical practice may be challenging. How-
ever, the review has several merits, including its interdisciplinary approach to understand-
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ing the orexin/hypocretin system, synthesizing information from various fields, including
neuroscience, endocrinology, and pharmacology [10,21,83,85,109,113,270,271]. It could pro-
vide “food for thought” to researchers and clinicians interested in the orexin/hypocretin
system, and it could inspire future research by identifying the knowledge gaps and areas
that require further investigation.

The ultimate goal of the research on the orexin/hypocretin system is to develop ef-
fective therapeutic interventions for various disorders, such as sleep disorders, obesity,
addiction, and anxiety [23,53,66,68,69,85,106,108,116,160,162,217,272-275]. However, this
goal presents several challenges, including the need to understand the complex and mul-
tifaceted role of orexins in physiology and behavior, as well as the need to develop safe
and effective drugs that target the orexin system. To achieve this goal, researchers need
to have a deep understanding of the orexin/hypocretin system, including its molecular
and cellular mechanisms, as well as its interactions with other systems in the body. They
also need to develop advanced technologies for studying the orexin system, such as op-
togenetics, chemogenetics, and advanced imaging techniques. In addition, researchers
need to develop safe and effective drugs that target selectively the orexin system, which
requires a thorough understanding of the pharmacokinetics and pharmacodynamics of
orexin derivatives. Overall, this line of research has the potential to improve the lives of
millions of people worldwide, making it a crucial area of investigation, as is their potential
therapeutic applications. Nevertheless, since several derivatives of orexins with high affin-
ity and activity to their receptors can bypass the blood—brain barrier, some antagonists have
already been approved by the FDA for the treatment of insomnia, and other antagonists
and agonists are under investigation for the treatment of various disorders of food intake
and behavior [113,271,276].

10. Conclusions

The interdisciplinary approach of this review has enhanced our understanding of the
orexin/hypocretin neuropeptide family and its potential therapeutic applications. However,
there are still several theoretical and methodological avenues that require refinement, such
as the need for more precise and selective orexin receptor agonists and antagonists. Future
research directions could focus on developing innovative drug delivery systems that can
effectively target the orexin system while minimizing the off-target effects. Additionally,
further research is needed to understand the complex interactions between the orexin
system and other physiological and behavioral processes, such as the immune system and
circadian rhythms. Overall, the orexin/hypocretin system is a fascinating area of research
with significant theoretical and translational implications. By understanding the complex
and multifaceted role of the orexin system, researchers can identify new drug targets and
develop innovative drug delivery systems that can effectively treat various disorders. We
hope that this review serves as a valuable resource for researchers and clinicians interested
in the orexin/hypocretin system and the development of agents targeting this system.
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Abbreviations

ACTH  adrenocorticotropic hormone

ALS amyotrophic lateral sclerosis

ARAS  ascending reticular activation system
ARC arcuate nucleus

BAT brown adipose tissue

BBB blood-brain barrier

BNST bed nucleus of stria terminalis
CeA central amygdala

CCK cholecystokinin

CNS central nervous system

CSF cerebrospinal fluid

CRH corticotrope-releasing hormone
DMH dorsomedial hypothalamus
DR dorsal raphe

FDA the Food and Drug Administration
GABA  vy-amino-butyric-acid

GAS general adaptation syndrome

GPCRs  G-protein-coupled receptors

HPA hypothalamic—pituitary—adrenal cortex
HPG hypothalamic—pituitary-gonadal axis

IC insular cortex

LA lateral amygdala

LC locus coeruleus

LDT lateral dorsal tegmental nuclei
LHA lateral hypothalamic area

MCH melanin-concentrating hormone

MDD major depressive disorder
MnPO  median preoptic nucleus
MPO medial preoptic nucleus

MS multiple sclerosis

MT mesopontine tegmentum

MTL medial temporal lobe

NAc nucleus accumbens

NIBS non-invasive brain stimulation techniques
NK neurokinin

NM neuromedin

NMS neuromedin S

NPY neuropeptide Y

NST nucleus of the solitary tract

NT neurotensin

OVLT  organum vasculosum laminae terminalis
OX1R orexin-1 receptor

OX2R orexin-2 receptor

OXR orexin receptor

PAG periaqueductal gray

PCOS  polycystic ovary syndrome

PFA perifornical area

PEC prefrontal cortex

POMC  pro-opiomelanocortin

PON preoptic nucleus

PPT pedunculopontine tegmental nucleus
PVN paraventricular nuclei

RVLM  rostral ventrolateral medulla

RVMM  rostral ventromedial medulla

SA sympathoadrenal
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SCN suprachiasmatic nucleus

SON  supraoptic nucleus

tDCS  transcranial direct current stimulation
TMs transcranial magnetic stimulation
TMN  tuberomammillary nucleus

VMH  ventromedial hypothalamus

VTA ventral tegmental area

VLPO ventrolateral preoptic nucleus
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Abstract: The escalating prevalence of Alzheimer’s disease (AD) highlights the urgent need to develop
reliable biomarkers for early diagnosis and intervention. AD is characterized by the pathological
accumulation of amyloid-beta plaques and tau neurofibrillary tangles. Phosphorylated tau (p-tau)
proteins, particularly p-tau217 and p-tau231, have been identified as promising biomarker candidates
to differentiate the disease progression from preclinical stages. This narrative review is devoted to
a critical evaluation of the diagnostic accuracy, sensitivity, and specificity of p-tau217 and p-tau231
levels in the detection of AD, measured in plasma, serum, and cerebrospinal fluid, compared to
established biomarkers. Additionally, the efficacy of these markers in distinguishing AD from
other neurodegenerative disorders is examined. The significant advances offered by p-tau217 and
p-tau231 in AD diagnostics are highlighted, demonstrating their unique utility in early detection
and differential diagnosis. This comprehensive analysis not only confirms the excellent diagnostic
capabilities of these markers, but also deepens the understanding of the molecular dynamics of AD,
contributing to the broader scientific discourse on neurodegenerative diseases. This review is aimed
to provide key information for researchers and clinicians across disciplines, filling interdisciplinary
gaps and highlighting the role of p-tau proteins in revolutionizing AD research and clinical practice.

Keywords: Alzheimer’s disease; amyloid plaques; biomarker; diagnosis; neurodegenerative diseases;
neurofibrillary tangles; p-tau; p-tau217; p-tau231; tau proteins

1. Introduction

Since the first diagnosis of Alzheimer’s disease (AD), published by Alois Alzheimer [1,2]
on 3 November 1906, more than a century has passed. AD is the most common cause of
cognitive impairment among older adults. It affects approximately 3-4% of the population
aged 60 years and older [3]. A global status report on the public health response to
dementia issued by the World Health Organization (WHO) states that, in 2019, 55.2 million
people worldwide were living with dementia [4]. However, a recent study estimated
that 22% of individuals worldwide aged 50 years or older have AD [5]. When including
patients in the earlier stages of the disease, this estimate rises to a total of 416 million
people worldwide, with figures ranging between 327 and 525 million. According to the
latest systematic literature review, numerous cases of AD might not be captured in studies
including only individuals with a formal diagnosis of AD dementia [6]. The incidence of
AD has been increasing in recent years, and it is estimated that this trend will continue [3].
The prevalence of dementia in Europe is expected to double by 2050 [7].

Currently, three main stages of AD are recognized as preclinical AD, AD with mild
cognitive impairment (MCI), and dementia [3,8,9]. The earliest phase, preclinical AD, is
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clinically asymptomatic, but in this phase of the disease, it is possible to identify diagnostic
biomarkers of the disease [10,11]. MCI is defined by the initial stage symptoms, which
typically include the impairment of short-term memory, followed by a decline in additional
cognitive domains [12,13]. The dementia stage is characterized by cognitive impairment
severe enough to impact the daily life of a person with AD [7,14].

AD is related to age, and a greater risk of developing AD is observed in women [15],
which is probably caused by menopause and the associated disruption of the functioning
of estrogen-regulated systems [16,17]. Several genes are significantly associated with AD.
Mutations in the amyloid protein precursor (APP) and the presenilin-1/2 (PSEN1/2) genes
account for less than 5% of all AD cases [15,18]. Allelic variation of the apolipoprotein E
(APOE) gene, specifically the type ¢4 allele, is a major risk factor in sporadic AD [15,19].
This allele is 2-3 times more frequent in individuals with AD compared to normal control
cases [15]. Modifiable risk factors for AD have also been identified [20-22]. Significant risk
factors for developing AD include hyperhomocysteinemia and depression [23,24]. Other
risk-enhancing factors include pre-existing diseases such as frailty, carotid atherosclerosis,
hypertension, low diastolic blood pressure, and type 2 diabetes mellitus in the Asian
population, as well as lifestyle factors like low education, increased body mass index (BMI)
in mid-life, and low BMI in later life [22,25,26].

The molecular mechanism of AD is determined by the accumulation of both 3-amyloid
(AB) in the form of extracellular neuritic plaques and hyperphosphorylated tau protein in
the form of intracellular neurofibrillary tangles (NFTs) [27,28]. A plaques are produced
by sequential cleavage of APP by (-secretase (BACE-1) and y-secretase within cells [29,30].
This process results in the formation of A3 monomers, which are secreted outside the cell
into the intercellular space [31]. Then, they aggregate to form A oligomers, protofibrils,
and fibrils [32,33]. These aggregates lead to the hyperphosphorylation of tau, a decrease
in cerebral capillary blood flow, and the impairment of the function of synapses [27,28].
In vitro studies have underscored the ability of tau proteins to promote the assembly and
stabilization of axonal microtubules (MTs), a process vital for proper neuronal function
and axonal transport [28]. Under normal conditions, the interaction between tau and MTs
is precisely regulated by phosphorylation, which adjusts tau’s binding affinity to MTs
and its neuronal distribution. However, in AD and related tauopathies, tau undergoes
aberrant hyperphosphorylation, significantly diminishing its affinity for MTs [28,34]. Con-
sequently, hyperphosphorylated tau accumulates in the cytosol, leading to aggregation and
fibrillization. This process results in the formation of NFTs, insoluble aggregates that are
characteristic of AD pathology [28,34]. Such pathological aggregation disrupts MT stability
and induces neuronal dysfunction by redistributing tau from axonal to somatodendritic
compartments. This redistribution hinders essential neuronal processes, including gluta-
mate receptor trafficking and synaptic anchoring, exacerbating synaptic dysfunction and
contributing to the cognitive decline seen in AD [28]. Additionally, recent research indicates
that the spread of tau aggregates might occur through a prion-like mechanism in which
misfolded tau proteins catalyze the misfolding of normal tau, promoting the progression
of pathology across neuronal networks [35,36]. The described mechanisms are associated
with the clinical and neuropathological stages of AD, underscoring the critical role of tau
pathology in the disease evolution and its potential as a therapeutic target. Moreover, NFTs
can spread trans-synaptically to anatomically connected brain regions, causing further
formation of NFTs in remote parts of the brain, spreading from the entorhinal cortex to the
neocortex [28]. The process of NFT production appears to correlate with A3 deposition [37].
The progression of hyperphosphorylated tau to other parts of the brain occurs only in the
presence of Af3, suggesting a mechanistic link [28]. However, the presence of Af3, unlike
the stage of tau pathology, does not correlate with the progression of cognitive impairment,
indicating the significant role of tau hyperphosphorylation in inducing AD symptoms [28].

Given the critical need for advancements in the early detection and differentiation
of AD amid its growing global prevalence, this narrative review sets forth to critically
evaluate the diagnostic utility of phosphorylated-tau (p-tau) proteins, specifically p-tau
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Thr217 (p-tau217) and p-tau Thr231 (p-tau231), as potential biomarkers for AD. This
evaluation synthesizes findings from a broad spectrum of studies to elucidate the sensitivity,
specificity, and overall diagnostic accuracy of these biomarkers across the various stages
of AD, including the preclinical and prodromal phases. Furthermore, this review aims to
contrast the effectiveness of p-tau217 and p-tau231 against other established biomarkers for
AD, examine their potential in distinguishing AD from other neurodegenerative disorders,
and explore the practical implications of their application in clinical settings. By delving
into these areas, the review endeavors to fill existing gaps in interdisciplinary research and
underscore the transformative role of p-tau proteins in revolutionizing AD research and
clinical practice.

2. Current Diagnosis of AD

The diagnosis of AD is based on the 2011 recommendations of the National Institute
on Aging—Alzheimer’s Association (NIA-AA) workgroups on diagnostic guidelines for
Alzheimer’s disease [38]. Unlike the recommendations for diagnosing MCI due to AD and
AD dementia stage, recommendations for preclinical AD are not intended for clinical diag-
nosis and are based only on the presence of biomarkers, due to the asymptomatic course of
this phase of AD. The diagnosis of MCI due to AD requires the establishment of clinical
and cognitive criteria. These criteria include a change in cognition reported by a patient,
an informant, or a clinician; objective evidence of impairment in one or more cognitive
domains—such as memory, executive function, attention, language, and visuospatial skills—
obtained through testing; maintenance of the patient’s independence in functional abilities;
and no dementia in a patient [39]. Additionally, it is necessary to assess the etiology of MCI
to ensure it is consistent with the AD pathophysiological process [39]. The diagnosis of AD
dementia is based on symptoms of cognitive decline that develops over time and interferes
with the patient’s usual activities. The cognitive or behavioral impairment must involve at
least two of the previously mentioned domains [40,41]. It is crucial to exclude other causes
of dementia, such as delirium or major psychiatric disorders [40,42]. The cognitive impair-
ment should be detected by history-taking from the patient and other informants, as well as
objective forms of cognitive assessments by neurophysiological testing [40]. Additionally to
the mentioned-above core criteria for the diagnosis of MCI due to AD and AD dementia, in
the 2011 recommendations from the NIA-AA, biomarkers have been established to support
the diagnosis of both stages [38—-40]. A} deposition is the first biomarker, examined by
the presence of the Ap342 variant of A{3 in the cerebrospinal fluid (CSF) or by detection
during positron emission tomography (PET) amyloid imaging [40,43]. The second set of
biomarkers is related to neuronal injury and includes the presence of phosphorylated-tau
in the CSF, volumetric measurements or visual assessments of hippocampal volume or
medial temporal lobe atrophy, the rate of brain atrophy, fluorodeoxyglucose-18 (FDG)-PET
imaging, and single-photon emission computed tomography (SPECT) perfusion imaging.
Additionally, there are less validated methods such as functional magnetic resonance imag-
ing (fMRI) activation studies, resting blood oxygen level-dependent (BOLD) functional
connectivity, MRI perfusion, magnetic resonance spectroscopy, diffusion tensor imaging,
and voxel-based and multivariate measures [39,40,43]. The biomarkers of the third type
include inflammatory biomarkers (cytokines), oxidative stress biomarkers (isoprostanes),
and other markers of synaptic damage and neurodegeneration such as cell death [39,40].

3. New ‘Candidates’ for AD Biomarkers

For diagnostic purposes, the currently used p-tau biomarker includes p-tau phospho-
rylated at Thr181 (p-taul81) [44—46]. Recently, new ‘candidate’ p-tau biomarkers have
been proposed, namely p-tau217 and p-tau231 [44,47-49]. Studies have demonstrated that
pre-screening with blood testing could significantly reduce the need for more invasive
testing in AD, and that plasma p-tau may offer greater diagnostic power than plasma
amyloid measures [47]. It has been shown that p-taul81 and p-tau217 can differentiate
between amyloid-PET or tau-PET positive cases and amyloid-PET or tau-PET negative
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cases. Furthermore, the p-tau level allows us to distinguish patients with AD dementia
from those with frontotemporal lobar degeneration [47]. Recent studies have revealed
increased levels of p-tau217 in the plasma of individuals in the preclinical and early clinical
stages of AD compared to a control group of healthy individuals [49]. This increase is
also associated with a higher risk of progressing to AD dementia, a faster rate of cognitive
decline, and thinning of the temporal cortex and hippocampus. The authors suggest the
possibility of monitoring treatment responses over time by comparing p-tau217 levels in
non-demented, amyloid-positive individuals and those without such pathology, as well
as in non-demented individuals who later develop AD dementia compared to those who
remain non-demented during follow-up, highlighting a greater increase in AD-related
individuals [49]. They advocate for the use of p-tau217 in monitoring the disease progres-
sion. Studies have also demonstrated that plasma p-tau231, similarly to plasma p-taul81,
could identify clinical stages and neuropathology, with the advantage of increasing earlier
than p-taul81 in response to early brain tau deposition, even before the threshold for A(3
PET positivity is reached [48]. Research on plasma p-tau231 and p-tau217 concludes that
these biomarkers more effectively capture the earliest cerebral A3 changes, even before
the observable presence of Ap deposits, thus indicating plasma p-tau231 and p-tau217 as
promising biomarkers for preclinical AD [48].

4. Characteristics of tau Protein

Tau protein is encoded by the MT-associated protein tau (MAPT) gene located on
human chromosome 17 at band position 17q21 [50-53]. It was discovered in 1975 [51,54,55].
The MAPT gene contains 16 exons [51,56,57], although exon 1, being a part of the promoter,
and exon 14 under transcription but not translation [56,57]. Exons 9-12 play a crucial role,
encoding four highly conserved imperfect repeats that make up the MT-binding domain of
tau [56]. Uniquely, tau mRNA is transported to the proximal axon for translation, which
facilitates the establishment of neuronal polarity [51].

Tau protein is divided into four functional domains: the N-terminal projection domain
(NTPD), proline-rich regions (PRRs), MT-binding domain (MTBD), and C-terminal domain
(CTD) [50,51,56]. The protein exists in six isoforms [52,53,55,56], which result from the
alternative splicing of exons 2, 3, and 10 [51-53,56]. These isoforms include 3RON, 3R1N,
3R2N, 4RO0N, 4R1N, and 4R2N. The first three are collectively referred to as 3R isoforms, and
the latter three as 4R isoforms. The number of ‘R’s indicates the number of MTBDs included
in an isoform, and ‘N” indicates the number of NTPDs [50,52,53,55,56]. The isoforms range
from 352 to 441 amino acid residues in a chain [50,52,57]. In the fetal human brain, only
3R isoforms are expressed [50,51,53,56]. In the adult human brain, the expression of tau
isoforms varies between regions; for example, the cerebellum has an elevated amount of
3RON, whereas in the globus pallidus, 4R isoforms dominate [56]. However, physiologically,
the ratio of 3R to 4R tau isoforms in the adult human brain should be approximately one to
one [51,52,56]. An abnormal ratio of these isoforms is a characteristic feature of tauopathies
such as AD [51]. This is why the alternative splicing of exon 10, which determines the type
of protein (3R or 4R), is the subject of intensive scientific research [50].

Compared to other proteins, 2N4R, the longest human tau isoform present in the
central nervous system (441 amino acid residues), has a relatively low proportion of
hydrophobic amino acid residues, making tau generally a hydrophilic protein [56]. Tau is a
natively unfolded protein that maintains a highly flexible conformation with a low content
of secondary structure [56]. However, this does not preclude the possibility of folding
through intramolecular interactions between differently charged domains [56]. MTBD
consists of four repeating motifs, separated by flanking regions. Notably, the second and
third repeats of the MTBD have a tendency to form a 3-sheet structure [56].

Tau protein is described as a scaffolding protein [50]. Its main function is the stabi-
lization of MTs in the distal portions of axons, which are essential for axonal transport
systems. These systems ensure the transport of organelles and signaling molecules, making
tau protein crucial for the proper functioning of neurons [51]. In that way, tau is also
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responsible for the dynamics of axonal growth cones [52]. Furthermore, some studies
have reported tau’s interaction with actin, which influences actin polymerization and the
interaction between actin filaments and MTs. Additionally, tau has other functions, such as
binding to molecules like PSEN-1 and RNA [51].

The conformation of tau has a “paperclip” form, in which the CTD folds over MTBD
and the NTPD folds back over the CTD, bringing the two termini in close proximity [56].
The association between CTD and NTPD is reduced when tau binds to MTs. NTPD projects
away from MTs without binding to them directly; however, it plays a role in regulating
MT dynamics by influencing the attachment and spacing between MTs and other cellular
components. Additionally, the extreme N-terminal region of tau (residues 2-18) is involved
in a signaling cascade that inhibits axonal transport in neurons [56]. However, the specific
functions of NTPD are not yet well established, although it is hypothesized to influence tau
distribution because the 0 N, 1 N, and 2 N isoforms exhibit distinct subcellular localizations
in the mouse brain [56].

Tau protein can also be found in dendrites and at the post-synapse under both phys-
iological and pathological conditions [50,51,53]. However, its physiological role in the
mentioned compartments is less understood [50]. The binding of tau to MTs occurs through
interactions between MTBD and «- and 3-tubulin heterodimers [50] within specific pockets
in the tubulin on the inner surface of MTs [51]. Because the MT surface is negatively
charged, this binding is enhanced by the presence of positively charged PRRs [50,51]. The
C-terminal domain likely plays a role in inhibiting tau polymerization [50].

Post-translational modifications, including phosphorylation, N- and O-glycosylation,
ubiquitination, truncation, and oxidation, regulate the interaction between tau and MTs [50,55].
Among them, the most important role in the pathogenesis of tau is played by phosphoryla-
tion, which is directly related to the pathophysiology of AD [52].

5. Characteristics of Hyperphosphorylation Process of tau Protein

Phosphorylation is the primary post-translational modification regulating the binding
of tau to MTs under physiological conditions. Approximately 85 putative phosphorylation
sites have been predicted, with over 50 of these sites confirmed to be modified in tau [55].
Most of these phosphorylation sites are found in the C-terminal half of the amino acid
sequence [55], although notable exceptions, such as Thr217 and Thr231, are situated in the
N-terminal region [34].

In the physiological state, tau phosphorylation plays a crucial role, with phospho-
rylation at Ser396 and Ser404 stabilizing beta-catenin, rendering cells anti-apoptotic and
providing neuronal protection [58]. This process also significantly contributes to adult
hippocampal neurogenesis. Both aggregated and soluble tau found in the brain of AD pa-
tients show reactivity to antibodies detecting phosphorylated tau, as well as to an antibody
reactive for non-phosphorylated tau following alkaline phosphatase digestion [55]. This
has led to the conclusion that tau in its hyperphosphorylated form is associated with tau
aggregation and toxicity, with a damaging effect on the brain [58]. In autopsied AD brains,
tau phosphorylation level has been found 34 times higher than in healthy individuals [30],
marking it as an early pathology in the development of AD [58]. Hyperphosphorylation of
tau at sites such as Thr205, Thr231, Ser262, and Ser396 is known to attenuate endoplasmic
reticulum stress and death-associated protein kinase-induced apoptosis [58]. It also reduces
the affinity of tau for MTs, leading to the formation of highly toxic tau oligomers [58]. Criti-
cally, in the pathogenesis of AD, hyperphosphorylation leads to the dissociation of tau from
MTs, contributing to the formation of NFTs, MT collapse, axon degeneration, and axoplas-
mic transport disorders [34]. This disrupts the distribution of neurotransmitters (including
their synthesis, transport, release, and uptake), culminating in neurodegeneration [58].

Hyperphosphorylation results from the deregulation of Ser/Thr kinases (see Figure 1) [34].
A-kinase, C-kinase, calmodulin kinase II (CaMK II), cyclin-dependent kinase 5 (CDK-
5), mitogen-activated protein kinase (MAPK), and glycogen synthase kinase-33 (GSK-
33) are responsible for the phosphorylation of Thr 217 and Thr 231 sites, among many
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other sites on tau protein [34]. Tau protein undergoes prephosphorylation at sites such as
Ser262/Ser356 by C-kinase, CaMK II, and CDK-5, making it more susceptible to subsequent
phosphorylation by GSK-33 [34]. The prephosphorylation at Ser262 /Ser356 may induce a
conformational change in tau, enabling GSK-3f3 to recognize Thr231 and other sites more
readily [34]. GSK-38 is also directly involved in the phosphorylation of Thr217 [59]. The
process of tau hyperphosphorylation is further accelerated by Af, which mediates the
activation of CDK-5 and GSK-3f [34]. Deregulation of kinase activities may also result from
a disruption in the expression of non-coding RNA genes. For instance, decreased activity
of miRNA-195 in knock-out rat models has been found to activate Cdk5/p25 signaling,
promoting the phosphorylation of tau at Ser202, Thr205, Ser262, and Ser422 sites, and,
crucially for this discussion, at the Thr231 site [58,60]. Furthermore, overexpression of
death-associated protein kinase 1 (DAPK1) has been shown to increase tau protein stability
and phosphorylation, including the Thr231 site [58,61].

[
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Figure 1. Mechanism of hyperphosphorylation of tau protein in the development of neuronal de-
generation. Dysregulation of Ser/Thr kinases, including A-kinase, C-kinase, calmodulin kinase II
(CaMK II), cyclin-dependent kinase 5 (CDK-5), mitogen-activated protein kinase (MAPK), glyco-
gen synthase kinase-33 (GSK-3§3), and death-associated protein kinase 1 (DAPK1) results in tau
hyperphosphorylation, which contributes to tau dysfunction and neurodegeneration.

Protein phosphatase 2A (PP2A) plays a central role in tau dephosphorylation and is
implicated in AD’s pathogenesis [62]. PP2A accounts for the majority of tau phosphatase
activity in the brain, and its activity is found to be reduced in AD, contributing to abnormal
tau hyperphosphorylation and aggregation. In their review, Martin et al. [62] highlight the
predominant role of PP2A in regulating tau phosphorylation sites, showing that disruptions
in PP2A activity could significantly impact tau’s pathological phosphorylation in AD.
The involvement of other phosphatases, such as protein phosphatase 1 (PP1), protein
phosphatase 5 (PP5), and phosphatase and tensin homolog deleted on chromosome 10
(PTEN), although less pronounced than PP2A, still contributes to the complex regulation
of tau phosphorylation and has been observed to be altered in AD as well. The balance
between kinase and phosphatase activities determines the phosphorylation status of tau,
and the disruption of this balance leads to the tau pathology observed in AD.
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In summary, tau hyperphosphorylation is a multifactorial and complex process that
plays a key role in the pathomechanism of tauopathies, including AD. Undoubtedly, further
research is necessary, which may bring a breakthrough in the treatment and prevention of
neurodegenerative diseases related to the abnormal function of the tau protein.

6. From tau Phosphorylation to Neurofibrillary Tangle Formation

Tau, as a ‘tubulin-associated unit’ and a protein constituting over 80% of MT-associated
proteins, primarily plays a physiological role in bundling and stabilizing axonal MTs
through tubulin polymerization, a process that is disrupted by phosphorylation [63-65].
Additionally, phosphorylation, particularly by GSK-3(3, results in reduced tau transport
along the axon due to diminished interaction with kinesin [64,66]. The primary pathway for
tau phosphorylation involves protein kinases such as GSK-33, cAMP-dependent protein
kinase, MT affinity-regulating kinase 4, and CDK-5. The phosphorylation by the mentioned
kinases causes the destabilization of MTs. It has been demonstrated that the phosphory-
lation of tau is inversely correlated with its association with MTs [63—67]. Moreover, the
specific consequences of tau phosphorylation depend on the site of modification [65,68].
For example, in contrast to the majority of the sites, phosphorylation at Ser208 leads to
an increase in tau’s affinity for binding MTs, but it does not reduce tau aggregation, as
this modification is particularly found in late-stage NFTs [68]. Man et al. [65] found that
phosphorylation at Ser289 and Ser293 leads to enhanced oligomerization and a change in
the structure of the tau peptide chain from a helix to a coil [63]. Thus, this transformation
to an unorganized structure may be a “driving force” for the aggregation of tau [65]. Un-
fortunately, the exact mechanism of NFT formation is not fully understood, and further
studies on this subject are necessary [66,69]. Regardless of the exact mechanism, the di-
minished affinity for MTs through phosphorylation primarily leads to aggregation, which
in turn plays a role in the formation of NFTs [64,65]. Furthermore, it has been stated
in numerous studies that NFTs are present in AD pathology and are strictly correlated
with neurodegeneration in the development of AD [63-68,70]. Higher concentrations of
phosphorylated tau have been correlated with neuronal damage and death in the process of
dementia. Emerging theories suggest that NFTs may have a role in AD that differs from the
traditionally proposed one, with some suggesting a protective function [64]. Buée et al. [64]
proposed that NFTs may have a protective role against toxic phosphorylated tau species
during neurodegeneration. They argue that, while apoptosis takes 24 h to complete, the
tau aggregation leading to cell death spans over 24 years. This suggests that NFTs might
prolong the disease development by more than two decades before neurons ultimately
succumb to the toxic effects of the protein’s accumulation [64]. Regardless of the actual role
of NFTs, their strong correlation with phosphorylated tau and neurodegeneration remains
undisputed, advancing the field towards the better detection of AD pathology.

7. P-tau Isoforms as AD Biomarkers
7.1. P-tau Isoforms Are Effective AD Biomarkers

The first step in challenging the status of p-taul81 as the ‘gold standard’ biomarker is
to demonstrate that p-taul81 and other p-tau species exhibit the necessary accuracy and
correlations to qualify as biomarkers in AD [71]. P-taul81 has been proven to accurately
discriminate between A and tau stages and correlate with their PET statuses [71]. It has
been confirmed in multiple studies that other tau species, such as p-tau217 and particularly
p-tau231, are as effective or even more effective for early AD detection than p-taul81 [72-81].
What makes p-tau variants useful biomarkers is their specificity for the so-called “biological
AD”, which means a positive status for both A3 PET (A+) and tau PET (T+). However, this
correlation varies, as demonstrated by Therriault et al. [80], who, based on comparative
analysis, found that p-tau biomarkers had a significantly higher correlation with A3 PET
than with tau PET. Accordingly, a study by Palmqvist et al. [82] states that the accumulation
of A} promotes an increase in the production of soluble tau in neurons. This mechanism
explains high levels of p-tau, especially p-tau217, in AD. Moreover, this mechanism is not
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present in other tauopathies. This finding has also been supported by Barthélemy et al. [79],
who demonstrated an inverse correlation of the plasma p-tau217/tau217 ratio with the
CSF Ap42/ApB40 ratio. This suggests that normal concentrations of AP are associated with
reduced tau phosphorylation [79].

As it was previously mentioned, A and p-tau show a strong correlation in AD
pathogenesis. This also reflects the correlation in detecting the presence of Af3 with the
higher levels of plasma p-tau217 [56]. Plasma p-tau217 mediates the association between
accumulated AB and tau, and plasma p-tau217 may indicate the early accumulation of A3
even before widespread tau aggregation occurs [56]. Other research studies report that
p-tau217 and p-tau231 capture the earliest changes in cerebral Af3 imaged on PET [48] and
that p-tau231 reaches abnormal levels with the lowest A3 load [48]. To clarify, plasma levels
of p-taul81 and p-tau217 are elevated in individuals with an A+T+ profile compared to
A+T- and A—T-, and in A+T- compared to A—T- [81,83-85]. Importantly, the CSF exhibits
a higher concentration of p-tau species, and as shown in the study by Barthélemy et al. [79],
the p-tau/tau ratios are significantly higher in the CSF compared to the blood plasma.
However, the use of blood-derived p-tau isoforms as AD biomarkers is still considered
feasible because they reflect tau changes in the CSF. Moreover, peripheral phosphorylation
of tau exhibits a distinct profile [79]. However, according to Palmqvist et al. [86], the
accuracy of CSF and plasma biomarkers is similar in significance [86]. Plasma p-tau217 has
been found to perform worse than its CSF counterpart [82]. However, due to the lower cost
and the ease of testing, it may still serve as a viable biomarker in facilities with limited or
no access to CSF or PET testing [82]. Blood serum is also considered a viable medium for
measuring p-tau concentration, as its accuracy has been demonstrated to be similar to that
of plasma [76].

Higher concentrations of p-taul81 and p-tau271 correlate with higher levels of AD
neuropathological change (ADNC) and the APOE ¢4 allele, which is directly involved
in inherited AD [73,83,87]. However, the use of APOE ¢4 as a prediction factor did not
show a significant improvement in the effectiveness of the combination of plasma markers
Ap42/40 and plasma p-tau217 [88]. According to Woo et al. [84], p-taul81 and p-tau217
demonstrate the highest efficacy in differentiating T+ from T— patients. However, the
accuracy of p-taul8l in determining tau PET status diminishes when considering only
A+ patients, because only individuals with concurrent amyloid and tau pathologies can
definitively be diagnosed with AD [84]. P-tau217 maintains a performance of over 85% in
discriminating between T+ and T— even with the introduced change [84]. Additionally,
p-tau217 correlates with common AD assessment scores, such as the Mini-Mental State
Examination (MMSE) and clinical dementia rating (CDR), the scales typically used for
evaluating a patient’s mental capabilities and potential neuropathology [84]. According to
Janelidze et al. [89], considering the tau PET prediction, CSF p-tau217 correlates better than
CSF p-taul81 with CSF A342 and the retention of [18F] flortaucipir and [18F] flutemetamol,
two radiopharmaceuticals used to visualize brain pathologies in AD on PET scans [89].
P-tau217 also is more accurate when it comes to the identification of patients with a patho-
logical increase in [18F] flortaucipir binding [89]. The results from the article by Mundada
et al. [90] also indicate a strong correlation between p-tau217 and [18F] flortaucipir. These
findings confirm the superiority of p-tau217 over p-taul81 in tau PET prediction [89].

The performance of p-tau species depends on their clinical status. P-tau217 is consid-
ered a versatile biomarker as it accurately differentiates A+ from A— in both cognitively
unimpaired (CU) and MCI groups. It has also been shown to increase with age [49,84,87].
Woo et al. [84] established thresholds for p-tau217 levels indicative of tau PET positiv-
ity: levels above 0.09 pg/mL (sensitivity = 0.91, specificity = 0.9, accuracy = 0.91) for
the general population and levels above 0.14 pg/mL (sensitivity = 0.90, specificity = 0.72,
accuracy = 0.79) for AB+ individuals. This distinction highlights a higher threshold for A+
individuals, suggesting that A3 accumulation can lead to an increase in p-tau not necessarily
associated with tau PET positivity [84]. Moreover, the study by Mattsson-Carlgren et al. [49]
confirmed a similar pattern of p-tau217 changes in different stages of AD development,

95



Biomedicines 2024, 12, 786

including CU, MCI, and AD conversion, with a higher baseline for A+ with a significant
increase, and a stable baseline for A— and other dementia converters [49]. Analogously,
Jonaitis et al. [91] provided evidence that baseline levels of plasma p-tau217 correlate with
the trajectory of cognition: higher levels are associated with a steeper, more negative
trajectory, while lower levels correlate with a more stable, flatter trajectory [91]. Further-
more, studies by Brickman et al. [73] and Yu et al. [92] showed that higher concentrations
of plasma p-tau, specifically p-tau217, were correlated with posthumously confirmed
AD [73,92].

The ability of a biomarker to differentiate AD from other neurodegenerative diseases
is a crucial aspect of its effectiveness. The study by Yu et al. [92] indicated that p-tau217
is not associated with neurodegenerative diseases other than AD, with the exception of
cerebral amyloid angiopathy (CAA). It has been shown that patients with both AD and
CAA, of which the latter is also closely related to A, have significantly higher levels
of p-tau217 [92,93]. Importantly, plasma p-tau has been found to distinguish AD from
primary age-related tauopathy (PART) [92]. High levels of p-tau217 and p-taul81 have
been correlated with a greater likelihood of AD rather than PART.

From a practical standpoint, comparing the levels of tau and p-tau proteins in serum
and blood plasma is critically important. In the study by Kac et al. [76], the diagnostic
potential of p-tau231 and p-taul81 levels in serum and plasma for AD has been explored.
Conducted across three cohorts with a total of 115 participants, the study revealed that
p-tau levels in both serum and plasma were significantly higher in AD patients than in
controls, indicating good diagnostic performance in serum. Notably, p-tau231 was found
at lower concentrations in serum compared to plasma. Despite this, the strong correlation
between p-tau levels in serum and plasma underscored the viability of serum as a practical
alternative for AD diagnostics and research. These results endorse the use of serum in
environments that prefer it to plasma, emphasizing its effectiveness for p-tau analysis.
However, the necessity for further validation in independent cohorts and across different
p-tau assays should be emphasized.

There are some limitations to the studies described above on the use of p-tau variants
as biomarkers. It should be emphasized that the findings cannot be generalized to all indi-
viduals due to insufficiently diverse ethnic representation in the research groups [81,82,94].
The need to extend the research to unselected primary care populations should be also
underlined [82]. Moreover, using plasma p-tau as a biomarker has some outstanding
challenges such as the need for analytical guidelines, inter-laboratory method comparison
and standardization, cut-off value generation and validation, and appropriate use criteria
for clinical implementation [82,95]. The higher cost of mass spectrometry tests, which have
shown the best performance compared to currently used immunoassays, has also been
indicated [94].

7.2. Diagnostic Performance of Various p-tau Assays

Several trials have examined assays for measuring different p-tau species in order to
use them as diagnostic tools in AD. The performance of various p-tau assays in differenti-
ating AD patients is summarized in Table 1. The trial conducted by Bayoumy et al. [96]
utilized six different plasma immunoassays: the p-tau217 assay from Lilly Research Lab-
oratories, Indianapolis, IN, USA (Lilly); p-taul81 assay from Lilly; p-taul81 assay from
Adx Neurosciences, Ghent, Belgium (ADx); p-tau231 assay from ADx; p-taul81 assay from
Quanterix, Billerica, MA, USA (Quan); and p-tau231 assay from University of Gothenburg,
Gothenburg, Sweden (UGot). The study confirmed that p-tau levels were significantly
higher in AD patients compared to controls. The increase ranged from 4.1-fold for p-tau217
Lilly to 1.3-fold for p-tau231 ADx. Notably, the p-tau217 Lilly assay, all p-taul81 assays,
and the p-tau231 UGot assay demonstrated high diagnostic accuracy for AD [96]. A post
hoc comparison of the receiver operating characteristic (ROC) analysis of the area under
the curve (AUC) indicated that p-taul81 ADx and p-tau217 Lilly both performed well,
outperforming p-taul81 Quan. Moreover, p-tau217 Lilly surpassed p-tau231 UGot in per-
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formance, with p-taul81 ADx showing a similar trend. Additionally, both p-tau217 Lilly
and p-taul81 ADx had better performance than p-taul81 Lilly. The p-tau231 ADx assay
was the least effective, being outperformed by all other assays.

Table 1. Diagnostic performance of various p-tau assays in distinguishing Alzheimer’s disease (AD)
patients from healthy controls [96], normal and abnormal A342/40 ratio in the cerebrospinal fluid
(CSF) [97], and non-AD (NAD) patients [98]. Data are shown as median and interquartile range
(in brackets).

Assay

Fold Increase AUC (95% CI) Fold Increase AUC (95% CI)

=
™

in CSF in CSF in Plasma in Plasma
- - 1.8 0.938 (0.872-1.000) [96]
p-tau 181 Lilly - - 1.2-14 0.759 (0.676-0.841) [97]
3.29 0.95 (0.91-0.98) 2.59 0.91 (0.86-0.96) [98]
- - 4.1 0.995 (0.987-1.000) [96]
p-tau217 Lilly - - 2.0 0.886 (0.827-0.944) [97]
7.18 0.98 (0.96-1.00) 3.27 0.94 (0.90-0.98) [98]
t-tau Lilly 1.97 0.85 (0.79-0.90) 1.36 0.73 (0.65-0.81) [98]
- - 2.9 0.988 (0.969-1.000) [96]
p-taul81 ADx - - 1.8 0.841 (0.768-0.913) [97]
4.77 0.96 (0.93-0.98) 3.48 0.94 (0.91-0.97) [98]
- - 13 0.719 (0.607-0.831) [96]
p-tau231 ADx 3.59 0.93 (0.88-0.97) 1.39 0.66 (0.58-0.74) [98]
- - 12-14 0.743 (0.652-0.833) [97]
p-taul81 UGot 2.1 0.94 (0.90-0.97) 1.38 0.80 (0.73-0.87) [98]
- - 15 0.943 (0.896-0.991) [96]
p-tau231 UGot - - 12-14 0.784 (0.703-0.864) [97]
- 0.91 (0.87-0.95) 1.95 0.88 (0.83-0.93) [98]
p-tau181 WashU - - 12-14 0.835 (0.765-0.906) [97]
p-tau217 WashU - - 36 0.947 (0.907-0.987) [97]
p-tau181 Fuji - - 12-14 0.694 (0.604-0.784) [97]
p-taul81 Splex - - 12-14 0.642 (0.533-0.751) [97]
] . - - 1.9 0.936 (0.885-0.987) [96]
p-taul8l Quanterix 5.02 0.96 (0.93-0.99) 1.66 0.80 (0.73-0.87) 98]
] - - 27 0.858 (0.795-0.920) [97]
p-tau2l7 Janss 8.53 0.98 (0.96-1.00) 5.2 0.96 (0.93-0.99) [98]

Abbreviations: AUC—area under the curve; CI—confidence interval; p-taul81—tau phosphorylated at threonine-181;
p-tau217—tau phosphorylated at threonine-217; p-tau231—tau phosphorylated at threonine-231. The origin
of the p-tau assays: ADx—ADx Neurosciences, Ghent, Belgium; Fuji—Fujirebio Inc, Tokyo, Japan; Janss—
Janssen Research and Development, Raritan, NJ, USA; Lilly—Lilly Research Laboratories, Indianapolis, IN,
USA; Quanterix—Quanterix Corp., Billerica, MA, USA; Splex—S-Plex immunoassay from Meso Scale Discovery,
Rockville, MD, USA; UGot—University of Gothenburg, Gothenburg, Sweden; WashU—Washington University,
Washington, DC, USA.

The study by Janelidze et al. [97] compared 10 assays: the p-taul81 assay from Wash-
ington University, Washington, DC, USA (WashU); p-taul81 ADx; p-taul81 Lilly; p-taul81
UGeot; p-taul81 assay from Fujirebio Inc, Tokyo, Japan (Fuji); p-taul81 S-Plex immunoassay
from Meso Scale Discovery, Rockville, MD, USA (Splex); p-tau217 WashU; p-tau217 Lilly;
p-tau217 assay from Janssen Research and Development, Raritan, NJ, USA (Janss); and
p-tau231 UGot. The results were in line with other findings, suggesting an increase in
various p-tau species in A+ individuals compared to controls [97]. In this study, the best-
performing assay was p-tau217 WashU, a mass spectrometry (MS)-based assay, followed by
two immunoassays, namely p-tau217 Lilly and p-tau217 Janns [97]. On average, p-tau217
assays achieved higher AUCs than p-taul81 assays. In summary, the fold increase in p-tau
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species ranged from 1.2 to 3.6 [97]. When it comes to distinguishing MCI patients with
progression to AD from those without AD, p-tau217 WashU was the best, followed by
p-tau217 Lilly [97]. However, p-tau217 Janss, p-taul81 ADx, and p-taul81 WashU were not
significantly worse than p-tau217 Lilly in that case, whereas other assays performed with
significantly lower AUCs [97]. P-tau217 WashU performed with a higher AUC than other
assays, which corroborated the superiority of MS-based assays for p-tau quantification [97].
It is worth noting that the concentration of p-tau217 in the CSF is approximately 5 times
lower than that of p-taul81, which makes this quantification more difficult [99]. How-
ever, it should be concluded that p-tau217 has superior accuracy as a biomarker for AD
compared to p-taul81 [97]. Expectedly, CSF p-tau measurements appeared to have AUC
values unmatched by the corresponding plasma assays [97]. The strongest correlation was
observed in the case of p-tau217 WashU. P-tau217 Lilly revealed a significant difference
between the CSF and plasma correlation coefficients [97]. Other assays had moderate or
weak correlations [97]. P-tau217 Lilly was found to be the immunoassay with the highest
AUC; however, this was not the only assay with potentially useful accuracy [97]. P-tau217
Janss and p-taul81 ADx performed comparably in indicating A3 deposition and possible
progression to AD [97]. Additionally, a post hoc analysis revealed a significant increase in
plasma p-tau217 levels in MCI to AD progressors in comparison to A+ non-progressors.
This characteristic was not demonstrated by p-taul81 or p-tau231 [97].

The study by Ashton et al. [81] examined the plasma p-Tau217 immunoassay from
ALZpath Inc., Carlsbad, CA, USA (ALZpath), and concluded that it predicts abnormal
AR-PET and CSF A(42/40 with high accuracy. These results suggest that the performance
of plasma p-tau217 ALZpath is comparable to that of CSF measurements and superior to
that of brain atrophy assessments. Furthermore, its properties and accuracy significantly
surpass those of other plasma biomarkers. In a long-term perspective, p-tau217 ALZpath
levels tend to increase only when the A3 accumulation is present and enhance further if
tau pathology coexists [81].

Another study by Mielke et al. [100] found that, for the Meso Scale Discovery (MSD) p-
taul81, MSD p-tau217, and single-molecule array (Simoa) p-tau231 platforms, p-tau levels
were significantly higher in T+ compared to A— and T— groups. The study also highlighted
that MSD p-tau217 exhibited the highest fold change and diagnostic performance among
all evaluated platforms. Conversely, Simoa p-tau231 showed the lowest performance.

In the study by Ashton et al. [98], 18 immunoassays, including 9 plasma-based and
9 CSF-based, were examined. The plasma biomarker group included p-taul81 ADx, p-
tau217 Janss, p-tau217 Lilly, p-taul81 Lilly, p-tau231 UGot, p-taul81 UGot, p-taul81 Quan-
terix, t-tau Lilly, and p-tau231 ADx. The CSF group comprised the CSF counterparts of
these plasma assays. All biomarkers showed a significant increase in the AD CSF profile
group compared to the non-AD (NAD) group, although the extent of change varied. The
largest differences in plasma, categorized as ‘large’, were observed for p-taul81 Lilly, p-
tau217 Lilly, p-taul81 ADx, p-tau217 Janss, and p-tau231 UGot. All CSF biomarkers were
categorized as having a ‘large’ effect size. Further analysis revealed that the five mentioned
plasma p-tau assays significantly outperformed the other plasma p-tau biomarkers in terms
of differentiation accuracy. The study also found strong correlations between CSF and
plasma immunoassays of the same type for p-taul81 ADx, p-tau217 Janss, p-taul81 Lilly,
and p-tau217 Lilly. However, the discrimination accuracy of p-tau231 ADx, t-tau Lilly,
p-taul81 Quanterix, and p-taul81 UGot was significantly weaker in plasma than in CSE.

In light of the aforementioned assays as a whole, a pattern emerges—tests from the
same manufacturer for p-tau217 show higher AUC and fold increase than for p-taul81.
These results lay a foundation for the conclusion that p-tau217 seems to be more accurate
than p-taul81 and might be widely used as an AD biomarker.

7.3. P-tau217 Proves to Be Superior to p-taul81 and Other Isoforms

After proving the usefulness of p-tau-based biomarkers, several studies have focused
on finding the most effective one. Generally, P-tau217 has been found to be a better option.

98



Biomedicines 2024, 12, 786

Ashton et al. [78] and Barthélemy et al. [101] reported that both CSF and plasma p-tau217
levels increased 6-fold in CU A+ individuals compared to CU A—, and in AD compared
to NAD. This increase was significantly higher than in the case of other p-tau biomarkers.
For instance, plasma p-taul81 exhibited only a 1.3-fold increase. Moreover, with CSF
p-taul8l, a decrease in performance was observed when distinguishing MCI from NAD
or CU, an issue not observed with CSF p-tau217 [78]. Additionally, several studies have
proclaimed that plasma p-tau217 and p-taul81 are elevated in AD groups compared to
controls [73,78,102]. Thijssen et al. [102] presented that p-tau217 increased by 4.4-fold and
p-taul81 by 2.8-fold in clinical AD compared to healthy people. In an AD group compared
to a frontotemporal lobar degeneration (FTLD) group, plasma p-tau217 and p-taul81 levels
were elevated. P-tau217 demonstrated a higher fold change than p-taul81 in distinguishing
AD from clinical FTLD-spectrum disorders (3.5-fold vs. 2.4-fold), FTLD-tau (4.1-fold vs.
2.8-fold), and FTLD-TDP (5.6-fold vs. 3.7-fold) [102]. In addition to demonstrating the
specificity of p-tau species for AD and the superiority of plasma p-tau217 in that matter, the
study proved that p-tau can be used to differentiate AD from FTLD, again with p-tau217
clearly leading in terms of maximum accuracy [102]. Moreover, Barthélemy et al. [79]
used the p-tau/t-tau ratio to normalize tau variability and evidenced that p-tau217/tau217
exhibited an almost 9-fold increase compared to p-taul8l/taul81 (+220% vs. +25%).
Moreover, p-tau217 reached a greater increase in Ap+ than p-taul81 (from +230% to +340%
vs. from +60% to +80%) [79]. These findings support the thesis that the p-tau217/tau217
ratio reasonably distinguishes A3+ and AP — CU, whereas the p-taul81/taul8l ratio is not
so accurate [79]. Interestingly, Salvado et al. [103] indicated that p-tau217, used in the study
along with four other biomarkers for successfully staging AD, continued to increase even
after reaching its threshold of positivity. However, according to Barthélemy et al. [99], there
is a negative correlation between both mentioned-above ratios and neurodegeneration
measured by MRI and longitudinal cognitive decline. This suggests a reversal in the rate of
phosphorylation during the disease progression. Thijssen et al. [102] also found that plasma
p-tau217 has slightly higher AUC than p-taul81 for differentiating T+ and T—. However,
there was no significant difference in distinguishing positive tau-PET between p-tau217 and
p-taul8l in subgroups of MCI and corticobasal syndrome [102]. These findings were not
observed in A— participants but were present in A+ patients [78,102]. In summary, plasma
p-tau217 has been found to perform better than p-taul81 in multiple ways such as a higher
fold increase and therefore a higher AUC for differentiating AD from FTLD, A+ from A—,
and T+ from T—, although the magnitudes of differences varied between studies. However,
in several studies, the results have indicated no significant differences between p-tau217
and p-taul81 in terms of distinguishing AB3-PET or tau-PET [78,87,89,102].

Nevertheless, Barthélemy et al. [101] suggested that p-tau217 may be significantly
better at the differentiation of AD from NAD because of an overlap in the distribution
of p-taul81 values between NAD and AD. The aforementioned overlap did not exist for
p-tau217. P-taul81 levels in several conditions classified as NAD, such as FTLD, Lewy body
dementia, and progressive supranuclear palsy, have been found to reach the range seen
in AD, whereas p-tau217 levels in these cases have been found to be different to those in
AD. These findings support the superior differential abilities of p-tau217. On the contrary,
according to Palmqvist et al. [86], there were no significant differences between plasma
p-tau217 and p-taul8l in the predictive accuracy for progression to AD within 4 years.
They concluded that p-tau and its variants are highly accurate in predicting AD, and their
predictive power can be enhanced by combining them with brief cognitive tests of memory
and executive function, as well as the APOE genotype [23]. They also noted that p-tau217
outperforms clinical diagnostic predictions of AD, which include medical history, memory
assessment, and MRI and CT imaging [23]. This underscores the significant value of p-tau
biomarkers in supporting clinical assessments in the diagnosis of AD.

According to the study by Mattsson-Carlgren et al. [104], p-tau217 is the most po-
tent individual biomarker in both plasma and CSF for predicting modified Preclinical
Alzheimer Cognitive Composite (mPACC) and MMSE slopes, with the levels in CSF show-
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ing marginally better performance than those in plasma. Yu et al. [92] also stated that
p-tau217 offers higher accuracy for differentiation than p-taul81. Moreover, according to
Janelidze et al. [88], p-tau217 can be outperformed by a combination of plasma A{342/40
with plasma p-tau217; however, this combination does not always produce a significantly
better result than p-tau217 alone. Another study by Palmqvist et al. [105] established a
combination of three plasma biomarkers, namely A342/40, p-taul81, and APOE. In this
combination, p-taul81 was interchangeable with p-tau217 with no difference in AUC. How-
ever, the study ultimately identified plasma p-taul81 as the biomarker with the highest
predictive value for AD.

The results from a study by Yu et al. [92] suggested that plasma p-tau217 was more
strongly correlated with A3 plaques and tau tangles than plasma p-taul81. Additionally,
the risk of progressing to AD nearly quadruples with every fold increase in plasma p-
tau217 levels, whereas it only triples with each fold increase in plasma p-taul81 [92].
Salvado et al. [93] showed that plasma p-tau217 exhibited the highest correlations with
plaques and tangles of all biomarkers tested, including plasma p-taul81, which significantly
outclassed other biomarkers, except A42/40 and glial fibrillary acid protein (GFAP) for
plaques and tangles, respectively. However, it is worth noting that none of these biomarkers
came close in terms of correlation with both plaques and tangles [93]. The strong association
between p-tau217 and both Ap plaques and tau tangles has been further confirmed by
Mattsson-Carlgren et al. [106]. These findings make p-tau217 a versatile and accurate
biomarker, with the ability to assess the status of both amyloid and tau at once [93]. In the
same study, the authors developed parsimonious models for detecting amyloid plaques
and neurofibrillary tangles. The models for plaques consisted of plasma p-tau217 and
A[p42/40, and the models for tangles included only plasma p-tau217 [93]. The efficacy
of plasma p-tau217 as a sole biomarker, surpassing combinations of biomarkers, further
corroborates its superiority [93].

The study by Therriault et al. [107] suggested that p-tau217 exhibits a significantly
smaller degree of change between CSF and plasma levels compared to p-taul81 and p-
tau231, with an effect size of 84% instead of a mere 50%. Additionally, the overlap of
CSF and plasma p-tau217 levels was similar, making it much more accurate than those of
p-taul81 and p-tau231. Moreover, the fold change of plasma p-tau217 was higher than
in the case of the CSF p-taul81 and p-tau231, further corroborating its high utility [107].
The study also found that the agreement on positivity between CSF and plasma variants
was highest for p-tau217, at 88.5% (58.7% both negative, 29.8% both positive, and 11.5%
discordant), while p-taul81 had a lower agreement rate of 74.7% (55.1% both negative,
19.6% both positive, and 25.3% discordant). Notably, none of the discordant results for p-
tau217 occurred in patients with CDR of 1 or higher, or with positive tau-PET [107]. Plasma
p-tau217 had higher accuracy for identifying A PET and biological AD (A and tau PET
positivity) than plasma p-taul81 and plasma p-tau231, with not significantly different
results from CSF variations of these markers [107]. Moreover, according to Montoliu-
Gaya et al. [108], plasma p-tau217 had the highest accuracy for differentiating A3 status.
Accordingly, a study by Horie et al. [109] states that CSF p-tau217/tau217 ratio had the
strongest correlation with A3 PET. Post hoc comparisons revealed that p-tau217 values
were significantly elevated in subjects at advanced stages of brain pathology assessed
during an autopsy, namely Thal phases 4-5, Braak stages 5-6, and The Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD) frequent scores [102,110-112]. The
specific locations of pathological changes in Thal phases and Braak stages are shown
in Figure 2.
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Figure 2. Location of pathological changes in Braak stages and Thal phases, used to classify the brain
pathology in Alzheimer’s disease assessed during an autopsy.

The superiority of p-tau217 as an AD biomarker is strengthened by the findings of
Salvado¢ et al. [93] regarding the prediction of ADNC, CERAD classification, and Braak
staging. According to their findings, p-tau217 achieves the highest accuracy for CERAD
classification as an individual biomarker, comparable only to the A342/40 ratio, and is not
significantly inferior for CERAD classification and ADNC prediction, for which its combi-
nation with A342/40 performed best. It also attained the highest accuracy for Braak stag-
ing, with only GFAP being similarly significant. According to Montoliu-Gaya et al. [108],
plasma p-tau217 allows for distinguishing Braak I-IV from V-VI with decent accuracy [108].
Leuzy et al. [113] created a parsimonious model, using plasma p-tau217 and tau PET, which
was associated with an annual change in the radioligand ['®F]JR0948 standardized uptake
value ratio (SUVR) and could facilitate the recruitment for clinical trials on AD.

Interestingly, Salvado et al. [93] suggested the use of the p-tau217/A42 ratio as a
novel biomarker. This ratio outperforms other parameters in predicting the presence of
plaques and tangles and shows significant differences between the absence and low levels
of ADNC.

Overall, the results of the described studies indicate p-tau217 as the best-performing
tau biomarker, and even the best of all available biomarkers. CSF p-tau217 has the highest
accuracy, followed by CSF p-taul81 and plasma p-tau217, but their comparison gives
ambiguous results. Few studies indicate that plasma p-tau217 may be more effective than
CSF p-taul81, but there is not much evidence to definitely prove this.

7.4. Longitudinal Effectiveness and Change in p-tau217 Levels

A study by Mattsson-Carlgren et al. [49] focused on long-term changes in levels of
plasma p-tau217 and their diagnostic value. According to the article, a longitudinal increase
in p-tau217 was associated with cognitive decline in both CU and MCI, also within the
subgroups of A+ participants [49]. Additionally, p-tau217 levels were linked to faster
atrophy of the temporal cortex and hippocampus in A— CU, A+ CU, and the overall MCI
group, although this correlation was not significant in the A+ MCI subgroup. As proven
by Ashton et al. [114], plasma p-tau217 levels increased over time in the preclinical and early
clinical stages of AD but remained stable in control groups, including A— CU, A— MCI, and
MCI that did not convert to AD. Over time, longitudinal increases in plasma p-tau217 levels
were significantly associated with worsening MMSE and mPACC scores, impaired delayed
recall memory, and accelerated cortical thickness atrophy over 6 and 8 years. Notably,
p-tau217 was the only biomarker significantly linked to cognitive decline, including AR+
CU individuals, while p-taul81 demonstrated only modest performance [114]. Moreover,
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according to Sudrez-Calvet et al. [74], the commonly used mid-region p-taul81 and t-
tau in CSF were less useful than CSF N-terminal p-taul81, N-terminal p-tau217, and
mid-region p-tau231, which showed more evident increases at the onset of AD. These
markers reached higher levels before Af3, the current gold standard, reached its threshold.
Furthermore, in early AD, the annual rate of increase in p-tau217 in entorhinal PET SUVR
was higher among individuals with higher baseline levels compared to those with lower
levels [85]. Additionally, longitudinal increases in p-tau217 were correlated with the burden
of plaques and tangle load, a correlation not found for p-taul81 [93]. Overall, these results
demonstrated that the longitudinal increase in p-tau217 is significantly correlated with
AD development.

7.5. P-tau231 Is Probably the Earliest AD Biomarker

An important part of the treatment of neurodegenerative disorders is their early
detection. In several studies, p-tau231 has shown exceptionally high accuracy in early-stage
AD. Yakoub et al. [83] proved that p-tau231 levels increased in A+T+ individuals compared
to A— T—, confirming its specificity for AD pathology. P-tau231 levels increased in AD,
measured in CSF, plasma, and serum [76]. The increase in its levels ranged from 2-fold in
plasma and serum to up to 5-fold in CSF [76]. Lilek et al. [115] showed evidence that p-
tau231 primarily accumulates at the postsynaptic density, and this occurs in an early, often
presymptomatic stage of the disease. The study of Montoliu-Gaya et al. [108] indicated
that p-tau231 increased significantly along the AD continuum and that its levels did not
increase in MCI and demented patients without AD pathology. Furthermore, its levels
did not significantly elevate after Braak III-IV, supporting the hypothesis that p-tau231
increases early on and that the rate of this increase then slows down.

Plasma p-tau231 shows a strong correlation with A3 PET measured using the radioli-
gand [18F]AZD4694, with a particularly strong association in the precuneus, frontal cortex,
and striatum [44,77]. Interestingly, in CU individuals, the relationship between plasma
p-tau231 and AP PET is observed in both A+ and A— groups. However, in cognitively
impaired patients, the correlation between plasma p-tau231 and A is limited to A+ indi-
viduals only [50]. Additionally, plasma p-tau231 accurately predicts a 1-year decline in
MMSE scores and hippocampal atrophy [44].

Plasma p-tau231 demonstrates superior accuracy in distinguishing between CU A+
and A— individuals compared to plasma p-taul81, plasma p-tau217, and the A342/40 ratio,
showing significantly better performance than other plasma biomarkers, with the exception
of AP42/40 [44,74,114]. However, it has lower accuracy in differentiating between elderly
CU and MCI A+ individuals, highlighting its increase in the preclinical stages of AD [44].
Moreover, p-tau231 is more effective at distinguishing elderly CU A+ from MCI A—, but
less effective in separating CU Ap+ from AD, supporting the idea that p-tau231 levels rise
in the early stages of the disease [44,78]. Levels of p-tau231 progressively increase from CU
in young individuals to elderly, MCI, and AD stages, and p-tau231 can differentiate AD
from both young and elderly CU individuals but not from MCI [44].

Studies by Ashton et al. [44] and Mila-Aloma et al. [48] indicated that plasma p-
tau231 levels increased earlier than plasma p-taul81 in relation to Af3 deposition load and
before A reached its positivity threshold. Similar observations were made for the CSF
levels of these biomarkers [78]. However, plasma results suggest that p-tau231 may better
characterize the earliest changes in AD. This is also supported by the fact that p-tau231
levels plateau at later stages of the disease, while p-tau217 and p-taul81 levels continue to
increase with higher A burden [114].

The research conducted by Smirnov et al. [116] and Ashton et al. [44], regarding
plasma p-tau231, revealed that it increased and correlated with A3 PET, often before A3
PET showed positivity. This explains its earlier significant increase compared to plasma
p-taul81 and its ability to detect tau accumulation, which plasma p-taul81 did not exhibit.
Furthermore, according to the study of Therriault et al. [80], CSF p-tau231, CSF p-tau217,
and plasma p-tau231 showed a strong correlation with A3 PET.
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The performance of CSF p-tau231 as a predictor of A+ is superior to that of p-
taul81 and is as significant as that of CSF p-tau217 and CSF Ap42/40 [78]. Studies by
Ashton et al. [78] and Smirnov et al. [116] supported the finding that p-tau231 is the first
p-tau marker to reach abnormal levels within the pre-Af phase, making it a valuable tool
for the early detection of AD pathology.

Furthermore, p-tau231 is quite accurate in predicting tau PET, with a 76% concordance
rate. However, a study by Tissot et al. [77] noted that 20% of patients had a p-tau231+/tau
PET- result, leading to the conclusion that an increase in p-tau231 levels begins well before
tau PET reaches the threshold of positivity. Similarly to CSF concentrations, plasma p-
tau231 showed differences at earlier Braak stages, while plasma p-taul81 showed larger
differences at later Braak stages [116,117]. Compared to CSF concentrations, plasma p-
tau231 does not reach a plateau in the later stages of AD; thus, it has a significantly lower
performance in identifying A+T+ individuals [107,117].

In summary, p-tau231 is highly correlated with A pathology and demonstrates an
early increase, often in the pre-clinical stage of the disease, even before A3 PET positivity
is detected. However, its accuracy and utility decrease in later stages, as it does not
differentiate between advanced stages, though it can clearly distinguish between early and
later stages. Together, these features make p-tau231 a valuable complementary biomarker
to p-tau217 as an early indicator of emerging AD pathology.

8. Discussion

The best-known physiological role of the tau protein, as the main MT-associated
protein and the so-called scaffolding protein, is MT stabilization [50,63-65]. However,
tau has been found to have a multitude of functions, including maintaining structural
integrity, axonal transport, and signaling within and between neurons [51,56]. It can
be assumed that this multifunctionality of the tau protein makes it one of two main
proteins involved in AD pathology [34,58-61,63-70]. Tau hyperphosphorylation seems to
significantly participate in the process of aberrant assembly and functioning of tau and,
consequently, in the development of neurodegeneration. This phosphorylation can take
place in different loci. Thus, the levels of several p-tau variants may indicate the state of
the disease or even predict it, as well as differentiating AD from other neurodegenerative
disorders [49,71,73-84,86,87,89]. In this narrative review, we have tried to gather and
organize studies that, through experimentation, achieved results regarding the efficacy
and utility of p-tau species as biomarkers for AD. The review provides a broad overview
of the subject of p-tau species as AD biomarkers, especially p-tau217 and p-tau231, both
in CSF and plasma. This summary of the current state of knowledge may inspire future
research by identifying known facts and previously unexplored areas, indicating an urgent
need for further research on AD. The fundamental purpose of AD research is to develop
methods to detect and treat the disease [71,73-80,82-89,91-93,96-105,107-109]. This goal
could be achieved by deepening our understanding of tau’s role in AD pathology, including
identifying the feasibility of using p-tau species as biomarkers and potential therapeutic
targets. Achieving these goals is difficult due to the late and expensive detection of AD,
which impedes further research and requires the development of more accurate, less
expensive, and easier-to-use markers in AD.

An important issue, which also requires further research, is the impact of disease
comorbidities on tau changes in AD patients. Comorbidities seem to play a significant
role in influencing the detection of tau and p-tau biomarkers, which is crucial for AD
diagnostics. Studies indicate that systemic health conditions such as diabetes mellitus, kid-
ney disease, and hypertension, along with demographic factors, may notably affect these
biomarkers. Martinez-Dubarbie et al. [118] revealed renal function’s impact on plasma
Ap levels and the association of hypertension with increased p-taul81 levels. Similarly,
Pan et al. [119] demonstrated that demographic factors, especially age, and comorbidities
like cardiovascular and metabolic disorders affect p-taul81 plasma levels in cognitively
normal individuals. Zenuni et al. [120] further validated the significant linkage between co-
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morbidities related to heart, vascular disorders, and diabetes mellitus and CSF biomarkers
for neurodegeneration, including tau and p-tau. Furthermore, Ossenkoppele et al. [121]
investigated tau PET status across a broad cohort, identifying a high tau PET positivity in
AD dementia and MCI with A3+ status, notably lower in non-AD and CU groups. Key
predictors of tau PET positivity across these studies included younger age, lower MMSE
scores, and reduced cortical thickness in AD-related conditions, highlighting the complex
interplay between systemic health, tau pathology, and AD diagnostics. These findings
underscore the importance of considering both comorbidities and demographic factors
for the accurate interpretation of AD biomarkers, spotlighting the complex relationship
between systemic health conditions and neurodegenerative disease markers.

Interestingly, blood levels of tau and p-tau differ significantly among individuals
with cognitive impairments, traumatic brain injury (TBI), or COVID-19. The study by
Dang et al. [122] emphasizes the significant correlation between tau accumulation and
cognitive decline, as well as neuropsychiatric symptoms, showcasing its diagnostic superi-
ority over A for distinguishing AD patients from cognitively normal controls. Notably,
tau PET imaging demonstrates greater accuracy than Af in this differentiation, with pro-
nounced tau deposition in the inferior temporal lobes strongly associated with the severity
of cognitive impairments. These results indicate that tau could act as a more sensitive and
specific biomarker for both the diagnosis of AD and the tracking of cognitive decline’s
progression, underscoring its value in clinical practice. The study by Rubenstein et al. [123]
provides crucial insights into how blood levels of tau and p-tau differ among individuals
with TBL Its key findings indicate a significant increase in both t-tau and p-tau levels in
serum and CSF within the first five days post-TBI, with a notably sharper rise in p-tau,
suggesting a shift towards tau hyperphosphorylation. This hyperphosphorylation, marked
by a substantial increase in the p-tau/t-tau ratio, points to an early and sustained alteration
in tau dynamics post-injury. The study also reveals that higher chronic mean levels of
p-tau, rather than t-tau, are associated with greater disability and worse outcomes up to 12
months post-TBI. This emphasizes the distinct and critical role of p-tau in the aftermath of
TBI and its potential as a prognostic marker for long-term recovery and the development
of tauopathies. The review by Sfera [124] explores the role of tau and p-tau blood levels in
cognitive impairments among individuals with long COVID-19, also referred to as the post-
acute sequelae of SARS-CoV-2. The authors suggest that chronic inflammation, triggered
by viral remnants in specific body sites, results in the formation of pathological syncytia
involving microglia and astrocytes. This, in turn, facilitates the seeding of hyperphosphory-
lated tau within the brain. This process is further exacerbated by the virus-induced increase
in the permeability of the blood-brain barrier, enabling substances that can induce tau
hyperphosphorylation, such as microbial components, to infiltrate the brain. Consequently,
the review underscores the potential significance of blood levels of phosphorylated tau as
biomarkers for cognitive dysfunctions in long COVID-19 patients, thereby establishing a
link between SARS-CoV-2 infection and neurodegenerative processes.

9. Conclusions

Alzheimer’s disease remains an unresolved challenge in medicine. Undoubtedly, suc-
cessful biomarkers could significantly accelerate the process of recruiting trial participants
for researchers looking for effective therapies. Through a comprehensive analysis, this
review endeavored to provide insights into the pathophysiological significance of p-tau217
and p-tau231 as biomarkers in AD progression and their prospective role in enhancing
diagnostic protocols, guiding therapeutic interventions, and potentially serving as targets
for future treatments. While studies generally agree on the superiority of p-tau217 as the
most effective tau isoform and overall AD biomarker, following studies are essential for its
implementation and the identification of other potential early-detection biomarkers. Never-
theless, further research on plasma biomarkers is warranted, as they appear to be the future
of AD detection and potential early screening. The development of specific assays for p-tau
measurement, which would enable easy clinical application of the discussed biomarkers,
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seems to be of first importance. We believe that this review will be useful for researchers,
clinicians, and students eager to explore the subject of state-of-the-art AD biomarkers.
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ApB amyloid £
AD Alzheimer’s disease

ADNC AD neuropathological change
APOE apolipoprotein E

APP amyloid protein precursor

AUC area under the curve

BACE-1 [3-secretase

BMI body mass index

BOLD resting blood oxygen level-dependent imaging
CAA cerebral amyloid angiopathy

CAMKII  calmodulin kinase II
CDK-5 cyclin-dependent kinase 5

CDR clinical dementia rating

CERAD The Consortium to Establish a Registry for Alzheimer’s Disease
CSF cerebrospinal fluid

CTD C-terminal domain

CU cognitively unimpaired

FDG-PET fluorodeoxyglucose-18 positron resonance imaging
fMRI functional magnetic resonance imaging

FTLD frontotemporal lobar degeneration

GFAP glial fibrillary acid protein

GSK-3p3 glycogen synthase kinase-33

MAPT microtubule-associated protein tau

MCI mild cognitive impairment

MMSE Mini-Mental State Examination

mPACC modified Preclinical Alzheimer Cognitive Composite
MRI magnetic resonance imaging

MS mass spectrometry

MTBD microtubule-binding domain

MT Microtubule

NAD non-Alzheimer’s disease condition

NFTs neurofibrillary tangles

NTA N-terminal tau

NTPD N-terminal projection domain

PART primary age-related tauopathy

PET positron emission tomography

PP1 protein phosphatase 1

PP2A protein phosphatase 2A

PP5 protein phosphatase 5

PRR proline-rich region

PSEN1/2  presenilin-1/2

p-tau phosphorylated tau

105



Biomedicines 2024, 12, 786

p-tau2l7  tau phosphorylated at threonine-217
p-taul81  tau phosphorylated at threonine-181
p-tau231  tau phosphorylated at threonine-231

PTEN phosphatase and tensin homolog deleted on chromosome 10
SPECT single-photon emission computed tomography

SUVR standardized uptake value ratio

t-tau total tau

TBI traumatic brain injury
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Abstract: Depression is a common mental illness of great concern. Current therapy for depression is
only suitable for 80% of patients and is often associated with unwanted side effects. In this regard,
the search for and development of new antidepressant agents remains an urgent task. In this review,
we discuss the current available evidence indicating that G protein-coupled trace amine-associated
receptors (TAARs) might represent new targets for depression treatment. The most frequently studied
receptor TAARI1 has already been investigated in the treatment of schizophrenia, demonstrating
antidepressant and anxiolytic properties. In fact, the TAAR1 agonist Ulotaront is currently undergoing
phase 2/3 clinical trials testing its safety and efficacy in the treatment of major depressive disorder
and generalized anxiety disorder. Other members of the TAAR family (TAAR2, TAAR5, TAARS,
TAARS, and TAARY) are not only involved in the innate olfaction of volatile amines, but are also
expressed in the limbic brain areas. Furthermore, animal studies have shown that TAAR2 and TAAR5
regulate emotional behaviors and thus may hold promise as potential antidepressant targets. Of
particular interest is their connection with the dopamine and serotonin systems of the brain and their
involvement in the regulation of adult neurogenesis, known to be affected by the antidepressant
drugs currently in use. Further non-clinical and clinical studies are necessary to validate TAAR1 (and
potentially other TAARSs) as novel therapeutic targets for the treatment of depression.

Keywords: depression; antidepressant; neurogenesis; TAAR; TAAR1; monoamines; glutamate;
dopamine; serotonin; SEP-363856

1. Introduction: Pharmacotherapy of Depression

Major depressive disorder is the most common mental illness with more than 280 mil-
lion cases worldwide [1,2]. The clinical picture of depression is characterized by mental
disorders—anhedonia, low mood and motivation, and loss of interest and pleasure, which
can lead to suicide in severe cases [3]. The disease has a huge effect on people’s standard of
living, and some patients even become incapacitated and need constant care [4,5]. Apart
from changes in mental state, depression in patients can be associated with cognitive im-
pairment [6], sleep disorders [7], metabolic changes (hypercortisolemia, insulin, and leptin
resistance leading to obesity, diabetes, and hypertension) [8,9]. The high prevalence of the
disease, together with a negative effect on the patient’s life, makes depression a socially
significant disorder, and treatment of the disease is very important in modern psychiatry.

Treatment of depression in the world of psychiatry began in the 1950s with the acci-
dental discovery of the first substances with a positive effect on mood—iproniazid [10]
and imipramine [11]. Iproniazid and imipramine are able to increase 5-hydroxytryptamine
(5-HT, serotonin) and norepinephrine (NE) brain level, which is what their antidepressant
effect was associated with. The increase in 5-HT and NE concentration caused by iproni-
azid is achieved by inhibiting monoamine oxidase (MAQO), an enzyme that metabolizes
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these biogenic amines, and by imipramine through the non-selective reuptake inhibition of
these neurotransmitters [12]. Further, other antidepressants (ADs) were discovered with
similar mechanisms of action and were combined into the MAO inhibitor (MAQOI) and
tricyclic antidepressant (TCA) groups. MAOIs and TCAs are the first-generation ADs.
Today, first-generation ADs are practically not used in psychiatry, primarily due to the
severe side effects. However, their discovery served as a foundation for the monoamine
theory of depression, according to which monoamine depletion leads to the development
of depression [13].

Since then, other ADs have been discovered that likewise affect the activity of monoamines.
They are monoamine reuptake inhibitors (MRIs) that selectively block the reverse transport
of the mediator into the neuron [12]: selective 5-HT reuptake inhibitors (SSRIs), e.g., fluoxe-
tine; selective NE reuptake inhibitors (sNRIs), e.g., maprotiline; and selective dopamine
(DA) reuptake inhibitors (SDRIs), e.g., bupropion. The other agents affect the metabolism
of monoamines through the inhibition of MAO-A, e.g., moclobemide. So-called atypical
ADs act mainly as ligands of monoamine receptors, e.g., mirtazapine or agomelatine [14].
Also, the antagonists of presynaptic 5-HT and NE receptors (e.g., mianserin) blocking
the negative feedback regulatory mechanism of synaptic levels of monoamines are used
in clinics.

The monoamine theory of depression has been dominant in psychiatry for decades.
Not only classical monoamines themselves, but even other metabolites of their precursor
amino acids, such as kynurenines originating from tryptophan, were implicated in depres-
sion [15,16]. Monoamine ADs are widely used in clinics and for a long time remained the
leaders in terms of prescription [17]. However, the experimental basis for this hypothe-
sis remains controversial [18]. Several studies show reduced levels of monoamines and
their metabolites in the blood and cerebrospinal fluid of depressed patients [19-21], but
post-mortem brain studies of patients and healthy individuals do not always correlate with
these data [22]. Currently, a reliably confirmed point of the monoamine hypothesis is that
the lack of 5-HT, DA, and NE does indeed worsen the course of the disease in depressed
patients or those in remission, but is not capable of leading to depression, especially without
burdened heredity [23]. In 2022, a comprehensive umbrella review was published refuting
the link between 5-HT and depression and demonstrating no support for the hypothesis
that depression is caused by lowered 5-HT activity or concentrations [24].

In addition, unresolved issues remain in the work of monoamine ADs. First of all,
there is a clinical effect in the several weeks following the onset of drug taking. Second, a lot
of patients (20-30%) with depression are resistant to treatment with these medications [15].
Moreover, even in the case of successful therapy, there is no guarantee that the patient will
not develop resistance following long-term treatment [25].

These problems were solved by introducing ADs with a non-monoamine mechanism
of action into clinical practice. In the 1990s, it became known that antagonists of the
N-methyl-D-aspartate (NMDA) receptor, an ionotropic glutamate receptor, exhibit antide-
pressant activity [26]. Later, ketamine and esketamine, as well as other NMDA receptor
antagonists, demonstrated rapid and long-lasting antidepressant effects for treatment-
resistant depression [27].

In 2019 the first-in-class rapid-acting AD esketamine was approved by the Food and
Drug Administration (FDA). The esketamine mechanism of action as well as ketamine
(used off-label as AD) and dextromethorphan in combination with bupropion, recently
approved by the FDA under the brand name Auvelity, seems to be associated with the
blockade of NMDA receptors. These ADs are effective in the case of many patients resistant
to the “traditional” ADs. These ADs are characterized by a fast onset of action and can be
used in patients with a high risk of suicide. Despite the success of NMDA antagonists, it is
important to understand that these agents can induce serious adverse reactions including
addiction [28] and toxicity [29].

There is no universal treatment for depression, nor a mechanism that explains all
aspects today. Due to this, the search for new drug targets and the study of pathogenesis still
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remains a relevant task. Currently, several substances are being tested in clinical trials for
depression treatment. These include both agents affecting monoamine neurotransmission
and those involving other systems [30]. As can be seen, pharmacotherapy for depression is
gradually moving beyond the monoamine hypothesis, and unresolved difficulties stimulate
the creation of new drugs.

In this review, we propose to consider trace amine-associated receptors (TAARs) as
new promising pharmacological targets for the treatment of depression. Today, the study
of TAARs is at the peak of its popularity, so it is very important to systematize existing
information and provide new hypotheses. While there are excellent reviews showing
the great potential of TAAR1 agonists in the treatment of depression [31,32], we extend
these observations by including the most recent data on TAAR1 agonists and showing the
potential of other TAARSs as novel targets for the treatment of depression.

Here, we focused on the relationship of TAARs not only to monoamines, but also
to adult neurogenesis, showing that all three systems mutually influence each other and
contribute to the development and/or treatment of depression. Thus, we propose to direct
further research in this area, considering it very promising. In addition, we go beyond the
usual study of TAAR1 and show the potential of other receptors.

2. Neurogenesis and Its Association with Depression

Some gaps in the existing depression hypothesis can be filled by a theory linking
altered hippocampal neurogenesis with the development of depression (Figure 1). Increas-
ingly, the hippocampus is considered an area involved in the pathogenesis of depression
and associated with cognitive and emotion formation processes. Moreover, healthy neuro-
genesis is required for depression treatment [33]. A lack of response to both drug therapy
for depression (fluoxetine and imipramine) and alternative therapy (electroconvulsive
antidepressant therapy [34], intermittent hypobaric hypoxia [35]) during neurogenesis
ablation in animal models has been shown [36,37]. AD treatment (5-HT and NE reverse
inhibitors) promotes neurogenesis by increasing cell proliferation, maturation, cell survival,
dendritic growth, and neuronal plasticity [38]. In addition, neurogenesis can directly exert
an antidepressant effect. The protective potential of activating and maintaining neuro-
genesis agents has been shown in mouse models of depression. For example, baicalin,
a flavonoid with anti-inflammatory, anti-apoptotic, and neuroprotective functions, has
demonstrated an antidepressant effect in the chronic unpredictable mild stress model [39].

The link between hippocampal neurogenesis and depression can be inferred in humans
as well. It is known that cognitive dysfunction, in particular memory impairment, is a
clear sign of depression. Studies of patients suffering from depression have revealed a
decrease in the volume of the hippocampus, correlated with the severity and duration of
the disease [40—42]. With stress-induced atrophy of the hippocampus, a decrease in the
number of cells can contribute to the development of depression.

Having discussed the main points of the connection between depression and neuro-
genesis, it is important to note the role of monoamine systems in both of these processes.
Monoamines are able to up- or downregulate neurogenesis by activating the corresponding
G protein-coupled receptor (GPCR). As a rule, a decrease in cyclic adenosine monophos-
phate (cAMP) level through the activation of the Gi protein or an increase of phospholipase
C through the activation of Gq leads to proliferative processes, while the stimulation of
receptors associated with the activation of the Gs protein directs cells to the path of differ-
entiation [43]. More recent studies show that the regulation of neurogenesis is related to the
balance, or the ratio of up- and downregulating receptors involved in neurogenesis [44,45].
Receptors that stimulate different stages of neurogenesis include NE receptors (o1 [46],
33 [47]), DA receptors (D2-like receptors) [48], and 5-HT receptors (5-HT1A) [49].
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Figure 1. Interconnection between neurogenic processes and depression. Adult hippocampal
neurogenesis is associated with emotion formation and cognitive function. Moreover, healthy adult
neurogenesis is essential for response to antidepressant treatment. Impaired adult neurogenesis
is associated with depression and cognitive decline. The priority of the processes is not yet clear.
In the complete absence of adult neurogenesis, treatment with antidepressants is not effective.
Antidepressant treatment enhances adult neurogenesis by increasing cell proliferation, maturation,
and survival. The stimulation of adult neurogenesis leads to an antidepressant effect.

Neurogenic responses to ADs are also associated with the activation of certain monoamine
GPCRs. Fluoxetine upregulates 5-HT1A receptors together with neurogenesis, suggesting
that these processes could be related [33]. Rivastigmine activates neurogenesis and alle-
viates symptoms of depression in a mouse bulbectomy model by engaging the serotonin
5-HT1A receptor [50]. The 33-adrenergic receptor promotes the activation of neurogenic
progenitors and stem cells [47]. During the activation of the D1 receptor by agonists, a
neurogenic effect was observed, namely the increased proliferation and the survival of
progenitor cells in the hippocampus of adult rats [51].

It is important to note that it is a chronic, but not acute, antidepressant treatment
that has a neurogenic effect, which is consistent with the dynamics of human recovery.
Moreover, the progress of the neurogenic process correlates with the success of therapy
(rats). It has been shown that it is chronic rather than acute and subchronic, fluoxetine
treatment which produces both antidepressant and neurogenic effects [52].

Together, the described data indicate the relationship between the development of
depression and a decrease in neurogenesis. However, information is not yet sufficient to
establish if neurogenesis is the cause of the development of depression or a consequence
or just a coincidence. The neurogenic theory of depression may fill in the gaps in the
monoamine theory. For example, to explain the delayed effect of ADs, it takes time to turn
on neurogenic processes. It is possible that new hippocampal cells are able to overcome
depression-induced atrophy [53] and serve as a new resource for the activation of brain
plasticity and relearning, thus being the missing link in the response to ADs.

As depression is a complicated and heterogeneous disease with a complex etiology,
more than one system is likely involved in its development. With further studies, more
information is gathered suggesting that the monoamines and neurogenesis are not the only
systems that are altered in depression and there could be other brain processes involved,
possibly by influencing both those systems.
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3. The Family of TAARs—A New Target for Depression Therapy?
3.1. Trace Amines

One of the intriguing players potentially involved in mood regulation is an endoge-
nous compound’s group of trace amines (TAs). TAs such as beta-phenylethylamine, tyra-
mine, tryptamine, octopamine, synephrine, and many other biogenic amines are present
in mammalian tissues at nanomolar (0.1-10 nM) trace concentrations [54,55]. Generally,
many TAs are the products of decarboxylation of precursor amino acids by the enzyme
aromatic L-amino acid decarboxylase and are metabolized by MAO-A and MAO-B [56].
In addition to being structurally similar to classical biogenic amines (DA, 5-HT, and NE),
TAs are metabolically closely related to these neurotransmitter systems, where they are
widely present. Along with these mediators, TAs seem to participate in the regulation of
emotional behaviors, mood, thoughts, or perception [57-59].

TAs can function as neurotransmitters within their own unique signal transduction
system, but in the aspect of depression, the work of TAs as co-transmitters and modulators
of classical monoamines is intriguing [52]. At their physiological concentration, TAs are able
to change a cell’s responses to other neurotransmitters [56]. The modulation of postsynaptic
transmission of NE and DA by beta-phenylethylamine and the potentiation of NE and DA
responses in neurons by tryptamine are already well known [59,60]. Due to the ability of
TAs to affect monoamine neurotransmission and their presence in monoamine regions of
the mammalian brain, they are of great interest to psychiatry.

To clarify the role of TAs in the pathogenesis of depression, a number of studies were
conducted to study the content of TAs and their metabolites. Thus, several studies have
demonstrated that in depressed patients suffering from bipolar affective disorder, urinary
excretion of beta-phenylethylamine is reduced [61-64], while in patients in the manic phase,
on the contrary, it is increased [65]. Phenylethylamine deficiency in people with depression
was confirmed by examining their cerebrospinal fluid. A reduced content of phenylacetic
acid, a metabolite of beta-phenylethylamine, was found in the cerebrospinal fluid [66].
A similar decrease in the content of some other TAs in the blood plasma, cerebrospinal
fluid, and urine of patients with depression is also known [67-69]. In turn, treatment
with TCAs (clomipramine) in depressed patients who had reduced renal excretion of
phenylethylamine led to both the disappearance of clinical symptoms and an increase
in beta-phenylethylamine levels to normal values [62,65]. Furthermore, the use of beta-
phenylethylamine precursor phenylalanine alone or in combination with other ADs led to
progress in therapy in previously unresponsive patients [70]. It is worth noting that there
are a sufficient number of studies in which researchers were unable to detect a connection
between affective diseases and the TA content in biological fluids [71]. For example, renal
excretion of tryptamine increased during treatment with imipramine in patients with
depression, but it was not possible to identify a correlation between an increase in the level
of this amine and an improvement in the clinical picture [72]. Based on these data, one can
speculate about the role of TAs in the pathogenesis of depression. These data even gave
rise to a hypothesis about the involvement of beta-phenylethylamine, and later other TAs,
in the formation of depression [71]. However, these research projects were carried out in
the second half of last century, and the results are multidirectional and contradictory, so a
comprehensive, uniform, and detailed study of this issue is required.

3.2. TAAR1 Agonists Are New Generation Antipsychotics

The study of TAs reached a new level after the discovery of the so-called trace amine-
associated receptors, TAARs. TAARs are a family of GPCR receptors that induce the
classical cAMP cascade and activation of downstream targets. In vertebrates, there are nine
TAAR subfamilies expressed both in the central nervous system and in the periphery [49].
TAARs have functional interspecies differences due to pseudogenization events and species-
specific expansions. In humans, there are six functional types of TAARs—TAAR1, TAAR2,
TAAR5, TAAR6, TAARS, and TAAR9 receptors, with TAAR3, TAAR4, and TAAR7 receptors
being pseudogenes [73]. The genes encoding TAARs form a cluster on chromosome 6
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at band q23.2, which has been identified as a susceptibility locus for schizophrenia in
humans [74].

The best known and most frequently studied of those, TAARI, is already being
actively investigated in the aspect of mental and neuropsychiatric disorders [75]. The
ability of TAARI to regulate DA and 5-HT as well as glutamatergic neurotransmission
formed the basis of this interest [55]. Moreover, TAAR1 is widely represented in the limbic
and monoamine systems of the brain, which are responsible for psychotic states, mood,
attention, memory, fear, and addiction [73]. In addition, taar] mutations disrupting the
receptor’s function were found in people diagnosed with schizophrenia [76]. It is possible
that carriers of such genes are more at risk of schizophrenia and require activation of the
subfunctional receptor [77].

The discovery of selective TAAR1 agonists made it possible to elucidate the func-
tional significance and therapeutic potential of the receptor in more detail. Starting with
RO5256390, new partial or full TAAR1 agonists with high affinity and selectivity for TAAR1
have been created and studied [78]. Initially, TAAR1 agonists were considered for the
treatment of schizophrenia [79,80]. Researchers have already shown their effectiveness
against the positive, negative (lack of motivation, anhedonia), and cognitive symptoms
of schizophrenia, which are often overlooked by typical antipsychotics [64]. The most
successful new psychotropic drug is SEP-363856 (SEP-856, trade name Ulotaront), a TAAR1
receptor agonist with low 5-HT1A activity [81]. Ulotaront has already passed the second
phase of clinical trials in the treatment of schizophrenia, which led to FDA designation as
a Breakthrough Therapy for this indication [82]. The unique mechanism of action avoids
the side effects of typical D2 antagonist antipsychotics (extrapyramidal symptoms, weight
gain), reduces substance abuse cravings, and relieves depressive symptoms [83]. Thus,
therapy based on TAARI activation has proven to be an excellent alternative to antipsy-
chotics for patients who do not respond to therapy or refuse it due to the severe side effects.
Early evidence suggests that TAARI1 activation does not cause the side effects associated
with typical antipsychotics [84]. However, more studies are needed to ascertain their safety
and tolerability.

3.3. TAAR1 Agonists Are New Generation Antidepressants

Today, TAAR1 agonists have already been comprehensively studied and are of great
value in the aspect of drug addiction, mental and metabolic diseases. Interestingly, it
was found that TAAR1 agonists also exhibit useful properties for the treatment of de-
pression [31]. For instance, TAAR1 agonists RO5256390, RO5203648, and R05263397,
in addition to antipsychotic actions, have demonstrated in vivo improvement in the
sleep—wake cycle [85,86], reduction in drug cravings [87,88], and procognitive proper-
ties [89-91]. The direct antidepressant potential is indicated by work on the forced swim-
ming test in rodents. It was shown that RO5263397 and RO5203648 treatment led to
dose-dependent immobility time reduction in forced swimming tests [86-88]. The TAAR1
full agonist RO5256390 was not found to have any effects on depressive-like behavior in
the same test [92].

It is significant that Ulotaront has also demonstrated an antidepressant effect in rodent
and non-human primate tests [93]. In rats, behavioral tests of Ulotaront have shown that
its efficacy in attenuated social withdrawal is comparable to that of clozapine. In forced
swimming tests, mice have demonstrated immobility time reduction. On par with the
above-mentioned agonists, Ulotaront exerts REM sleep suppression, improving the sleep-
wake cycle [94]. Ulotaront is currently undergoing a phase 2/3 clinical trial testing its safety
and efficacy in the treatment of major depressive disorder and generalized anxiety disorder
and in adults [95]. In addition to the good isolated effect of Ulotaront, in combination
with Duloxetine (5-HT and NE dual reuptake inhibitor), tests showed better results in
experimental animals. Therefore, the synergy of TAAR1 and monoamines can be a powerful
tool to improve AD action [96].
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Another TAAR1 agonist, o-PIT (o-phenyl-iodotyramine), also confirms the antide-
pressant potential of TAARI. In forced swimming tests, wild-type mice (but not TAAR1
knockout (KO) mice) have demonstrated immobility time reduction in a dose-dependent
manner [97].

Based on data from the acute and chronic administration of RO5256390, the TAAR1
activation antidepressant effect is supposed to be associated with increased 5-HT and DA
neurotransmission in the dorsal raphe nucleus and the ventral tegmental area, respectively.
During acute exposure of RO5256390, an increased extracellular 5-HT and DA leads to
activation of the 5-HT1A and D2 receptors, and during chronic exposure, desensitization of
these receptors occurs [98]. Interestingly, the same mechanism of action is characteristic of
monoamine ADs. For example, the acute administration of SSRIs also inhibits, and chronic
administration stimulates, the firing rate of 5-HT neurons [99].

In addition, convincing evidence is emerging that TAAR1 is involved in the regulation
of neurogenesis. According to transcriptomic data, TAAR1 is expressed in the murine and
human hippocampus [100]. The ligands of TAAR1, beta-phenylethylamine and TIAM
(3-Iodothyronamine), were shown to have a positive effect on neurogenesis [101,102].
Phenylethylamine is able to regulate BDNF levels and restore the number of hippocampal
dendritic spines in the cortisol-induced depression mouse model [103].

Another piece of evidence comes from recent work showing a connection between
TAARI1, neurogenesis, and depression [104]. The study demonstrated that TAAR1 in
the hippocampal dentate gyrus mediates the effects of chronic stress on neurogenesis,
hippocampal plasticity, and cognitive function in mice. Mice in the chronic social defeat
stress model had reduced levels of TAART mRNA and impairments in hippocampal
neurogenesis and cognitive function. Interestingly, the effects of stress were neutralized
by the administration of the TAAR1 agonist, RO5263397. Moreover, selective knockout of
the taar]l gene in the dentate gyrus mimicked cognitive and neurogenic deficits caused by
chronic stress [104].

In summary, although TAAR1 agonists are primarily considered antipsychotics, they
have significant antidepressant potential. As the direct antidepressant effect has been
shown in a few tests, they have demonstrated a line of useful properties for depression
treatment. Among them are procognitive functions and improved sleep. Moreover, TAAR1
agonists attract the attention of clinicians due to the absence of severe side effects. Therefore,
it is advisable to continue studying the antidepressant properties of TAAR1 and other
TAARs.

3.4. "Olfactory” TAAR:s in the Treatment of Depression: Perspectives

The remaining TAARs (TAAR2-TAAROY) are primarily known as olfactory receptors
sensing innate odors mediated by volatile amines originating from the decarboxylation
of amino acids [105]. They are found in the olfactory epithelium and olfactory bulbs of
mammals and activate innate behaviors. However, as studies progress, it becomes clear
that the effect of “olfactory” TAARs is not limited to the detection of volatile and aversive
amines from outside of the body and, along with TAARI1, can become a target for the
treatment of mental illness, in particular depression (Figure 2).

Gradually accumulating transcriptomic data makes it possible to associate TAARs with
the regulation of emotions, as they were shown to be expressed in the limbic areas [100].
Also, based on transcriptome data, it is hypothesized that TAARs may be involved in the
pathogenesis of mental illness [100,106]. Several studies have identified the association of
not only taar1 but also taar2, taar5, and taar6 SNPs (single nucleotide polymorphisms) with
schizophrenia and bipolar disorder [77]. Mutations in the taar6 gene may be associated
with the severity of depression and the effectiveness of response to therapy [107]. Moreover,
it turned out that TAARS expression in the prefrontal cortex may be impaired in patients
with depression [108]. Thus, “olfactory” TAARs are of great interest for a more detailed
and large-scale study in the context of mental illness.
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Figure 2. TAARs in depression and adult hippocampal neurogenesis. The pathogenesis of depression
is closely related to the monoamine systems of the brain. TAAR1, TAAR2, and TAARS were found in
the monoamine nuclei of the brain and in the hippocampus, the center of neurogenesis. Depression
inhibits adult neurogenesis. TAAR1 agonists have an antidepressant effect and promote neurogenesis.
TAAR2 and TAARS knockout animals exhibit decreased depressive-like behavior and increased
adult neurogenesis.

TAAR2 and TAARS are currently the most studied of the “olfactory” TAARs and
appear to have similar functional significance. To date, TAAR2 and TAARS5 have been
found not only in the olfactory system but also in the limbic region of the mammalian brain
and some monoamine nuclei. Histochemical methods have shown that both TAAR2 and
TAARS are expressed in the hippocampus, the nuclei of the thalamus and hypothalamus,
and the piriform cortex. In addition, TAAR5 was found in the amygdala, orbitofrontal
cortex, nucleus accumbens, entorhinal cortex [109], and neurogenic niches—the subven-
tricular zone [110]. TAAR2 was found in the lateral habenula and raphe nuclei [111].
The expression of other TAARs (most prominently TAARS and TAARG6) in the murine
and human hippocampus and other limbic regions was also documented based on the
analysis of public transcriptomic data [100,108,112]. In further studies in knockout (KO)
mice, other properties of TAAR2 and TAARS5 were found that bring them closer to the
pathogenesis of depression. There is accumulating evidence of a relationship between the
TAARs and the monoamine system. Of particular interest is the increased DA level and its
metabolites in the striatum in TAAR2-KO and TAAR5-KO mice, as well as the increased
number of tyrosine hydroxylase-positive neurons in the substantia nigra pars compacta.
These changes complement the increase in the content of growth factors: BDNF in the
striatum in TAAR2-KO and GDNF in TAAR5-KO [110,111]. Behavioral changes in TAAR
KO mice also support their emotional role and association with monoamines. In particular,
TAAR5-KO and TAAR2-KO mice exhibited less anxious and depressive behavior in several
behavioral tests [109,110]. Behavioral changes might also be connected to the 5-HT system.
In TAARS5-KO mice, the level of 5-HT in the striatum and hippocampus is reduced, and
5-hydroxyindoleacetic acid is reduced in the hippocampus and hypothalamus. It is thus
possible that the lack of TAARS affects the functional state of the brain 5-HT system [109].
This relationship is confirmed by the altered cognitive profile of TAAR5-KO. TAAR5-KO
mice showed fewer errors, better execution speed, and higher learning progress [113].
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Perhaps the most intriguing characteristic of TAAR2-KO and TAAR5-KO mice is
the increased adult neurogenesis. In both models, an increased number of neurogenic
markers, namely proliferating cell nuclear antigen (PCNA), and doublecortin (DCX) in
the subventricular and the subgranular zone, were found compared to wild-type [107,108].
Intriguingly, the expression of several TAARs including TAAR2 and TAARS5 was found
during the differentiation of human pluripotent stem cells to dopaminergic neurons [114].

The discovery of TAAR expression in the limbic and monoamine regions opens up
new possibilities for their use for therapeutic purposes. However, one should not forget
about their predominantly olfactory localization. It is the simultaneous representation
of TAARs in both the olfactory and limbic systems that may be a key advantage for the
treatment of mental illness, primarily depression. The olfactory system plays an important
role in the functioning of the limbic system. By receiving olfactory inputs, the limbic region
of the brain corrects emotional responses and species-specific behavior [115,116]. The
relationship of these two systems is also indicated by the consequences of bulbectomy
in mice. Removal of the olfactory bulbs leads to the manifestation of depression-like
behavior and a decrease in neurogenesis [117]. At the same time, anosmia in humans
is an early prognostic sign of various neurodegenerative and mental diseases and their
symptoms [118]. Interestingly, TAAR2- and TAAR5-KO mice exhibit anti-anxiety and
antidepressant behavior concomitantly with increased neurogenesis. The only non-selective
TAARS agonist known to date, «-NETA, induces psychotic-like episodes in mice [119].
Such consequences of the absence of TAARs suggest the antidepressant potential of their
antagonists. The search for such TAARS antagonists has already started [120].

Together, these data can be justification for considering “olfactory” TAARs and related
neurotransmitter systems a new target for depression therapy and the further study of
them in terms of this disease [121].

4. Conclusions

The accumulated data allow us to consider TAARs a promising new target for the
treatment of mental and nervous diseases. Agonists of TAAR1, the most frequently studied
of the receptors, are already in clinical trials as an antipsychotic, antidepressant, and
anxiolytic drug. Exposure to TAAR1 agonists causes an antipsychotic effect but is not
accompanied by serious side effects characteristic of typical antipsychotics. In addition, they
have shown high efficacy against the negative and cognitive symptoms of schizophrenia,
including the antidepressant effect. Other members of the TAAR family, the so-called
“olfactory” TAARs, have also shown antidepressant potential. Animal studies have shown
that TAAR2-KO and TAAR5-KO have an anti-anxiety and antidepressant phenotype and,
like TAAR1, have a modulating effect on the brain’s monoamine systems. In addition,
the localization of TAARs in the limbic and monoamine systems of the mammalian brain,
which are associated with the formation of emotions and mood, motivation, and cognitive
functions, has recently become known. Against the background of these facts, changes in
neurogenic processes during the blockade of TAAR1, TAAR2, and TAARS seem to be an
extremely intriguing and promising detail. In summary, a detailed study of TAARs could
help clarify aspects of depression pathogenesis and identify cause-and-effect relationships
in its development. Probably, TAARs are in fact the missing link between depression,
neurogenesis, and the monoamine system.

In addition, drugs based on TAAR agonists could become a panacea for vulnerable
groups of the population, adolescents, the elderly, and pregnant women. For these groups,
mental disease therapy is associated with risks and remains poorly studied. Given the
good tolerability of TAARI agonists, it is necessary to expand the study of their use. The
absence of serious side effects makes these drugs extremely attractive. Thus, it is necessary
to continue the study of TAARs, and to look for TAAR agonists and antagonists to better
understand their therapeutic properties.
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Abstract: Background: Schizophrenia is a complex disorder characterized by positive symptoms
(e.g., hallucinations), negative symptoms (e.g., social withdrawal), and disorganized symptoms
(e.g., thought disorder). Alongside these, cognitive and depressive symptoms often emerge, with
depressive symptoms sometimes dominating the clinical picture. Understanding the factors that
influence the development of depressive symptoms in schizophrenia could clarify the dynamics
between depressive and psychotic symptoms and guide clinical interventions. Methods: A total
of 105 patients with schizophrenia (66 women, 39 men) were assessed using several clinical scales:
PANSS, BPRS, DOCS, DES, HAM-D, and the Luria-Nebraska Neuropsychological Battery for cog-
nitive evaluation. Statistical analyses, including correlation and regression, were conducted using
SPSS to determine the significance of associations. Results: Disorganized and obsessive-compulsive
symptoms were identified as primary factors associated with depressive symptoms in patients with
schizophrenia. Conversely, a longer duration of untreated psychosis was linked to a lower sever-
ity of depressive symptoms, suggesting that early intervention may alter the depressive symptom
trajectory. Conclusions: Here, we suggest a complex interaction between psychotic and depressive
symptoms, possibly indicating a biological antagonism. The association of depressive symptoms
with disorganized and obsessive-compulsive features may reflect an adaptive psychological response,
attempting to stabilize amidst the disintegration of schizophrenia. These insights support a more
integrated approach to treatment, addressing both psychotic and depressive symptoms to improve
patient outcomes.

Keywords: schizophrenia; psychosis; positive; negative; disorganized symptoms; obsessive-compulsive
symptoms; duration of untreated psychosis; depressive symptoms; depression; biological antagonism

1. Introduction

Schizophrenia is a complex nosological entity that results from the interaction of
genetic and epigenetic factors [1-4]. Genetic predisposition is easily detectable in the
analysis of family history. This encumbrance in an etiological aspect cannot be accepted
too categorically due to the influence of the impact of learned patterns of behavior, as well
as the lack of stable parental role models. These factors can also be considered epigenetic
impacts [5]. Analysis of the interaction of epigenetic influence and genetic polymorphism
shows a relationship with both the development of the schizophrenia process and the effect
of antipsychotic therapy [6]. The clinical picture of schizophrenic disorders is diverse, but
positive, negative, and cognitive symptoms have been analyzed as the main storyline. In
patients with schizophrenia, many other symptoms are also superimposed, such as anxiety,
affective, and obsessive-compulsive disorders, as well as disorders in the perception of time
and the perception of personal space [7,8]. All these deviations in mental status are also
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associated with changes in both metabolism and immunological markers [9,10]. All this
multiplicity, both in the etiological and clinical aspects, poses the question of searching for
a complex approach and therapeutic behavior that is consistent with the main and priority
aspects in the clinical presentation [11-13].

Depressive symptoms and psychotic symptoms have many similarities and differences.
These similarities and differences can be observed at the structural, functional, neurotrans-
mitter, and metabolic levels. In both conditions, the analysis of structural disorders shows
that we have a loss of gray brain matter in different parts of the brain, with a correspond-
ing predilection for changes in them. In depression, changes are more pronounced in
the hippocampus, prefrontal cortex [14], and the amygdala and white brain matter [15].
In schizophrenia, they are associated with gray matter loss and cortical thickness reduc-
tion [16], as well as hippocampal and temporal lobe changes [17]. Functional changes in
depression are associated with hyperactivity in the default mode network (DMN) [18] and
hypoactivity in the executive control network (ECN), as well as hyperactivation of the
amygdala and anterior cingulate cortex (ACC) [19]. In psychosis, DMN hypoactivity and
dysfunction [20] and dysregulation in the salience network (SN) [21] altered thalamocortical
connectivity and dopamine system dysfunction [22]. Differences in the neurotransmitter
system are also observed in both conditions. In depression, there are major changes in
serotonin and norepinephrine [23], as well as in the glutamate and hypothalamic-pituitary-
adrenocortical (HPA) axis [24]. In schizophrenia, the main neurotransmitter changes are
found in dopamine and glutamate [25,26], as well as in the dysfunction of NMDA re-
ceptor activity [27]. Differences can be found in a purely metabolic aspect, related to the
metabolism of kynurenic acid. Schizophrenia shows a KYNA elevation that interferes with
receptor activity crucial to cognitive function and psychosis [28] while depression often
shows a neurotoxic shift, increasing quinolinic acid [29]. These changes also warrant the
search for therapeutic strategies to influence kynurenic acid metabolism [30-32].

Depressive symptoms are frequent and characteristic symptoms observed in patients
with schizophrenia. On the one hand, they can be observed as clinically established
symptoms in the post-psychotic period, reaching up to 50% in patients with first episodes
and up to 25% in those with subsequent episodes. The presence of these episodes is
associated, according to some authors, with a poor prognosis [33,34]. The opinion of
other authors takes an opposite position, associating affective symptoms with a favorable
course of schizophrenia [35-37], especially in those with high values on the depression
scale [38] and in those with high values on the mania scale [39]. The importance of
depressive symptoms in the development of the schizophrenic process has led to their
special classification in ICD 10 and ICD 11 as post-schizophrenic depression [40,41]. These
divergent data indicate that depressive symptoms themselves are most likely to have
a diverse genesis, which in turn is associated with a different prognosis. On the other
hand, apart from being a clinically evident phenomenon, depressive symptomatology
can be observed as a subclinical persistent finding in the clinical picture of patients, not
always demonstrably presented and mixed with the main symptomatology. A study
conducted with the aim of analyzing depressive symptoms in patients with schizophrenia
showed that they are moderately pronounced and persistent over time in patients with
resistance to treatment and are relatively mild in those in remission [42]. These data give
us reason to conclude that smoldering depressive symptoms are associated with resistance
to the schizophrenic process, while the appearance of pronounced depressive and manic
symptoms is associated with a good prognosis.

In the analysis of the factors related to the presence of depressive symptoms, the
author team established a relationship between the negative subscale of the PANSS and
the scale of general psychopathology with sociodemographic factors such as loneliness,
isolation, and lack of support [43,44]. On the other hand, whether there is a connection with
sociodemographic factors as a cause of depressive symptoms or whether sociodemographic
factors are a consequence of the development of the schizophrenic process with the gradient
loss of social connectivity associated with its progression is a question that can be discussed.
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In this case, it is difficult to give an exact answer, as an analogy can be made with the
question: "Which came first - the chicken or the egg?"”

There are multivariate analyses that present a different clinical value of depressive
symptoms in patients with schizophrenia. This lack of consistency in research gave us
reasons to look for and establish the relationship between depressive symptoms and other
factors and symptoms in patients with schizophrenia.

In the analysis of the factors related to depressive symptoms, we considered it appro-
priate not to include the sociodemographic data. Due to the fact that they also appear as a
result of the persistence of the main symptoms of the schizophrenia process, depressive
complaints, in themselves and as the development of social maladaptation, appear to be
directly deducible from the schizophrenic process.

2. Materials and Methods

We conducted a study of 105 patients with schizophrenia, of whom 66 were women
and 39 were men. The examination and evaluation of the patients was carried out in the
Psychiatric Clinic of the University General Hospital for Active Treatment —Stara Zagora.
Patients were admitted for observation and treatment after consecutive psychotic episodes.
The initial examination of the patients was performed in an outpatient setting, and after
giving informed consent, they were admitted for treatment and assessment of the condition.
Patients were recruited and followed for the period from 2017 to 2022.

All patients undertook the Hamilton depression and anxiety scales, the dissociation
scale, the obsessive-compulsive symptom analysis scale (DOCS), and a memory assessment,
using the Luria test [45-49].

The initial analysis and follow-up were performed in an inpatient setting, and later,
the observation and follow-up of their condition were performed in an outpatient setting.

Patient inclusion criteria:

A series of psychotic episodes;

Evaluation of symptoms according to the PANSS and BPRS scales [50,51]
Prospective observation for at least 12 weeks;

Administration of at least two trials of antipsychotic drugs at a dose equivalent
to or greater than 600 mg chlorpromazine equivalents to achieve remission and
assess resistance.

=L

Exclusion criteria:

Mental retardation;

Abuse of psychoactive substances;

Presence of organic brain damage;

Accompanying progressive neurological or severe somatic diseases;

Marked personality change (according to the DSM 5 and ICD 10 and ICD 11 diagnostic
tools) [40,41,52,53];

6.  First psychotic episode.

SUE I S

Statistical Analyses

For the purpose of the research, the capabilities of the statistical package SPSS version
26 were used. The methods used were tailored to the specifics and objectives of the
research. Correlation analysis and regression analysis were used. Regression analysis
was conducted, with the dependent variables being depressive complaints assessed with
the Hamilton scale. Independent variables were age, disease onset, duration of untreated
symptoms, duration of schizophrenia process, body mass index, PANSS positive, negative,
and disorganized symptoms, dissociation scale, and obsessive-compulsive symptom scale.
An assessment of the co-linearity index was also made to measure the significance and
reliability of the obtained results. We have also used analysis of variance (ANOVA) as a
statistical formula used to compare variances across the means (or average) of different
variables. A correlation analysis was also conducted to find a relationship between the
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analyzed variables. On the other hand, correlation analysis and its results are a prerequisite
for the choice of method when conducting regression analysis.

The same group of patients was studied in order to investigate other clinical indicators
such as obsessive-compulsive, dissociative, and cognitive symptoms, lateralization of brain
processes, the effect of the administration of the first antipsychotic drug, and the role
of gender in patients with schizophrenia [42,54-60]. All patients gave written informed
consent before being admitted to the clinical facilities and undergoing diagnostic tests
and therapy.

The study was conducted in accordance with the Declaration of Helsinki and was
approved by the Ethics Committee of the University Hospital “Prof. Dr. Stoyan Kirkovich”
Stara Zagora, protocol code TR3-02-242 /30 December 2021.

3. Results
3.1. Descriptive Statistics of the Sample

Out of a total of 105 patients with schizophrenia, 66 were female and 39 were male.
The mean age of patients was 37.13 years (Table 1). The minimum age was 21 years and the
maximum was 62 years.

Table 1. Some of the main characteristics of the group of patients.

Age (years) 37.13
Age of onset of SZ (years) 25.51
Duration of untreated period/months/ 14.78
Duration of SZ (years) 11.77

BMI 26.9562

Height (cm) 168.55

Sex (M/F) 39/66

In males, we found that the average level of depression was 11.44, and the median
was the same as in females, which was 12, with a standard deviation of 4.179.

We found a slightly higher level of depressive symptoms in females, but without
statistical dependence on the level of depressive scores between the sexes.

3.2. Correlations Between Clinical Scales

We conducted a correlation analysis in order to assess the strength of the relationship
between the scales we analyzed: the depression scale, the PANSS negative, positive, and
disorganized scales, the dissociation scale, and the OCS scale, as well as short-term memory
fixation (Tables 2—4).

This analysis reveals that depressive symptoms are modestly associated with longer
illness duration, suggesting that the chronicity of schizophrenia may contribute to increased
depressive symptoms over time. However, onset age and duration of untreated symptoms
do not appear to have direct impacts on depression levels. These findings point to a
potentially cumulative effect of long-term schizophrenia on depressive experiences, which
could suggest treatment approaches that address the emotional impact of prolonged illness.

The analysis of data in Table 3 reveals that depressive symptoms are moderately asso-
ciated with overall psychiatric severity (PANSS and BPRS), particularly with disorganized
symptoms. The findings suggest that disorganization, along with positive symptoms, may
play a more significant role in the experience of depressive symptoms in schizophrenia than
negative symptoms do. These insights highlight the importance of addressing both mood
and cognitive disorganization in managing depressive symptoms within this population.

The analysis reveals that depressive symptoms are strongly associated with anxiety
and obsessive-compulsive symptoms. In contrast, there is little to no significant relation-
ship between depressive symptoms and dissociation or fixation. The strong link between
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anxiety and depression highlights the importance of addressing both conditions in clinical
settings, as they often exacerbate each other. The associations found between dissociation
and obsessive-compulsive symptoms suggest that these constructs may warrant further
exploration, particularly in their relationship with depressive experiences. Also striking is
the negative correlation between depressive symptoms and short-term memory reflected
by fixation in this analysis. Overall, we can say that these findings emphasize the intercon-
nected nature of various psychiatric symptoms and the need for comprehensive assessment
and treatment strategies.

Table 2. Degree of statistical significance between the depression scale and the onset of the illness,

duration of the illness, and duration of untreated symptoms in patients with schizophrenia.

Onset of the Duration of Untreated Duration of Sch Hamilton D
Illness Symptoms
CPearlso.“ 1 —0.350 ** —0.313* ~0.039
Onset of the illness orrelation
Sig. (2-tailed) 0.000 0.001 0.694
Duration Of the Pearson _0 350 *3% 1 0 148 _0 104
untreated Correlation ) ) )
symptoms Sig. (2-tailed) 0.000 0.133 0.292
Pearson
Duration of the oot ~0.313 ** 0.148 1 0.196
illness Sig. (2-tailed) 00.001 0.133 0.046
CPearls".“ —0.039 —0.104 0.196 * 1
Hamilton D scale orrelation
Sig. (2-tailed) 0.694 0.292 0.046

*p<0.05,*p<0.01.

Table 3. Correlation between the Hamilton scale, the PANSS scale and its subscales, and the

BPRS scale.
PANSS PANSS PANSS
Hamilton D PANSS Positive Negative Disorganized BPRS
Subscale Subscale Subscale
Bz 1 0.275 ** 0.240 * 0.156 0.295 ** 0.383 **
Eematiten D Correlation
Sig. (2-tailed) 0.005 0.014 0.113 0.002 0.000
Izt 0.275 ** 1 0.835 ** 0.806 ** 0.954 ** 0.911 **
PANSS Correlation
Sig. (2-tailed) 0.005 0.000 0.000 0.000 0.000
PANSS Lo 0.240 * 0.835 ** 1 0.493 ** 0.738 ** 0.785 **
positive Correlation : ’ ’ : ’
subscale Sig. (2-tailed) 0.014 0.000 0.000 0.000 0.000
PANSS Heaeer 0.156 0.806 ** 0.493 ** 1 0.730 ** 0.719 **
negative Correlation
subscale Sig. (2-tailed) 0.113 0.000 0.000 0.000 0.000
PANSS e 0.295 ** 0.954 ** 0.738 ** 0.730 ** 1 0.888 **
disorganized Correlation
subscale Sig. (2-tailed) 0.002 0.000 0.000 0.000 0.000
Rease 0.383 ** 0.911 ** 0.785 ** 0.719 ** 0.888 ** 1
BPRS Correlation
Sig. (2-tailed) 0.000 0.000 0.000 0.000 0.000

*p <0.05,% p < 0.01.
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Table 4. Correlation between Hamilton depression rating scale and dissociation scale, fixation scale,
Hamilton anxiety rating scale, and obsessive-compulsive symptoms rating scale.

Hamilton D Dissociation Fixation Scale Hamilton A OCS Scale
Scale Scale Scale
I 1 0.133 ~0.139 0.719 ** 0.256 **
Bemilien D Correlation
Sig. (2-tailed) 0.175 0.158 0.000 0.009
Pearson N
Dissociation Commi 0.133 1 —0.467 * 0.209 * 0.335 **
cealle Sig. (2-tailed) 0.175 0.000 0.032 0.000
It ~0.139 —0.467 ** 1 —0.270 * —0.121
Fixation Correlation
Sig. (2-tailed) 0.158 0.000 0.005 0218
. Pearson o " B - "
Hg.lmlltonl Comaot 0.719 0.209 0.270 1 0.208
anxi a
ety seale  gis (2-tailed) 0.000 0.032 0.005 0.033
e 0.256 ** 0.335 ** —0.121 0.208 * 1
OCS scale Correlation
Sig. (2-tailed) 0.009 0.000 0.218 0.033

*p<0.05*p<0.01.

In order to establish the most important factors influencing the appearance of de-
pressive symptoms in patients with schizophrenia, we conducted a regression analysis.
Regression analysis was conducted, with the dependent variables being depressive symp-
toms. Independent variables were age, age of onset, duration of untreated symptoms,
duration of schizophrenia process, body mass index (BMI), PANSS positive, negative, and
disorganized symptoms, dissociation scale, and obsessive-compulsive symptom scale. The
results are presented in Tables 5 and 6.

Table 5. Results of the regression analysis. The factors with a statistically significant influence on the
occurrence of depressive symptoms and their coefficients are presented.

R2 B t p (sig)

PANSS?:ltii,P())rlganized 0.295 0.148 3.136 0.002
Duration of uijf;}e)a%ed symptoms 0.351 0.174 3.611 0.044
ogtsegc; e 0.409 0.150 3.098 0.022

Regression analysis identified three main predictors and models.
These predictors are:

1. PANSS Disorganized Symptoms: The strong positive impact of disorganized symp-
toms on depression highlights the significant role of cognitive and perceptual disorga-
nization in contributing to depressive symptoms. This may reflect the distress and
impairment that disorganized thinking and behavior impose, potentially fostering
feelings of depressive complaints.

2. Duration of Untreated Symptoms: The negative relationship here suggests that in-
dividuals who experienced shorter periods of untreated psychosis report higher
depressive symptoms. This finding could imply that early intervention mitigates
long-term depressive symptoms, or that those who seek help sooner may be more
likely to experience depression due to increased insight of their symptoms.
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3. Obsessive-Compulsive Symptoms (OCS): The positive correlation between OCS scores
and depressive symptoms implies that the presence of obsessive-compulsive symp-
toms may aggravate depressive symptoms, possibly due to the distress and mental

strain associated with them.

Table 6. Statistical significance of established models when conducting regression analysis.

Unstandardized Coefficients

Standardized Coefficients

Model t Sig.
B Std. Error Beta

) (Constant) 7.126 1.568 4544 0.000

PANSS disorganized 0.148 0.047 0.295 3.136 0.002

(Constant) 7.576 1.560 4855 0.000

) PANSS disorganized 0.174 0.048 0.347 3611 0.000

Durat}i’;’g}flssri‘;reated —0.086 0.042 ~0.19 2040  0.044

(Constant) 6.513 1.594 4085 0.000

PANS disorganized 0.150 0.048 0.299 3.098 0.003

° Durat}‘)’;‘ys}ig;i‘;reated 0098 0.042 0223 —2351 0021

OCS scale 0.111 0.048 0.220 2329 0.022

4. Discussion

Our study showed that gender distribution is not a factor related to the appearance
of depressive symptoms in patients with schizophrenia. In the main population, there is
evidence that there is a clear distinction between the sexes, with depressive symptoms being
more characteristic of females. This is also directly deducible from the differences between
the sexes, related to biological, psychological, and social factors, which are a prerequisite
for the prevalence of depressive symptoms in persons of the female gender [61]. This is
not the case in patients with schizophrenia. One study examines gender differences in the
onset and progression of schizophrenia, including the expression of depressive symptoms,
and suggests that typical gender differences in depression may not apply to individuals
with schizophrenia [62]. Our results support this study by showing that schizophrenia
patients did not differ in terms of the expression of depressive complaints. Other articles
have also discussed how schizophrenia may diminish the usual gender differences seen in
mood disorders, with a focus on the expression of depressive symptoms [63-65]. Other
studies have attempted to analyze the reasons for the lack of differences in the occurrence
of depressive symptoms in patients with schizophrenia. They examine and develop the
concept of blunted gender differences in schizophrenia [66].

Another transcultural study also shows that there is a reduction of gender differences
as a consequence of the influence of the schizophrenic process [67]. We also registered these
blurred boundaries of gender differences in schizophrenia when conducting an assessment
of the distribution of gender roles in patients with schizophrenia [57]. Our data also
support the idea of blunted gender differences. The results of these studies give some
authors reason to consider the idea of a strictly individual view and approach to these
patients, not one based only on gender differences [68,69].

We find a directly proportional relationship between the expression of disorganized
symptoms in schizophrenia and depressive symptoms. This dependence can be considered
in the context that disorganized symptoms, unlike positive and negative symptoms, are
directly related to functional impairment, which in turn leads to depressive complaints [70].
Negative symptoms are not perceived as ego-dystonic in the sense of suffering, and thus
they do not lead to depressive complaints, although an overlap between depressive and
negative symptoms may be observed outwardly, further impairing social functioning [71].
This close relationship between disorganized and depressive symptoms, as was shown
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in our previous study between disorganized and obsessive-compulsive symptoms [54],
gives us reason to consider the idea of symptom formation as a consequence of the de-
velopment of a process of “disintegration” in patients with schizophrenia. We can view
depressive, positive, and obsessive-compulsive symptoms as defense mechanisms against
the “disintegration” underlying the schizophrenic process [72-74].

This study also gives us an explanation of why we find obsessive-compulsive symp-
toms as a factor that is, to a large extent, a determinant of the appearance of depressive
symptoms. Obsessive-compulsive symptoms themselves lead to severe stress and can
further trigger the onset of depressive symptoms. Obsessive-compulsive symptoms in
schizophrenia can also be seen as an adaptive phenomenon, a reaction against the chaos of
disorganized symptoms [75].

We find the greatest association of depressive symptoms with disorganized and
obsessive-compulsive symptoms. Another study of ours, which analyzed obsessive-
compulsive symptoms in patients with schizophrenia, showed that they were also highly
associated with the presence of disorganized symptoms [54]. Is it precisely the disorganized
symptoms, symptoms without organization, that do not seek their secondary organiza-
tion as psychotic, obsessive-compulsive, and depressive symptoms? Other studies also
find a link between disorganized and depressive symptoms [76-81]. When conducting a
correlation analysis, we found a high correlation dependence of depressive complaints,
both with the individual subscales of the PANSS and with the BPRS scale. We found a
higher correlation significance of depressive symptoms with disorganized symptoms and
with the BPRS scale. The explanation of this observation can be found in the research
that conducted a comparison between the PANSS and BPRS scales. The PANSS scale is
much more specific than the BPRS. The BPRS scale reflects more the main psychopathology,
which is also related to an overlap with some depressive and disorganized symptoms,
which is the reason for their higher correlation coefficient [82-84].

Our study found that the duration of untreated symptoms was inversely related to the
development of depressive symptoms. We find that the longer the duration of untreated
psychosis, the lower the likelihood of developing depressive complaints. How should we
analyze this observation?

In the context that psychosis is the primary and main disease, depressive symptoma-
tology appears as an additional symptom in the course of the evolution of the disease or,
on the other hand, as a side effect and as a symptom as a result of therapy. These relation-
ships can be considered in the context of the relationship between dopamine blockade and
depression, cognitive impairment associated with dopamine blockade, fatigue, sedation,
motor side effects, etc. [78,85,86] . This is also the classic approach to looking at these
relationships, and for this reason, in the F20 rubric of ICD 10 and 11, we have a sub-section
on post-schizophrenic depression. Our data on the inverse correlation between depressive
symptoms and duration of untreated psychosis prompts us to discuss another hypothesis.
Since depressive symptomatology appears, on the one hand, as one of the main prodromal
symptoms in schizophrenia, on the other hand, it represents a symptom that we can follow
in the course of the schizophrenic process. From this point of view, the interrelationships
between depressive and psychotic symptoms give us reason to ask the questionCan we not
take a mirror look at these processes?

Depression is the primary disorder in which, in some cases, psychotic symptomatology
is superimposed, which is clinically significant, expressed, and meets the diagnostic criteria
of the main classification systems and, as such, requires antipsychotic therapy. In support
of this observation comes the fact that often-expressed depression has psychotic symptoms
that require antipsychotic therapy in parallel with the use of antidepressants [87-91].

On the other hand, the use of antidepressants has an effect on patients with schizophrenic
disorder, even in the absence of clinically expressed depressive symptoms [92-95].

We can also judge the proximity of the two states by their prognosis. Both schizophre-
nia and psychotic depression have a similar prognosis, despite the presence of certain
differences [96-99], which, again, gives us reason to question what is the primary underly-
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ing disorder. On the other hand, perhaps we should just accept that the question is largely
rhetorical and that the two states are interwoven as one common entity.

These clinical observations give us reason to look at the biochemical disturbances in
order to find similarities between them. In both conditions, a biochemical imbalance is
established. In both conditions, there is a dopamine imbalance, disorders of serotonin,
glutamate transmission, GABA mediation, an increased level of inflammatory factors,
and a generally increased inflammatory background, associated with a change in cortisol
secretion [100-103].

If we look at DMN changes in depression and psychosis, we find that they are opposite.
While, in depression, we have hyperactivity [18], in schizophrenia, we have altered activity
related to the loss of connectivity or altered activity to hypoactivity [20]. This process
is most likely also related to the disorganization in the sense of “I”, which provokes the
creation of clinical symptoms such as positive or depressive or OCD [104]. How can we
explain, from this perspective based on DMN dysfunction, the inverse relationship between
the duration of untreated psychosis and depressive symptoms? The prolonged state of
dysfunction of this neuronal network over time is related to strengthening the loss of
connectivity at the functional and neuronal level, where it becomes even more difficult to
react with “hyperfunction” of the same system and transition to depression.

In patients with resistant schizophrenia, depressive symptoms are registered in the
range of moderately expressed [42]. These results can be commented on in light of our
observation that schizophrenic disorder, which is essentially a form of disorganization of
the psyche, finds its clinical expression in the construction of disorganized symptoms as a
clinical phenomenon. The organism is not able to reach a new form of mental allostasis,
regardless of whether it is a psychotic or depressive episode, and remains in an unbalanced
state with persistent disorganized symptoms, which also show the highest degree of
resistance in individual studies [105-107].

Limitation: The limitation of our study is related, on the one hand, to the number of
observed patients. In order to answer fundamental questions related to the perception and
analysis of the clinical dynamics of larger nosological categories, observation of a large
number of patients with a long follow-up period is necessary, which we are currently unable
to provide. The observation of these patients continues, which gives us the opportunity to
follow the pathoplasticity of the described phenomenology, which we hope to be able to
present in the future.

Another limitation of our study is that it is purely clinical, as we did not have the op-
portunity to analyze the functional connections in individual neuronal networks, metabolic
disorders, and individual registered inflammatory markers characterizing these processes.

5. Conclusions

We found that the presence of disorganized and obsessive-compulsive symptoms is
associated with the appearance of depressive symptoms in patients with schizophrenia.
Additionally, an inverse relationship between the duration of untreated psychosis and the
onset of depressive symptoms suggests that early intervention may impact the development
of depressive features. These findings offer valuable insights for clinical practice, potentially
enabling the prediction of individual symptom dynamics throughout the course of the
schizophrenic process. Moreover, these observations prompt a reconsideration of the
relationship between depression and psychosis as conditions that often exhibit convergent
aspects in therapy. Rather than viewing them as separate entities, our results align with
the concept of a single underlying pathology—a unified disease process that may express
itself through varying symptom profiles over time. This perspective encourages a holistic
approach to treatment, addressing core vulnerabilities that underpin both psychotic and
depressive symptoms in a continuum of mental health disorders.
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Abstract: Background: Resveratrol has been shown to modulate stress-related anxiety by
reducing brain monoamine oxidase A (MAO-A) activity. However, the molecular mecha-
nism underlying this neurochemical effect remains unknown. In this study, we employed
in silico approaches to investigate the binding affinity of resveratrol and its predominant
blood metabolite, resveratrol glucuronide, to specific sites on MAO-A. Methods: For the
in silico analysis, we employed molecular docking and molecular dynamics simulations.
Within the liver-brain axis, we investigated the role of hepatic MAO-A in the development
of anxiety. The activity of whole-brain MAO-A was compared with its activity in specific
brain regions, including the amygdala, hippocampus, and prefrontal cortex. Results: Our
findings suggest the presence of an allosteric site on the enzyme that accommodates these
compounds. Furthermore, in vivo experiments demonstrated that high-dose resveratrol
suppresses MAQO activity not only in the brain but also in the liver of stress-exposed rats.
The in vivo results are interpreted in the context of an allosteric site on MAO-A in both
the brain and liver, which may mediate the interaction with resveratrol and its metabolite.
Conclusions: The primary outcomes of the study include the identification of the role of
hepatic MAO-A in the development of anxiety-like behavior, as well as the determination of
resveratrol dose ranges at which it functions as an allosteric modulator of MAO-A activity.

Keywords: resveratrol; monoamine oxidase; serotonin; trans-resveratrol-3-O-glucuronide;
allostery

1. Introduction

Resveratrol (trans-3,4' 5-trihydroxystilbene) (Figure 1) is a naturally occurring phenolic
compound belonging to the stilbene family, predominantly found in various plant sources,
including grape skins, berries, cocoa, and nuts [1-3]. Its levels in plants often increase in
response to various environmental stressors, such as ultraviolet radiation, ozone exposure,
and pathogen attacks [4,5]. Resveratrol (RES) has been recognized as one of the most
promising chemopreventive agents against cancer. In addition, it exhibits antidiabetic,
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antiviral, cardioprotective, anti-inflammatory, and neuroprotective properties. Notably, its
neuroprotective effects are largely attributed to its ability to enhance neuroplasticity [6-8].
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Figure 1. Two-dimensional structures of serotonin (5-HT), resveratrol (RES), and trans-resveratrol-3-
O-glucuronide (ROG).

Due to its neuroprotective and antioxidant properties, RES has demonstrated thera-
peutic potential in neurodegenerative disorders as well as in the correction of stress-related
behavioral disorders [9,10]. Recent studies from our group have established the efficacy
of RES in alleviating anxiety disorders induced by chronic predator stress, an experi-
mental model of post-traumatic stress disorder (PTSD) [11,12]. These findings identified
monoamine oxidases (MAOs) in the brain as key molecular targets of RES. Our results
further revealed that stress-induced anxiety correlates with increased MAO-A activity,
whereas RES administration effectively reduced MAO-A activity in parallel with behav-
ioral improvements. Importantly, the anxiolytic effects of RES exceeded those of selective
serotonin reuptake inhibitors (SSRIs), which are currently considered the first-line phar-
macological treatment for PTSD. Notably, RES shares a common target with SSRIs—the
serotonin transporter (SERT)—which is responsible for serotonin reuptake.

Despite its remarkable therapeutic potential, the clinical application of RES remains
challenging due to its rapid metabolism and poor bioavailability [13,14]. Pharmacokinetic
studies indicate significant losses of RES during absorption, with only a small fraction
of the compound being absorbed through the intestinal epithelium without undergoing
metabolism. Experiments on an isolated rat intestinal model have shown that 96.5% =+ 4.6%
of the absorbed RES was detected as its glucuronide conjugate, highlighting its susceptibil-
ity to glucuronidation during transport across the jejunal epithelium [13].

Interestingly, trans-resveratrol-3-O-glucuronide (ROG) itself exhibits biological activity,
including well-documented anticancer properties [15-17]. In our studies, a correlation was
observed between the levels of ROG in the blood of stressed animals and anxiety-related
behavioral parameters in the elevated plus maze test, a widely used model for assessing
anxiety in chronic predator stress [18]. However, the precise mechanisms underlying the
behavioral effects of ROG under chronic stress conditions remain unknown.

Traditionally, the relationship between brain MAO-A and the regulation of behavioral
activity has been the primary focus of research, with particular emphasis on the enzyme’s
ability to metabolize monoamine neurotransmitters. However, the potential contribution of
hepatic MAO-A to behavioral regulation has been largely overlooked. In the liver, MAO-A
is involved in the oxidative deamination of trace amines of intestinal origin that reach the
liver via the portal circulation. To date, the therapeutic effects of resveratrol on anxiety
disorders have not been associated with its modulation of MAO-A activity in peripheral
organs. Furthermore, paradoxical findings—such as resveratrol’s ability to reduce MAO-A
activity despite an upregulation of its gene expression—remain insufficiently addressed.

Given that MAO-A has been identified as a key target of RES, we conducted an in
silico comparative analysis to evaluate the binding interactions of RES and ROG with
MAO-A. The computational results were further correlated with the experimental findings
on RES and ROG levels in stressed animals and their impact on MAO-A activity.
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2. Materials and Methods
2.1. Animals

Experiments were conducted on male Wistar rats, weighing 210-230 g and three months
of age at the onset of the study. The use of males was justified by the fact that applying the
same experimental protocol to females would require additional time to synchronize the
estrous cycle. In this study, male Wistar rats were housed in individually ventilated cages,
with each enclosure accommodating three to four animals. The rodents had unrestricted
access to tap water and a nutritionally balanced diet (Beaphar Care Plus Rat Food, Raalte,
The Netherlands). Environmental conditions within the vivarium were carefully regulated,
maintaining a temperature range of 22-25 °C and a relative humidity of 55%. The light-dark
cycle was set to 12:12 h, with illumination commencing at 07:00 and concluding at 19:00.

2.2. Chronic Predator Stress Paradigm

In this study, a chronic predator stress (PS) paradigm was employed. While cat urine
has been conventionally used as a predator odor source in post-traumatic stress disorder
(PTSD) research, its efficacy in eliciting an immediate anxiety response following prolonged
stress exposure has been limited. Prior research demonstrated that prolonged exposure to
cat odor led to a diminished sensitivity to this stimulus in stressed rats by the conclusion
of the PS paradigm. Furthermore, time-dependent sensitization—recognized as a key
feature of PTSD—only became evident two weeks after the exposure period. To provoke
an immediate behavioral response characterized by acute stress-induced anxiety, cat urine
was replaced with fox urine, which exhibits a stronger anxiogenic effect.

2.3. Fox Urine Collection and Application

Urine was obtained from sexually mature males of domesticated silver-black foxes
(Vulpes vulpes). Collection took place during the autumn season from multiple individuals,
after which the samples were aliquoted and stored at —18 °C for a maximum duration of
one month. Prior to use, the urine was thawed immediately. To deliver the stressor, 100 uL
of urine was deposited onto a cotton pad and placed within a plastic Petri dish covered by
a nylon mesh to allow the release of volatile compounds. The Petri dish was positioned
inside the animals” home cages for a duration of 10 min each day across a 10-day period,
starting on the fifth day of the experiment.

2.4. Timeline of Predator Stress Exposure, Resveratrol Treatment, and Plasma Resveratrol
Concentration Assessment

To evaluate the effects of RES treatment on anxiety-like behavior and monoamine
oxidase A (MAO-A) activity in the brain and liver, rats were subjected to a 10-day predator
stress (PS) paradigm. The animals were assigned to the following experimental groups:

1. Control (n = 7): Rats received vehicle treatment for 10 consecutive days without
exposure to predator stress.

2. PS(n=7): Rats were subjected to chronic predator stress.

3.  RES + PS 20 mg/kg (n = 7): Rats were administered resveratrol (20 mg/kg) via
intraperitoneal injection one hour prior to each predator stress exposure.

4.  RES + PS 50 mg/kg (n = 7): Rats were administered resveratrol (50 mg/kg) via
intraperitoneal injection one hour prior to each predator stress exposure.

5. RES + PS 100 mg/kg (n = 7): Rats were administered resveratrol (100 mg/kg) via
intraperitoneal injection one hour prior to each predator stress exposure.

The rationale for administering RES one hour prior to the onset of stressor exposure
was based on the brief duration of a single stressor session. It was essential for RES to
be present in the system at the time of stressor exposure. The PS-exposed animals were
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divided into two groups: one received daily intraperitoneal injections of RES at doses of 20,
50, or 100 mg/kg (“PS + RES” group), while the other received vehicle only (“PS” group).
Control animals were also administered vehicle injections.

Trans-resveratrol was obtained from Sigma Aldrich Ltd. (St. Louis, MO, USA). Daily
intraperitoneal injections of RES were administered over the first 10 days of the experiment.
Fresh solutions were prepared on a weekly basis and stored at room temperature until use.
RES was dissolved in 99% DMSO to achieve a final injection volume of 1 mL/kg of body
weight, corresponding to a dosage of 20, 50, and 100 mg/kg [18].

Plasma concentrations of RES and its primary metabolite, ROG, were quantified in the
“PS + RES” group. Correlations were examined between RES and ROG levels and various
behavioral parameters, as well as MAO-A activity in the brain and liver.

2.5. Behavioral Testing

Anxiety-like behavior was assessed using the elevated plus maze (EPM) test, em-
ploying a standard apparatus (model TS0502-R3, OpenScience, Russia; http://www.
openscience.ru/index.php?page=ts&item=002 (accessed on 9 May 2025)). The EPM con-
sisted of two open and two closed arms (arm length: 0.5 m; arm width: 0.14 m) ele-
vated 0.55 m above the floor, with the height of the closed arm walls measuring 0.3 m
and the side rails of the open arms measuring 0.01 m [19]. At the beginning of each
trial, animals were placed in the central platform facing an open arm. An entry into
an arm was recorded when all four paws of the rat were within the arm. Behavioral
tracking and analysis were performed using the 3D animal tracking system “EthoStudio”
(http:/ /ethostudio.com/new/en/about/ (accessed on 9 May 2025)). The test was per-
formed over a 10-min period. The rationale for selecting the behavioral tests was based
on their established suitability for assessing anxiety levels and fear responses. To mini-
mize potential bias, control and experimental groups were assessed concurrently under
blinded conditions.

Key metrics for behavioral assessment included:

e Frequency of entries into the open and closed arms of the EPM;
¢ Duration of time spent within the open and closed arms.

Following the completion of each testing session, the surface of the EPM or the open
field arena was thoroughly wiped with gauze soaked in ethanol to eliminate any residual
traces left by the previous animal.

2.6. Blood and Tissue Collection and Storage

The rats were sacrificed by an overdose of diethyl ether, decapitated, and blood was
collected for further analysis. During necropsy, samples of blood and liver tissue were
collected from the rats. The blood was processed by centrifugation to isolate plasma,
which was then transferred into Eppendorf tubes and stored at —70 °C. Liver tissue was
preserved in two forms: one part was fixed in 10% buffered formalin for histopathological
examination, while the remaining tissue was rapidly frozen in liquid nitrogen and stored
at —70 °C for subsequent biochemical analysis.

Brain and liver tissues were rapidly frozen in liquid nitrogen and stored at —70 °C
for biochemical investigations. The hippocampus, prefrontal cortex, and amygdala were
dissected from freshly excised brains cooled on ice, based on anatomical landmarks defined
in the Paxinos and Watson atlas [20]. These brain regions were immediately frozen in liquid
nitrogen and stored at —70 °C for neurochemical analysis, which was conducted within
seven days of tissue collection.
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2.7. Quantification of RES and RES-O-Glucuronide in Rat Plasma

The concentrations of RES and its metabolite, ROG, in rat plasma were determined
using high-performance liquid chromatography (HPLC) with a diode array ultraviolet
(UV) detector (Agilent 1260 Infinity II, Agilent Technologies, Santa Clara, CA, USA). The
separation process utilized a gradient elution approach on a Poroshell 120 EC-C;g reversed-
phase column (3.0 mm x 100 mm x 2.7 pum; Agilent Technologies, 695975-302), coupled
with a 5 mm guard column for system protection. The mobile phase comprised two eluents:
solvent A (aqueous 0.1% v/v acetic acid) and solvent B (methanol containing 0.1% v/v
acetic acid). A linear gradient elevated solvent B concentration from 15% to 100% over
14.3 min, and maintained at 100% for an additional 1.7 min. Operational parameters
included a 0.7 mL/min flow rate and column thermostatting at 30 °C. Analyses employed
5 uL injections with ultraviolet detection configured at 304 nm.

Calibration standards were generated through spiking 50 uL of a methanol-dissolved
RES working solution (Sigma-Aldrich, St. Louis, MO, USA, 98% purity) into 150 uL
portions of blank plasma. This procedure yielded plasma calibration standards spanning
0.05-20.0 ug/mL RES concentrations. For sample processing, 200 uL of either plasma or
prepared standards were aliquoted into 2.0 mL centrifugation vials. Each vial received
50 uL of pterostilbene internal standard solution (Sigma-Aldrich, St. Louis, MO, USA,
97% purity) at 20 pg/mL. Following 15 s vortex agitation, 0.8 mL of acetonitrile was
introduced, and the mixture was vortex-mixed again for an additional 15 s. Samples
were processed by centrifugation at 10,000 rpm for 15 min using a Thermo ST16R unit
(Thermo Scientific, Waltham, MA, USA). Supernatants were harvested, transferred to fresh
tubes, and dried under nitrogen gas at 45 °C via an NDK200 concentrator (Hangzhou
MIU Instruments Co., Hangzhou, China). Dried residues were resolubilized in 0.2 mL of
methanol:water (1:1 v/v), transferred to autosampler vials, and subjected to analysis.

Quantification of RES plasma levels utilized a calibration curve derived from the rela-
tionship between analyte-to-internal standard peak area ratios and corresponding analyte
concentrations. ROG concentrations were calculated using the RES calibration framework,
presuming equivalent detector responses between the two analytes. Identification of RES
and pterostilbene chromatographic peaks was verified through retention time alignment
and UV spectral matching (200-400 nm range) against reference standards.

ROG characterization was performed using an Agilent 6545 Q-TOF LC-MS system
(Agilent Technologies, Santa Clara, CA, USA) with negative-ion electrospray ionization.
Chromatographic parameters remained consistent with previously outlined separation
conditions. Mass analysis detected a deprotonated molecular ion [M — H] ™ at m/z 403.1036
(A = 0.42 ppm). Under collision-induced dissociation parameters, the MS/MS spectrum
displayed elimination of a glucuronic acid moiety (176 Da), generating a fragment ion at
m/z227.0712 (A = 0.74 ppm), corresponding to deprotonated resveratrol [M — H]™.

2.8. Monoamine Oxidase Activity Measurement

MAO-A enzymatic activity was quantified in purified brain and liver mitochondrial
preparations. Mitochondrial isolation from tissue homogenates followed established proto-
cols from Satav and Katyare [21]. Evaluation of MAO-A activity in both brain and liver
tissues was conducted using methodologies adapted from Tipton et al. [22].

For MAO-A assessment, cerebral tissue homogenates were incubated with 100 pL of
0.5 uM L-deprenyl (a MAO-B-specific inhibitor) for 60 min at 37 °C prior to analysis. The
reaction was initiated by introduction of 5-hydroxytryptamine creatinine sulfate (4 mM) as
the MAO-A-specific substrate. Spectrophotometric quantification at 278 nm determined
enzymatic activity, expressed as nanomoles of serotonin catabolized (via MAO-A pathway)
per milligram protein per minute.
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A graphical overview of the experimental design, including group allocation (control
and treatment groups) and the sequence of behavioral and biochemical assessments, is
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Figure 2. Graphical representation of the experimental workflow.

2.9. Statistical Analysis

Data were analyzed using SPSS 24.0 (SPSS Inc., Chicago, IL, USA), STATISTICA
10.0 (StatSoft Inc., Tulsa, OK, USA), and MS Excel 2010 (Microsoft Inc., Redmond, WA,
USA) software. Quantitative data are expressed as the mean =+ standard deviation (SD).
Comparisons among groups were performed using the Kruskal-Wallis test, followed by
Dunn’s post hoc tests for pairwise comparisons. Spearman’s rank correlation coefficient
was used to assess the relationships between variables.

The effect size was estimated based on preliminary data obtained in previous studies
conducted in our laboratory, in accordance with established recommendations and relevant
literature from comparable research [23].

2.10. Molecular Docking Protocol

The high-resolution three-dimensional (3D) structure of monoamine oxidase A (MAO-
A) was retrieved from the RCSB Protein Data Bank [24]. For molecular docking studies, the
crystal structure of MAO-A (PDB ID: 275X) [25] was selected. In this structure, the active
site of MAO-A is occupied by the co-crystallized ligand HRM (7-methoxy-1-methyl-9H--
carboline). Only the A chain of the MAO-A protein was retained for docking, while all water
molecules and small ligands, except for the bound prosthetic group flavin adenine dinu-
cleotide (FAD), were removed. Protein preparation was performed using Chimera 1.14 [26],
which included the assignment of Gasteiger charges to each atom and the merging of all
non-polar hydrogen atoms. Atom types were assigned according to the AutoDock force
field, and the processed receptor structures were saved in pdbqt format for subsequent
docking simulations.

The 3D structures of resveratrol (RES), trans-resveratrol-3-O-glucuronide (ROG), and
serotonin (5-HT) were retrieved from the PubChem database [27]. Ligand preparation was
carried out using the Python script mk_prepare_ligand.py version 0.6.1, developed by the
Forli lab at the Center for Computational Structural Biology (CCSB) [28]. This script was
employed to assign Gasteiger charges, define atom types according to the AutoDock force
field, and generate the required pdbqt files for molecular docking simulations.

The center of the docking grid for MAO-A was defined at coordinates (40.6, 26.9,
—14.5) A, while the grid box dimensions were set to 75 x 60 x 55 A% to encompass
the entire binding site and allow sufficient conformational flexibility for ligand binding.
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Molecular docking simulations were conducted using AutoDock Vina version 1.2.5 [29],
with an exhaustiveness parameter of 600 and a total of 100 docking modes per ligand to
ensure a thorough exploration of binding conformations. Docked conformations were
retained only if their binding affinity was within 4 kcal mol ! of the highest-ranked pose,
ensuring the selection of energetically favorable binding modes.

To assess different binding scenarios, docking simulations were performed for three
sets of multiple ligands (5-HT, RES, ROG; 5-HT, RES; 5-HT, ROG) and a single-ligand
(5-HT) system. Following docking, all generated poses were visually inspected, and the
conformations with the lowest binding energy were selected for subsequent structural and
energetic analyses.

2.11. Molecular Dynamics Protocol

The molecular dynamics (MD) simulations were conducted using the Amber 22
package [30].

Prior to the simulations, the protonation states of protein side chains were determined
using the PDB2PQR web server [31], ensuring accurate assignment based on physiological
pH conditions. Ligand parameterization was performed with the Antechamber module
of Amber 22 [32], employing the General Amber Force Field 2 (GAFF2) [33] for atom
type assignment. Partial atomic charges were derived using the restrained electrostatic
potential (REsP) fitting method, a widely used approach that optimally reproduces the
electrostatic potential around molecules. The protein was parametrized using the Amber
ff19SB force field [34], which provides improved accuracy for protein-ligand interactions.
To reduce computational complexity, the hydrophobic N-terminal helix (Val498-Leu524),
which anchors MAO-A to the mitochondrial membrane was removed.

The protein-ligand complexes were solvated in an octahedral water box, maintaining
a minimum distance of 12 A between the solute and the box boundary. The OPC water
model was employed due to its superior compatibility with the ff19SB force field [35]. The
systems were neutralized by adding three Na* counterions and subsequently adjusted to
a physiological salt concentration (0.15 M NaCl) following the protocol by Machado and
Pantano [36].

Four independent MD simulations were performed for the following systems: MAO-A
complexed with 5-HT, RES, and ROG (MAO-A:5-HT:RES:ROG), MAO-A with 5-HT and
RES (MAO-A:5-HT:RES), MAO-A with 5-HT and ROG (MAO-A:5-HT:ROG), and MAO-A
bound to 5-HT alone (MAO-A:5-HT).

Each system underwent energy minimization using periodic boundary conditions,
with harmonic restraints (k = 10.0 kcal mol~' A~?) applied to the protein, FAD, and ligands.
A total of 10,000 minimization steps were performed, consisting of 4000 steps using the
steepest descent algorithm, followed by 6000 steps using the conjugate gradient method.

Following minimization, the systems were gradually heated from 0 K to 310 K over
500 ps without positional restraints, ensuring a smooth transition to physiological tempera-
ture. The heating phase was followed by a 500 ps equilibration phase to allow stabilization
of temperature and pressure.

A 300 ns production MD simulation was performed for each system under constant
pressure (1 atm) and temperature (310 K), maintained using a Langevin thermostat with
a collision frequency of 1 ps~!. The time step for numerical integration was set to 2 fs.
Bond lengths involving hydrogen atoms were constrained using the SHAKE algorithm [37],
allowing for a stable 2 fs time step. Non-bonded interactions were computed using an 11 A
cutoff, while long-range electrostatic interactions were handled using the Particle Mesh
Ewald (PME) method [38]. Periodic boundary conditions were applied in all directions.

147



Biomedicines 2025, 13, 1196

To enhance statistical reliability, all simulations were conducted in triplicate, yielding
a cumulative simulation time of 900 ns. MD simulations were executed on the Supek
supercomputer at the University Computing Center (SRCE), University of Zagreb, Croatia.

2.12. Free Energy of Binding Calculation

The binding free energy (AGy;,,q) between the protein and 5-HT was calculated using
the molecular mechanics/generalized Born surface area (MM/GBSA) method, imple-
mented via the MMPBSA py script from the AmberTools package [39]. The calculation
followed a single-trajectory approach with the following formula:

AGping = AH — TAS (1)
AEmMm = AEjper + AEgie + AEyqw )
AGgor = AGgp + AGsp 3)

In these formulas, AEpp represents the change in molecular mechanics energy, which
includes bond, angle, and dihedral contributions (AE;;,), along with electrostatic (AE,,)
and van der Waals (AE ;) energies. The solvation free energy change, AG,,, is composed
of two parts: the polar (AGgp, electrostatic solvation energy) and the non-polar (AGg4,
non-electrostatic solvation energy) components. Finally, TAS accounts for the entropic
contribution to binding.

During the production phase, the trajectory was divided into six segments, each
spanning 50 ns. From each segment, 100 snapshots were extracted at regular intervals to
ensure comprehensive sampling of conformational space. Binding free energy (AGy;;,4)
calculations were performed for each snapshot, and the final AG;,,; value was reported as
the mean =+ standard deviation across all six segments for the three independent replicates.

Additionally, the MM /PBSA binding free energy was decomposed on a per-residue
basis to evaluate the contribution of individual residues to the overall binding free energy.
This decomposition enabled the identification of specific interactions and energetic contri-
butions. Due to the high computational cost associated with calculating the entropy term,
it was omitted from the analysis.

3. Results

3.1. In Vivo

3.1.1. Levels of Resveratrol and Resveratrol Glucuronide in the Plasma of Stressed Animals
Treated with Resveratrol at Doses of 20, 50, and 100 mg/kg

The concentrations of resveratrol and its metabolite, resveratrol glucuronide, are
shown in (Table 1). At the investigated doses of RES, the concentration of its metabolite
predominates, accounting for more than 95% of the total content of these stilbenoids.

Table 1. Levels of resveratrol (RES) and resveratrol glucuronide (ROG) in plasma of rats (M + m) 1.

Group RES (mkg/mL) ROG (mkg/mL)
PS + RES 100 mg/kg 0.73 +0.14 (3.5%) 19.67 £ 2.2 (96.5%)
PS + RES 50 mg/kg 0.49 £ 0.11 (3.3%) 14.21 £ 1.14 (96.7%)
PS + RES 20 mg/kg 0.26 £ 0.07 (3.1%) 8.11 £ 2.3 (96.1%)

! The percentage content of RES and ROG relative to their total content is given in parentheses.

3.1.2. Effects of Resveratrol on Anxiety-like Behavior and MAO-A Activity in Stressed Rats

Behavioral outcomes in PS-exposed animals treated with RES at doses of 20 mg/kg,
50 mg/kg, and 100 mg/kg are summarized in Table 2 and Figure 3. Chronic PS induced
anxiety-like behavior, as evidenced by increased freezing behavior, prolonged time spent
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in the closed arms, and reduced exploration of the open arms in the elevated plus maze.
Additionally, chronic PS reduced the time spent in the center of the open field (OF) arena
(Fa,30 = 9.45; p = 0.0001), while increasing the frequency of freezing behavior (F 30 = 14.13;
p =0.0001) and anxiety-induced defecation (F4 39 = 21.86; p = 0.0001).
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Figure 3. Effect of resveratrol treatment at doses of 20, 50, and 100 mg/kg on behavioral outcomes in
rats subjected to predator stress. Behavioral performance was assessed using the elevated plus maze
and open field tests to evaluate anxiety-like responses. * = effect between groups PS and control;
# = effect between groups PS and PS + RES; * p < 0.01; ** p < 0.05; ** p < 0.001; *** p < 0.0001;

#p<0.05;, % p <0.01; % p <0.001.
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Table 2. Effect of resveratrol treatment at doses of 20, 50, and 100 mg/kg on the behavior of rats

subjected to PS.
Group Entries in the Open Arms Entries in the Closed Arms
Control (n =7) 3.1£021 2.45 £ 0.62
PS(n=7) 1.3 £0.09 211 £041
PS + RES 20 mg/kg (n =7) 1.9+09 1.73 £0.97
PS + RES 50 mg/kg (n =7) 1.45 £ 0.21 1.6 = 0.34
PS + RES 100 mg/kg (n =7) 273 £0.48 1.93 £ 0.61

RES administration at 20 mg/kg did not significantly affect the number of entries into
the light and dark arms or the time spent in the open and closed arms. Resveratrol at this
dose did not exert a significant effect on the behavioral parameters in the OF test. However,
treatment with 50 mg/kg RES exacerbated the anxiogenic effects of chronic stress, further
decreasing time spent in the open arms and increasing time in the closed arms compared to
both the control and PS groups. Furthermore, resveratrol at this dose exacerbated anxiety
disorders and the expression of fear, as evidenced by the OF test. In the PS + RES 50 mg/kg
group, compared to the PS group, there was a reduced time spent in the center of the
arena and increased levels of anxiety-induced defecation and freezing behavior. In contrast,
100 mg/kg RES alleviated stress-induced anxiety-like behavior, restoring time spent in the
open and closed arms to control levels.

Figure 4 illustrates the effects of different RES doses on MAO-A activity in the brain
and liver. In stressed animals, a significant increase in MAO-A activity was observed in the
brain. RES treatment at 20 mg/kg failed to prevent stress-induced elevation of MAO-A
activity. Notably, administration of 50 mg/kg RES resulted in a twofold increase in brain
MAO-A activity compared to control levels (F; 36 = 4.21; p = 0.022). In contrast, 100 mg/kg
RES completely mitigated the stress-induced rise in brain MAO-A activity.
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Figure 4. Effect of predator stress (PS) and resveratrol (RES) at doses of 20, 50, and 100 mg/kg on
MAO-A activity in the brain (A) and liver (B). * = effect between groups PS and control; # = effect

between groups PS and PS + RES; * p < 0.01; *** p < 0.001; *# p < 0.01; ## p < 0.001.

Unlike the brain, the liver of stressed animals did not exhibit increased MAO-A activity.
However, administration of 100 mg/kg RES led to a twofold reduction in hepatic MAO-A
activity. Lower doses of RES (20 mg/kg and 50 mg/kg) did not produce significant changes
in hepatic MAO-A activity.

Figure 5 illustrates changes in MAO-A activity in the amygdala, hippocampus, and
prefrontal cortex. It was found that PS was associated with increased MAO-A activity in
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both the hippocampus and amygdala. Resveratrol at a dose of 100 mg/kg reduced MAO-A
activity, whereas resveratrol at a dose of 50 mg/kg enhanced MAO-A activity in all brain
regions examined. Resveratrol at a dose of 20 mg/kg had no effect on MAO-A activity in
these brain regions.
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Figure 5. Effect of predator stress (PS) and resveratrol (RES) at doses of 20, 50, and 100 mg/kg on
MAO-A activity in the hippocampus (A), amygdala (B), and prefrontal cortex (PFC, (C)). * = effect
between groups PS and control; # = effect between groups PS and PS + RES; * p < 0.05; *# p < 0.05;
### p < 0.001.

3.2. In Silico

Molecular docking revealed that 5-HT binds to the active site of the MAO-A enzyme in
all simulated complexes, located in close proximity to the prosthetic group FAD Figure S1.
In the MAO-A:5-HT:ROG complex, the ligand ROG adopts a position almost parallel to
«-helix H3 and is situated near helix H24 (for nomenclature see Figure S2) at the C-terminal
region of the enzyme. A similar binding position is observed for the ligand RES in the
MAO-A:5-HT:RES complex, where it also binds at the same site between H3 and H24. In
contrast, in the complex with three ligands (MAO-A:5-HT:RES:ROG), RES binds to the
surface of the enzyme near residue Asp36, while ROG remains bound within the same
pocket as in the two-ligand complex. The position of 5-HT is highly conserved across all
complexes, with only minor differences in the relative orientation of its NH, group. These
docked geometries were subsequently used as input structures for molecular dynamics
(MD) simulations.
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To investigate the influence of RES and its derivative, ROG, on the binding of 5-HT
to MAO-A, we performed four sets of molecular dynamics (MD) simulations. These
included the MAO-A complex with serotonin alone (MAO-A:5-HT), as well as systems
where serotonin was co-bound with resveratrol (MAO-A:5-HT:RES), its derivative (MAO-
A:5-HT:ROG), or both compounds simultaneously (MAO-A:5-HT:RES:ROG).

Each system was subjected to 300 ns of MD simulations, conducted in triplicate, to
ensure statistical robustness. Our primary objective was to assess how the presence of RES
and/or ROG modulates the stability and binding interactions of 5-HT within the MAO-A
active site. To this end, we analyzed the structural dynamics, binding free energies, and
key intermolecular interactions in each complex, providing insights into potential allosteric
effects or competition among the ligands.

To assess the structural stability of the MAO-A:ligand complexes, we monitored
the root mean square deviation (RMSD) of the protein backbone over 300 ns for all four
systems (Figure 6). The RMSD profiles indicate that all complexes reached equilibrium
within the first 50 ns, after which they exhibited stable fluctuations. The MAO-A:5-HT
complex displayed the lowest RMSD values, suggesting minimal conformational rear-
rangements upon serotonin binding. The addition of RES resulted in slightly increased
RMSD values, indicating moderate structural adaptation. The presence of ROG, either
alone or in combination with RES, led to higher RMSD fluctuations, particularly in one
replicate of the MAO-A:5-HT:ROG complex, where RMSD exhibited a sudden increase
after 50 ns and fluctuated around 4 A. This suggests that ROG binding induces greater
conformational flexibility in MAO-A, potentially altering its binding pocket dynamics.
Notably, the MAO-A:5-HT:RES:ROG complex exhibited a relatively stable RMSD profile
compared to MAO-A:5-HT:ROG, implying that RES may mitigate the structural perturba-
tions introduced by ROG.
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Figure 6. Root mean square deviation (RMSD) profiles of MAO-A complexes over 300 ns molecular
dynamics simulations in triplicate.
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The structural compactness and overall stability of the MAO-A complexes were as-
sessed through the analysis of the radius of gyration (R, Figure S3) and solvent-accessible
surface area (SASA) over the 300 ns MD simulations, performed in triplicate. R, values
remained relatively stable throughout the simulations, indicating that no major confor-
mational changes or unfolding events occurred in the protein-ligand complex during the
simulation. The low standard deviations further support the consistency of the protein’s
compact structure across the different runs (Table 3). SASA refers to the surface area of
a biomolecule that is accessible to a solvent (water in our case). It is a crucial metric in
understanding the exposure of residues or ligands to the solvent environment and is often
used in MD simulations to monitor structural changes over time. The mean SASA values
show that the protein’s surface exposure to the solvent also remained relatively unchanged.
The small variations in SASA suggest that no large-scale structural changes took place,
which is in agreement with the R, data.

Table 3. Average values and standard deviations of RMSD (in A), radius of gyration (Re) (in A),
solvent-accessible surface area (SASA) (in A2), root-mean-square fluctuation (RMSF) (in A) and
number of hydrogen bonds for the MAO-A:ligand complexes, calculated from 300 ns molecular
dynamics trajectories performed in triplicate.

RMSD Re SASA RMSF H-bond
MAO-A:5-HT:RES:ROG 221+ 051 232+0.1 22150+446 130+£0.84 132+1.01
MAO-A:5-HT:ROG 227 £0.75 232+£02 22150+446 131+094 1.81=+1.11
MAO-A:5-HT:RES 221+£029 233£0.1 219624517 125+0.81 1.39+1.08
MAO-A:5-HT 207+£034 232+£01 218424521 131+0.78 1.90+1.30

The root mean square fluctuation (RMSF) analysis was conducted to investigate
residue-level flexibility in MAO-A across all four complexes Figure S4. The RMSF profiles
demonstrate consistent trends across the replicates, underscoring the reproducibility of the
simulations. As shown in the plots, residues located at the N- and C-terminal regions exhibit
higher RMSF values, indicative of increased flexibility in these unstructured regions. In con-
trast, residues within the core structured regions of the protein, particularly those forming
secondary structure elements such as a-helices and B-sheets, display lower RMSF values,
signifying their relative rigidity. Prior to the simulation, a N-terminal helix (Val498-Leu524),
which is typically embedded in the mitochondrial membrane, was removed to reduce the
system size. This helix is known to play a role in stabilizing the protein’s position in the
membrane environment. Its removal may have led to increased flexibility and movement
of the nearby unstructured regions, particularly the loop, resulting in a conformational
shift and the corresponding jump in RMSD. However, these structural changes are located
far from the active site and binding pocket, suggesting that they are unlikely to have a
significant impact on the binding energy estimation or the stability of the ligand within
the binding pocket. Interestingly, residues in proximity to the active site exhibit minimal
fluctuations, suggesting that this region remains structurally stable during the simulations.
This stability is critical for maintaining the enzymatic function of MAO-A and ensuring
proper ligand binding.

Visual inspection of the simulation trajectories supports the RMSF analysis, revealing
that the most significant structural changes occur at the C-terminus, which exhibits high
flexibility across all complexes. In the MAO-A:5-HT:ROG complex, ROG is bound between
«-helix H3 and the unstructured loop preceding helix H24 (Figure S2). This loop undergoes
a conformational shift, moving away from the protein surface and contributing to increased
RMSD and Ry values. Similarly, in the MAO-A:5-HT:RES complex, RES occupies the same
binding pocket as ROG, and this loop also displays notable flexibility. In contrast, in the
MAO-A:5-HT complex without ROG or RES, this loop remains the most flexible region,
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suggesting that its dynamic nature may be intrinsic to its structural role. Interestingly,
in complexes without ROG or RES, the C-terminus becomes the most flexible region, as
indicated by elevated RMSF values. Across all systems, residues spanning Val481 to Ser497
consistently show high flexibility, highlighting their dynamic behavior. These findings
suggest that while ligand binding induces localized structural changes, particularly in loop
regions near the binding pocket, the C-terminus may possess intrinsic flexibility indepen-
dent of ligand presence. In addition to these measures, secondary structure conservation
was analyzed using the DSSP algorithm [40], which assigns secondary structure elements
based on hydrogen bond patterns and backbone geometries. The analysis (Figure S5)
confirmed that the protein’s secondary structure remained conserved across all triplicates,
further supporting the conclusions drawn from the R, and SASA data.

These results suggest that serotonin binding alone does not significantly perturb
MAO-A stability, whereas the presence of ROG induces structural fluctuations, potentially
affecting ligand binding and enzymatic function.

The analysis of hydrogen bonds between 5-HT and MAO-A reveals a moderate interac-
tion strength throughout the MD simulations. The MAO-A:5-HT complex maintains a mean
of 1.9 hydrogen bonds during interactions, higher than complexes with allosteric ligands
(1.3-1.8). The free energy decomposition analysis (Table 4) identified FAD (flavin ade-
nine dinucleotide), aromatic residues (Phe208, Phe352, Tyr408), aliphatic residues (Ile180,
Leu337), and polar residues (GIn215, Asn181) as the primary contributors to ligand binding
in MAO-A. The flavin cofactor (FAD) exhibited the strongest contribution, attributed to
electrostatic interactions critical for substrate oxidation. Aromatic residues (Phe208, Phe352,
Tyr408) dominated via 77— stacking and hydrophobic packing, stabilizing the ligand
within the hydrophobic core of the binding pocket. Aliphatic residues (Ile180, Leu337)
enhanced binding through van der Waals interactions, optimizing shape complementarity.
This synergy between hydrophobic stabilization and localized polar interactions under-
scores MAQO-A’s reliance on aromatic-rich motifs for substrate recognition, with FAD’s
electrostatic role aligning with its catalytic function in neurotransmitter metabolism.

Table 4. Contributions (in kcal mol 1) of the most crucial amino acid residues for the binding of 5-HT

to MAO-A.
MAO-A:5-HT:RES:ROG MAO-A:5-HT:ROG MAO-A:5-HT:RES MAO-A:5-HT
FAD —1.67 GIn215 —1.74 FAD —1.73 FAD —1.52
Phe208 —1.09 FAD —-1.19 GIn215 —1.44 Tyrd08 —1.05
Phe352 —0.92 Phe208 —1.08 Phe208 —0.91 Ile180 —1.02
11e180 —-0.89 Asn181 —1.06 Phe352 —0.89 Phe208 —1.01
GIn215 —0.88 11e180 —0.74 Leu337 —0.79 GIn215 —-0.99

The MM /GBSA binding free energy analysis for the MAO-A:5-HT complex (Table 5),
both in the presence and absence of resveratrol and its metabolite trans-resveratrol-3-
O-glucuronide, revealed key energetic contributions governing ligand binding. The
total binding free energy (AGy;,4) for the MAO-A:5-HT complex was calculated as
—17.9 £ 2.6 kcal mol !, with van der Waals interactions (AE,) being the dominant
stabilizing factor (—24.7 + 1.8 kcal mol 1), followed by electrostatic interactions (AE,,,
—20.7 4 7.4 kcal mol~1). The solvation free energy (AGgp + AGgs4) contributed unfavor-
ably, particularly the polar desolvation energy (AGgp), which counteracted favorable
electrostatic contributions. The presence of RES and ROG slightly modulated these inter-
actions, with minor variations in binding energy, suggesting that their inclusion does not
drastically alter the fundamental binding mode of 5-HT. However, the slight decrease in
AGping upon adding ROG (—15.5 & 2.3 kcal mol ') suggests a minor destabilization effect.
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Table 5. Energy analysis for binding of 5-HT to MAO-A as obtained by MM /GBSA method. All units
are kcal mol 1.

MAO-A:5- MAO-A:5- MAO-A:5-

HT:RES:ROG HT:ROG HT:RES MAO-A:5-HT
N 249420 243418 241420 247418
AE,, 176 +33 184 +37 ~18.0+43 207 +7.4
AGcp 293429 307 +3.2 29.1+32 31.0 + 6.0
AGsy —35+02 ~36+03 35402 ~35+02
AGping ~16.7 4+ 2.9 155423 ~16.6 +2.6 179+ 26

These findings align well with the binding free energy decomposition analysis, which
identified key residues contributing to ligand stabilization. The dominance of van der
Waals interactions is consistent with the significant roles of hydrophobic residues such
as Phe208, Phe352, 11e180, Leu337, and Tyr408, which facilitate ligand binding via m—7
stacking and nonpolar stabilization. Meanwhile, the electrostatic contributions reflect the
involvement of polar residues such as GIn215 and Asn181. The unfavorable desolvation
energy further emphasizes the importance of the hydrophobic environment within the
binding pocket, which protects 5-HT from solvent exposure. The relatively stable binding
energy across conditions suggests that the core interactions between 5-HT and MAO-A
remain largely conserved, reinforcing the critical role of identified residues in defining
ligand affinity. These insights provide a detailed energetic framework for understanding
serotonin binding and could guide future modifications aimed at optimizing interactions
within the MAO-A active site.

4. Discussion

This article is part of a comprehensive study demonstrating the therapeutic effects
of RES. In earlier works, we have shown the protective effects of RES in experimental
PTSD and under conditions of chronic stress, which serve as a trigger in this PTSD model.
Overall, it has been established that RES reduces anxiety-like behavior by modulating the
regulation of key enzymes such as 115-hydroxysteroid dehydrogenase type 1 (113-HSD-1)
and monoamine oxidase. Thus, RES exerts anti-anxiogenic effects by modulating the
metabolism of glucocorticoids and monoamines in both the brain and liver [18].

Furthermore, under conditions of predator stress and PTSD, the therapeutic effects of
RES were manifested in hepatoprotective activity, evidenced by a reduction in necrotic liver
damage and inflammation in the organ. It was also found that chronic exposure to predator
stress led to a significant increase in serotonin levels and upregulation of the expression of
the SERT and 5-HTj34 receptors. SSRIs were unable to prevent anxiety or reduce serotonin
levels, partly due to suppressed SERT expression. RES reduced the regulation of SERT
and 5-HT3,4 expression to a lesser extent than SSRIs, but effectively decreased anxiety and
restored serotonin levels, likely through upregulation of MAO-A expression. Furthermore,
this study compared the therapeutic effects of RES with those of SSRIs. It was found that
none of the four analyzed drugs were able to effectively influence behavioral disorders
under stress conditions. Therefore, the therapeutic effect of RES was superior to that of the
other drugs. However, in these studies, a bidirectional effect of RES at a dose of 100 mg/kg
on gene expression and MAO-A activity was identified [12].

Despite the observed increase in MAO-A gene expression, administration of RES in
stressed animals resulted in a paradoxical reduction in MAO-A activity, which correlated
with an attenuation of stress-induced anxiety-like behavior. Under conditions of increased
MAO-A production, a substantial enhancement of the enzyme’s activity is likely. Consistent
with this hypothesis, our previous studies demonstrated that RES upregulates MAO-A

155



Biomedicines 2025, 13, 1196

gene expression while downregulating serotonin transporter (SERT) gene expression in
the hippocampus of chronically stressed animals [12,41]. Through increased MAO-A
expression and activity, RES may exert pro-anxiogenic effects, particularly given that
serotonin is a primary substrate of MAO-A. Notably, in our experimental model, MAO-A
activity was measured based on the oxidative deamination of serotonin, and a reduction in
serotonin levels is well-documented to contribute to stress-related anxiety and depressive
disorders [42].

Therefore, in the present study, we intentionally narrowed the focus to a comparison
of in silico predictions with in vivo findings regarding the modulation of MAO-A activity.
Anxiety-related behaviors were evaluated using a range of behavioral paradigms, including
the elevated plus maze and the open field test. Predatory stress was associated with a
marked decrease in the time spent in the open arms of the EPM and the center of the OF
arena. Additionally, a significant increase in spontaneous freezing behavior—a validated
index of fear response—was observed in the OF test.

RES exerted a dose-dependent effect on behavioral markers of anxiety and fear. At
a dose of 100 mg/kg, RES demonstrated robust anxiolytic properties and concurrently
reduced fear-related responses. In contrast, at a dose of 50 mg/kg, RES elicited pro-
anxiogenic effects in both the EPM and OF paradigms. Administration of resveratrol at
20 mg/kg had no statistically significant impact on behavioral activity.

The in vivo findings further demonstrated that RES modulates MAO-A activity in
a dose-dependent manner across several tissues and brain regions, including the liver,
whole brain, amygdala, hippocampus, and prefrontal cortex. The amygdala is a central
brain structure involved in the generation of anxiety-related behaviors, and its activity is
regulated through its neuronal interactions with the prefrontal cortex and hippocampus.

It was found that PS significantly increased MAO-A activity in the amygdala and
hippocampus, but not in the prefrontal cortex. Positive correlations were identified between
MAO-A activity in the amygdala and the time spent in the closed arms of the EPM (r = 0.72;
p < 0.05), MAO-A activity in the hippocampus and the freezing response (r = 0.69; p < 0.05),
and MAO-A activity in the liver and the level of anxiety-related defecation (r = 0.79;
p <0.05).

RES exerted dose-dependent corrective effects on MAO-A activity in the aforemen-
tioned brain regions. A significant reduction in MAO-A activity was observed in the amyg-
dala, hippocampus, prefrontal cortex, and whole brain following administration of RES at
100 mg/kg. Conversely, MAO-A activity was increased at a dose of 50 mg/kg. No signifi-
cant effect was observed with the 20 mg/kg dose in any of the brain regions examined.

In the present study, we extended our analysis by assessing hepatic MAO-A activity in
addition to its enzymatic activity in the brain. A novel correlation was identified between
hepatic MAO-A activity and the time spent in the dark arms of the elevated plus maze
(r=0.85, p < 0.05). Furthermore, a positive correlation was found between hepatic MAO-A
activity and plasma concentrations of ROG (r = 0.77, p < 0.05).

Based on these findings, we propose that RES and its metabolites interact with an
allosteric site on MAO-A, leading to enzyme inhibition. This hypothesis is supported by
our in silico analyses, which provide further evidence for resveratrol-mediated allosteric
modulation of MAO-A activity.

Statistical analysis using a f-test revealed that the calculated binding free energies
(AGying) for the different complexes were not significantly different, indicating that the
presence of resveratrol (RES) and its metabolite trans-resveratrol-3-O-glucuronide (ROG)
does not substantially alter the thermodynamic stability of serotonin (5-HT) binding to
MAO-A. However, experimentally observed reductions in MAO-A activity in the presence
of RES and ROG suggest an additional regulatory mechanism not accounted for in the
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present study. Given that our analysis focused on binding free energy calculations, we
explored the potential for allosteric modulation by RES and ROG rather than direct com-
petitive inhibition. Nevertheless, we did not explicitly investigate the influence of these
compounds as competitive inhibitors, leaving open the possibility that their impact on
enzyme activity could arise from alternative mechanisms such as conformational changes
or indirect effects on enzyme dynamics. Further studies integrating kinetic assays and
enhanced sampling molecular dynamics simulations would be required to fully elucidate
these effects.

Notably, in addition to RES, its glucuronide metabolite exhibits a distinct affinity for
the allosteric site of MAO-A. Our previous studies demonstrated significant correlations
between behavioral activity measures and plasma concentrations of ROG in stressed
animals. Specifically, a negative correlation was observed between time spent in the open
arms of the elevated plus maze and plasma levels of ROG.

The potential allosteric effects of RES/ROG identified in silico may represent inte-
gral components of the molecular and systemic mechanisms underlying the anxiolytic
effects of RES. The molecular mechanisms of RES’s action are primarily associated with
its ability to function as a ligand for sirtuins—deacetylase enzymes. In various types of
neuronal cultures, the protective effects of RES against mitochondrial dysfunction, ox-
idative stress, and apoptosis have been shown to be enhanced via upregulation of SIRT1
expression [43]. SIRT1, in turn, activates multiple molecular pathways and mediates a
range of neuroprotective effects of RES treatment.

These neuroprotective effects are closely linked to the improvement of mito-
chondrial function. RES enhances mitochondrial efficiency through activation of the
SIRT1/AMPK/PGC-1a signaling axis. Additionally, RES promotes neuroplasticity via the
SIRT1/AMPK/CREB/BDNF pathway, thereby supporting synaptic plasticity and overall
neurotransmission. By downregulating NF-xB, RES reduces the release of pro-inflammatory
cytokines from glial cells, alleviating neuroinflammation and oxidative stress—processes
that are critically involved in the pathophysiology of stress-related anxiety disorders. The
restoration of neurotransmission under such conditions constitutes a key neuroprotective
mechanism of RES.

The systemic mechanisms underlying the anxiolytic effects of RES have been compre-
hensively reviewed [44]. This analysis convincingly demonstrated that key components
of the pathogenesis of stress-related anxiety disorders—including neuroinflammation,
oxidative stress, mitochondrial dysfunction, impaired neuroplasticity, dysregulated neu-
ronal circuitry and neurotransmitter levels, altered cerebral blood flow, dysfunction of the
liver-hypothalamic—pituitary-adrenal (LHPA) axis, and disturbances in the gut-brain and
liver-brain axes—are amenable to modulation by RES [44].

The therapeutic actions of RES are primarily based on its capacity to counteract neu-
roinflammation, oxidative stress, and mitochondrial dysfunction. As a potent antioxidant,
RES may exert its protective effects via direct scavenging of reactive oxygen species. Oxida-
tive stress is a major contributor to mitochondrial dysfunction, and it is noteworthy that
MAO-A is localized on the outer mitochondrial membrane. This spatial proximity allows
for the direct mitochondrial penetration of RES and its potential interaction with allosteric
sites on MAO-A.

RES has also been shown to enhance synaptic structure and function by increasing
dendritic spine density and upregulating the expression of postsynaptic density protein 95
(PSD95) and brain-derived neurotrophic factor (BDNF), thereby mitigating paclitaxel-
induced synaptic damage [45]. Beyond BDNF and glial-cell-line-derived neurotrophic
factor (GDNEF), RES activates signaling pathways such as ERK1/2 and CREB [46]. In
vitro, the neuroprotective effects of RES are associated with increased levels of SIRT1,
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phosphorylated CREB (p-CREB), total CREB, and BDNF, as well as reduced expression of
miR-134 [46]. Moreover, RES enhances the expression of synaptic plasticity-related proteins,
including SynGAP, PSD95, synapsin-1, and synaptotagmin-1 in the hippocampus, in a
SIRT1-dependent manner [45,47].

The ability of RES to improve synaptic plasticity is particularly relevant for addressing
stress-related anxiety disorders, where synaptic stability is critical for efficient neurotrans-
mitter function. Collectively, these neuroprotective properties contribute to the therapeutic
potential of RES in alleviating anxiety symptoms through enhanced synaptic resilience and
improved neurotransmission.

The localization of MAO-A on the outer mitochondrial membrane is a crucial factor
influencing its activity, as the enzyme is highly sensitive to the state of its lipid microen-
vironment [22]. Previous in vivo and in vitro studies have demonstrated that oxidative
stress-induced lipid peroxidation in mitochondrial membranes can lead to MAO-A inacti-
vation [22]. Given resveratrol’s lipophilic nature, it readily penetrates mitochondria and
acts as a free radical scavenger, exerting potent antioxidant effects [48]. In this context,
RES likely serves a protective role not only for MAO-A but also for other mitochondrial
membrane proteins.

However, MAO-A is an oxidase that generates H,O, as a byproduct, which, in the
presence of Fe?* and Cu®* ions, can contribute to oxidative stress. RES may provide ad-
ditional protection against the auto-oxidation of MAO-A [49]. This raises the possibility
that the observed upregulation of MAO-A activity in response to RES is mediated through
multiple mechanisms. One such mechanism could involve the SIRT1/NHLH2/MAO-A
pathway, in which SIRT1-induced deacetylation of NHLH2 transcription factors leads to in-
creased MAO-A expression and decreased 5-HT levels in neurons, potentially exacerbating
anxiety-like behaviors [44,50].

It is plausible that the anxiogenic effects of RES at a dose of 50 mg/kg are mediated
through this mechanism. Notably, at this dose, RES increased MAO-A activity in the
amygdala, hippocampus, and prefrontal cortex, as well as in whole-brain homogenates,
but not in the liver. Glucocorticoids are known to enhance MAO-A gene expression
in multiple brain regions [51]. Therefore, RES at 50 mg/kg may potentiate both the
SIRT1/NHLH2/MAO-A signaling axis and glucocorticoid synthesis [52]. In turn, elevated
glucocorticoid levels further upregulate MAO-A expression.

Importantly, administration of RES at 50 mg/kg also increased spontaneous freezing
behavior in the OF test, a response indicative of heightened fear. Such fear responses are
known to be potentiated by glucocorticoid dysregulation [53].

In contrast, at a dose of 100 mg/kg, the putative allosteric effects of RES may be
engaged, as reflected by the generalized suppression of MAO-A enzymatic activity across
all investigated brain regions and the liver.

Mechanistically, the association between brain MAO-A activity /expression and
anxiety-related behaviors is well established due to its role in neurotransmitter metabolism.
However, the involvement of hepatic MAO-A in anxiety regulation is less apparent. Never-
theless, it is important to highlight the ability of hepatic MAO-A to catalyze the oxidative
deamination of monoamines of intestinal origin, which are produced through the decar-
boxylation of amino acids by the gut microbiota [54]. Thus, it can be hypothesized that
hepatic MAO-A plays a key role in regulating the gut-liver-brain axis by modulating
the levels of trace amines such as tyramine, tryptamine, phenylethylamine, and others.
These amines enter the liver via the portal vein, where they are partially metabolized by
hepatic MAO-A before reaching the systemic circulation and subsequently crossing the
blood-brain barrier (Figure 7). In the brain, trace amines interact with their specific receptor
system-trace amine-associated receptors (TAAR), which comprise nine known subtypes.
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Notably, TAAR1 colocalizes with dopamine D2 receptors, and its activation has been impli-
cated in anti-addictive, antipsychotic, anxiolytic, and antidepressant effects [55]. Moreover,
recent studies have demonstrated that TAAR1 agonists can ameliorate experimental PTSD
[56].
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Figure 7. Proposed mechanism of hepatic MAO-A contribution to reduced anxiety.

Given the strong positive correlation between hepatic MAO-A activity and anxiety-
related behaviors (r = 0.85, p < 0.05), we propose the existence of a distinct mechanism
underlying anxiety development during chronic stress. Hepatic MAO-A, through oxidative
deamination, may reduce the availability of trace amines necessary for brain function under
chronic stress conditions. Simultaneously, brain MAO-A dysregulates neurotransmitter
metabolism, further exacerbating anxiety-like behaviors.

The anxiolytic effects of RES appear to be mediated not only through inhibition of brain
MAO-A but also via suppression of hepatic MAO-A activity. Interestingly, RES significantly
inhibited both hepatic and brain MAO-A activity only at the highest dose (100 mg/kg),
whereas no statistically significant differences were observed between stressed (PS) and
resveratrol-treated (PS + RES) groups at lower doses. In silico analyses provide valuable
insights into this phenomenon, suggesting that the allosteric binding sites of MAO-A may
exhibit sensitivity to high concentrations of RES. This hypothesis may also extend to ROG.

Based on the comparison of in vivo data with in silico findings, a hypothesis emerged
suggesting that the differences in cellular conditions (such as pH and ion composition)
between the liver and brain, or the varying concentrations of RES and its metabolite, ROG,
in these tissues, could explain the observed differences in their sensitivity to resveratrol
and its metabolite. This is supported by the distinct correlation patterns observed: RES was
correlated exclusively with brain MAO-A, while ROG was associated only with hepatic
MAO-A. Future studies will further investigate this hypothesis and explore the broader
biological effects of resveratrol glucuronide.

Currently, most research focuses on the protective effects of RES, while its metabolites
remain relatively understudied. Nevertheless, emerging evidence highlights the therapeu-
tic potential of ROG. Notably, preconditioning neuronal cultures with low concentrations
(0.01-10 nM) of ROG protected neurons from serum withdrawal-induced apoptosis via
cAMP-mediated signaling pathways [57]. It is plausible that the neuroprotective effects
of ROG underlie its ability to mitigate stress-related behavioral alterations. Furthermore,
the systemic effects of RES and its metabolite may be integrated within the gut-liver—brain
axis, emphasizing the need for further research in this area.

The therapeutic mechanisms of RES presented herein have been characterized primar-
ily in male subjects. Whether resveratrol elicits comparable effects in females remains an
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open question. This issue is of particular importance given that post-traumatic stress disor-
der (PTSD) and anxiety disorders often present with greater severity in females compared
to males. Moreover, estrogens are known to regulate MAO-A activity [58], suggesting
potential sex-specific differences in the neurobiological response to RES.

5. Conclusions

In this study, we provided an in silico rationale for the potential binding of resveratrol
and its metabolite, resveratrol glucuronide, to the allosteric site of MAO-A. In experimental
studies conducted on a chronic predator stress model, we demonstrated that the anti-
anxiogenic effects of resveratrol are associated with the inhibition of not only the brain
but also the liver isoform of MAO-A activity. Thus, we uncovered new insights into the
involvement of the liver-brain axis. Further research will explore the relationship between
liver MAO activity levels and the concentrations of trace amines in the blood, liver, and
brain. Additionally, in silico investigations will be conducted to determine the binding
sites of resveratrol and resveratrol glucuronide on MAO-B. This is particularly important
in the context of MAO-B’s role in trace amine metabolism.
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