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Preface to "Crosstalk between Depression, Anxiety,
Dementia, and Chronic Pain: Comorbidity in
Behavioral Neurology and Neuropsychiatry 2.0”

Depression, anxiety, cognitive impairment, and pain are prevalent mental symptoms
experienced across a broad spectrum of diseases. Advances in neuroscience have significantly
contributed to our understanding of these distressing symptoms. State-of-the-art brain research,
employing preclinical, clinical, and computational approaches, is dedicated to unraveling the
complex nature of these symptoms and their underlying mechanisms. In line with this progress,
this reprint presents a compilation of the most recent studies published in the Special Issue titled,
“Crosstalk between Depression, Anxiety, Dementia, and Chronic Pain: Comorbidity in Behavioral

Neurology and Neuropsychiatry 2.0”.

Masaru Tanaka
Editor
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“To learning much inclined, who went to see the Elephant (though all of them
were blind) that each by observation might satisfy the mind”

—John Godfrey Saxe
—Tittha Sutta

Medical sciences have been steadily paving an exploratory path toward understanding
the mechanisms of mental suffering, such as depression, anxiety, cognitive impairment,
and pain. Such progress in contemporary research is certainly appreciable, and its tempo
appears to be gaining increasing impetus. Indeed, state-of-the-art biotechnology, informa-
tion science, and imaging techniques may help reveal novel findings in mental illnesses. It
is no coincidence that this Special Issue, just titling common symptoms typical to not only
psychiatric disorders but also common illnesses, collected 15 research papers, including
seven preclinical studies, three clinical studies, one computational medicine, and four
review articles covering interdisciplinary topics, including psychotherapy. This editorial
introduces original research and review articles published in the Special Issue “Crosstalk
between Depression, Anxiety, Dementia, and Chronic Pain: Comorbidity in Behavioral
Neurology and Neuropsychiatry 2.0”, the second volume of the Special Issue “Crosstalk
between Depression, Anxiety, and Dementia” [1]. We discuss ongoing projects to benefit
from this current driving force in behavioral neurology and neuropsychiatry.

Recent advancements in neuroscience have enabled researchers to probe the brain in
larger regions, at the cellular level, and with increased receptor specificity [2-6]. Research is
focused on finding scientific frameworks for understanding the neuropathophysiology of
mental illnesses, exploring the molecular regulation of higher-order neural circuits and neu-
ropathological alterations, which may lead to prefrontal cortex (PFC) dysfunction, eliciting
the symptoms of mental illnesses [7-13]. The deficit in control and motor inhibition [14-16],
in motor imagery or in the suppression of ongoing action [17], or in emotion perception,
reactivity, and regulation [18-20], which depend on aberrant neural activity in the PFC as-
sociated with serious impulsivity problems, are characterized in neuropsychiatric disorders.
Furthermore, functional alterations in the PFC affect the memory and learning abilities of
psychiatric and brain-damaged patients. This evidence suggests that PFC dysfunctions
cause impairment of aversive learning and emotional memory circuits, which might be
transversal across many psychiatric disorders in humans and neurologic patients [21-23].

Experimental medicine employs in vitro systems as well as a wide variety of organ-
isms [24-26]. The data collected using laboratory animals have led to significant leaps
in understanding the effects of endogenous neuropeptides, neurohormones, and metabo-
lites [27-31]. The initial step in animal research is to engineer typical animal models
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representing a certain human disease. Animal models are an essential tool to bridge the
knowledge of data- and hypothesis-driven benchwork and its application to clinical bed-
side management. Nevertheless, assessing the validity of an animal model remains the
greatest challenge. Model validity is determined by construct, face, and predictive validities.
Construct validity ensures that a disease phenotype in modeling animals is induced by the
currently understood pathomechanism of a disease.

Gene manipulation is one of the most popular methods to construct animal models
of Alzheimer’s disease (AD). The authors in this Special Issue employed transgenic mice
models: amyloid precursor protein (APP) 23 transgenic mice that overexpress human APP
with the Swedish mutation (KM670/671NL), triple-transgenic mice of AD (3xTg-AD) that
harbor a Psenl PSIM146V mutation and the co-injected APPSwe and tauP301L transgenes
(Tg(APPSwe,tauP301L)1Lfa), and the pyruvate dehydrogenase lipoamide kinase isozyme 1
K465E gene knock-in mice. Those models have good face validity, which ensures that the
signs exhibited in the models resemble those of human diseases. Particularly, the 3xTg-AD
model displays that the accumulation of tau and amyloid plaques in the brain increases
with age.

Muntsant and Giménez-Llort revealed an increasing APP level in genetic load- and
aging-dependent manners, correlating with cognitive impairment and anxiety-like behav-
iors [32]. Giménez-Llort and colleagues investigated the chronological and behavioral
aging of APP23 transgenic mice. The survival curves were better in male than in female
APP23 mice and wild types. Age-related differences were observed, and variables related
to stress, thigmotaxis, frailty, and cognition were more prominent in male APP23 mice in
12-, 18-, and 24-month-old time points compared to those of the wild-type counterparts.
Muntsant and colleagues investigated the genetic and aging interactions of 3xTg-AD [33].
The study revealed an increased APP level in a genetic load-dependent manner, convergent
synaptophysin and choline acetyltransferase levels, cognitive impairment coupled with
the activation of the hypophysis—pituitary—adrenal axis, anxiety-like behaviors elicited by
genetic load, and systemic organ injuries, showing the presence of the genetic- and aging-
dependent vulnerability and compensation in AD [34]. Castillo-Mariqueo and colleagues
conducted longitudinal and cross-sectional studies to assess physical and behavioral vari-
ables in 3xTg-AD, concluding that the transgenes modify functional trainings, especially
in survival, physical resistance, and motor learning [35]. Santana-Santana and colleagues
studied the impact of gender and the pyruvate dehydrogenase lipoamide kinase isozyme
1 K465E knock-in gene on behaviors by comparing homozygous, heterozygous, and wild-
type mice. The difference between gender and the transgenic mice was observed in an
anxiogenic environment during the middle age of the mice. The male transgenic mice
showed increased anxiety. The authors concluded that various negative emotional valence,
such as anxiety, were elicited by the interaction of sex and PI3K/ Akt signaling [36]. Further-
more, gene manipulation is applied to construct animal models of other neuropsychiatric
pathogenesis, including neurodevelopmental disorders and the decreased resilience of
neuroplasticity as a pathogenesis of neuropsychiatric disorders [37,38].

Surgical intervention can simulate vascular dementia, the second most common neu-
rocognitive disorder. Employing bilateral carotid artery stenosis in mice, Lee and colleagues
reported that pro-inflammatory cytokines, rho-associated protein kinase, and mRNA lev-
els of blood-brain barrier-related tight junction proteins were decreased; smooth muscle
alpha-actin positive vessels were increased, cortex cell rearrangement was decreased, and
microtubule-associated protein-2-positive neural cells was decreased in the hippocampus,
simulating the clinical pathology of vascular dementia [39]. Thus, this model ensures high
face validity.

Environmental risk factors also generate a disease phenotype. The chronic social
defeat stress model is an ethologically valid animal model that exhibits behavioral and
physiological phenotypes such as anxiety- and depression-like behaviors and the downreg-
ulation of serotonergic gene expression. Smagin and colleagues investigated the chronic
effects of lithium chloride on anxiety-like behavior and the expression of serotonergic genes
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in the midbrain raphe nuclei of mice. The chronic lithium chloride administration elicited
anxiolytic- and anxiogenic-like behaviors and the higher expression of serotonergic genes in
the midbrain raphe nuclei. The authors concluded the increased expression of serotonergic
genes occurs with the activation of the serotonergic system and elevated anxiety [40].

Health resilience has drawn increasing attention to one of the etiological factors of ill-
nesses from molecular to social levels. Less mitochondrial stress resilience, the disturbance
of thiol homeostasis, and contemporary lifestyles may reportedly contribute to the patho-
genesis of neurological and psychiatric diseases, multiple sclerosis, and mental illnesses,
respectively [41].

The prevalence of hypertension in schizophrenia (SCZ) patients and psychosis-related
disorders reaches nearly 40%. Spontaneously hypertensive rat is an animal model of SCZ.
Correia and colleagues reported that antipsychotics haloperidol and clozapine increased
total lipids and decreased phospholipids in spontaneously hypertensive rats [42]. The
findings are in line with those of SCZ patients. Thus, the spontaneously hypertensive
rat model possesses high predictive validity that ensures translational ability between
animal models and human disease. However, SCZ develops from heterogenic insults in
the early neurodevelopmental stage, confirming the presence of various subgroups of SCZ.
Vitamin D deficiency is highly prevalent in patients with SCZ; however, little is known
about how vitamin D deficiency affects the disease course of SCZ, especially cognitive
function. Gaebler and colleagues assess the correlation between the serum 25-OH-vitamin
D levels, anticholinergic drug exposure, and neurocognitive functions in patients with SCZ,
reporting a positive correlation of vitamin D levels with cognitive processing speed and a
negative correlation of vitamin D levels of anticholinergic drug exposure [43]. Cognitive
function, including memory and learning, is sustained by synaptic plasticity, which governs
the fine-tuning of the synaptic strength and efficacy of the synaptic transmission. Carnosine
is an endogenous anti-aging dipeptide, highly concentrated in brain and muscle tissues.
Caruso and colleagues conducted a systematic review and a meta-analysis, concluding that
a dose of 500 mg-1 g/day carnosine/anserine for 12 weeks improved cognitive function
and verbal memory but not depressive symptoms [44].

Deep brain stimulation is a surgical procedure used to treat Parkinson’s disease,
essential tremor, epilepsy, and dystonia, which is reportedly beneficial for treatment-
resistant depression. Vila-Merkle and colleagues studied the therapeutic mechanisms of
deep brain stimulation of the infralimbic cortex by electrophysiological recordings in the
-carboline FG 7142-induced anxiety model. The model exhibits the predominance of
certain frequency bands during the anxiogenic state and the activation of subnetworks
with specific oscillatory patterns. The study reported that the deep brain stimulation of
the infralimbic cortex reversed the oscillatory pattern, restoring the communication of the
amygdala-hippocampal network [45].

An increasing number of studies have focused on the fact that the tryptophan (Trp)-
kynurenine (KYN) metabolic system not only plays a role in the pathogenesis of diseases
but also serves as a potential biomarker for environmental health [46,47]. The Trp—KYN
metabolic system refers to a group of endogenous bioactive metabolites arising via the
KYN metabolic pathway from an essential amino acid Trp. The metabolic system adds
more implications of their versatile biological activities than the traditionally used term,
the Trp—KYN pathway that produces a group of simply categorizing neurotoxic and neu-
roprotectant KYN molecules. Indeed, KYN metabolites exhibit a wide range of bioactive
properties, frequently showing a Janus-like face depending on their concentration and
environment and possibly influencing the bioenergetic resilience of mitochondria [41,48].
Tanaka and colleagues featured the Trp—KYN metabolic system with special emphasis on
its interaction with the immune system, including the tolerogenic shift towards chronic
low-grade inflammation, to explore the linkage between chronic low-grade inflamma-
tion, KYN metabolites, and major psychiatric disorders, including depressive disorder,
bipolar disorder, substance use disorder, post-traumatic stress disorder, SCZ, and autism
spectrum disorder [49-51]. In parallel, the role of diet in maintaining mental health has
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been explored [52]. Furthermore, the link between air pollution and the pathogenesis of
depression has been proven [53]. Novel therapeutics for neuropsychiatric conditions are
under extensive study [54,55].

Furthermore, the Trp-KYN metabolic system and its metabolites have been discussed
as a target of potential therapeutic molecules for cognitive impairment as well as for
headaches [56,57]. Tanaka and colleagues discussed the involvement of the Trp—KYN sys-
tem in chronic pain, addressing the components of the pain pathway, the components-based
pain mechanisms, and central and peripheral pain sensitization arising from psychosocial
and behavioral factors, which have been in a discounted trend in contemporary clinical
nosology [50]. Pharmacotherapy and surgical intervention have their limits due to the
development of drug intolerance and contraindications. Balogh and colleagues highlighted
evidence in philosophically-rich interpretations and counseling techniques of existential-
phenomenological psychotherapy and meaning-centered counseling techniques, and re-
viewed its effectiveness in the negative-emotion-management of terminally ill patients.
The authors concluded that phenomenological psychotherapy might potentially play a
synergistic role with the currently prevailing medication-based approaches for treating
depression and anxiety [58].

Myalgic encephalomyelitis/chronic fatigue syndrome is a fatiguing medical condition
caused by heterogeneous pathogenesis; thus, it is a challenging task to subgroup for
personalized treatment. Simonato and colleagues revealed that interleukin-17A, fatty acid-
binding protein 2, and 3-hydroxykynurenine were higher. However, KYN and serotonin
were lower in myalgic encephalomyelitis / chronic fatigue syndrome patients, concluding
that the clinical traits and serum biomarkers associated with inflammation, intestinal
function, and Trp metabolism deserve to be explored for the development of personalized
treatment [59].

Indeed, “personalized medicine” indicates “precision medicine”, which focuses on
identifying an effective therapeutic approach based on the patient’s phenotypes. Artificial
intelligence leverages computation and inference to augment logical insights into artificial
intelligence, enabling the system to reason and learn, thus potentially empowering clinical
decision-making. The Research Domain Criteria Initiative attempts to reconceptualize
mental disorders with multidimensional data. Komatsu and colleagues reviewed the appli-
cation of economic and machine learning frameworks to neuroscience to present neural
mechanisms of cognitive processes, such as decision-making, the translation of machine
learning approaches to clinical sciences, and the identification of functional connectivity
as disease classifiers for schizophrenia, bipolar disorder, depression, anxiety disorders,
and autism spectrum disorder. The authors proposed artificial intelligence algorisms as
tools for precision psychiatry, which potentially surpass the International Classification of
Diseases and Diagnostic and Statistical Manual of Mental Disorders [60].

Clinical, experimental, and computational medicines have witnessed notable advances
in understanding pathogenesis, making precise diagnoses, and exploring novel treatments
for neuropsychiatric disorders. Research Domain Criteria is an ongoing initiative that
allows a multidimensional and intersectional approach to link mental illnesses, as extreme
conditions that deviate from healthy norms, to genomic, neuroscience, and behavioral
sciences across reified International Classification of Diseases and Diagnostic 11 and Statis-
tical Manual of Mental Disorders 5. Thus, the endeavor potentially provides an alternative
taxonomy that complements the current system. Meanwhile, computational medicine
seeks to advance healthcare by analyzing, modeling, simulating, and visualizing biolog-
ical systems and medical conditions in a virtual environment in an attempt to improve
preventive, diagnostic, prognostic, predictive, and therapeutic measures. Such in silico
approaches employ artificial intelligence, machine learning, and deep learning to analyze
patient datasets and bioinformatics databases, apply computational algorithms, and utilize
big data analytics tools at molecular, cellular, and organism levels. Accordingly, science and
medicine have been unintermittingly advancing, firmly reinforcing the interdisciplinary
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translatability and synthesizability of individual research, and thus hopefully leading to a
future paradigm shift in diseases and medicine.
The blind never see the elephant, but together they might attain a closer image.

“the Elephant is very like a wall, spear, a snake, a tree, fan, rope”
“Though each was partly in the right, Additionally, all were in the wrong!”
“Additionally, prate about an Elephant Not one of them has seen!”

—in memory of Dr. Mutsuo Shimizu
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AD Alzheimer’s disease

APP amyloid precursor protein
KYN kynurenine

PFC prefrontal cortex

SCZ schizophrenia

Trp tryptophan

References

1.  Tanaka, M. Crosstalk between Depression, Anxiety, and Dementia: Comorbidity in Behavioral Neurology and Neuropsychiatry, 1st ed.;
MDPI: Basel, Switzerland, 2022; pp. 1-266.

2. Nyatega, C.O.; Qiang, L.; Adamu, M.].; Kawuwa, H.B. Gray matter, white matter and cerebrospinal fluid abnormalities in
Parkinson’s disease: A voxel-based morphometry study. Front. Psychiatry 2022, 13, 1027907. [CrossRef] [PubMed]

3. Nyatega, C.O.; Qiang, L.; Adamu, M.].; Younis, A.; Kawuwa, H.B. Altered Dynamic Functional Connectivity of Cuneus in
Schizophrenia Patients: A Resting-State fMRI Study. Appl. Sci. 2021, 11, 11392. [CrossRef]

4. Younis, A.; Qiang, L.; Nyatega, C.O.; Adamu, M.].; Kawuwa, H.B. Brain Tumor Analysis Using Deep Learning and VGG-16
Ensembling Learning Approaches. Appl. Sci. 2022, 12, 7282. [CrossRef]

5. Nyatega, C.O,; Qiang, L.; Adamu, M.].; Younis, A.; Kawuwa, H.B. Altered Striatal Functional Connectivity and Structural
Dysconnectivity in Individuals with Bipolar Disorder: A resting state Magnetic Resonance Imaging Study. Front. Psychiatry 2022,
13, 1054380. [CrossRef]

6. Nyatega, C.O.; Qiang, L.; Jajere, M.A.; Kawuwa, H.B. Atypical Functional Connectivity of Limbic Network in Attention
Deficit/Hyperactivity Disorder. Clin. Schizophr. Relat. Psychoses 2022, 16. [CrossRef]

7. Borgomaneri, S.; Battaglia, S.; Sciamanna, G.; Tortora, F; Laricchiuta, D. Memories are not written in stone: Re-writing fear
memories by means of non-invasive brain stimulation and optogenetic manipulations. Neurosci. Biobehav. Rev. 2021, 127, 334-352.
[CrossRef]

8. Borgomaneri, S.; Battaglia, S.; Avenanti, A.; Pellegrino, G.D. Don’t Hurt Me No More: State-dependent Transcranial Magnetic
Stimulation for the treatment of specific phobia. J. Affect. Disord. 2021, 286, 78-79. [CrossRef]

9.  Battaglia, S. Neurobiological advances of learned fear in humans. Adv. Clin. Exp. Med. 2022, 31, 217-221. [CrossRef]

10. Borgomaneri, S.; Battaglia, S.; Garofalo, S.; Tortora, E; Avenanti, A.; di Pellegrino, G. State-Dependent TMS over Prefrontal Cortex
Disrupts Fear-Memory Reconsolidation and Prevents the Return of Fear. Curr. Biol. 2020, 30, 3672-3679.e4. [CrossRef]

11. Battaglia, S.; Serio, G.; Scarpazza, C.; D’Ausilio, A.; Borgomaneri, S. Frozen in (e)motion: How reactive motor inhibition is
influenced by the emotional content of stimuli in healthy and psychiatric populations. Behav. Res. Ther. 2021, 146, 103963.
[CrossRef]

12.  Borgomaneri, S.; Serio, G.; Battaglia, S. Please, don’t do it! Fifteen years of progress of non-invasive brain stimulation in action

inhibition. Cortex 2020, 132, 404-422. [CrossRef] [PubMed]



Biomedicines 2022, 10, 2999

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Battaglia, S.; Garofalo, S.; di Pellegrino, G.; Starita, F. Revaluing the Role of vmPFC in the Acquisition of Pavlovian Threat
Conditioning in Humans. J. Neurosci. 2020, 40, 8491-8500. [CrossRef] [PubMed]

Battaglia, S.; Harrison, B.J.; Fullana, M.A. Does the human ventromedial prefrontal cortex support fear learning, fear extinction or
both? A commentary on subregional contributions. Mol. Psychiatry 2022, 27, 784-786. [CrossRef] [PubMed]

Battaglia, S.; Cardellicchio, P.; Di Fazio, C.; Nazzi, C.; Fracasso, A.; Borgomaneri, S. Stopping in (e)motion: Reactive action
inhibition when facing valence-independent emotional stimuli. Front. Behav. Neurosci. 2022, 16, 998714. [CrossRef] [PubMed]
Sellitto, M.; Terenzi, D.; Starita, F; di Pellegrino, G.; Battaglia, S. The Cost of Imagined Actions in a Reward-Valuation Task. Brain
Sci. 2022, 12, 582. [CrossRef]

Battaglia, S.; Cardellicchio, P.; Di Fazio, C.; Nazzi, C.; Fracasso, A.; Borgomaneri, S. The Influence of Vicarious Fear-Learning in
“Infecting” Reactive Action Inhibition. Front. Behav. Neurosci. 2022, 16, 946263. [CrossRef]

Battaglia, S.; Thayer, ].F. Functional interplay between central and autonomic nervous systems in human fear conditioning. Trends
Neurosci. 2022, 45, 504-506. [CrossRef]

Battaglia, S.; Orsolini, S.; Borgomaneri, S.; Barbieri, R.; Diciotti, S.; di Pellegrino, G. Characterizing cardiac autonomic dynamics of
fear learning in humans. Psychophysiology 2022, 59, e14122. [CrossRef]

Ellena, G.; Battaglia, S.; Ladavas, E. The spatial effect of fearful faces in the autonomic response. Exp. Brain Res. 2020, 238,
2009-2018. [CrossRef]

Battaglia, S.; Fabius, J.H.; Moravkova, K.; Fracasso, A.; Borgomaneri, S. The Neurobiological Correlates of Gaze Perception in
Healthy Individuals and Neurologic Patients. Biomedicines 2022, 10, 627. [CrossRef]

Battaglia, S.; Garofalo, S.; di Pellegrino, G. Context-dependent extinction of threat memories: Influences of healthy aging. Sci. Rep.
2018, 8, 12592. [CrossRef] [PubMed]

Di Gregorio, F; La Porta, F,; Petrone, V,; Battaglia, S.; Orlandi, S.; Ippolito, G.; Romei, V.; Piperno, R.; Lullini, G. Accuracy of EEG
Biomarkers in the Detection of Clinical Outcome in Disorders of Consciousness after Severe Acquired Brain Injury: Preliminary
Results of a Pilot Study Using a Machine Learning Approach. Biomedicines 2022, 10, 1897. [CrossRef] [PubMed]

Datki, Z.; Sinka, R. Translational biomedicine-oriented exploratory research on bioactive rotifer-specific biopolymers. Adv. Clin.
Exp. Med. 2022, 31, 931-935. [CrossRef] [PubMed]

Palotai, M.; Telegdy, G.; Tanaka, M.; Bagosi, Z.; Jaszberényi, M. Neuropeptide AF induces anxiety-like and antidepressant-like
behavior in mice. Behav. Brain Res. 2014, 274, 264-269. [CrossRef]

Lieb, A; Thaler, G.; Fogli, B.; Trovato, O.; Posch, M.A.; Kaserer, T.; Zangrandji, L. Functional Characterization of Spinocerebellar
Ataxia Associated Dynorphin A Mutant Peptides. Biomedicines 2021, 9, 1882. [CrossRef]

Telegdy, G.; Tanaka, M.; Schally, A.V. Effects of the growth hormone-releasing hormone (GH-RH) antagonist on brain functions in
mice. Behav. Brain Res. 2011, 224, 155-158. [CrossRef]

Tanaka, M.; Kadar, K.; Téth, G.; Telegdy, G. Antidepressant-like effects of urocortin 3 fragments. Brain Res. Bull. 2011, 84, 414-418.
[CrossRef]

Tanaka, M.; Schally, A.V.; Telegdy, G. Neurotransmission of the antidepressant-like effects of the growth hormone-releasing
hormone antagonist MZ-4-71. Behav. Brain Res. 2012, 228, 388-391. [CrossRef]

Rakosi, K.; Masaru, T.; Zarandia, M.; Telegdy, G.; Té6th, G.K. Short analogs and mimetics of human urocortin 3 display
antidepressant effects in vivo. Peptides 2014, 62, 59-66. [CrossRef]

Telegdy, G.; Adamik, A.; Tanaka, M.; Schally, A.V. Effects of the LHRH antagonist Cetrorelix on affective and cognitive functions
in rats. Regul. Pept. 2010, 159, 142-147. [CrossRef]

Muntsant, A.; Giménez-Llort, L. Genotype Load Modulates Amyloid Burden and Anxiety-Like Patterns in Male 3xTg-AD
Survivors despite Similar Neuro-Immunoendocrine, Synaptic and Cognitive Impairments. Biomedicines 2021, 9, 715. [CrossRef]
[PubMed]

Giménez-Llort, L.; Marin-Pardo, D.; Marazuela, P.; Hernandez-Guillamén, M. Survival Bias and Crosstalk between Chronological
and Behavioral Age: Age- and Genotype-Sensitivity Tests Define Behavioral Signatures in Middle-Aged, Old, and Long-Lived
Mice with Normal and AD-Associated Aging. Biomedicines 2021, 9, 636. [CrossRef] [PubMed]

Muntsant, A.; Jiménez-Altayo, F.; Puertas-Umbert, L.; Jiménez-Xarrie, E.; Vila, E.; Giménez-Llort, L. Sex-Dependent End-of-
Life Mental and Vascular Scenarios for Compensatory Mechanisms in Mice with Normal and AD-Neurodegenerative Aging.
Biomedicines 2021, 9, 111. [CrossRef] [PubMed]

Castillo-Mariqueo, L.; Giménez-Llort, L. Impact of Behavioral Assessment and Re-Test as Functional Trainings That Modify
Survival, Anxiety and Functional Profile (Physical Endurance and Motor Learning) of Old Male and Female 3xTg-AD Mice and
NTg Mice with Normal Aging. Biomedicines 2022, 10, 973. [CrossRef] [PubMed]

Santana-Santana, M.; Bayascas, J.-R.; Giménez-Llort, L. Fine-Tuning the PI3K/Akt Signaling Pathway Intensity by Sex and
Genotype-Load: Sex-Dependent Homozygotic Threshold for Somatic Growth but Feminization of Anxious Phenotype in
Middle-Aged PDK1 K465E Knock-In and Heterozygous Mice. Biomedicines 2021, 9, 747. [CrossRef] [PubMed]

Tanaka, M.; Spekker, E.; Szabo, A Polyék, H.; Vécsei, L. Modelling the neurodevelopmental pathogenesis in neuropsychiatric
disorders. Bioactive kynurenines and their analogues as neuroprotective agents-in celebration of 80th birthday of Professor Peter
Riederer. J. Neural. Transm. 2022, 129, 627-642. [CrossRef]

Tanaka, M.; Vécsei, L. Editorial of Special Issue ‘Dissecting Neurological and Neuropsychiatric Diseases: Neurodegeneration and
Neuroprotection’. Int. J. Mol. Sci. 2022, 23, 6991. [CrossRef]



Biomedicines 2022, 10, 2999

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

Lee, E.C; Hong, D.-Y,; Lee, D.-H.; Park, S.-W,; Lee, ].Y,; Jeong, ].H.; Kim, E.-Y.; Chung, H.-M.; Hong, K.-S.; Park, S.-P; et al.
Inflammation and Rho-Associated Protein Kinase-Induced Brain Changes in Vascular Dementia. Biomedicines 2022, 10, 446.
[CrossRef]

Smagin, D.A.; Kovalenko, I.L.; Galyamina, A.G.; Belozertseva, 1.V.; Tamkovich, N.V.; Baranov, K.O.; Kudryavtseva, N.N. Chronic
Lithium Treatment Affects Anxious Behaviors and theExpression of Serotonergic Genes in Midbrain Raphe Nuclei of Defeated
Male Mice. Biomedicines 2021, 9, 1293. [CrossRef]

Tanaka, M.; Szabd, A.; Spekker, E.; Polyak, H.; Toéth, E; Vécsei, L. Mitochondrial Impairment: A Common Motif in Neuropsychi-
atric Presentation? The Link to the Tryptophan-Kynurenine Metabolic System. Cells 2022, 11, 2607. [CrossRef]

Correia, B.S.B.; Nani, ].V.; Waladares Ricardo, R.; Stanisic, D.; Costa, T.B.B.C.; Hayashi, M.A.F,; Tasic, L. Effects of Psychostimulants
and Antipsychotics on Serum Lipids in an Animal Model for Schizophrenia. Biomedicines 2021, 9, 235. [CrossRef] [PubMed]
Gaebler, A.J.; Finner-Prével, M.; Sudar, EP.; Langer, FH.; Keskin, E; Gebel, A.; Zweerings, J.; Mathiak, K. The Interplay between
Vitamin D, Exposure of Anticholinergic Antipsychotics and Cognition in Schizophrenia. Biomedicines 2022, 10, 1096. [CrossRef]
[PubMed]

Caruso, G.; Godos, J.; Castellano, S.; Micek, A.; Murabito, P.; Galvano, E; Ferri, R.; Grosso, G.; Caraci, F. The Therapeutic Potential
of Carnosine/Anserine Supplementation against Cognitive Decline: A Systematic Review with Meta-Analysis. Biomedicines 2021,
9, 253. [CrossRef] [PubMed]

Vila-Merkle, H.; Gonzalez-Martinez, A.; Campos-Jiménez, R.; Martinez-Ric6s, J.; Teruel-Marti, V.; Blasco-Serra, A.; Lloret, A;
Celada, P; Cervera-Ferri, A. The Oscillatory Profile Induced by the Anxiogenic Drug FG-7142 in the Amygdala-Hippocampal
Network Is Reversed by Infralimbic Deep Brain Stimulation: Relevance for Mood Disorders. Biomedicines 2021, 9, 783. [CrossRef]
Torok, N.; Maszlag-Torok, R.; Molnar, K.; Szolnoki, Z.; Somogyvari, F.; Boda, K.; Tanaka, M.; Klivényi, P.; Vécsei, L. Single
Nucleotide Polymorphisms of Indoleamine 2,3-Dioxygenase 1 Influenced the Age Onset of Parkinson’s Disease. Front. Biosci.
2022, 27, 265. [CrossRef]

Jamshed, L.; Debnath, A.; Jamshed, S.; Wish, ].V.; Raine, ].C.; Tomy, G.T.; Thomas, PJ.; Holloway, A.C. An Emerging Cross-Species
Marker for Organismal Health: Tryptophan-Kynurenine Pathway. Int. J. Mol. Sci. 2022, 23, 6300. [CrossRef]

Martos, D.; Tuka, B.; Tanaka, M.; Vécsei, L.; Telegdy, G. Memory Enhancement with Kynurenic Acid and Its Mechanisms in
Neurotransmission. Biomedicines 2022, 10, 849. [CrossRef]

Tanaka, M.; Téth, F; Polydk, H.; Szabg, A.; Mandi, Y,; Vécsei, L. Immune Influencers in Action: Metabolites and Enzymes of the
Tryptophan-Kynurenine Metabolic Pathway. Biomedicines 2021, 9, 734. [CrossRef]

Tanaka, M.; Toérok, N.; Téth, F; Szabo, A.; Vécsei, L. Co-Players in Chronic Pain: Neuroinflammation and the Tryptophan-
Kynurenine Metabolic Pathway. Biomedicines 2021, 9, 897. [CrossRef]

Vecsei, L.; Tanaka, M. Kynurenines, anxiety, and dementia. J. Neural. Transm. 2021, 128, 1799-1800.

Hepsomali, P.; Coxon, C. Inflammation and diet: Focus on mental and cognitive health. Adv. Clin. Exp. Med. 2022, 31, 821-825.
[CrossRef] [PubMed]

Gladka, A.; Zatoniski, T.; Rymaszewska, ]. Association between the long-term exposure to air pollution and depression. Adv. Clin.
Exp. Med. 2022, 31, 1139-1152. [CrossRef] [PubMed]

Tanaka, M.; Térok, N.; Vécsei, L. Novel Pharmaceutical Approaches in Dementia. In NeuroPsychopharmacotherapy; Riederer, P.,
Laux, G., Nagatsu, T., Le, W., Riederer, C., Eds.; Springer: Cham, Switzerland, 2022. [CrossRef]

Zhao, X.; Zhang, H.; Wu, Y.; Yu, C. The efficacy and safety of St. John’s wort extract in depression therapy compared to SSRIs in
adults: A meta-analysis of randomized clinical trials. Adv. Clin. Exp. Med. 2022. online ahead of print. [CrossRef] [PubMed]
Tanaka, M.; Torok, N.; Vécsei, L. Are 5-HT1 receptor agonists effective anti-migraine drugs? Expert. Opin. Pharmacother. 2021, 22,
1221-1225. [CrossRef] [PubMed]

Spekker, E.; Tanaka, M.; Szabo, A.; Vécsei, L. Neurogenic Inflammation: The Participant in Migraine and Recent Advancements
in Translational Research. Biomedicines 2022, 10, 76. [CrossRef] [PubMed]

Balogh, L.; Tanaka, M.; Torck, N.; Vécsei, L.; Taguchi, S. Crosstalk between Existential Phenomenological Psychotherapy and
Neurological Sciences in Mood and Anxiety Disorders. Biomedicines 2021, 9, 340. [CrossRef] [PubMed]

Simonato, M.; Dall’Acqua, S.; Zilli, C.; Sut, S.; Tenconi, R.; Gallo, N.; Sfriso, P; Sartori, L.; Cavallin, F; Fiocco, U.; et al. Tryptophan
Metabolites, Cytokines, and Fatty Acid Binding Protein 2 in Myalgic Encephalomyelitis/Chronic Fatigue Syndrome. Biomedicines
2021, 9, 1724. [CrossRef] [PubMed]

Komatsu, H.; Watanabe, E.; Fukuchi, M. Psychiatric Neural Networks and Precision Therapeutics by Machine Learning.
Biomedicines 2021, 9, 403. [CrossRef]






b

i

omedicines

Article

The Interplay between Vitamin D, Exposure of Anticholinergic
Antipsychotics and Cognition in Schizophrenia

Arnim Johannes Gaebler

Fatih Keskin 4, Annika Gebel 1'?, Jana Zweerings -2

Citation: Gaebler, A.].; Finner-Prével,
M.; Sudar, EP,; Langer, FH.; Keskin,
F; Gebel, A.; Zweerings, J.; Mathiak,
K. The Interplay between Vitamin D,
Exposure of Anticholinergic
Antipsychotics and Cognition in
Schizophrenia. Biomedicines 2022, 10,
1096. https://doi.org/10.3390/
biomedicines10051096

Academic Editors: Masaru Tanaka
and Nora Torok

Received: 15 March 2022
Accepted: 4 May 2022
Published: 9 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,2,3,%

, Michelle Finner-Prével 12, Federico Pacheco Sudar 12, Felizia Hannah Langer -2,

and Klaus Mathiak 12

Department of Psychiatry, Psychotherapy and Psychosomatics, Faculty of Medicine,

RWTH Aachen University, 52062 Aachen, Germany; mfinner@ukaachen.de (M.E-P.);
fpachecosuda@ukaachen.de (F.P.S.); flanger@ukaachen.de (F.H.L.); annika.gebel@rwth-aachen.de (A.G.);
jzweerings@ukaachen.de (J.Z.); kmathiak@ukaachen.de (K.M.)

JARA—Translational Brain Medicine, 52062 Aachen, Germany

Institute of Physiology, Faculty of Medicine, RWTH Aachen University, 52062 Aachen, Germany

Klinik Konigshof, 47807 Krefeld, Germany; fkeskin@ukaachen.de

*  Correspondence: agaebler@ukaachen.de; Tel.: +49-241-8089632; Fax: +49-241-8082401

W N

Abstract: Vitamin D deficiency is a frequent finding in schizophrenia and may contribute to neu-
rocognitive dysfunction, a core element of the disease. However, there is limited knowledge about
the neuropsychological profile of vitamin D deficiency-related cognitive deficits and their underlying
molecular mechanisms. As an inductor of cytochrome P450 3A4, a lack of vitamin D might aggravate
cognitive deficits by increased exposure to anticholinergic antipsychotics. This cross-sectional study
aims to assess the relationship between 25-OH-vitamin D-serum concentrations, anticholinergic
drug exposure and neurocognitive functioning (Brief Assessment of Cognition in Schizophrenia,
BACS, and Trail Making Test, TMT) in 141 patients with schizophrenia. The anticholinergic drug
exposure was estimated by adjusting the concentration of each drug for its individual muscarinic
receptor affinity. Using regression analysis, we observed a positive relationship between vitamin D
levels and processing speed (TMT-A and BACS Symbol Coding) as well as executive functioning
(TMT-B and BACS Tower of London). Moreover, a negative impact of vitamin D on anticholinergic
drug exposure emerged, but the latter did not significantly affect cognition. When other cognitive
items were included as regressors, the impact of vitamin D remained only significant for the TMT-A.
Among the different cognitive impairments in schizophrenia, vitamin D deficiency may most directly
affect processing speed, which in turn may aggravate deficits in executive functioning. This finding is
not explained by a cytochrome P450-mediated increased exposure to anticholinergic antipsychotics.

Keywords: schizophrenia; vitamin D; anticholinergic drugs; antipsychotics; pharmacokinetics; cogni-
tion; processing speed; BACS

1. Introduction

Schizophrenia is a severe mental disorder characterized by multiple disturbances of
perception, emotion and cognition [1]. It represents a multifactorial disease with high
heritability, typically manifests in early adulthood and is associated with functional impair-
ment, reduced life expectancy and socioeconomic burden [2]. Symptoms can be categorized
into positive symptoms such as delusions and hallucinations, negative symptoms such as
affective flattening and social withdrawal as well as cognitive symptoms [1].

Cognitive dysfunction is a core element of schizophrenia and one of the major fac-
tors contributing to long-term disability in this patient cohort [3]. Cognitive deficits in
schizophrenia particularly comprise deficits in processing speed, attention/vigilance, social
cognition, verbal learning, visual learning, as well as working memory, reasoning/problem
solving and other aspects of executive function (such as abstract thinking and cognitive
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flexibility) [4-6]. However, current treatment options for this symptom domain are still in-
sufficient. Remarkably, cognitive deficits typically manifest early in the disease course—i.e.,
before the diagnostic criteria are fulfilled—and persist despite successful pharmacological
treatment of positive symptoms [7]. Neurobiological correlates of cognitive dysfunction
may be impairments of dorsolateral prefrontal cortex function and its interactions with other
brain regions [5], altered hippocampal activity [8] and bottom-up consequences of early
sensory processing deficits [9-13]. Given the multifactorial nature of schizophrenia and its
heterogeneous clinical phenotype, several factors may be ethiopathogenetically relevant for
the emergence of cognitive dysfunction in this disorder with their individual contributions
varying from patient to patient [14,15]. These factors may also include iatrogenic effects
such as the prescription of antipsychotics with high anticholinergic potency [16].

Schizophrenia and other severe mental disorders are associated with lower levels of
vitamin D [17]. Given the abundance of vitamin D-receptors in the human body;, a lack of this
hormone may have consequences going far beyond its well-known role in calcium homeosta-
sis. Indeed, vitamin D deficiency is linked to a generally higher mortality with a significant
contribution of cardiovascular diseases and cancer [18]. Therefore, it may be one of the factors
leading to reduced life expectancy in this vulnerable patient cohort [19]. Moreover, there is
growing evidence for vitamin D deficiency as a risk factor for the development of schizophre-
nia [7] and its aggravating impact on psychopathology [20,21]. In particular, neonatal vitamin
D deprivation is associated with increased risk of developing schizophrenia [22,23]. Accord-
ingly, as adults, rodent models of developmental vitamin D deficiency exhibit a phenotype
mimicking some aspects of schizophrenia and show altered dopaminergic neurotransmis-
sion [24]. In contrast, in rodent models of adult vitamin D deficiency, there is evidence for
a predominant dysfunction of glutamatergic and GABAergic circuits [25,26] and affected
animals particularly show cognitive deficits [27,28]. Similarly, a growing number of human
studies suggest a contribution of vitamin D deficiency to cognitive deficits in adult patients
with schizophrenia and also other mental disorders [29]. However, there is limited knowl-
edge about the clinical profile of vitamin D-related cognitive deficits and their underlying
molecular mechanisms. Converging evidence suggests that vitamin D reduces exposure
to many different drugs—including antipsychotics [30]—particularly by induction of the
Cytochrome P450 (CYP) isoenzyme 3A4 [31-33]. Accordingly, vitamin D deficiency might
lead to a decreased elimination, i.e., an increased exposure to anticholinergic antipsychotics,
which in turn may increase cognitive dysfunction in this patient cohort. In the present study,
we therefore aimed to characterize the neuropsychological profile of cognitive deficits in
schizophrenia related to vitamin D deficiency and address the potential contribution of a
vitamin D-mediated reduction of anticholinergic drug exposure.

2. Material and Methods
2.1. Participants and Neuropsychological Assessment

Serum concentrations of 25-OH-vitamin D and neuropsychological assessments were
obtained from 141 in- and out-patients with schizophrenia. Sociodemographic and clinical
characteristics of the patients are given in Table 1. For the different neuropsychological
tests, the number of patients who completed them varied slightly (between 130 and 139;
see Table 2). In- and out-patients with schizophrenia were recruited at the Department of
Psychiatry, Psychotherapy and Psychosomatics of RWTH Aachen University Hospital and
four academically associated psychiatric hospitals (Alexianer Hospital, Aachen; ViaNobis
Gangelt; LVR Klinik Langenfeld, LVR Klinikum Diisseldorf). The data were obtained in the
framework of an interventional brain imaging study with preregistration (NCT02435095).
The study was approved by the ethics committee of the North Rhine medical association
(AEKNO) and the ethics committee of the RWTH Aachen University Hospital (EK 156/16).
We obtained written informed consent from all participants after a complete description
of the study. The intended sample size with respect to the primary outcome (gray matter
change) of 574 patients could not be achieved and therefore the trial was stopped. All data
presented here were obtained before any intervention.
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Table 1. Sociodemographic and clinical characteristics of the sample.

Characteristic Mean Std
Biometrics
Age [Years] 33.1 114
C (25-OH-Vitamin D3) [ng/mL] 14.5 8.9
Duration of disease 49 7.1
Cognitive Performance
TMT-A [s] 35.3 15.3
TMT-B [s] 95.9 49.6
BACS—Verbal Memory 37.8 12.5
BACS—Working Memory: Correct Answers 17.6 44
BACS—Working Memory: Longest Sequence 6.3 1.6
BACS—Motor Speed 64.0 17.6
BACS—Fluent Speech Category 18.1 52
BACS—Fluent Speech Letter 20.1 7.9
BACS—Symbol Coding 44.9 13.5
BACS—Tower of London 15.0 4.2
Positive and Negative Syndrome Scale (PANSS)
Positive Symptoms 16.1 6.9
Negative Symptoms 17.8 6.6
Global Symptoms 32.8 10.9

N %

Gender
Female 40 28.4
Male 101 71.6

BACS = Brief Assessment of Cognition in Schizophrenia.

Table 2. Correlation analysis.

C(25-OH-Vitamin D) 2 C(Anticholinergic) 2

Pearson’s r ** —0.373 0.169
TMT—A (in s) p-value <0.001 0.097
N 133 61
Pearson’s r ** —0.336 0.174
TMT-B (in s) p-value <0.001 0.092
N 130 60
Pearson’s r 0.175 —0.124
Verbal Memory p-value 0.020 0.173
N 139 60
Pearson’s r 0.131 —0.048
Working Memory p-value 0.062 0.358
Correct Answers
N 139 60
Pearson’s r 0.204 —0.022
Working Memory p-value 0.008 0.434
Longest Sequence
N 139 60
Pearson’s r 0.107 —-0.122
Motor Speed p-value 0.108 0.184
N 136 57
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Table 2. Cont.

C(25-OH-Vitamin D) 2

C(Anticholinergic) 2

Pearson’s r 0.195 0.001
Fluent Speech Category ~ p-value 0.011 0.496
N 137 59
Pearson’s r 0.136 —0.044
Fluent Speech Letter p-value 0.056 0.370
N 138 59
Pearson’s r **0.280 —0.070
Symbol Coding p-value <0.001 0.299
N 139 59
Pearson’s r **0.274 —0.103
Tower of London p-value <0.001 0.220
N 137 59

** Correlation remains statistically significant after Bonferroni correction for multiple testing. Given p-values in the
table are uncorrected. Corrected p-values are given in the main text. # C (25-OH-vitamin D) and C (anticholinergic)
were log-transformed, as the curve fitting revealed a logarithmic relationship.

The study employed the following inclusion criteria: diagnosis of schizophrenia
according to DSM-5, age of 18-65 years, written declaration of consent, subjects being
contractually and mentally capable to attend the medical staffs” orders and MRI capability.
Exclusion criteria comprised: relevant somatic diseases, which could have an impact on the
conduct of the study based on clinical judgement of the treating physician (e.g., epilepsy,
cancer), prior to insufficiently documented drug therapy with antipsychotics, magnetic
metals in and on the body, cardiac pacemakers and body piercings, pregnancy or lactation,
hospitalization of the patient ordered by the court or public authorities, relationship of
dependence or employment to sponsor or investigator and simultaneous participation
in another clinical trial. Trained psychiatrists confirmed the diagnosis of schizophrenia
according to DSM 5 criteria using the structured clinical interview for DSM disorders (SCID)
and performed the clinical ratings and neuropsychological assessments. As a structured
interview, the SCID was used to minimize interviewer bias. For neuropsychological
assessments, the Brief Assessment of Cognition in Schizophrenia (BACS) as well as the Trail
Making Test A (TMT-A) and B (TMT-B) were employed [34-36]. The BACS is a cognitive
battery that was designed to assess multiple cognitive domains affected in schizophrenia in
relatively a short time (about 30 to 40 min). It contains seven tests in total, assessing verbal
memory, working memory (Digit sequencing), semantic (naming of animals) and lexical
verbal fluency, processing speed (Symbol coding Test) and motor speed (Token motor test)
as well as reasoning and problem solving (Tower of London Test). In both parts of the
TMT, study participants have to connect 25 circles distributed over a sheet of paper as
quickly as possible without lifting the pen or pencil from the paper. In Part A, the circles
are numbered from 1 to 25, and the numbers should be connected in ascending order. In
Part B, the circles include both numbers (1-13) and letters (A-L); which again should be
connected in an ascending pattern (concerning the size of the number and the alphabetical
order of the letters), but alternating between numbers and letters (i.e., 1-A-2-B, etc.).

2.2. Quantification of Vitamin D Levels and Anticholinergic Drug Exposure

Within this study, blood samples were taken throughout the year between August 2015
and March 2020. A part of the vitamin D and drug concentrations used for this analysis were
already used previously [30]. According to the study protocol, all patients underwent blood
sampling for the analysis of vitamin D levels. If patients were already under antipsychotic
treatment, we also obtained blood samples for therapeutic drug monitoring. For clinical
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and organizational reasons, time-points of blood sampling slightly varied from patient to
patient. Ideally, for therapeutic drug monitoring, blood samples should be collected just
before intake (providing trough levels) and at steady-state conditions of the respective drug
(i.e., after more than 4 elimination half-lives under the same dose). In case these conditions
were not met, hospital charts were reviewed to identify accurate drug concentrations
obtained during the clinical routine within a maximum temporal window of 2 months
before or after the determination of vitamin D concentrations. Drug concentrations that
were still outside the steady state conditions, for which the dose or time of intake could not
be determined or which were obtained during the drug absorption phase (i.e., before the
expected time of maximum concentration, Tmax) were excluded from the further analysis.
If blood samples were not immediately collected before the next drug intake (a typical
clinical situation is given for antipsychotics, which are taken as a single dose in the evening,
but blood is withdrawn in the morning), expected trough levels (C,,;,,) were calculated
using the drug’s half-life (t; /) and the following exponential function [37]:

Cmin = C(t) *e—ke *(tmin—t)

with C(#) as the drug concentration measured at time ¢, t,,;, as the time at C,,;,, and k.
as the elimination rate constant (k. = In2/t;,5). From the final set drug through levels,
dose-adjusted drug concentrations were calculated by dividing them by the given daily
dose (C/D) [in (ng/mL)/(mg/day)]. If the date of TDM differed from the date of neu-
ropsychological testing, d0, (i.e., drug levels had to be retrieved from the hospital charts),
drug levels at dO were estimated by multiplying the dose-adjusted drug concentrations
with the dose given at d0.

From the total sample, 75 quality-controlled serum concentrations of different antipsy-
chotic drugs obtained from 61 patients were available: amisulpride (N = 12), aripiprazole
(N = 8), clozapine (N =9), olanzapine (N = 16), quetiapine (N = 8) and risperidone (N = 22).
The remaining patients either were not yet medicated at the time of assessment or serum
concentrations did not fulfil our quality criteria. Among those 75 serum levels, 62 were
corrected using the equation above.

For aripiprazole, clozapine, olanzapine, quetiapine, and risperidone, serum concentra-
tions of their respective main metabolites were also determined, i.e., dehydroaripiprazole,
norclozapine, desmethylolanzapine, norquetiapine, and 9-OH-risperidone. All drug and
metabolite concentrations were analyzed in the same laboratory by Liquid Chromatog-
raphy with tandem mass spectrometry (LC-MS/MS) [38]. For vitamin D levels (25-OH
Vitamin D), chemiluminescent immunoassays (CLIA) were applied [39].

To control for potential pharmacokinetic confounding variables, we screened all
patients for the co-prescription of drugs with known inducing or inhibiting properties on
the major cytochrome P450 isoenzymes CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19,
CYP2D6 (only inhibitors are known) and CYP3A4 according to the suggestions by the US
Food and Drug Administration [40]. We identified two patients receiving the CYP1A2-
inhibitor fluvoxamine and one patient receiving the CYP2D6-inhibitor fluoxetine as a
co-medication, respectively. The latter patient was not included in any pharmacokinetic
analysis, as there was no TDM data available meeting our quality criteria. To assess the
impact of the two remaining patients who were under co-treatment with fluvoxamine, we
conducted a sub-analysis for which we removed these patients (see Section 3).

For the estimation of anticholinergic exposure, drug serum concentrations were first nor-
malized to the upper level of the therapeutic reference range TRRmax. For risperidone, the con-
centration of the active moiety (parent compound + active metabolite 9-OH-risperidone) was
used instead of the pure concentration of the parent compound, as the TRR is typically de-
fined for the active moiety [37]. Normalized concentrations were adjusted for each drug’s
anticholinergic potency by division by the drug’s M1 muscarinic receptor dissociation
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constant Kd and multiplication with the corresponding dissociation constant Kd of the
reference substance chlorpromazine, i.e.,

C(Drug x)*Kd(Chlorpromazine)

Anticholinergic) =
ClAnticholinergic) = e ax (Drug x)*Kd (Drug x)

Dissociation constants (Kd) were obtained from the NIMH Psychoactive Drug Screen-
ing Program (PDSP) Database [41] Chlorpromazine, which is typically considered the first
antipsychotic drug [42] and is often used to compare antipsychotic potency (chlorpro-
mazine equivalent dose) [43], was chosen as a reference substance due to its broad receptor
profile including affinity for muscarinic M1 receptors [44]. If a patient received more than
one antipsychotic drug, the respective measures of anticholinergic drug exposure were
added to each other.

2.3. Statistical Analysis

In order to assess the different relationships between the variables of interest, we con-
ducted four main regression analyses:

(1) In the first regression analysis, we assessed the impact of vitamin D on cognition.
Thereto, for each of the 10 cognitive items, we separately calculated a bivariate
regression model with the respective item as the dependent variable and the 25-OH-
vitamin D concentration as the independent variable, yielding 10 regression models
in total.

(2) In the second analysis, we investigated the influence of anticholinergic drug exposure
on cognition. As in the first analysis, we calculated separate bivariate regression
models for each cognitive item, which served as the dependent variable, and the
adjusted anticholinergic drug concentration served as the independent variable.

(3) Inthe third analysis, we assessed the relationship between vitamin D levels (independent
variable) and anticholinergic drug exposure (dependent variable) in a single bivariate
regression model. To control for potential confounders, we conducted two additional
sub-analyses. In the first one, we added the number of cigarettes per day as a second
independent variable to the regression model. In the second one, we removed the two
patients receiving a co-treatment with the CYP1A2-inhibitor fluvoxamine.

(4) Inastepwise forward regression analysis, we used one of the three following cognitive
items as the dependent variables in separate sub-analyses: TMT-A, TMT-B and the
Tower of London. The remaining two cognitive items, the number of cigarettes per
day as well as the log-transformed vitamin D and anticholinergic levels served as the
independent variables. The independent variables with the most significant impact
on the respective dependent variable were sequentially added to the model until no
further significant improvement of model fit could be achieved.

(5) As a further exploratory analysis, we assessed the impact of vitamin D on an alternative
measure of cognition derived from a five-factor model of the positive and negative

a7

syndrome scale (PANSS) [45,46]. This five-factor model includes a “positive”, “negative”,
“cognitive”, “emotional/depressed” and “excited” factor, with the cognitive factor being
composed of item 2 of the positive symptom subscale, item 5 o the negative symptom

subscale and item 11 of the general psychopathology subscale (P2N5G11).

For all regression analyses, in order to verify the linear relationship between the
dependent variable and the predictors, individual scatter plots were subjected to a curve
fitting analysis, which revealed that some variables had to be log-transformed to establish
a linear relationship. In such cases, the respective variables were log-transformed before
entering the regression analysis (see Section 3). Gaussian distribution and homoskedasticity
of residuals were confirmed by inspection of histograms and Q-Q-plots. If more than
one predictor was included in the analysis, absence of multicollinearity was verified by
variance inflation factor (VIF), which was required to be below 4. For each of the five
main analyses, we used one-tailed p-values corrected for multiple comparisons using the
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Bonferroni correction. Patients with missing values were not included in the respective
regression model, i.e., there was no imputation of missing values. Statistical analysis
and data visualization were performed using SPSS 28 (IBM, Armonk, NY, USA), RStudio
(RStudio Team (2021). RStudio: Integrated Development Environment for R. RStudio, PBC,
Boston, MA, USA, Available online: http://www.rstudio.com) and GraphPad Prism 5
(GraphPad Software, San Diego, CA, USA).

3. Results

Sociodemographic characteristics of the sample are given in Table 1. Only 22% of
patients exhibited sufficient vitamin D levels (>20 ng/mL), i.e., 78% of patients exhibited
vitamin D insufficiency (11-20 ng/mL) or deficiency (<10 ng/mL). For a visualization of
the distribution of vitamin D levels, see Figure 1.

60—
50—
40— o®

30- :'

C(25-OH-Vitamin D3) [ng/mL]

0

Figure 1. Distribution of 25-OH vitamin D-levels in our sample. Note the high proportions of patients
following below the threshold of vitamin D insufficiency (<20 ng/mL) and deficiency (<10 ng/mL).

Confirming the primary hypothesis, we observed a general positive relationship
between vitamin D levels and cognitive performance; i.e., patients with lower vitamin D
levels exhibited more pronounced cognitive impairments (see Table 2). The curve fitting
revealed that each of the different cognitive items could be best described as a function
of the logarithm of the 25-OH-vitamin D-concentration (see Figure 2). After a Bonferroni
correction of multiple comparisons, the impact of vitamin D on four cognitive items
remained statistically significant including the TMT-A (p < 0.001) and the BACS Symbol
Coding Test (p = 0.004) as measures of processing speed as well as the TMT-B (p < 0.001)
and BACS Tower of London Test (p = 0.006) as measures of executive functioning with the
former operationalizing cognitive flexibility and the latter planning and problem solving.
Corresponding Pearson correlation coefficients addressing the correlation between the
respective cognitive items and the log-transformed 25-OH-vitamin D-concentration as well
as uncorrected p-values are provided in Table 2.
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Figure 2. The relationship between 25-OH vitamin D-levels and cognition. Scatter plots and estimated
regression curves are shown for the four cognitive items for which vitamin D’s impact remained
statistically significant after Bonferroni correction of multiple comparisons. Curve fitting indicated
that each of the different cognitive items (y-axis) could be best described as a function of the logarithm
of the 25-OH-vitamin D-concentration (x-axis).

Only at a trend level, a negative relationship between the estimated anticholinergic
drug levels and each of the cognitive items emerged. Similar to the first regression analysis,
a best curve fit could be achieved when applying a logarithmic function. However, even
without correction for multiple testing, none of the regression models reached statistical sig-
nificance. For detailed statistics, see Table 2. Whereas the negative effect of anti-cholinergic
substances of cognition is consistent with the data, the significance of such effects seems
lesser than the positive vitamin D effects.

We observed a negative association between 25-OH-vitamin D-concentration and
anticholinergic drug exposure. Curve fitting revealed a best fit for logarithmic transfor-
mation of both the independent and dependent variable (see Figure 3). This association
reached statistical significance (standardized beta = —0.235; p = 0.034; N = 61), confirming
the pharmacokinetic relationship between vitamin D and (some) anti-cholinergic drugs.
Since smoking is known to induce the cytochrome P450 isoenzyme CYP1A2, we subse-
quently included the number of cigarettes per day as a second predictor to assess the
effect of this potential confounder on anticholinergic drug exposure. This covariate did not
show any association with the dependent variable (standardized beta = —0.014; p = 0.913;
N = 61), whereas the effect of vitamin D remained significant (standardized beta = —0.235;
p = 0.036; N = 61). To control for further pharmacokinetic confounders, for all patients we
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assessed the prescription of co-medication with known inducing or inhibiting properties
on the major cytochrome P450 isoenzymes. We identified two patients who received the
CYP1A2-inhibitor fluvoxamine and one patient receiving the CYP2Dé-inhibitor fluoxetine
as a co-medication, respectively. Since for the latter patient, there was no TDM data meeting
our quality criteria available, this patient was not included in the analysis. When excluding
the two patients who were under co-treatment with fluvoxamine, the effect of vitamin D
on anticholinergic drug levels remained significant (Pearson’s r = —0.256; p = 0.025; N = 59).
We therefore decided not to exclude these two patients from the further analyses.
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Figure 3. The relationship between 25-OH vitamin D-levels and exposure to anticholinergic antipsy-
chotics. Scatter plot of the association between 25-OH-vitamin-concentration (x-axis) and antipsy-
chotic drug concentrations adjusted for anticholinergic potency (y-axis). Curve fitting revealed a best
fit for a log-transformation of both the dependent and independent variable.

For the stepwise regression analysis, we selected the TMT-A, TMT-B, and the Tower of
London Test performance as the dependent variables, as those were the only three items—
besides the Symbol Coding Test—which remained significant after correction for multiple
testing. Since the Symbol Coding Test is a further measure of processing speed—ijust as the
TMT-A—we decided to exclude it from the analysis in order to minimize the number of
statistical tests. The sub-analyses revealed that for none of the three investigated cognitive
scales, anticholinergic drug exposure or the daily number of cigarettes was included in the
model. For the TMT-A, the best model fit could be attained (R? = 0.418) when including the
Tower of London Test performance (standardized beta = —0.477; t = —4.434; p < 0.001) and
the log-transformed 25-OH-vitamin D concentration (standardized beta = —0.319; t = —2960;
p = 0.003). For the TMT-B, the final model (R? = 0.339) included the TMT-A (standardized
beta = 0.352; t = —2.638; p = 0.006) and the Tower of London Test (standardized beta = —0.304;
t = —2.278; p = 0.014). Finally, for the Tower of London Test performance (R?> = 0.339),
the TMT-A (standardized beta = —0.422; t = —3.389; p < 0.001) and the TMT-B (standardized
beta = —0.283; t = —2.278; p = 0.014) were included in the model.

Thus, after regressing out the respective other tests, only for the TMT-A, the inclusion
of log-transformed 25-OH-vitamin D concentration resulted in a significant improvement of
model fit. This effect remained also significant after Bonferroni correction (p-corrected = 0.045).

Further, we investigated the relationship between vitamin D concentration and an
alternative measure of cognition, namely the cognitive component of a five-factor model of
the positive and negative syndrome scale (PANSS) [45,46]. Again, lower 25-OH-vitamin
D levels were associated with greater cognitive impairment, and curve fitting revealed
a logarithmic relationship between the dependent (i.e., the cognitive) variable and the
independent variable (vitamin D concentration). (Standardized beta = —0.144; p = 0.046;
N =139) (see Figure 4).
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Figure 4. The relationship between 25-OH vitamin D levels and the cognitive component of the
PANSS five factor model derived from items P2, N5 and G11 of the PANSS. As for the other cognitive

variables, curve fitting indicated that the cognitive component (y-axis) could be best described as a
function of the logarithm of the 25-OH-vitamin D concentration (x-axis).

4. Discussion

A significant proportion of patients with schizophrenia suffer from vitamin D defi-
ciency, which may contribute to somatic comorbidity and psychopathology, particularly
cognitive symptoms. The present study thus confirmed prior evidence for vitamin D
deficiency as a factor contributing to neurocognitive dysfunction in schizophrenia and
provided a characterization of the neuropsychological profile of vitamin D-deficiency-
related cognitive deficits. We detected a strong association between vitamin D serum
concentrations and processing speed as well as executive functions in patients suffering
from schizophrenia. However, a stepwise regression analysis revealed that vitamin D
deficiency most directly affected processing speed, while its impact on executive func-
tioning may be better explained as a consequence of the former effect, i.e., its effect on
processing speed. Cognitive dysfunction in schizophrenia comprises a well-defined set
of cognitive domains, including processing speed, attention/vigilance, visual and verbal
learning, and social cognition as well as working memory, reasoning/planning and other
executive functions [4]. There is still controversy about the existence of a hierarchy of
the different cognitive symptom domains and their causal relationship. However, several
studies suggest a pivotal role of deficits in processing speed [47], which may contribute to
other cognitive deficits such as working memory deficits and executive dysfunction [48].
Interestingly, our present findings suggest that vitamin D deficiency primarily affects this
important cognitive domain. Previous studies addressing the neuropsychological profile
of cognitive deficits related to vitamin D deficiency have yielded inconclusive results: In
a cross-sectional study assessing cognitive performance in 20 patients with first episode
schizophrenia and 20 healthy controls, vitamin D deficiency was associated with lower
scores of a summary measure of different cognitive tests in patients with schizophrenia,
only [49]. For the individual tests, only verbal fluency was significantly correlated with
vitamin D levels, but not processing speed. However, insufficient power due to the small
sample size (N = 20) may have biased the results. Based on the relationship between
vitamin D and the TMT-A (yielding the highest effect size), a post hoc power analysis of
our own data indeed suggests a minimum required sample size of 40 patients given an
expected power of 80% and a one-tailed alpha-level of 0.05. For the different cognitive
tests that were significantly correlated with vitamin D concentrations in our own dataset,
the post hoc power analysis estimated a power of 99.8% for the TMT-A, 99.2% for the
TMT-B, 96.2% for the BACS Symbol Coding Test and 95.3% for the BACS Tower of London
Test, respectively, given the respective sample sizes and a one-tailed alpha-level of 0.05.
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Accordingly, in a larger sample of 225 patients with psychotic disorders, Nerhus et al.
observed that a low vitamin D status was significantly associated with decreased process-
ing speed and verbal memory [50]. Similar to the present study, the strongest association
was observed for processing speed. In a randomized, double-blind, placebo-controlled
clinical trial, 47 patients with therapy-resistant schizophrenia and low vitamin D levels
were randomly assigned to a vitamin D supplementation or placebo group [51]. After eight
weeks, the vitamin D group demonstrated a significant increase in vitamin D levels and a
trend towards improved cognition, particularly for attention and verbal memory. Notably,
the authors applied the Montreal Cognitive Assessment (MOCA), which does not include
an explicit test for processing speed [52]. Larger clinical trials are desirable to draw further
conclusions on the effectiveness of vitamin D supplementation on cognitive symptoms
in schizophrenia. As a neural correlate of improved cognitive performance, there is first
evidence for an amelioration of hippocampal volume loss in schizophrenia mediated by
vitamin D [53], but there is still limited knowledge on the molecular mechanisms of vitamin
D’s neurophysiological effects. A potential mechanism that we wanted to address in this
study is grounded in vitamin D’s impact on drug metabolism. Indeed, vitamin D has been
demonstrated to increase metabolism and elimination of many different drugs including
antipsychotics [30]—particularly CYP3A4 substrates. Since there is converging evidence
for a negative impact of antipsychotics with high anticholinergic potency on cognition [16],
we assessed whether the effect of a low vitamin D status on cognition in schizophrenia
might be mediated by a reduced metabolism of anticholinergic antipsychotics. Several
in vitro studies demonstrated CYP3A4 induction by vitamin D in different cell lines in-
cluding primary human hepatocytes [54-56]. Human in vivo studies revealed that the
supplementation of vitamin D is associated with increased elimination of the statin and
CYP3A4 substrate atorvastatin [33]. Moreover, blood concentrations of the immunosup-
pressants tacrolimus and sirolimus—both of which are substrates of CYP3A4—show a
cyclic seasonal variation, which is anti-correlated to the well-known seasonal variation of
vitamin D levels [32]. Similarly, intestinal CYP3A4 expression was demonstrated to be pre-
dicted by genetic polymorphisms of the vitamin D receptor [57]. beyond CYP3A4, there is
preliminary evidence suggesting that vitamin D also has inducing properties on the isoen-
zymes CYP2B6 and CYP2C9 —with probably minor quantitative contribution, though [54]
as well as p-glycoprotein (p-gp), a renal efflux pump of xenobiotics [58]. Accordingly,
vitamin D deficiency might lead to a decreased elimination, i.e., an increased exposure to
anticholinergic antipsychotics, which in turn may increase cognitive dysfunction in this
patient cohort. However, even though we observed a significant negative relationship
between vitamin D levels and the exposure to anticholinergic antipsychotics, this find-
ing could not explain the robust effects of vitamin D on the cognition observed in this
study. Several animal studies have suggested a neurotrophic effect of vitamin D promoting
neurogenesis and enhancing synaptic function in the hippocampus [59,60]. Accordingly,
a human study suggested an amelioration of hippocampal volume loss in schizophrenia
mediated by vitamin D (see above) [53]. Cognitive dysfunction in schizophrenia may also
be related to inflammatory processes [61-63]. Indeed, increased serum concentrations
of C-reactive protein (CRP), a peripheral marker of inflammation, were associated with
worse cognitive performance in patients with schizophrenia [64]. Notably, vitamin D has
been found to regulate the production of proinflammatory cytokines and the proliferation
of proinflammatory cells, respectively [65]. Accordingly, such anti-inflammatory proper-
ties may represent a mechanism that might explain its potential benefits for cognition in
schizophrenia. Statins may constitute a further candidate drug group to modulate inflam-
matory processes in schizophrenia [66]. Other potential molecular targets of pro-cognitive
pharmacotherapy may be N-Methyl-D-Aspartate (NMDA) receptors, metabotropic gluta-
mate receptors and the kynurenine pathway [67-69]. Cognitive deficits in schizophrenia
are likely multifactorial and may require different treatment approaches for the individual
patients. The identification of pathophysiologically specific molecular markers (e.g., [70,71])
obtained from easily accessible biomaterial or brain imaging endophenotypes and com-
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bined with machine learning algorithms may serve as a basis for the establishment of
precision medicine in psychiatry [72].

Several test batteries have been employed to study cognitive deficits in schizophrenia
(for an overview see [73]). An ideal test battery should cover most cognitive domains
affected in schizophrenia within an appropriate time frame, which should be tolerable for
most patients and economic for staff members administering the tests. Among the different
test batteries that were used in the literature, the MATRICS Consensus Cognitive Battery
(MCCB) and the Brief Assessment of Cognition in Schizophrenia (BACS) represent two
well-validated and reliable instruments meeting the abovementioned criteria. The BACS,
which was used in the present study;, is particularly short (around 30 min for completion)
while covering most of the cognitive domains that are impaired in patients with schizophre-
nia. It comprises seven tests in total, examining verbal memory, working memory (Digit
sequencing), semantic (naming of animals) and lexical verbal fluency, processing speed
(Symbol coding Test) and motor speed (Token motor test) as well as reasoning and problem
solving as an aspect of executive function (Tower of London Test). It was shown to be as
sensitive to cognitive impairment in schizophrenia as more extensive test batteries. Since
the battery is specifically designed to measure treatment-related changes of cognitive symp-
toms, it provides alternate forms for some of the tests in order to minimize practice effects.
Moreover, it is available in nine languages and norms are also available. In the present
study, besides the BACS, we additionally administered The Trail Making Test (TMT)-A and
-B, as both tests require a minimum time for completion but provide an additional measure
of processing speed (TMT-A) as well as a measure of cognitive flexibility (TMT-B). The TMT,
which was originally introduced as a part of the Army Individual Test Battery [74], repre-
sents one of the most popular neuropsychological tests employed by many different test
batteries [75] and patients with schizophrenia have been demonstrated to exhibit significant
performance deficits for both tests [76].

As stated above, a good alternative to the set of tests used in this study (BACS and
TMT) may be the MCCB. It comprises 10 tests selected by experts within the framework of
the NIMH Measurement and Treatment Research to Improve Cognition in Schizophrenia
(MATRICS) based on more than 90 tests nominated for inclusion [77]. Notably, the TMT-A
and the BACS Symbol Coding Test (both assessing processing speed) as well as an animal
naming test comparable to the one which is part of the BACS are included in this battery.
The remaining seven tests examine attention/vigilance (Continuous Performance Test—
Identical Pairs), working memory (WMS-III Spatial Span; University of Maryland Letter-
Number Span), verbal memory (Hopkins Verbal Learning Test—Revised), visual memory
(Brief Visuospatial Memory Test—Revised), reasoning and problem-solving (Neuropsycho-
logical Assessment Battery—Mazes) as well as social cognition (Mayer-Salovey—Caruso
Emotional Intelligence Test—Managing Emotions). Accordingly, while there is a substantial
overlap between the assessed cognitive domains and administered tests of the MCCB and
the set of tests employed in this study, the MCCB provides tests for attention/vigilance,
visual memory, and social cognition that are not assessed explicitly by the BACS or TMT,
whereas our set of tests provides additional measures of motor skills (Token motor test)
and cognitive flexibility (TMT-B). Another advantage of our approach is the lower amount
of time required for completion (around 30 to 40 min as compared to 60 min for the MCCB).
Future studies should also investigate the relationship between vitamin D and tests of
attention/vigilance, visual memory and social cognition, as provided by the MCCB.

5. Limitations

A major limitation of the present study is its cross-sectional and non-interventional
nature. Accordingly, the correlations reported in the present study may in principle reflect
pure epiphenomena, but not necessarily a causal relationship. Moreover, the true causal
relationship may also be reverse, i.e., cognitive deficits may also lead to lower vitamin
D levels. Due to the inability to perform everyday activities, patients with cognitive
deficits may spend less time outdoors and therefore may be less exposed to sunlight.
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This hypothesis has been also stated for elderly persons with cognitive deficits. However,
according to our hypothesis, animal studies [59,60,78,79] and first randomized controlled
clinical trials [51] have provided some preliminary evidence for a direct causal impact of
vitamin D on cognition, Further randomized controlled clinical trials (RCTs) comparing
the effects of vitamin D supplementation in comparison to a placebo group are warranted.
Ideally, such studies should apply therapeutic drug monitoring during the course of
the treatment in order to control for vitamin D’s negative impact on antipsychotic drug
exposure. From a more preventive perspective, screening for vitamin D deficiency and
supplementation studies may be also relevant for persons who are at a high risk for
schizophrenia [80].

Our inclusion and exclusion criteria may have caused some degree of selection bias.
Such as many other studies on patients suffering from severe mental disorders, for ethical
and legal reasons, we only included subjects being contractually and mentally capable to at-
tend the medical staffs’ orders and understand the study procedure. Moreover, we excluded
patients whose hospitalization was ordered by the court or public authorities. As a conse-
quence, patients with less severe psychopathology may be overrepresented in our study
cohort. Moreover, due to the fact that the study was part of a larger brain imaging trial,
we only considered patients who met the MRI safety criteria which are—however—not
relevant for the data that were the basis of this study.

6. Conclusions

Cognitive dysfunction is a core symptom domain of schizophrenia associated with
long-term disability, but limited treatment options. In the present study, we observed a
significant association between serum concentrations of vitamin D—which are insufficient
in many patients with schizophrenia—and cognitive performance, particularly processing
speed. This relationship could not be explained by the negative impact of vitamin D on
the exposure to anticholinergic antipsychotics—given its inducing effects on cytochrome
P450 isoenzymes—particularly CYP3A4. Considering vitamin D’s well-established effects
on physical health, the growing evidence for its effects on mental health and cognition as
well as the frequency of vitamin D insufficiency in schizophrenia, screening for vitamin D
insufficiency and its compensation by supplementation may be beneficial for this vulnerable
patient cohort.
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Abstract: Longitudinal approaches for disease-monitoring in old animals face survival and frailty
limitations, but also assessment and re-test bias on genotype and sex effects. The present work
investigated these effects on 56 variables for behavior, functional profile, and biological status of
male and female 3xTg-AD mice and NTg counterparts using two designs: (1) a longitudinal de-
sign: naive 12-month-old mice re-tested four months later; and (2) a cross-sectional design: naive
16-month-old mice compared to those re-tested. The results confirmed the impact as (1) improve-
ment of survival (NTg rested females), variability of gait (3xTg-AD 16-month-old re-tested and
naive females), physical endurance (3xTg-AD re-tested females), motor learning (3xTg-AD and NTg
16-month-old re-tested females), and geotaxis (3xTg-AD naive 16-month-old males); but (2) worse
anxiety (3xTg-AD 16-month-old re-tested males), HPA axis (3xTg-AD 16-month-old re-tested and
naive females) and sarcopenia (3xTg-AD 16-month-old naive females). Males showed more func-
tional correlations than females. The functional profile, biological status, and their correlation are
discussed as relevant elements for AD-pathology. Therefore, repetition of behavioral batteries could
be considered training by itself, with some variables sensitive to genotype, sex, and re-test. In the
AD-genotype, females achieved the best performance in physical endurance and motor learning,
while males showed a deterioration in most studied variables.

Keywords: Alzheimer’s disease; aging; survival; anxious profile; functional profile; motor perfor-
mance; frailty; training; gait; kyphosis

1. Introduction

Specific motor skills impaired in old age include a broad and varied spectrum that
involves a reduction in gait speed, loss of strength and muscle mass, and decline of bal-
ance [1-3]. However, aging has become increasingly recognized as a potentially modifiable
risk factor for chronic disease and frailty [4,5]. The deterioration of motor performance re-
lated to cognitive dysfunction in Alzheimer’s disease (AD) has recently gained importance
in clinical research [6-9]. Particularly, gait impairment and its association with cognitive
impairment [10] could shed light on potentialities to distinguish AD [1]. Inclusive, higher
levels of AP and tau are associated with more significant memory decline, but not with
changes in executive function [11]. The study by Sperling points out that these results
could explain why some clinically active patients presented elevated tau and Af3 levels [11].
Thus, Af and tau proteins can serve as markers of cognitive impairment; however, they are
insufficient and cannot detect all cases of dementia, especially in the early stages [11,12].
For this part, gait speed, for example, is longitudinally associated with cognitive decline,
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dementia, and falls in older adults [13,14], with slower gait associated with increased
fall risk and poor baseline cognition [6]. However, motor dysfunctions and deterioration
remain poorly explored. Consequently, functional and cognitive decline comorbidity is a
warning sign for increased disability [8], a growing public health problem [15], and it is
already present at preclinical stages of Alzheimer’s disease [5].

On the other hand, aging is a frequent risk factor for different diseases, including
dementia [16]. Recently, in a review of the literature that examined the pathophysiological
basis and biomarkers of AD and other neurodegenerative diseases, it was pointed out that
the predisposing factors for neuroinflammation are aging, metabolic diseases, hypertension,
cerebrovascular accidents, depression and depression, dementia, among others [17]. In
addition, healthy aging would be associated with chronic inflammation, contributing to a
greater vulnerability to anxiety and depression [17]. Thus, cause—effect relationships can
become bidirectional in the pathogenesis of multifactorial diseases, leading to a disease-
prone state [18]. Age-related deficits in the ability to process contextual information and
regulate responses to threat, addressing that structural and physiological alterations in the
prefrontal cortex and medial temporal lobe determine cognitive changes in advanced aging,
which may eventually cause patterns of cognitive dysfunction seen in patients with AD
and mild cognitive impairment (MCI) [19].

Furthermore, it is known that AD is characterized by high heterogeneity in the dis-
ease’s manifestation, progression, and risk factors [20]. Such a high phenotypic variability
is considered one of the most significant obstacles in early diagnosis and clinical trial
design [20]. Therefore, there is great interest in identifying factors driving variability
used for patient stratification [20,21]. Additionally, the impact of sex on the disease varies
throughout its progression [22,23]. It is important to identify the role of sex differences
in the cognitive dimension if potentially more precise diagnoses and treatments should
emerge [24,25], but few studies have reported differences in the psychomotor functional
dimension of the disease.

In the last decade, at the translational level, the impact of interventions on age-related
disability, frailty, and the onset of AD has been investigated in animal models to develop
clinically relevant measures that provide indications for the approach and management of
disability, frailty, and illness [26,27]. In addition, genotype and sex differences in cognitive,
emotional, and locomotor performance have been studied at the preclinical level to assess
the effects of promising interventions before their application in clinical settings [28-30].

Recently, our laboratory has developed a study method to identify psychomotor
impairments and deficits at different stages of Alzheimer’s disease [31]. Previously, we
reported a functional impairment phenotype in male mice’s gait and physical performance
of the 3xTg-AD transgenic model in the initial, intermediate, and advanced stages of the
disease. The results showed that 3xTg-AD mice show a significant functional impairment
in the quantitative variables of gait and exploratory activity, movement limitations, and
muscle weakness related to functional decline in the different stages of severity of the
disease intensify with increasing age. In addition, signs of frailty accompany functional
deterioration, and sarcopenia is evident in an advanced stage of AD, with differences in
the morphological characteristics of muscle fibers and the number of fat cells [31].

Furthermore, we differentiate the disorders and postural patterns into two types of
kyphosis (postural and structural) that differ in severity and limit the exploratory activity.
In addition, the results indicated that the presence of bizarre gait patterns accounts for
behavior similar to anxiety when 3xTg-AD mice face novelty situations and recognition
of places, with circling and backward movements being the most frequent, in an already
frailty setting [32,33].

The present study was designed to investigate the impact of two factors, sex, and
repeated test, assessing the behavioral outputs of 3xTg-AD mice and mice with normal
aging in longitudinal and transversal experimental designs. According to our previous
work, a battery of psychomotor tests: gait, exploration, muscle strength, motor learning,
physical endurance, and frailty status, was used [31]. In addition, phenotype of frailty
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and biological status (HPA axis and sarcopenia index) was also included [32,33]. Thus, in
the first place, we studied the sex factor by characterizing the psychomotor phenotype
of middle—(12 months) and old—(16 months) age females, that in the 3xTg-AD mice
corresponds to two neuropathological stages of the disease [31], as compared to that
of aged-matched males. On the other hand, long-term studies provide better insights
for assessing interventions with preclinical validity, but the administration of behavioral
batteries is not exempt from carryover effects. In addition, behavioral batteries and repeated
tests can be considered behavioral stimulation [34]. Therefore, we aimed to investigate
the effects of repeated tests on the behavioral performance of animals assessed in two
scenarios: 1) in a longitudinal design, with within-subjects analysis of a set of 12-month-old
animals re-tested four months later, at 16 months of age; and 2) in a transversal design,
when comparing 16-month-old animals that had (re-tested) or not (naive) that experienced
the battery of tests.

2. Materials and Methods
2.1. Animals

A total of 191 male and female mice were included for the survival analysis, and
ninety-six of them, homozygous 3xTg-AD (n = 54) and non-transgenic (NTg, n = 42)
male and female mice of 12 to 16 months of age in a C57BL/6] background (after em-
bryo transfer and backcrossing of at least ten generations), established at the Universitat
Autonoma de Barcelona, were included in the experimental study. As previously described,
the 3xTg-AD mice harboring transgenes were genetically created at the University of
California at Irvine [35]. Animals were kept in groups of 3—4 mice per cage (Macrolon,
35 cmx35 cm %25 c¢m) filled with 5 cm of clean wood cuttings (Ecopure, Chips, Date Sand,
UK; uniform cross-sectional wood granules with 2.8-1.0 mm chip size) and nesting ma-
terials (Kleenex, Art: 08834060, 21 cm x 20 cm, White). In all cases, standard home cages
covered with a metal grid to allow the perception of olfactory and auditory stimuli from
the rest of the colony. All animals were kept under standard laboratory conditions of food
and water ad libitum, 20 £ 2 °C, 12 h light cycle:dark with lights turned on at 8:00 a.m. and
50-60% relative humidity. The study complied with the ARRIVE guidelines developed by
the NC3Rs and aimed to reduce the number of animals used [36].

2.2. Experimental Design

A longitudinal and a transversal study were carried out to evaluate the anxious-like
and functional profiles of male and female 3xTg-AD and NTg mice. Biological variables
(corticosterone and sarcopenia) of animals at the end point (16 months of age) were also
included. For this purpose, animals were randomly assigned into two experimental batches
(see Figure 1, Experimental design)

2.3. Behavioral Assessment and Biological Status

The assessment consisted of four consecutive evaluation steps conducted during
5 days, as follows: Day 1, bodyweight, phenotype scoring system, and frailty; Day 2,
gait and exploration; Day 3, geotaxis, muscle strength, and rotarod; Days 4-5, rotarod.
The procedures and protocol were based on the protocol used by Castillo-Mariqueo and
Giménez-Llort [31]. Assessments were performed under dim white light (20 Ix) in the light
cycle (10:00 a.m. to 1:00 p.m.). Behavioral evaluations were carried out in a counterbalanced
way by two independent observers, blind to the genotype. Animals were habituated to the
test room 30 min before the start of the tests.

2.3.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis

Survival curves were analyzed considering the cohort of siblings from the same litter
of mice included in the study, from birth to 16 months of age. A total of 191 male and
female mice, NTg and 3xTg-AD were included in this analysis (NTg males = 49; NTg
females = 58; 3xTg-AD males = 50; 3xTg-AD females = 34). All animals were weighed and
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evaluated with the phenotype scoring system that includes four subtests and scores: ledge,
grip, gait, and kyphosis [37,38]. Individual measures were scored from O (the absence
of the relevant phenotype) to 3 (the most severe manifestation) [37]. The measures can
be analyzed individually or combined into a composite phenotype score [39,40]. On the
other hand, frailty was assessed using an adaptation of the MCFI by Whitehead [41],
which includes 30 assessment items from the clinical setting. The 12 elements with the
highest incidence previously reported by our laboratory were selected [42]. Their incidence
was reported through an absence (0), presence (1) score. The clinical evaluation included
physical aspects, injuries and wounds, alopecia, piloerection, body and tail position, tremor,
and urogenital alterations.

Impact of behavioral assessment and re-test as functional trainings that modify

survival, anxiety and functional profile (physical endurance and motor learning) of
old male and female 3xTg-AD mice and NTg mice with normal aging

12 16
months months
Transversal design m S Bfehaw_oral assessment and
Biological status
Genotype
Se)(yp Geg:;c(ype Bodyweight
1 DAY 1 Phenotype scoring system
/Q “ /O ‘ Frailty score and Kyphosis
C— = _\__\/} (_),—— - o -\_,‘/“ Gait
3xTg-AD NTg 3xTg-AD NTg ® DAY 2 Neophobia and Exploration
Male  Female Male  Female )
Geotaxis
3 DAY 3 Muscle strength
12 : H H 16 Rotarod — Motor learning,
months LongltUdlnaI dESIgn months Physical Endurance
< 4 DAY 4 Rotarod —Physical Endurance
. Re-Test
Behavioral Assessments 5 DAYS5 Rotarod
Genotype Genotype I P axis
Sex Sex Sarcopenia index
W, s GPW
—— i — "~ —~J
3xTg-AD NTg 3xTg-AD NTg
Male Female Male Female

Figure 1. Experimental design. Longitudinal design: the first group was assessed in the behavioral
battery at the age of 12 months and again when the animals reached 16 months of age. Transversal
design: the second group was housed in standard conditions without manipulation until they were
tested at 16 months of age, so they could be compared to re-tested 16 months old animals.

2.3.2. Quantitative Parameters of Gait, Neophobia, and Exploration

The quantitative parameters of the gait and exploration were recorded by filming the
spontaneous gait of the mice for 1 min. Later the videos were analyzed using KINOVEA
0.8.15 free software according to the Castillo-Mariqueo and Gimenez-Llort protocol [31].
Stride length, stride length variability, speed, and cadence were included according to the
methodology used by Wang et al. [43]. The examination included observation of body
position, limb support, and movement. In addition, neophobia (immediate fear of a new
place) was assessed by means of the corner test [44] and the recording of freezing (latency
of movement), the number of explorations on the horizontal axis (visited corners), the
latency and number of explorations on the vertical axis (rearings).
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2.3.3. Muscular Strength—Hanger Test and Geotaxis

The muscle strength was measured in the forelimbs using the hanger test. Three trials
were performed to observe the tendency of a mouse to instinctively grasp a rack or bar
when suspended by the tail. In the first and second trials, grip strength was assessed by
holding the animal with its front legs for 5 s at the height of 40 cm. In the third trial, the
animal is suspended for 60 s in a single attempt to assess muscular endurance. This test
allows discriminating grip strength and muscular endurance according to the suspension
times used by mice [45]. A box with sawdust is placed under the animal to prevent a
possible fall in each trial. The bar used is graduated in 5-cm blocks to obtain the distance
covered when the animal moves through the bar. The latency and movement distance are
recorded. Geotaxis was measured using a 10 cmx12cm grid. A single trial registered the
time it took for the animal to reach the vertical position from an inverted position at a 90°
angle on the grid.

2.3.4. Motor Performance: Learning and Physical Endurance—Rotarod

Six micro training cycles were carried out during three consecutive days with a
previous learning session and psychomotor coordination. The animals were trained in
the Rotarod apparatus (Ugo basile®, Mouse RotaRod NG) according to a training volume
established in our previous research laboratory investigations [31]. An incremental intensity
of 5 to 48 rpm was applied according to individual tolerance with a maximum duration of
360 s in each microcycle with a 1-min recovery between trial.

2.3.5. Biological Status: HPA Axis and Sarcopenia Index

The animals were euthanized and the muscle tissues were necropsied. Plasma from a
blood sample was obtained by centrifugation and stored and —80 °C until corticosterone
analysis. Corticosterone content (ng/mL) was analyzed using a commercial kit (Corticos-
terone EIA Immunodiagnostic Systems Ltd., Boldon, UK). Absorbance was read at 450 nm
with Varioskan LUX ESW 1.00.38 (Thermo Fisher Scientific, Massachusetts, MA, USA) [42].
The weights of the quadriceps and triceps surae muscles of the right lower extremity of
each animal were recorded and kept for future analysis. The sarcopenia index [46] was
applied to obtain an indirect measure of sarcopenia as a biological marker of frailty.

2.4. Statistics

Statistical analyses were performed using SPSS 15.0 software. Results were expressed
as the mean =+ standard error of the mean (SEM) for each task and trial. The variables
recorded were analyzed with Student t-test, Chi-squared or Fisher’s exact test, one-way
ANOVA, and multiple regression analysis (MRA). The split-plot ANOVA design with
factors genotype (G), sex (S), previous experience either as a re-test (R) in the longitudinal
approach or as naive (N) in the transversal approach, were included. Their G xS, GXR, and
SxN factor interactions were also studied. Post hoc comparisons were run with Bonferroni
corrections. Pearson’s correlations were made to analyze the functional correlations with
(1) corticosterone, (2) sarcopenia index, and (3) phenotype score system. The survival curve
was analyzed with the Kaplan—Meier test (Log rank). In all cases, p < 0.05 was considered
statistically significant.

3. Results
3.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis

Figure 1 shows the data obtained for survival, frailty score and postural and structural
kyphosis. Thus, the animal cohort was analyzed from birth to 16 months (16 months NTg
and 16 months 3xTg-AD). Only siblings from the same litter belonging to mice meeting the
end-points were considered. Log rank analysis showed statistically significant differences
dependent on genotype and sex (G, x2 (1) = 20.044, p < 0.001; S, x> (1) = 33.531, p <0.001),
see Figure 2A. In this way, it was possible to observe that females of both genotypes have
higher mortality than males, and that of them the NTg is even higher (days of average
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survival: Males, NTg = 445.05 &+ 15.75, CI: 414.16-475.94; 3xTg-AD = 505.57 £ 13.04,
CI: 480.01-531.13. Females, NTg = 343.60 £ 15.39, CI: 313.42-373.78; 3xTg-AD = 442.76 + 18.40,
CI: 406.69—-478.83). In addition, the female NTg cohort reached 79% (46/58) of mortality
and 3xTg-AD the 50% (17/34) with ages 11 to 13 months having the greatest death. For
their part, NTg males reached 37% (18/49) and 3xTg-AD 24% (12/50), with 15 to 16 months
being the age of greatest death. During the follow-up of the animals that started the battery
at 12 months, 20 deaths were detected, the NTg males had 29% (4/14), the 3xTg-AD males a
20% (4/20), the NTg females a 35% (7/20), and 3xTg-AD females 31% (4/13), see Figure 2A.
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Figure 2. Survival, frailty score, and postural and structural kyphosis. (A) Survival. Statistics: Kaplan—
Meier test—Log rank, G, genotype effect: X2, G+ p < 0.001***; S, sex effect: x2, Gt p < 0.001**,
(B) Frailty score. Statistics: ANOVA, G, genotype effect: G** p < 0.01**. (C) Postural and structural
kyphosis. Statistics: Fisher’s exact test, G, genotype effect in males, G** p < 0.01**; a, aging effect in
females: a** p < 0.01**. The symbol O indicates the absence of the group, and m, months.

In terms of frailty score, G effect were identified, the score is higher in NTg animals in
naive 12 months (frailty score, G, F (1, 62) = 11.159, p = 0.001), see Figure 2B. In addition,
the severity of kyphosis has been identified, thus, in males, a higher prevalence of postural
kyphosis has been observed, being higher in the case of NTg mice (severity, Fisher’s exact
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test df (15) = 24.403, p = 0.023. G effect, Fisher’s exact test df (3) = 11.842, p = 0.004).
In the case of females, the highest prevalence of cases was also postural kyphosis, and
this increased in 3xTg-AD mice at 16 months, being the structural type disorder in this
group the one with the highest prevalence attributable to age (severity, Fisher’s exact test
df (12) =22.900, p = 0.008. 3xTg-AD naive 16 months vs. re-test 16 months, Fisher’s exact
test df (3) = 16.137, p = 0.001), see Figure 2C.

Table 1 shows the phenotype scoring system obtained in males and females. Specifi-
cally, at naive 12 months, differences were detected in the gait, kyphosis, and total score,
with G effect in kyphosis and total score showing the high deterioration in the NTg group
(kyphosis, G, F (1, 62) = 13.329, p = 0.001. Total score, G, F (1, 62) = 4.078, p = 0.048). In
addition, there is an interaction of the G xS in gait, with 3xTg-AD females and NTg males
presenting a lower (gait score, GXS, F (1, 62) = 7.776, p = 0.007). At the 16 months re-tests,
the difference in gait score is maintained without significant differences in the other parame-
ters (gait score, GxS, F (1, 44) = 10.709, p = 0.002). In contrast to naive 16 months, differences
were observed in genotype and sex in the clasping score and gait, being measured the
genotype differences only in males and sex between the 3xTg-AD group (clasping score,
F (2, 30) = 4.646, p = 0.017; male 3xTg-AD naive 16 months vs. male NTg naive 16 months,
p =0.019. G, in male group, T student t = —2.836, p = 0.012. S, in 3xTg-AD group T student
t=—2.138, p = 0.046). If we consider the change between the groups after the re-test, we
have detected differences in the different scores of the phenotype scoring system. The main
differences were detected in the total score, kyphosis and ledge score (re-test, total score,
F (1, 141) = 15,972, p < 0.0001. Kyphosis score, F (1, 141) = 14.596, p < 0.000 and G,
F (1, 141) = 5.159, p = 0.025. Ledge score, F (1, 141) = 10.435, p = 0.002). In addition,
differences in total score, gait, kyphosis, and ledge score were detected between males,
with effect of previous experience and genotype (total score, F (5, 80) = 3.449, K= 0.007,
3xTg-AD naive 12 months vs. 3xTg-AD re-test 16 months, k = 0.031; R, F (1, 80) = 13.002,
p = 0.001. Ledge score, R, F (1, 80) = 7.447, p = 0.008. Gait, F (5, 80) = 4.303, p = 0.002,
3xTg-AD re-test 16 months vs. 3xTg-AD naive 16 months, p = 0.003; 3xTg-AD re-test 16 m
vs. NTg naive 16 months, p = 0.003; R, F (1, 80) = 7.461, p = 0.008; and G, F (1, 80) = 5.560,
p = 0.021. Kyphosis score, F (5, 80) = 3.269, p = 0.010; R, F (1, 80) = 6.310, p = 0.014; and
G, F (1, 80) = 5.225, p = 0.025). In females, differences were found in total score, kyphosis
and gait with effect of previous experience and genotype (total score, F (4, 60) = 2,800,
p=0.034; R, F (1, 60) = 4.517, p = 0.038; G, F (1, 60) = 4.767, p = 0.033. Kyphosis score,
F (4, 60) = 3.375, p = 0.015, 3xTg-AD naive 12 months vs. 3xTg-AD re-test 16 months, p = 0.050;
R, F(1,60) =7.791, p = 0.007. Gait score, F (4, 60) =2.909, p = 0.029; G, F (1, 60) = 5.632, p = 0.021).

Table 1. Phenotype scoring system.

Phenotype Naive 12-Month-Old Re-Test 16-Month-Old Naive 16-Month-Old
. Statistics
Scoring System Males Females p-Value Males Females p-Value Males Females p-Value
Clasping NTg 0.52+0.16 0.43 + 0.08 s, 0.67 £0.20 0.69 £ 0.17 s, 0.25 + 0.06 NR o s
score AD 056 £0.17 0.62+0.24 0.79 £0.19 0.30 £ 0.15 0.67 £0.18 * 0.26 £0.12
Ledge  NTg 040£015 048+0.14 060+£009 068011 031+0.12 NR
8 ns ns ns. R**
score AD 0.25 + 0.08 0.48 +0.13 0.58 £0.16 0.51 + 0.07 0.22 + 0.09 0.41 +0.14
: NT; 0.21 £0.15 0.33 +0.12 0.20 +0.13 0.38 +0.15 NR * R
Gait g GxS** GxS** s (g:@/z Rﬁ;’
score AD 0.26 £0.10 0.64 + 0.13%& 0.03 £ 0.03 0.44 +0.24 e
. $5
Kyphosis NTg 1.07+0.16 1.0 +0.25 o 1.30 £ 0.15 1.38 £ 0.15 s, 0.72+£0.21,s NR s, G*,
score & R***, r&
AD 0.30 £0.13 0.43 +0.20 0.95 £ 0.26 137 £0.27 0.47 £0.17 0.67 £0.28
Total NTg 2214+037 224+£0.39 . 2.77 £0.37 3.14 + 0.45 s, 1.28 +0.23 NR s, R, &
score AD 1.37+£030 1524033 2.96 + 0.58 & 2.18 £0.32 1.39 £+ 0.28 1.78 + 0.44 G*

Statistics: ANOVA, G, genotype effect, G* p < 0.01, p < 0.05, n.s. p > 0.05. R, Re-test effect, R*** p < 0.001***,
R* p < 0.01**, p < 0.05%, n.s. p > 0.05. GXS, genotype and sex interaction effect, GxS** p < 0.01**, p < 0.05%, n.s.
p > 0.05. Bonferroni post hoc test: g, genotype, g* p < 0.05%; s, sex; $ expressed genotype differences between sex,
% p < 0.01%; & expressed differences between re-test groups, r&& p < 0.01%%, p < 0.05%; $ expressed genotype
differences between re-test group, r& p < 0.05%, and r*®, between sex differences. NR indicates the absence
of the group.

33



Biomedicines 2022, 10, 973

In bodyweight at 12 months was high in 3xTg-AD, and at 16 months it decreased in
females. In addition, males naive 16 months weighed more than re-test males at the same,
see Tables S1-S3.

3.2. Quantitative Parameters of Gait, and Neophobia and Exploration

Quantitative parameters of gait are shown in Figure 3. For naive 12 months, statistically
significant differences were observed in all quantitative gait variables. Stride length showed
differences in G and S, with the longest stride length in NTg males and 3xTg-AD in females.
This interaction was also observed in gait speed, high in NTg mice. At the same time,
the variability of gait presented differences associated with S, with females showing less
than males’ variability and, therefore a gait with more homogeneous steps in its trajectory.
Additionally, a genotype-dependent difference was observed in cadence, where NTg mice
show better performance in this variable with marked differences between males. In the
re-test at 16 months, this group registered a gait performance that shows the interaction
between the GxS effect in stride length and speed, with the performance of 3xTg-AD
females being the one with the best performance in both variables. The re-test of this
group at 16 months showed differences in cadence, increasing its performance in the
group of 3xTg-AD mice of both sexes and decreasing in the NTg group, see Figure 3A-D
and Tables S1-53.

On the other hand, mice at 16 months did not show significant differences in quan-
titative variables of gait. Differences could only be observed between the re-test and a
naive group of males at 16 months in stride length, cadence, and speed, where the re-test
NTg mice presented a high performance in speed and cadence compared to the naive NTg
mice, 3xTg-AD re-test, and naive, but lower performance in stride length than naive mice.
In addition, differences were detected between the 3xTg-AD males and females in the
variable’s variability and gait speed, with the 3xTg-AD naive and re-test females showing
less variability than the 3xTg-AD males. This difference was also present in gait speed,
with a better performance of re-test females followed by naive 16 months females over
3xTg-AD males in both conditions, see Figure 3A-D and Tables S1-S3.

For its part, the neophobia and exploratory activity presented sex differences in the
ratio visited corners/rearings, being higher in females of both genotypes, see Figure 4.
This difference was maintained at re-test 16 months, with the higher ratio in females. In
addition, the ratio in MRA of the groups showed an interaction between G xS, indicating a
lower performance in 3xTg-AD re-test males at 16 months and higher in re-test females,
see Figure 4B and Tables 51-S3.

As in gait, no significant differences were detected in exploratory activity between the
naive 16 months group. However, in contrast to the re-test males at 16 months, the naive
males presented high vertical activity than the re-test, see Figure 4C,D. Between the group
of 3xTg-AD mice, S effect was identified in vertical activity, where naive males presented
higher activity. Movement latency was also lower in naive males, but the same was not
observed in 3xTg-AD females, see Figure 4A and Tables S1-S3.

3.3. Muscular Strength: Forelimb Grip Strength and Muscular Endurance—Hanger Test and
Response to Gravity: Geotaxis

Lower muscle strength can be observed in the resistance distance in the 3xTg-AD
animals at the age of 12 months, which, despite not showing statistical differences, shows
a trend with less strength in the 3xTg-AD males. No statistically significant differences
were detected in the rest of the variables, although a worse performance of the animals was
observed, see Table S1. At 16 months re-test and 16 months naive, no significant differences
were detected.

On the other hand, significant differences in geotaxis were detected. The group of
3xTg-AD male took longer to complete the test in the re-test 16 months group in contrast
to the 12 months and naive 16 months group, see Figure 5A. Notably, at 16 months in
the re-test group, an interaction was observed between the G xS of the animals, showing
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more significant latency in 3xTg-AD males and NTg females. G xS interaction was also
observed between the group of naive 16 months 3xTg-AD mice. In addition, there was an
interaction between the G xR was detected among male mice at 16 months in contrast to
naive mice of the same age, with the test time being shorter in naive mice, see Figure 5A

and Tables S1-S3.
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Figure 3. Quantitative parameters of gait. (A) Stride length, (B) variability of stride, (C) speed, (D)
cadence. Statistics: ANOVA, G, genotype effect, G* p < 0.01**, G* p < 0.05*. S, sex effect, S* p < 0.05*.
G xS, genotype and sex interaction effects, GxS* p < 0.05*. R, re-test effect, R* p < 0.05*. N, naive
effect, N* p < 0.05* a, aging, a** p < 0.01**. Bonferroni post hoc test: g, genotype; s, sex; $ expressed
genotype differences between sex, and # expressed sex differences between genotypes. The symbol

O indicates the absence of the group, and m, month.
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Figure 4. Ethogram of Neophobia and Exploratory activity. (A) Freezing, (B) horizontal activity,

(C) rearing latency, (D) vertical activity. Statistics: ANOVA, S, sex effect, 5* p < 0.05; G xS, genotype

and sex interaction effects, GxS* p < 0.05*. N, naive effects, naive at 16 months vs. re-test 16 months,
N** p < 0.01**, N* p < 0.05*. NxS, naive and sex interaction effects, N xS* p < 0.05*. Bonferroni post

hoc test: s, sex; and # expressed sex; differences between genotypes. The symbol O indicates the

absence of the group, and m, month.
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Figure 5. Geotaxis and motor learning—rotarod. (A) Geotaxis, (B) latency, (C) trial’s learning.
Statistics: ANOVA, G, genotype effect, G* p < 0.05. S, sex effect, S** p < 0.01, S* p < 0.05. R, Re-
test effect, naive 12 months and re-test 16 months, R** p < 0.01**, R* p < 0.05*. G xS, genotype
and sex interaction effects, Gx5** p < 0.01**, GxS* p < 0.05*. GXR, genotype and re-test effects,
GxR* p < 0.01**, GXR* p < 0.05*. Bonferroni post hoc test: g, genotype, s, sex, r: re-test naive
12 months vs.16 months, and n, naive 16 months vs. re-test 16 months; $ expressed genotype, and
# expressed sex differences between genotypes. The symbol O indicates the absence of the group,
and m, month.
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3.4. Motor Performance: Learning and Physical Endurance—Rotarod

The learning and motor performance tests in the Rotarod showed significant differ-
ences associated with different factors depending on the test or the group studied, see
Figure 5. Among the males, significant differences were detected in learning and the
number of trials between naive and re-tests at 12 months and 16 months. In females,
differences were detected in 3xTg-AD of 12 months and 16 months re-test and naive, see
Figure 5B,C and Tables 51-53. In turn, for motor learning, the S effect plays an important
role since females manage to learn earlier than males and spend more time on the wheel
during the test at 12 months. At the re-test 16 months, the S effect was maintained in the
number of trials, but in learning the G effect and G xS became important. In the same way,
when performing MRA in the groups naive at 12 months and re-test at 16 months, the S
effect was the one that marked the statistical difference, see Figure 5B,C and Tables S1-S3.
Nevertheless, there were no significant differences between the naive 16 months group.
However, between the re-test 16 months group vs. the naive 16 months, differences were
detected between males, where the R and G effects were significant. In addition, significant
differences were also detected between the 3xTg-AD group, where the differences in S and
R effects were the ones that obtained significance, see Figure 5B,C and Tables S1-S3.

At the same time, it is possible to differentiate physical endurance according to the
interaction of G and S in the naive 12 months, re-test 16 months, and naive 16 months
groups, see Figure 6. The NTg males have a physical endurance similar to that of 3xTg-
AD females, followed by NTg females and finally 3xTg-AD males, whose performance
is low and does not improve with training. This difference persisted in the re-test at
16 months. In males, differences were also detected in the physical endurance and each
training days, with significance in the age of the NTg animals and the effect of Re-test in
3xTg-AD and the NTg (see Figure 6A and Tables S1-53). In addition, on the first day of
training, it was observed that 3xTg-AD males showed differences in R and aging effect
among naive mice (see Figure 6B, and Tables S1-53). On the second day of training, the
difference in G at 12 months and the effect of aging in the naive 3xTg-AD group stand
out. The changes observed on the third day of the test were recorded at 12 months, where
the G has statistical significance and the R only in NTg group. For females, physical
endurance was higher in the 3xTg-AD group. The re-test 16 months group had high
latencies (see Figure 6A and Table S2). Differences were observed on Day 1 and Day 3,
with differences was in the 16 months re-test NTg group and aging effect in the 3xTg-AD
group (see Figure 6B and Table S3).

On the other hand, differences in genotype and sex were detected in the 12 months
group (see Figure 6A and Table S1). In the 3 days of training, differences in effect were
detected, with G distinction only on the second day (Figure 6B, and Table S1). Additionally,
at 16 months in the re-test group, differences in G xS were recorded in physical endurance
(see Figure 6A and Table S2). Days 2 and 3 showed differences in G xS, with no signif-
icant differences on the first day (see Figure 6B and Table S2). The re-test of this group
corroborated the differences in GxS of the batch at 16 months (see Figure 6B and Table S2).
However, at 16 months, groups of naive mice did not show significant differences in this
test. Yet, when comparing the re-test and naive mice at 16 months, significant differences
were detected between the group of males in physical endurance and the performance of
Days 1 and 3 (see Figure 6A,B and Table S3). In addition, among the group of transgenic
mice, differences in sex and re-test were detected between the groups, with the performance
of the females being higher (see Figure 6A,B and Table S3).
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Figure 6. Physical endurance—rotarod. (A) Latency, (B) day by day, (C) trial by trial. Statistics:
ANOVA, MRA-ANOVA, G, genotype effect, G* p < 0.01, G* p < 0.05. S, Sex effect, S*** p < 0.001***,
S5** p < 0.01**, S* p < 0.05. R, re-test effect, naive 12 months vs. re-test 16 months, R*** p < 0.001***,
R* p < 0.01**, R* p < 0.05*. GxS, genotype and sex effects, GxS** p < 0.01**, GxS* p < 0.05*. SxR,
sex and re-test effects, SXR* p < 0.05*. Bonferroni post hoc test: g, genotype; s, sex; r: re-test, naive
12 months vs. 16 months; n, naive, naive 16 months vs. re-test 16 months; $ expressed genotype, and

# expressed sex differences between genotypes. The symbol O indicates the absence of the group,

and m, month.
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Furthermore, considering MRA between the groups, we can differentiate the effect
of G, S, and R in the day-by-day and trial-by-trial tests, Table 54 shows the statistical
differences from Figure 6C. The MRA analysis between males on Day 1 showed differences
in G and S, see Figure 6C. It was observed that the NTg retest males improve with the
repetition of the trials as well as the 3xTg-AD, but these do so to a lesser extent, and
both the 12 months and 16 months naive males have lower performance than retest. On
Day 2, the genotype effect was observed here. The naive 12 months NTg mice and the
retest 16 months show a high latency in the test that increases with the execution of the
trials. Naive 16 months 3xTg-AD mice show the best performance within this group. In
addition, the MRA trial-by-trial showed the differences in each trial and the animals’ G and
R differences. Here, it is highlighted that the first day plays an important role in the retest
and then the differences of genotype. Also, among the females, significant differences were
recorded in MRA trial by trial, with the 3xTg-AD retest of 16 months being the ones with
the highest performance during all the test days. On the first day of training, differences in
performance were obtained between the naive 12 m NTg females and their retest 16 months,
with a higher latency between the 16 months 3xTg-AD retest (Figure 6C). The second day
of training did not record differences between the females, but on the third day, the highest
performance of the 3xTg-AD retest 16 months was observed again.

Additionally, it is possible to differentiate females from males in the 3xTg-AD group,
with females showing better performance in all tests. Thus, on Day 1 the mice differ in
S and R. On the second day, the differences obtained on Day 1 are maintained, but the
difference in the gender factor increases between the groups. On the third day, it is only
possible to differentiate the gender factor between the groups. Specifically, the differences
between the different factors have been identified in each trial. Thus, we can highlight
specific differences be-tween the groups as detailed below on supplementary data for males
and females. In addition, differences between 3xTg-AD males and females were detected
in the following trials (see Figure 6C and Table S4).

3.5. Biological Status: HPA Axis and Sarcopenia Index

Higher differences were found in the corticosterone level in the re-test group compared
to the naive group (corticosterone, F (6, 70) = 9.817, p < 0.001 post hoc: male 3xTg-AD naive
vs. female 3xTg-AD naive p < 0.001, male NTg naive vs. male NTg re-test, p = 0.001). In
addition, between group of males, the interaction of N had a lower level of corticosterone
in the naive group (N, F (1, 47) = 25.163, p < 0.001). In the 3xTg-AD group of animals, S
effect and SxN interaction effects were differentiated (S, F (1, 42) = 16.456 p < 0.001. SxN,
F (1, 42) = 4.243, p = 0.046), see Figure 7A.

The weight of the quadriceps and triceps sural muscles showed statistically significant
differences (quadriceps, F (6, 70) = 3.203, p = 0.008. Triceps surae, F (6, 70) = 7.126, p < 0.001,
post hoc: male naive 3xTg-AD vs. female naive 3xTg-AD, p < 0.001; female naive 3xTg-AD
vs. female re-test 3xTg-AD, p = 0.022). In addition, differences in the N effect were detected
in male group, so, the muscle weight being greater in the naive group in both muscles
(quadriceps, N, F (1, 46) = 8.965, p = 0.005. Triceps surae, N, F (1, 46) = 7.267, p = 0.008).
In the group of 3xTg-AD mice, differences in S and N were detected in the triceps surae
muscle, the quadriceps muscle did not show significant differences in this analysis (triceps
surae, S, F (1, 44) = 14.955, p < 0.001. SxN, F (1, 44) = 6.998, p = 0.012), see Figure 7B,C.

In the sarcopenia index, significant differences were observed in sarcopenia index-
triceps surae (sarcopenia index, F (6, 70) = 3.158, p = 0.008, post hoc: male naive 3xTg-AD
vs. female naive 3xTg-AD, p < 0.001; female naive 3xTg-AD vs. female re-test 3xTg-AD,
p = 0.022), see Figure 7E.

Furthermore, corticosterone levels were correlated with different variables, detecting
a different correlation between males and females. In males, a negative correlation with the
muscle weight of the quadriceps and triceps surae stands out, and a positive correlation
with the variables, phenotype scoring system, frailty score, cadence and physical endurance
on the first day (quadriceps, 2= (-) 0.141, p = 0.008; triceps surae, r? = (-) 0.098, p =0.03).
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Figure 7. Biological status: HPA axis and sarcopenia index. (A) HPA axis, (B) quadriceps muscle
weight, (C) triceps surae muscle, weight, (D) sarcopenia index—quadriceps, (E) sarcopenia index—
triceps surae. Statistics: ANOVA, S, sex effect, S** p < 0.01**. N, naive, naive 16 months vs. re-
test 16 months, N*** p < 0.001***, N** p < 0.01**. SxN, sex and naive effects, SXxN** p < 0.01**,
SxN* p < 0.05*. Bonferroni post hoc test: s, sex; n: naive, naive 16 months vs. re-test 16 months; and #
expressed sex differences between genotypes, s"#, p < 0.001%# . The symbol O indicates the absence
of the group, and m, month.

Phenotype scoring system, 12 = 0.182, p = 0.002; frailty score, 1> = 0.119, p = 0.016; Ca-
dence, 2 = 0.092, p = 0.036; Physical endurance day 1, 2 =0.190, p = 0.002), see Figure 8A-F.
In females, a positive correlation between corticosterone with performance in the rotarod
on total, the second and third day were detected (physical endurance—total, r> = 0.143,
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p = 0.039; physical endurance Day 2, r* = 0.157, p = 0.03, physical endurance Day 3,
2 =0.168, p = 0.024), see Figure 8G-I.

Functional correlations with Corticosterone in males and females
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Figure 8. Functional corticosterone correlations in males and females. Pearson’s Correlations anal-
ysis of corticosterone in males and females. Meaningful, Pearson’s correlation in males between
corticosterone and (A) quadriceps, (B) triceps surae, (C) phenotype scoring system, (D) frailty score,
(E) cadence, and (F) physical endurance Day 1. Meaningful, Pearson’s correlation in females be-
tween corticosterone and (G) physical endurance—total, (H) physical endurance Day 2, (I) physical
endurance Day 3. Statistics: Pearson r?, **p < 0.01, *p < 0.05.

In different way, only in male, functional correlations with sarcopenia index were
detected. Thus, sarcopenia index-quadriceps correlations with physical endurance Day 1
and Day 2 (sarcopenia index-quadriceps—physical endurance Day 1, r? = 0.190, p = 0.002.
sarcopenia index—quadriceps—physical endurance Day 2, r> = 0.084, p = 0.048). In ad-
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dition, sarcopenia index—triceps surae correlation with the number of horizontal explo-
rations (visited corners) (sarcopenia index—triceps surae—corners, r? = (—)0.099, p =0.029),

see Figure 9A-C.

Functional correlations with Sarcopenia index
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Figure 9. Functional correlations with sarcopenia index. Meaningful, Pearson’s correlations analysis
of sarcopenia index. Meaningful, Pearson’s correlation between sarcopenia index quadriceps and
(A) physical endurance Day 1, (B) physical endurance Day 2. Sarcopenia index, and triceps surae
and (C) horizontal exploration—visited corners. Statistics: Pearson r?, **p < 0.01, *p < 0.05.

On the other hand, males and females had a negative correlation between phenotype
score system and functional variables. In the case of males, a negative correlation was de-
tected between stride length and the phenotype scoring system (stride length—phenotype
scoring system, r? = (—) 0.178, p = 0.003). In females, a negative correlation is observed
with physical endurance—total (phenotype scoring system, 12 = (=) 0.208, p = 0.011),
see Figure 10A,B.

Functional correlations with Phenotype score system

A. Stride length B. Physical endurance - total

7 400 -
L] ™ [~ul O NTgRetest © NTg Re-test
6 l- og om : :;g;a:ve‘ ® AD Re-test
X e-tes _
§s /" m., " m = Aomve T 300 o ADaive
hog Lineal (NTg Re-test ) > o Lineal (NTg Re-test )
E, 4 - L} R t::::: ::;gﬂr‘:::;]) % 200 05O Lineal (AD Re-test )
53 o svsss220s Lineal (AD naive ) E Lineal (AD naive )
)
o a
£ 2 100
[7] 2 = (- = i
1 R? = (4 0.178 p=0.003* R =(0.208 p=0.011
0 -+ T T = " 0 T T T T T |
0 2 4 6 8 0 1 2 3 4 5 6

Phenotype score system Phenotype score system

Figure 10. Functional correlations with phenotype score system. Pearson’s correlations analysis of phe-
notype score system. Meaningful, Pearson’s correlation between phenotype score system and (A) stride
length in males, and (B) physical endurance—total in females. Statistics: Pearson 12, **p < 0.01, *p < 0.05.

There is the summary of results in Table 2.

Table 2. Summary of results.

Genotype Factor (G) Sex Factor (S) Re-Test Factor (R) Naive Factor (N)

Phenotype
scoring system

Frailty

Kyphosis

1 deficits 3xTg-AD group

L deterioration in 3xTg-AD
males in the total score

1 3xTg-AD males at 16 m in the
re-test

1 3xTg-AD males increased the
severity in the re-test at 16 m
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Table 2. Cont.

Genotype Factor (G)

Sex Factor (S)

Re-Test Factor (R)

Naive Factor (N)

Quantitative
parameters of gait

Exploration and
neophobia

Geotaxis

Motor learning

Physical
Endurance

HPA axis

Sarcopenia index

Survival

Correlation’s
interactions

Speed:
1 3xTg-AD males at 12 m, and

! in the re-test at 16 m
! 16 m naive NTg and 3xTg-AD
Cadence:

! 3xTg-AD males at 12 m and
16 m Re-test
! 3xTg-AD and NTg Re-test
group at 12 and 16 m

! Naive 16 m NTg and 3xTg-AD
males had a lower cadence than
age-matched re-tests

1 Latency 3xTg-AD males
Re-test at 16 m

! 3xTg-AD males at 12 m and
16 m in the re-test group.

! Day 2, 3xTg-AD males
in all groups

! Day 3, 3xTg-AD males at 12 m

Speed:

L Re-test and naive 16 m
3xTg-AD females
Variability of stride length:

! Re-test and naive 16 m
3xTg-AD females

Exploratory activity (ratio):

1 NTg and 3xTg-AD
females at 12 m

1 Naive 3xTg-AD
females at 16 m

1 Latency and trials females at
12 m in both genotypes.

1 Females at 16 m re-test group

1 3xTg-AD females at
12mand 16 m

1 Day 2-3, 3xTg-AD females at
12mand 16 m

1 3xTg-AD re-test at 16 m

1 Naive females at 16 m

! Triceps surae and sarcopenia
index naive 3xTg-AD females

Stride length:
! Re-test 3xTg-AD males at 12 m
Cadence:
! Naive 16 m males 3xTg-AD
and NTg

l3ng-AD male in all groups

L Re-test 3xTg-AD in the re-test
&
group compared to their
performance at 12 m.

1 Latency re-test 3xTg-AD
males at 16 m

L Latency re-test 3xTg-AD
females at 16 m

1 N trials among males in
re-test group

LN trials among females in
re-test group

1 NTg re-test males at 16 m

1 Re-test at 16 m in all group in
2nd and 3rd training days

1 Re-test at 16 m male groups in
1st training day

1 Re-test at 16 m female group
in 1st and 2nd day

Stride length:

1 Naive 3xTg-AD and
NTgat16 m

Freezing:

! Naive 3xTg-AD and NTg
males at 16 m
Vertical exploratory activity:

1 Naive 3xTg-AD and NTg
males at 16 m
Exploratory activity (ratio):

1 Naive 3xTg-AD and NTg
males at 16 m

1 Naive 3xTg-AD
females at 16 m

! Latency naive 3xTg-AD male
and females at 16 m

L 16 m naive 3xTg-AD males
than 3xTg-AD Re-test at this age.

! Naive Re-test males at 16 m

t Naive females at 16 m

1 Quadriceps and triceps
sura muscles naive males
Re-test at 16 m.

! Triceps surae and sarcopenia
index naive 3xTg-AD females
re-test females at 16 m

High mortality, mostly among NTg female mice, rescued in longitudinal designs
In males, negative correlations between corticosterone and quadriceps, triceps surae; and positive correlations between corticosterone and

phenotype score system, frailty score, cadence, and physical endurance Day 1.

Females, positives correlated between corticosterone and physical endurance-total, physical endurance Days 2 and 3.
Positive correlations in males were detected between sarcopenia index-quadriceps and physical endurance on Days 1 and 2.
In females, negative correlations were detected between sarcopenia index—triceps and horizontal activity.
Negative correlations in males were identified between phenotype score system and stride length, and in females” phenotype score system and
physical endurance—total.

According to the factors, genotype (G), sex (S), re-test (R) and naive (N), a summary of the main results of this

study is presented. It also includes the correlation’s interactions. The symbol T indicates increase, ¥ indicates
decreases, and m, month.
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4. Discussion

Recently, we developed a battery of psychomotor tests that include gait, neophobia
and exploration, muscle strength, motor learning, physical resistance, and frailty status [33].
The results, in males, indicated that 3xTg-AD mice exhibit a more significant functional
impairment in the quantitative variables of gait and exploratory activity than age-matched
NTg counterparts with normal aging. The presence of movement limitations and muscle
weakness was determinant for the functional decline related to the stages of severity of
the disease that worsened with age. In addition, we detected the presence of signs of
physical frailty, which accompany the functional deterioration of these animals. The signs
of sarcopenia were present in an advanced stage of AD [31,32]. Therefore, the present study
was designed to investigate, for the first time, several aspects: (1) from a gender-medicine
perspective, the impact of this functional impairment in 3xTg-AD females as compared
to males; (2) the long-term effects of repeated test, either in longitudinal (the same set of
animals at 12 and 16 months of age) or transversal (two different sets, pre-tested or naive, at
16 months of age) designs, both in pathological and normal aging scenarios; (3) to include a
phenotype of frailty and physical deterioration that may find a functional correlation with
the biological status (HPA axis and sarcopenia), with nuances in male and female animals.

4.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis
4.1.1. Survival

The survival curves on the cohorts of 191 animals allowed us to record higher mortality
in females, being the group of NTg females the one that presented the highest number of
deaths between 8-12 months of age. Interestingly, only females under the longitudinal
design survived and achieved 16 months of age, while the group of naive NTg females
perished before reaching that old age, suggesting that repeated testing might have some pro-
tective effects. These results agree with our previous reports in these colonies, where high
mortality rates associated with increased frailty were reported in females, and NTg exhib-
ited increased mortality from 12 months of age [42]. In the case of 3xTg-AD mice, females
that reached old age were survivors who overcame the disease’s advanced neuropatho-
logical stages and exhibited lower behavioural differences with their NTg counterparts
except for cognitive AD-hallmarks [47]. We have also described that, in male 3xTg-AD
mice, an increase of mortality rates is associated with impairment in the neuro-immune-
endocrine system compared to their females counterparts or the NTg genotype [48-50].
Noteworthy, we have recently reported survival bias and crosstalk between chronologi-
cal and behavioral age in an APPswe model, where age- and genotype-sensitivity tests
defined behavioral signatures in middle-aged, old, and long-lived mice with normal and
AD-associated aging [51]. Therefore, the present work provides further evidence on sex
and genotype-dependent differences in life expectancy and supports the key role of frailty
and compensatory mechanisms as previously reported by our and other laboratories using
different models of AD [29,49-52].

4.1.2. Frailty

In the present work, the frailty results showed genotype differences between males,
with NTg being the ones with the highest score. Only 12 of the 30 MCFI parameters were
included as the incidence of the other indicators was very low or null. Kane and Brown [29]
reported that 3xTg-AD male mice have a higher frailty index (FI) than NTg mice and
3xTg-AD females, and it was associated with their higher mortality ratios. Their study also
indicated an increase in the frailty associated with age. On the other hand, in the present
work, functional correlations in males found that their corticosterone levels correlated
with frailty score and phenotype scoring system, both measures of functional decline.
These results could indicate less deficit accumulation or functional capacity at the time of
measurement in 3xTg-AD mice [53]. Therefore, it is plausible that other factors contribute to
the survival /mortality of animals, and a complex multifactorial scenario be specific for each
sex and biological age/stage of disease. In addition, in female C57BL/6 mice, greater frailty
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from 17 months of age with higher mortality at 26 months has been recently described in
contrast to the non-fragile mice that reached 29 months of life [54]. These data have made
it possible to identify that the prevalence of frailty in female mice increases throughout life
and accurately predicts mortality [54]. Additionally, the animals’ bodyweight presented
genotype differences that coincide with previous data [33] but the re-test decreased the
weight in males, probably due to the training carried out at 12 months of age.

4.1.3. Kyphosis

On the other hand, the severity of kyphosis was differentiated into postural and
structural [31,32]. Here, genotype differences between males have been detected that
corroborate previous reports, with greater severity in 3xTg-AD mice [31]. In females, here
described for the first time, the severity of kyphosis increased with age and was more
significant in the 3xTg-AD mice at 16 months in the re-test group, where the structural type
predominates. The differences detected in males corroborate our other recent reports [32].

4.1.4. Phenotype Scoring System

Kyphosis is also one of the scores included in the phenotype scoring system [39,40],
which has recently been functionally differentiated by a severity classification that allows
more information to be collected in contrast to other variables, such as those associated with
gait and exploratory activity [32]. Thus, in the phenotype scoring system, we detected that
kyphosis at 12 months of age was more significant in NTg of both sexes, a significance that
was not reproduced at 16 months in these animals, which corroborates our differentiation
of severity in the presence of kyphosis since the postural condition can be positionally
modified. In addition, in the gait score, an increase in functional impairment was detected in
3xTg-AD males and females, which appears in the re-test group at 16 months. This variable
makes it possible to discriminate a significant impairment of movement and exploratory
activity since bizarre behaviours may occur that interfere with movement [31]. The deficits
detected in the quantitative parameters of gait will be discussed in the following section.

4.1.5. Clasping

Finally, the presence of increased clasping in naive 3xTg-AD mice at 16 months can
also be highlighted. It was related to a more significant involved or progression of the
disease [55,56]. The present results also suggest that repeated tests exerted protective
effects in this respect. Lalonde [55] described brain regions and genes affecting limb-
clasping responses. In the C57BL/6 strain, age-dependent locomotor deficits, including
hindlimb clasping, are associated with a decreased number of dopaminergic neurons in
aged mice, with reduced dopamine levels in the striatum [57]. Interestingly, alterations
in the dopaminergic system described in 3xTg-AD mice and other AD models may also
explain the presence of increased clasping.

4.2. Quantitative Parameters of Gait, and Neophobia and Exploration
4.2.1. Stride Length

Quantitative parameters in the gait analysis indicated that stride length was shorter in
re-tested (16-month-old) male mice compared to age-matched naive animals, and that this
variable correlated with the gait phenotype score system. Interestingly, re-tested 3xTg-AD
mice had the shortest stride length among the males compared to the naive. In addition,
differences in genotype and sex were observed at 12 and 16 months in the re-test group
with greater stride length at 12 months in 3xTg-AD females and re-test in NTg males. In
addition, the stride variability in females was lower than that of males, and the 3xTg-AD
in all groups had the best performance, so their movement had more homogeneous steps
throughout the trajectory. Previously, in our study in male 3xTg-AD mice of 6, 12, and
16 months of age, no differences in stride length or variability were detected, although a
trend to increase stride length with age was observed in the case of 3xTg-AD mice while
remained stable in the NTg genotype [31]. However, in another study at 6 months of
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age, increased stride length was reported in 3xTg-AD mice with no sex difference [58]. In
addition, at 16 months of age, the gait of 3xTg-AD has been described as normal, without
differences in genotype and sex [59,60]. According to the results, we propose that using the
variability of the stride can help discriminate the trajectory of the movement during the
gait analysis similar to humans where recently the variability was identified as a marker of
cortical-cognitive dysfunction in AD patients [61,62].

4.2.2. Speed

A significant decrease in speed in the male 3xTg-AD mice in all groups was observed.
This decrease may be associated with a progressive functional decline in the 3xTg-AD male
mice and coincides with the findings at 13 months of age we have previously reported [33].
Cadence had a lower performance in the 3xTg-AD males at 12 months of age. However,
it increased at 16 months in the re-test group, differing from naive at this age. Thus,
cadence and speed are the variables with the highest sensitivity to discriminate genotypic
differences in male mice and differentiate changes in gait attributable to pathological aging
in the 3xTg-AD genotype. In the case of 3xTg-AD females, speed in-creases slightly in the
16-months re-test group and was higher than in males in all groups. At the clinical level,
the identification of early changes in gait is of great relevance for identifying psychomotor
disorders that in the case of AD may be related to the timing of steps and gait speed [63].
Additionally, corticosterone levels were positively correlated with a cadence in males.

4.2.3. Neophobia and Exploration

The neophobia response, expressed as freezing, of 12 and 16-month-old naive male
mice was lower than in re-test mice in both genotypes, and statistically significant when
contrasted with 16-month-old naive mice. In females at 16 months of age, re-tested and
naive, a higher freezing was observed than in 16-month-old naive females, albeit did not
reach the statistical significance.

This neophobia emotional response is a characteristic of the 3xTg-AD model that is
ac-companied by reduced immediate exploratory behaviour in a novel environment, as
we first described in these animals in the open field test and the corner test already at the
early ‘premorbid” age of 2.5 months and worsened with the progress of the disease [64]. In
addition, it corresponds to more sensitive ethological behaviours of the 3xTg-AD phenotype
that has been reported in several other studies [31,33,42]. In addition, the horizontal
exploratory activity did not report statistically significant differences.

However, in the vertical exploratory activity (number and latency of rearings), dif-
ferences between the re-test male mice at 16 months and the naive of the same age were
more statistically significant than the activity in naive mice. In addition, the ratio (visited
corners/rearings) in the re-test male mice of 12 and 16 months increased in the re-test but
differed from the females at both ages, being lower in males at 12 months in both genotypes.
At 16 months in re-test, NTg male’s ratio was high than NTg females, and in 3xTg-AD case,
the ratio was increased in females 3xTg-AD. This decrease in activity over time, which is
also observed in NTg mice, has been previously described as due to normal aging [64], with
3xTg-AD mice exhibiting less activity in most cases, which is attributed as a pathological
trigger similar to BPSD that appear later in NTg mice due to normal aging [64]. In addition,
in males was observed that correlated horizontal activity with triceps sural weight.

4.3. Muscular Strength: Forelimb Grip Strength and Muscular Endurance—Hanger Test and
Response to Gravity—Geotaxis

4.3.1. Muscular Strength

Muscular strength is associated with global cognitive function in older people [65]. In
addition, skeletal muscle mass index and physical performance (timed up and go test and
grip strength) have decreased in older adults with AD [66]. Our results have not detected
significant differences, although, at 12 months, it seems that females have a superior
performance in grip strength and muscular endurance. Previously, we have reported that
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13-month-old 3xTg-AD mice in natural isolation have preserved muscular strength [33] and
that muscle strength and endurance would be associated with aging [31]. The laboratory of
Brown also reported that at 6 months, 3xTg-AD mice have a deficit in grip strength [58], but
at 16 months these results are not reproduced [59]. Additionally, the reduction in muscle
weight and the appearance of sarcopenia may not yet be evident in the loss of muscle
strength and resistance, or aging in this variable has greater importance than the distinction
of the effects of the pathology in humans [67-69].

4.3.2. Geotaxis

On the other hand, geotaxis showed differences between the males, with the 3xTg-AD
re-test at 16 months being the ones that obtained a worse performance and the 3xTg-AD
naive females at 16 months. In addition, females take longer to pass the test, which
is reflected in the differences in GxS in the 16-month-old re-test and naive group. The
usefulness of this test has been previously described [70]. Specifically, the geotaxis has
allowed us to differentiate the animals’ postural positioning and balance strategies to pass
the test and thus detect a possible functional deficit [31,33]. Therefore, 3xTg-AD re-test
males and naive females at 16 months show the most significant deterioration in this task.

4.4. Motor Performance: Learning and Physical Endurance—Rotarod

The motor performance showed superior performance in females of both genotypes.
The motor learning tests and the number of trials reached the maximum values of the test
in the re-test at 16 months. The increased performance may be due to pretraining done at
12 months, which can produce cognitive improvements with a long-term wheel of activity.
In 16-month-old naive 3xTg-AD males and females, lower latency and high number of
trials were observed to achieve motor learning. Male 3xTg-AD mice have the most inferior
performance in all tests.

As in motor learning, females have a high physical endurance. The 3xTg-AD females
in the re-test group at 16 months achieved the highest performance over the male 3xTg-AD
naive and re-test, and female 3xTg-AD naive 16-month-old females, and with similar
performance to the NTg males of the same age. In addition, all groups increased their
performance with training from Day 1 to Day 3, which is evident to a greater extent on the
third day of training, and the effect of the re-test is observed at 16 months with an effect
on different days for males and females, being in males on the first day of training and in
females on the first and second day of training. Additionally, it was possible to distinguish
the effect of aging in the naive male NTg in contrast to the naive at 12 months and re-test
at 16 months. In addition, among the 3xTg-AD group, the sex differences between the
16-month-old re-test mice are distinguished from Day 1 to Day 3 of training. The 3xTg-AD
males present the lowest performance among all groups, although with the training in the
first day increased de physical endurance at 16 months in re-test group, on the following
days, their performance is below 3xTg-AD naive for 16 months.

The motor performance of 3xTg-AD mice has been reported in different studies. The
performance in coordination and motor learning of 3xTg-AD mice has been highlighted
over the performance of NTg mice, and these results are observable from 6 months and
are reproduced at 16 months [58-60]. It has even been mentioned that 3xTg-AD females
perform better than males at these ages [58,59]. In our laboratory, only reproduced the
results of Stover et al. and Garvock-de Montbrun et. al. at 13 months, where the 3xTg-AD
male mice presented a higher performance than the NTg, but in the latter, the weight factor
interfered in the results [33]. Decreased motor function is also associated with aging, as
reported in C57BL/6 mice of different ages [71-73]. In addition, we have differentiated the
conceptualization of motor performance into motor learning—latency and motor learning—
trials learning, since after physical exercise, the animals must manage to stay on a moving
wheel in a coordinated manner. Consequently, in the first trials, physical endurance has
a workload associated with an anaerobic exercise that progresses to aerobic exercise as
the trials and their respective recovery times are replicated. In humans, the decrease in
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endurance exercise performance and its physiological determinants with aging appear
to be mediated mainly by a reduction in the intensity (speed) and volume of exercise
performed during training sessions [74]. Under this hypothesis, in their study, Pena et al.
reported that 3xTg-AD mice improve their maximum latency in rotarod when subjected to
aerobic exercise [75].

These results are accompanied by correlations with corticosterone levels and behave
differently between males and females. In the case of males, corticosterone correlates
positively with physical endurance on the first day of training, and in the case of females, it
correlates positively with total physical endurance and physical endurance on the second
and third days. On the other hand, a positive correlation was also detected in males
between index-quadriceps sarcopenia and rotarod performance on the first and second
days. A negative correlation was also detected between total physical endurance and
the phenotype score system in females. Therefore, these interactions could explain the
differences in performance between the groups studied.

4.5. Biological Status: HPA Axis and Sarcopenia Index
4.5.1. Corticosterone

Corticosterone levels differed between groups due to sex and re-test factors, but not
genotype. Males exhibited lower corticosterone levels in naive mice of both genotypes, with
similar levels between 3xTg-AD and NTg in the re-test group. On the contrary, in females,
higher plasma corticosterone levels were observed in the 3xTg-AD re-test, and naive
females had similar levels that exceed the NTg re-test. It is also possible to distinguish that
naive 3xTg-AD females had higher levels than their male counterparts. The results agree
with the sexual dimorphism reported by Muntsant et al., with higher plasma corticosterone
levels in females [42], and also with plasma levels similar to the intervals described by
Giménez-Llort et al. [76]. Additionally, corticosterone levels showed functional correlations
with different variables depending on sex. In males, the correlation was inversely associated
with the muscle mass of the quadriceps and triceps surae, and positively with frailty and
gait cadence indicators. On the other hand, higher corticosterone levels correlated with
higher performance on the first day of training in physical endurance. In females, the
correlation with corticosterone was related to physical endurance performance with greater
significance on the second and third training days. These results could indicate chronic
stress if there is a long-term activation of the HPA axis in the case of females [77]. A
report suggested that the combination of emotional and physical stress in a period of 5 h
of exposure severely affected memory in NTg mice and increased the alterations in 3xTg-
AD mice as a consequence of the reduction in the number dendritic spines and increase
in the Af levels [50]. Additionally, the elevated corticosterone may precede cognitive
impairments in genetically vulnerable 3xTg-AD females [78,79] and may, in turn, be related
to frailty [80].

4.5.2. Sarcopenia

Furthermore, we have observed that the quadriceps and triceps surae muscles have a
greater weight in naive male mice, whereas in 3xTg-AD females, a lower weight is observed
in the triceps surae muscle with significant differences with the group of 3xTg-AD females
and re-test and males of this genotype. These differences in naive 3xTg-AD females are
also observed in the sarcopenia index of the triceps surae muscle. In humans, sarcopenia is
closely related to dementia, particularly AD, and may be involved in the pathophysiological
process of AD [68,81]. On the other hand, poor muscle function but not reduced lean
muscle mass drives the association of sarcopenia with cognitive decline in old age [67,82].
Sarcopenia, low grip strength, and slow walking speed were significantly associated with
mild cognitive impairment in the community-dwelling elderly [80,83]. Therefore, our
results can be helpful to study what occurs in human pathology through a translational
approach to motor dysfunction at different levels of disability [31].
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Moreover, in the case of males, the weight of the quadriceps and triceps surae muscles
negatively correlated with plasma corticosterone levels. A positive correlation of the
quadriceps sarcopenia index with physical endurance Days 1 and 2 was also found. In
the case of the sural triceps sarcopenia index, it correlated negatively with the number of
corners visited in the exploratory activity. These correlations were not found in females.

Finally, the study’s limitations were given by the high mortality rate of NTg females
that resulted in the lack of 16-month-old naive group. Therefore, the genotype differences
between 3xTg-AD and NTg females could not be contrasted. However, the analyses were
carried out to detect the sex differences between the 3xTg-AD group. In future research,
it would be interesting to compare the results of this study with NTg females since their
functional profile may differ from males in physical or biological variables, such as in
3xTg-AD females.

5. Conclusions

From the results, it is possible to highlight that the high mortality rate in females, and
among them that in the NTg group, was prevented in the group of females behaviorally
assessed at 12 months of age, and these females were able to reach the age of 16 months
completing the longitudinal design. In addition, higher corticosterone levels were detected
in females and lower muscle weight of the triceps surae, which could indicate sarcopenia
and alteration of the HPAaxis, which was more significant in the naive group at 16 months.
Additionally, there were genotype-sensitive variables such as the phenotype scoring system,
frailty and kyphosis in which the group of 3xTg-AD males showed physical deterioration.
In turn, the motor learning and physical endurance variables were sensitive to re-testing,
with 3xTg-AD females achieving the best performance when repeating the behavioral
battery at 16 months. In addition, the females exhibited a better performance in gait, where
their stride was homogeneous and straight. Additionally, females exhibited less severe
scores in physical variables, such as kyphosis, which could explain males’ more significant
deterioration in some motor tests. On the other hand, males showed deterioration in most of
the variables studied. For their part, the correlations could explain the differences obtained
between males and females, being positive in females between corticosterone and physical
endurance, and the case of males between sarcopenia index and physical endurance as
well as corticosterone with physical variables. The present results highlight the complexity
of experimental scenarios in neurodegenerative diseases, such as Alzheimer’s disease,
confirming not only the different impact of factors depending on genotype, sex, and
age but their interplay with the methodological approach. They provide evidence that
genotype, sex and age-dependent impact of behavioral assessment, as well as the repetition
of behavioral tests, should not be underestimated. Conversely, and most importantly,
the ability of behavioral assessment and repeated tests to modify the behavioral outputs
indicates that they could be considered functional trainings that modify survival, anxiety,
and functional profile (physical endurance and motor learning) of old male and female
3xTg-AD mice and also NTg mice counterparts with normal aging.
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Abstract: Patients with vascular dementia, caused by cerebral ischemia, experience long-term cogni-
tive impairment due to the lack of effective treatment. The mechanisms of and treatments for vascular
dementia have been investigated in various animal models; however, the insufficient information on
gene expression changes that define pathological conditions hampers progress. To investigate the
underlying mechanism of and facilitate treatment development for vascular dementia, we established
a mouse model of chronic cerebral hypoperfusion, including bilateral carotid artery stenosis, by
using microcoils, and elucidated the molecular pathway underlying vascular dementia development.
Rho-associated protein kinase (ROCK) 1/2, which regulates cellular structure, and inflammatory
cytokines (IL-1 and IL-6) were upregulated in the vascular dementia model. However, expression of
claudin-5, which maintains the blood-brain barrier, and MAP2 as a nerve cell-specific factor, was
decreased in the hippocampal region of the vascular dementia model. Thus, we revealed that ROCK
pathway activation loosens the tight junction of the blood-brain barrier and increases the influx
of inflammatory cytokines into the hippocampal region, leading to neuronal death and causing
cognitive and emotional dysfunction. Our vascular dementia model allows effective study of the
vascular dementia mechanism. Moreover, the ROCK pathway may be a target for vascular dementia
treatment development in the future.

Keywords: animal model; behavior test; biomarker; blood-brain barrier; cognitive dysfunction;
inflammation; memory dysfunction; neuronal cell death; Rho-associated protein kinase; vascular dementia

1. Introduction

Vascular dementia is the second leading cause of dementia after Alzheimer’s disease
(AD), and accounts for 30% of dementia cases in Asia. According to TOAST (trial of ORG
10,172 in acute stroke treatment), classifications of major stroke mechanisms, both in the US
and Asia, exhibit a higher risk of ischemic stroke and vascular dementia [1-3].

Vascular dementia, unlike dementia caused by AD, is accompanied by extracranial
stenosis or intracranial stenosis and it arises from hemodynamic insufficiency in the brain.
While cerebral hypoxic damage is considered the main pathogenic factor in vascular de-
mentia, the mechanism of vascular dementia has not been elucidated in prior research [4-6].

55



Biomedicines 2022, 10, 446

Vascular dementia is mediated by several mechanisms, including oxidative stress, altered
cytokine and chemokine levels, and mitochondrial dysfunction [7]. The development of
bilateral carotid artery stenosis is accompanied by gradual decreases in the cerebral blood
flow. Once vascular insufficiency occurs, inflammatory factor levels increase and changes
occur in the cytoskeleton [8]. The decrease in cerebral blood flow due to bilateral carotid
artery ligation leads to excessive reactive oxygen species (ROS) [9] and inflammatory cy-
tokine production in ischemic blood vessels, leading to antioxidant system inhibition [10],
an inflammatory environment [11-13], and a low energy state, resulting in cell damage
and mitochondrial dysfunction [14,15]. This was observed as cognitive decline due to
nerve damage in the white matter [16], corpus callosum, and hippocampus [17] in both
humans and animals. Inflammation is insufficient to explain the pathogenesis of vascular
dementia. Additionally, the role of Rho-associated protein kinase (ROCK), an important
marker of cytoskeletal changes, has been reported in some ischemia models, but has not
been well-studied in vascular dementia.

In the present study, we aimed to elucidate the molecular mechanism underlying
vascular dementia development by using an established animal model [18]. The bilateral
carotid artery stenosis (BCAS) model is well-known in vascular dementia research and
is considered sufficient for representing clinical vascular insufficiency in the brain [19].
In order to implement an accurate disease model, we generated a BCAS model and con-
firmed, by behavioral analysis, that it represented early vascular dementia. Then, using this
model, we investigated the pathogenesis and underlying mechanisms of vascular dementia
based on the putative pathways of hypoxia-induced inflammatory blood-brain barrier
(BBB) disruption, ROCK-induced cytoskeletal changes caused by vascular insufficiency,
cell apoptosis, and structural changes in the cortex, corpus callosum, and hippo-campus.

2. Materials and Methods
2.1. Animals

All experimental procedures were performed at the Experimental Animal Center of the
Soonchunhyang Institute of Medi-Bio Science (SIMS, Cheonan, South Korea). All animal
experiments were performed in compliance with the Institutional Animal Care and Use
Committee of Soon Chun Hyang University (IACUC No. SCH 20-0065) and the Guidelines
for the Care and Use of Laboratory Animals specified by the National Research Council.

The experimental mice were housed in room with a 12-h light-dark cycle (7:00 a.m.—
7:00 p.m.), with a temperature of 23 °C £ 1-2 °C and with a humidity of 50 & 5%.

2.2. Experimental Design

Female Balb/c nude mice (nine weeks old) were obtained from Orientbio (Seongnam,
South Korea). After a one-week habituation period, we prepared a BCAS model in the
10-week-old mice. We designated the normal type (NT) group as the control group and
designated the vascular dementia (VD) group as the experimental group. The experimental
design was based on a previously reported study and was performed using microcoil
implantation (SWPAO. 08 x 0.18 x 0.5 x 2.5, Samini Spring/Sawane, Shizuoka, Japan)
(Figure 1A) [4]. Briefly, the mice were anesthetized with isoflurane (Hana Pharm, Seoul,
South Korea). Mice were then fixed on the microscope (in the supine position), and a
midline incision was made over the cervical region to expose their common carotid arteries
(CCAs), which were then freed from their sheaths. We next carefully affixed microcoils
to the carotid artery [20]. Finally, the wound was sutured with 6-0 silk. All processes
were performed on a heating pad (25-26 °C). The mice were monitored for weight, body
temperature, and paralysis twice weekly after surgery until stabilization occurred. Vascular
dementia modeling was confirmed with behavioral analysis when mice were 16 weeks old.
Molecular analyses were subsequently performed (Figure 1B).
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Figure 1. Modeling vascular dementia in a bilateral carotid artery stenosis (BCAS) mouse model.
(A) The third rotation of the microcoil around the total carotid artery, after which the microcoil was
tied. Blood vessel color change due to decreased blood flow due to microcoil ligation. (B) Schematic
representation of the BCAS surgical strategy.

2.3. Behavior Tests

All behavioral analyses were performed at the Experimental Animal Center of Soon-
chunhyang Institute of Medi-Bio Science (SIMS, Cheonan, South Korea) and were con-
ducted in a custom-made chamber (Scitech Korea, Seoul, South Korea) to reduce experi-
mental deviation. White noise was present at a level of approximately 60 dB. Additionally,
all experimental data (with the exception of the passive avoidance test) were analyzed using
Smart v3.0 software (Panlab, Barcelona, Spain). Passive avoidance tests were con-ducted
using a shut-avoidance program (Panlab, Barcelona, Spain). Statistically significant differ-
ences were confirmed using unpaired t-tests after conducting the experiments in triplicate.

2.3.1. Y-Maze Test

A Y-maze (Gaon-Bio, Yongin, South Korea) was used to assess short-term memory
and the locomotor activity index. The experimental time was eight min for each subject.
Each mouse was initially placed in arm A (among zones A, B, and C, as well as the center
of the maze box) and the correct alteration/total number of entries was recorded. The light
intensity was set to 390 Ix.

2.3.2. Barnes-Maze Test

The Barnes-maze test (Gaon-Bio, Yongin, South Korea) evaluates learning, memory,
and cognitive flexibility. The apparatus for this test was a circular black platform, 90 mm in
diameter (18 holes). The experimental design was as follows. Block 1 included a training
phase (three minutes to find and enter the escape route). Block 2 included a probe phase
(removing the escape box and evaluating the time spent in the quadrant where the escape
box had originally been located). Each mouse was placed in the middle of the apparatus.
The time spent in each quadrant (i.e., the target zone, the target hole, and the error zone)
were recorded. This experiment was repeated every day for four days. The light intensity
was set to 390 Ix.

2.3.3. Passive Avoidance Test

The passive avoidance test (Harvard Apparatus, Holliston, MA, USA) is a test of
long-term memory based on fear. The mouse was placed in a light compartment in the
main box and was allowed a search time of 1 min. After 1 min, the door was opened, and
the mouse entered a dark compartment. After the mouse entered the dark compartment
for 2 s, the door was closed. The mouse was given an electric shock for 5 s. This experiment
was repeated for four days. The light intensity in the box was set to 390 Ix.
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2.3.4. Open Field Test

An open field test (Gaon-Bio, Yongin, South Korea) was used to assess motor activity
and anxiety. Specifically, a 45 x 45 x 40-cm square open field was used for this test. The
experimental time was 10 min for each subject. Each mouse was placed in the middle of
the field. The center and peripheral zones were set to light intensities of 390 Ix.

2.3.5. Light and Dark Test

The light and dark test (Domestic) was used to assess locomotor activity and anxiety.
The mice were placed in a 45 x 45 x 40 cm diameter square box with a black partition. The
experimental time was 10 min for each subject. The large chamber was open and brightly
illuminated (390 1x), while the small chamber was closed and dark. Each mouse was placed
in the dark box. After 5 s, the door was opened. The experimental zones were maintained
with the light and dark zones. The light intensity was set to 390 Ix in the light zone.

2.4. Reverse-Transcription Quantitative Real-Time PCR

After being harvested, the frozen left hemisphere of each mouse (200 mg) was prepared
and homogenized. To determine the mRNA expression levels of the target genes, total RNA
was extracted from the mouse brain tissue using an easy-BLUE™ Total RNA Extraction Kit
(iNtRON, Daejeon, Korea) according to the manufacturer’s protocol. The concentration
and quality of the isolated RNA were determined using a NanoDrop spectrophotometer
(NanoDrop Technologies, LLC; Wilmington, DE, USA). Next, cDNA was synthesized using
2 pg total RNA with an All-in-One 5 x First Strand cDNA Master Mix (CellScript, Madison,
WI, USA), and quantitative real-time PCR (qRT-PCR) was performed using TOPreal™
qPCR 2X PreMIX (Enzynomics, Daejeon, Korea) according to the manufacturer’s protocol.
Rockl, Rock2, Occludin, Claudin-5, 11-6, I1-13, Mcp-1, Ccrr2, and VCAM-1 mRNA transcript
levels were detected using the CFX Connect Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA).

2.5. Immunohistochemical Staining

The paraffin-embedded sections were dewaxed with xylene and dehydrated with a
graded alcohol series. Subsequently, sections were incubated in 3% (w/v) H,O, for 2 min
and washed with PBS three times for 5 min each. Next, antigens were retrieved with
10 mM sodium citrate buffer. The sections were treated with peroxidase for 10 min in
blocking solution to block endogenous peroxidase, and then in 5% goat serum for 10 min to
block non-specific antibody binding. Overnight incubation with rabbit anti-alpha smooth
muscle actin («-SMA) polyclonal antibody (1:300; abcam, Boston, MA, USA) or rabbit anti-
microtubule-associated protein 2 (MAP2) polyclonal antibody (1:500; GeneTex, Irvine, CA,
USA) was performed in humidified boxes at 4 °C. Phosphate-buffered saline (PBS) was used
as a negative control. Staining was then developed with a 3,3’-diaminobenzidine (DAB)
solution for 3 min. Tissues were rinsed in PBS three times, for 5 min each time, between
each step, and then stained with hematoxylin. Sections were subsequently mounted,
dehydrated, coverslipped, and examined under a Motic Easyscanone (Houston, TX, USA).
Immunohistochemistry was analyzed with an Motic Digital Slide assistant system (Motic
China Group Co., Ltd., Xiamen, China).

2.6. Luxol Fast Blue Staining

Luxol fast blue (LFB) staining was performed on brain sections to visualize myelin
tracts in the corpus callosum. After rehydration in distilled water, the sections were stained
with LFB solution for 2 h at 60 °C followed by differentiation in 0.05% lithium carbonate
solution and 70% ethanol for 45s to 2 min until the gray matter was colorless while the
white matter stained blue and was sharply defined. The sections were then washed in
distilled water, dehydrated, cleared, and coverslipped.
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2.7. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 8 software (GraphPad,
Inc., San Diego, CA, USA). Data are presented as means =+ standard deviations (SD). For
comparisons involving more than two groups, all analyses were performed at least in
triplicate and statistical differences were analyzed via unpaired t-tests. Two-sided p-values
of <0.05 were considered statistically significant.

3. Results
3.1. Behavior Testing Results

In the NT group, short-term spatial memory measurements were obtained using the
Y-maze test [16,21,22]. However, BCAS mice showed repetitive behavior with memory
impairment, entering the same arm repeatedly (Figure 2A). We found that the percentage
was lower in the VD group than in the NT group (NT 48.2% vs. VD 34.6%; p < 0.05, Figure 2B,
Table 1). Moreover, the total number of arm entries during the test was considerably greater
in the NT than in the VD group (NT 48.1% vs. VD 34.6%, p < 0.04, Figure 2B, Table 1). The
higher percentage of alternation triplets in the BCAS model demonstrated a tendency for
these mice to explore new environments; thus, our study conclusively confirmed a protocol
for building and evaluating a BCAS mouse model [21].

Table 1. Y-maze tests and animal assignments.

Group No. of Mice Mean Value
Y-maze NT 9 47.22
(Alternation triplet) VD 9 33.29*
Y-maze NT 9 48.13
(Total arm entry) VD 9 34.61 **

Values are means =+ standard deviations. * p < 0.05 and ** p < 0.01 represent the tendency and significant
difference, respectively.

The Barnes-maze test was used to assess spatial learning and memory impairment
(Figure 3A) [23,24]. Repeated experiments were conducted over the course of four days to
determine if the location of the food was remembered through several instances of repeated
learning. In the NT group, the distance and time to find the target was decreased on the
last day as compared to the first day, whereas the time to find the target was increased in
the VD group (Figure 3B,C, Table 2). During exploratory trials, the VD group animals spent
a statistically significant less amount of time in the target quadrant (where the escape box
had previously been located; NT 38.84% vs. VD 14.7%, p < 0.01, Figure 3D, Table 2). Based
on comparison of the time required to find the target hole (NT, 6 s vs. VD, 18.7 s, p < 0.01,
Figure 3E, Table 2), we concluded that VD group mice found it difficult to locate the target
hole, despite repeated training.

Table 2. Barnes-maze tests and animal assignments.

Group No. of Mice Mean Value
Barnes-maze NT 9 38.84
(Time spent in target quadrant) VD 8 14.74 **
Barnes-maze NT 17 6.060
(Time to the find target hole) VD 9 18.73 ***

Values are means + standard deviations. ** p < 0.01 and *** p < 0.001 represent the tendency and significant
difference, respectively.

The passive avoidance test was used to evaluate negative learning and long-term
memory by repeatedly evoking entrapment. When the mice remembered the stress induced
by the electrical shock in the text box, the time spent in the test box differed between the NT
and VD groups (Figure 4, Table 3) [16,22,25]. In the VD group, memory was not established,
despite repetitive learning, whereas in the NT group, memory was maintained over time.
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On day three, we found a statistically significant difference between the VD and NT groups
(VD 265.7 s vs. NT 107.4 s). Thus, BCAS modeling could induce mice to step into the electric
shock box more frequently, confirming that fear avoidance and hippocampus-dependent
contextual memory were degraded in these model mice.

Table 3. Passive avoidance test and animal assignments.

Group No. of Mice Mean Value
Passi id NT 9 38.84
assive avoidance VD 3 14.74

Values are means =+ standard deviations. ** p < 0.01 represents the tendency and significant difference.
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Figure 2. Y-maze test (normal type [NT]: control group and blue color graph, vascular dementia
[VD]: BCAS [bilateral carotid artery stenosis] model group and madarin color graph). (A) Recorded
experimental data. The start zone is the blue box. (B) Differences in the alternation triplet percentage
between groups (left). Differences in the total number of arm entries between groups (right). Data are
expressed as means =+ standard deviations (SD). (* p < 0.05; ** p < 0.01).
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Figure 3. Barnes-maze test (NT [normal type]: control group, VD [vascular dementia]: BCAS
[bilateral carotid artery stenosis] model group). (A) Recorded experimental data. The target zone was
designated via a red circle and the error zone was designated via a blue circle (left: NT, right: VD).
(B) Differences between groups for the distance to the target (by day). (C) Differences between groups
for latency to the target (by day). (D) Differences between groups in the percentage of time spent in
the time quadrant ** p < 0.01. (E) Differences between groups in the time spent to find the target hole
in the time quadrant *** p < 0.001. Data are expressed as means + standard deviations (SD).

In the open field test (an anxiety test for mice), the NT group spent more time in the
peripheral area than in the central area (Figure 5A) [26,27]. In the peripheral zone, the VD
group moved a shorter distance than did the NT group (Figure 5B, left, Table 4). In the
central area, the NT group showed a longer movement distance than did the VD group
(Figure 5B, right, Table 4). Total movement distance was only slightly different between the
VD and NT groups (Figure 5C, Table 4). The light/dark transition test confirmed that mice
in the VD group were less anxious than the NT mice, given that mice demonstrate more
anxiety in bright light (Figure 5D, Table 4) [28,29] (NT 22.1 vs. VD 12.5, p < 0.0113).
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Figure 4. Passive avoidance test. Negative memory was evaluated based on the mean latency time
(s) to enter the electric shock box. (NT [normal type]: control group, VD [vascular dementia]: BCAS
[bilateral carotid artery stenosis] model group). Data are expressed as means + standard deviations
(SD), ** p < 0.01.

Table 4. Open field, light and dark test, and animal assignments.

Group No. of Mice Mean Value
Open field NT 9 3192
(Distance in periphery zone) VD 8 3050
Open field NT 11 477.6
(Distance in center zone) VD 10 504.8
Open field NT 12 NS
(Total distance) VD 9
Light and dark NT 13 22.15
(Transition) VD 7 12.57 *

Values are means = standard deviations * p < 0.05 represents the tendency and significant difference.

These behavioral analyses confirmed that the BCAS animal model demonstrated
clinical characteristics of human vascular dementia.

3.2. Increases in ROCK Expression in the Brains of VD Model Mice

Next, to identify the specific mechanism associated with induced vascular dementia,
we isolated the brains of the VD model mice and used RT-qPCR to determine mRNA
transcription levels of ROCK in the NT and VD groups to identify the mechanisms causing
ischemic brain injury in VD mice. ROCK regulates actin cytoskeletal reorganization and
interaction with tight junction (TJ) proteins in endothelial cells. ROCK mRNA levels
were higher in the VD group than in the NT group (Rockl: 1.00 [NT] vs. 17.48 [VD],
p = 0.0003; Figure 6A, Table 5; Rock2: 1.00 [NT] vs. 15.01 [VD], p = 0.0006, Figure 6B,
Table 5). Therefore, BCAS statistically significantly increased Rock expression, suggesting
that TJ protein redistribution occurred in BCAS-induced brain injury.

Table 5. List of the experimental groups (Rock1/2).

Group No. of Mice Mean Value
NT 9 1
Rockl VD 9 17.48 #
NT 9 1
Rock2 VD 9 15.01 **

Values are means = standard deviations. *** p < 0.001 represents the tendency and significant difference.
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Figure 5. A depiction of the open field test and the light and dark test (NT [normal type]: control
group, VD [vascular dementia]: BCAS [bilateral carotid artery stenosis] model group). (A) Smart
3.0 analysis program data (left: NT, right: VD). (B) Differences in the distance moved between the
peripheral zone (NT, 3192.1 cm; VD, 3050.2 cm) and the central zone (NT, 483 cm; VD, 521.8 cm)
(C) Differences between groups in the total distance moved in the open field test. (D) Differences
between groups in the number of transitions in the light/dark transition test, * p < 0.05. Data are

NT VD

expressed as means + standard deviations (SD).
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Figure 6. Rock mRNA expression in the brain of bilateral carotid artery stenosis (BCAS) mice. (NT
[normal type]: control group, VD [vascular dementia]: BCAS [bilateral carotid artery stenosis] model
group). (A,B) mRNA expression of ROCK1/2 was determined by quantitative real-time polymerase
chain reaction in the two groups (NT, VD) after BCAS. *** p < 0.001. The results are expressed as
mean values and the error bars represent standard deviations.

3.3. Reduction in T| Protein Expression in the Brain of VD Model Mice

Increased expression of ROCK in VD mice indicated a decrease in TJ-related proteins.
In brain vascular endothelial cells, TJs form barriers that limit cell permeability. After BCAS,
the mRNA expression levels of Occludin and Claudin-5, which encode proteins in-volved in
TJs, were statistically significantly reduced in the BCAS group as compared to the NT group
(Occludin: 1.00 [NT] vs. 0.69 [VD], p = 0.0745, Figure 7A, Table 6; Claudin-5: 1.00 [NT]
vs. 0.58 [VD], p = 0.0300, Figure 7B, Table 6). BCAS disrupted the BBB through decreased
endothelial adhesion junction protein expression and increased ROCK expression. The
decrease in the expression of Occludin and Claudin-5 indicates the collapse of the BBB
structure, which is likely to increase inflammatory reactions.
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Figure 7. Quantitative real-time polymerase chain reaction analysis revealed that bilateral carotid
artery stenosis (BCAS) induced decreased mRNA levels of Occludin and Claudin-5 in the VD group.
(NT [normal type]: control group, VD [vascular dementia]: BCAS [bilateral carotid artery stenosis]
model group). (A,B) Relative mRNA expressioin levels of Occludin and Claudin-5. * p < 0.05. The
results are represented as mean values and the error bars represent standard deviations.

Table 6. Occludin and Claudin-5.

Group No. of Mice Mean Value
. NT 9 1
Occludin VD 9 0.69
) NT 9 1
Claudin-5 VD 9 058 *

Values are means + standard deviations. * p < 0.05 represents the tendency and significant difference.

3.4. Increased Expression of Adhesion Molecules and Pro-Inflammatory Cytokines in VD Mice

Vascular cell attachment molecules-1 (VCAM-1) control the occurrence and amplifica-
tion of tissue inflammation during ischemic brain damage. Many inflammatory factors are
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elevated in brain diseases when the BBB is damaged. Inflammatory factors bound to white
blood cell ligands by cell adhesion molecules migrate to the injured brain tissue [30-33]. In
this study, the change in mRNA expression in the pro-inflammatory milieu of the BCAS
model was confirmed by RT-qPCR. VCAM-1, 1I-6, 1I-13, Mcp-1, and Ccr2 were statisti-
cally significantly higher in the VD group than in the NT group (VCAM-1: 1.00 [NT] vs.
2.82 [VD], p < 0.0001, Figure 8E, Table 7; I1-6: 1.00 [NT] vs. 116.7 [VD], p < 0.0007, Figure 8A,
Table 7; II-1/3: 1.00 [NT] vs. 20.08 [VD], p < 0.0058, Figure 8B, Table 7; Mcp-1: 1.00 [NT] vs.
412 [VD], p < 0.0635, Figure 8C, Table 7; Ccr2: 1.00 [NT] vs. 1.69 [VD], p = 0.3846, Figure 8D,
Table 7). These results suggested that increased inflammatory reactions occur through the
expression of high levels of adhesion molecules and pro-inflammatory cytokines associated
with pathological conditions in the VD group.
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Figure 8. Upregulated expression of adhesion molecules and pro-inflammatory cytokines after BCAS
(NT [normal type]: control group, VD [vascular dementia]: BCAS [bilateral carotid artery stenosis]
model group) (A-E) Relative mRNA expression levels of IL-6, IL-15, Mcp-1, Ccr2, and VCAM-1.
**p <0.01, ** p <0.001, and **** p < 0.001. The results are presented as mean values and the error
bars standard deviations.
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Table 7. Pro-inflammatory cytokines.

Group No. of Mice Mean Value
16 NT 9 1
a VD 9 116.7 ***
NT 9 1
I-1p VD 9 2008 **
NT 9 1
Mep-1 VD 9 412
NT 9 1
Cer2 VD 9 1.69
NT 9 1
Vcam-1 VD 9 2.8 #wkk

Values are means =+ standard deviations. ** p < 0.01, *** p < 0.001, and **** p < 0.0001 represent the tendency and
significant difference, respectively.

3.5. Vasoconstriction and Apoptosis in the VD Group

«-SMA induces chronic angiopathy in obstructive vascular diseases, including is-
chemic stroke. The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay detects DNA fragments generated during cell apoptosis. In the VD mouse brains,
x-SMA and TUNEL were confirmed by immunohistochemistry (IHC). The VD group
showed statistically significantly higher a-SMA (Figure 9A, Table 8) and TUNEL (Figure 9B,
Table 8) staining than the NT group. These results suggest that BCAS can induce brain
damage by increasing «-SMA expression in the hippocampus, as well as by inducing an
increase in vasoconstriction and apoptosis.

Table 8. x-SMA and TUNEL.

Group No. of Mice Mean Value
NT 3 0
a-SMA VD 1 0.165
NT 1 0.187
TUNEL VD 1 0.451

Values are means =+ standard deviations.

3.6. Changes in Brain Structure in the VD Group

The cerebral cortex is a collection of neurons located on the surface of the cerebrum.
The corpus callosum consists of thick bundles of nerve fibers that connect to the cerebral
hemispheres, allowing interhemispheric conduction of signals [34,35]. In the VD group,
irregularities in cortical arrangement (Figure 10A,B) and decreased MAP2-positive neurons
(Figure 10C,D) in the cornu ammonis (CA1) region of the hippocampus were confirmed.
LFB staining appeared uniformly throughout the corpus callosum in the NT group, but
was not uniformly found in the VD group (Figure 10E,F, Table 9) [36]. The corpus callosum
thickness was reduced in the VD group as compared to the NT group [37]. These results
suggest increased cortical, hippocampal, and corpus callosum damage in the VD group,
due to decreased cerebral blood flow.
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Figure 9. Immunoreactivity of alpha smooth muscle actin (x-SMA) and results of a terminal de-
oxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay in the hippocampus in the NT
and VD groups (NT [normal type]: control group, VD [vascular dementia]: BCAS [bilateral carotid
artery stenosis] model group). (A,B) Left: representative photomicrographs of x-SMA in TUNEL
immunoreactive cells. Right: quantification of x-SMA through TUNEL immunoreactivity.
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Figure 10. Hematoxylin and eosin (H&E), immunohistochemistry (IHC; MAP2), and Luxol fast blue
staining in the brains of the VD group. NT [normal type]: control group, VD [vascular dementia]:
BCAS [bilateral carotid artery stenosis] model group). (A,B) H&E staining in the NT and VD
groups. (C,D) MAP2 IHC in the NT and VD groups (hippocampal cornu ammonis [CA1] region).
(E,F) Myelin staining. Coronal sections of paraffin-embedded brains from the NT and VD groups were
stained with Luxol fast blue. All images are of the cerebral cortex (left) and the hippocampus (right).
(G) Thickness of the corpus callosum in NT and in VD mouse tissue, obtained using Image J software.

Table 9. Corpus callosum.

Group No. of Mice Mean Value
Corpus callosum NT 3 216.2
" VD 2 163.9

Values are means =+ standard deviations.
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4. Discussion

Chronic hypoperfusion has two effects. First, a hypoxic injury phenomenon is induced,
which can cause BBB collapse, which results in inflammation and cytokine changes. It
is already established that an ischemic dementia model can elucidate the mechanisms of
neuronal death and dysfunction after ischemia. In the present study, we established a
vascular insufficiency model (a BCAS model) using a microcoil [38—40]. The low ischemia
was induced by occlusion of the common carotid and vertebral arteries, resulting in in-
flammation and BBB disruption in the absence of motor weakness. Results from our study
identified behavioral deficits in the VD model. The results of the Y-maze and Barnes-maze
confirmed that spatial learning, short-term memory, spatial cognitive ability, and cognitive
ability were adversely affected by BCAS in the VD group [41-44]. As a confirmation of
early vascular dementia, we found that cell changes in CA1 levels in the hippocampus
occurred at 6 weeks post-BCAS. Changes in the nucleus and cell rearrangement in the
brain cortex, corpus callosum, and white matter tract were similarly confirmed [16,45]. We
then investigated the pathogenesis and mechanisms for vascular dementia according to
the putative pathways of hypoxia-induced inflammatory BBB disruption: ROCK-induced
cytoskeletal changes due to vascular insufficiency, apoptosis, and structural changes in
the cortex, corpus callosum, and hippocampus (Figure 11), and showed gene expression
changes that reflected these events. BBB disruption is a pathological hallmark of ischemic
brain injury [46]. However, the mechanism underlying this process remains unclear. In our
study, we found that increased Rock and inflammatory factors accompanied BBB disruption
(Figures 6-8). Our findings suggest that ROCK, adhesion molecules, and pro-inflammatory
cytokines are important physiological and pathological modulators.
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Figure 11. Schematic representation of vascular dementia.

Ischemic brain injury is accompanied by increased inflammation as well as increased
BBB permeability [47]. In the ischemic brain, inflammatory mediators stimulate cerebral
endothelial cells to induce inflammatory responses [48,49]. Expression of the VCAM-1
adhesion molecule has been comprehensively studied as an indicator of inflammation in
models of cerebral ischemia [50]. Our results indicated an increase in VCAM-1 levels after
the BCAS group. Additionally, the major pro-inflammatory cytokines evaluated in this
study were 111, 116, and Mcp1 [47,51]. These cytokines are initiators of the inflammatory
response and promote the expression of adhesion molecules [52], suggesting that pro-
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inflammatory cytokines upregulated adhesion molecules and aggravated brain injury in
the VD mice in our study [53].

The BBB is required for the structural stabilization of TJ proteins as structural com-
ponents that maintain cerebrovascular integrity and BBB function [54,55]. Activated ROCK
and pro-inflammatory cytokines correspond to vascular endothelial damage [51,56]. We
found an inflammatory response that was upregulated by higher vascular permeability in
the ischemic-injured brains of the VD group (Figure 8A-E).

The cerebral cortex is the largest site of neural integration in the central nervous
sys-tem, and plays an important role in memory, language, and consciousness. When the
blood supply to the brain is reduced due to narrowing of the brain arteries, the brain tissue
suffers ischemic damage. [41,44,57]. In the BCAS group, we confirmed that the cortical cell
arrangement was altered and demonstrated irregular cell shapes. These results suggested
damage to the cortex, which is responsible for cognitive function (Figure 10A,B).

MAP2, a cytoskeletal microtubule-associated protein distributed in the hippocampal
region which is responsible for learning and memory processes, plays an important regula-
tory role in maintaining neuronal plasticity and differentiated neuron morphology. The
statistically significant decrease in MAP2-dependent neuronal plasticity and structural
integrity in the hippocampal CA1 region of the VD group seen in this study suggests a
detrimental effect on the ability to learn new facts and store memory (Figure 10C,D).

The corpus callosum is a myelinated structure that acts as a bridge between the
brain hemispheres and is responsible for signal transmission. Damage to the corpus
callosum disrupts contact between the two hemispheres, leading to various impairments
(e.g., language and cognitive functions). Myelin staining of the corpus callosum was
decreased in the VD group and was not uniform, as compared with the NT group. The
corpus callosum thickness was also decreased in the VD group, suggesting a decrease in the
corpus callosum myelin and cognitive decline in the VD model group [58] (Figure 10E,F).

Many previous studies of cognitive disorders used a model of acute ischemic con-
ditions, such as middle cerebral artery occlusion. This model focused on acute neuronal
injury and death after an abrupt decrease in cerebral blood flow or complete cessation of
cerebral perfusion. Occlusion of the cerebral arteries quickly induced the neuronal cell
loss in the hippocampus, directly resulting in cognitive impairment. However, this model
cannot represent patients with other causes of VD, such as large artery atherosclerosis, an
etiology more common than acute cerebral ischemia. Our study used one of the models of
chronic progressive hypoperfusion of the brain. Many previous studies investigating novel
treatments for VD failed because the pathogenesis of VD was unclear and appropriate
animal models had not yet been developed. Our study reveals the parallel effect of the
ROCK pathway and inflammation on VD development, confirmed through behavioral tests.
Our results demonstrated the potential of ROCK, pro-inflammatory cytokines, and the
BBB status to be early markers of vascular dementia. Moreover, the potential improvement
in vascular pathology through ROCK inhibitors or stem cell treatment warrants further
investigation. Thus, our findings indicate directions for further research into early- and
later-stage vascular dementia research and may ultimately inform medical guidelines.

5. Conclusions

Vascular dementia is chronic, presenting with persistent hypoperfusion injury [59].
Chronic hypoperfusion injury causes a long-term decrease in blood flow, resulting in
cognitive impairment rather than in severe neurological impairment in the brain. We found
that the BCAS VD mouse model established in this study reflects clinical characteristics
of the vascular dementia disease course. More specifically, we confirmed the underlying
molecular mechanism of vascular dementia to be as follows: In vascular dementia, an
in-crease in ROCK levels leads to a decrease in TJ proteins (Occludin, Claudin-5) that form
part of the BBB, which regulates vascular permeability, by inducing restructuring of the
cytoskeleton. This induces neuroinflammation through the BBB, with increased vascular
permeability, and an inflammatory environment in which pro-inflammatory cytokines
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and chemokine levels (e.g., VCAM-1, IL-6, IL-18, MCP-1, and CCR?2) are increased. This
causes damage to the (1) hippocampus, which is responsible for learning and memory;
(2) the cerebral cortex, which is responsible for long-term memory; and (3) the corpus
callosum, which functions in interhemispheric integration, which explains the decrease
in cognitive function and memory in the BCAS group. Our study showed pathological
changes leading to early vascular dementia and causing it to become chronic. This can
mimic the pathological phenomenon seen in patients with early vascular dementia.
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Abstract: Patients with Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) differ
for triggers, mode of start, associated symptoms, evolution, and biochemical traits. Therefore, se-
rious attempts are underway to partition them into subgroups useful for a personalized medicine
approach to the disease. Here, we investigated clinical and biochemical traits in 40 ME/CFS pa-
tients and 40 sex- and age-matched healthy controls. Particularly, we analyzed serum levels of
some cytokines, Fatty Acid Binding Protein 2 (FAPB-2), tryptophan, and some of its metabolites via
serotonin and kynurenine. ME/CFS patients were heterogeneous for genetic background, trigger,
start mode, symptoms, and evolution. ME/CFS patients had higher levels of IL-17A (p = 0.018),
FABP-2 (p = 0.002), and 3-hydroxykynurenine (p = 0.037) and lower levels of kynurenine (p = 0.012)
and serotonin (p = 0.045) than controls. Changes in kynurenine and 3-hydroxykynurenine were
associated with increased kynurenic acid /kynurenine and 3-hydroxykynurenine/kynurenine ratios,
indirect measures of kynurenine aminotransferases and kynurenine 3-monooxygenase enzymatic
activities, respectively. No correlation was found among cytokines, FABP-2, and tryptophan metabo-
lites, suggesting that inflammation, anomalies of the intestinal barrier, and changes of tryptophan
metabolism may be independently associated with the pathogenesis of the disease. Interestingly,
patients with the start of the disease after infection showed lower levels of kynurenine (p = 0.034)
than those not starting after an infection. Changes in tryptophan metabolites and increased IL-17A
levels in ME/CFS could both be compatible with anomalies in the sphere of energy metabolism.
Overall, clinical traits together with serum biomarkers related to inflammation, intestine function,
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and tryptophan metabolism deserve to be further considered for the development of personalized
medicine strategies for ME /CFS.

Keywords: ME/CFS heterogeneity; cytokines; intestinal permeability; tryptophan metabolism; kynurenine
pathway; 3-hydroxykynurenine; kynurenine; serotonin; biomarkers; personalized medicine

1. Introduction

Myalgic Encephalomyelitis /Chronic Fatigue Syndrome (ME/CEFS) is a multisystem
condition characterized by chronic fatigue, post-exertional malaise, unrefreshing sleep,
cognitive changes, autonomic disturbances, flu-like symptoms, abdominal complaints, and
intolerance to stress, noise, light, heat, or cold. Females are more frequently affected, and
over half of cases happen after infection [1].

Several pathogenetic mechanisms have been proposed. Some disease manifestations,
such as flu-like symptoms, indicate an inflammatory/immune basis [2]. An immune basis
for ME/CFS is also suggested by evidence showing increased cytokine levels in plasma and
cerebrospinal fluid and T-cell dysfunction and by imaging data pointing to an involvement
of the microglia [3,4]. Furthermore, studies on the intestinal microbiome have found loss
of microbial diversity and signs of increased bacterial translocation across the intestinal
barrier that could also contribute to systemic inflammation [5,6].

Other disease manifestations like low exercise tolerance or the propensity to produce
an excess of lactic acid during exercise hint at a metabolic basis for ME/CFS, as is also
suggested by the presence of mitochondrial abnormalities [7,8].

Joining the realm of immunity with that of energy production, it has been recently
shown that subsets of T cells isolated from patients with ME/CFS are unable to redirect
energy metabolism towards aerobic glycolysis during activation [9]. Along the same line,
poor performance during exercise could be linked to sub-optimal venous return caused by
immune-mediated autonomic dis-regulation of small vessels [10].

A large body of research, based on neuroimaging, has addressed brain changes in pa-
tients with ME/CFS. The most consistent findings have been the recruitment of additional
brain regions during cognitive tasks, brain stem anomalies suggestive of inflammation,
and a reduction of fluorodeoxyglucose uptake, indicative of hypometabolism (reviewed
by Shan et al. [11]). Brain serotonin status has also been considered, but results have been
discordant, with some studies demonstrating activation of this system [3,12], while others
indicate inhibition [13]. Serum levels of tryptophan, precursor and direct determinant of
brain serotonin [14], have also been studied, but the results are again contrasting with some
authors showing higher levels in ME/CFS [15], while others found no change [16]. Interest
in tryptophan metabolism in ME/CEFS is justified by the fact that tryptophan metabolites
along both the serotonin and the kynurenine pathways have a role in depression [14], sleep
regulation [17] and Irritable Bowel Syndrome (IBS), frequent comorbidities in patients
with ME/CFS [18]. Measurements of tryptophan to kynurenine metabolites and their
ratios seem thus promising in the current growing interest of developing clinically useful
biomarkers of several diseases [14,19].

Patients diagnosed with ME/CEFS, while displaying a platform of shared symptoms,
may differ for triggers, mode of start, associated symptoms, disease evolution, and bio-
chemical traits [15,16,20,21]. For this reason, attempts are underway to partition them into
different phenotypes, most recently looking at metabolic peculiarities [22], the first stage of
developing possible personalized strategies for treatment.

The scope of this work was to study clinical and biochemical traits of a cohort of
patients from North-East Italy and to compare them with a group of healthy volunteers. In
detail, we examined clinical data and measured serum levels of some cytokines, of a group
of tryptophan metabolites via serotonin and kynurenine and of an index of altered intestinal
permeability in 40 patients with ME/CFS and in 40 sex- and age-matched healthy controls.
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ME/CFS is emerging as a significant health issue worldwide, with an estimated prevalence
of 0.8% [23], undefined pathogenesis, and no acknowledged treatment. We thought that
combining clinical information with the measurement of variables reflecting different
pathogenetic mechanisms could help to identify subgroups and facilitate a personalized
approach to patient care.

2. Materials and Methods
2.1. Patients

From 1 January 2017 to 31 June 2018, 70 consecutive patients with unexplained fatigue
were seen at the site of a charitable health care center near Padova (Italy) (Table S1). At
visit 1, information was collected about diseases in the family, medical history, medication,
menarche, menstrual cycle, bowel habits, smoking, alcohol consumption, use of contra-
ceptives, duration of illness, and level of physical activity using the Bell scale [24]. Fatigue
and associated symptoms were then investigated using the Canadian Clinical Criteria [25],
and patients were asked to grade symptom intensity on a scale from 0 (no symptom)
to 6 (maximum intensity). Patients received a physical examination. The evidence thus
obtained was discussed by an internist, a pediatrician, and a geneticist, and a decision was
made about the diagnosis of ME/CFS, following accepted exclusion criteria [1]. Forty-five
patients were diagnosed with ME/CFS.

Afterward, contact with patients was maintained through periodic visits and, after
the start of the COVID-19 pandemic, through phone calls or e-mail.

2.2. Case-Control Study

Patients were asked to take part in an investigation with the scope of studying serum
levels of some cytokines, tryptophan metabolites, and a marker of increased intestinal per-
meability in ME/CEFS. Forty patients were accepted. Of the five who did not, a 67-year-old
female, with 22 years of disease duration, died of pancreatic cancer during recruitment, one
patient declined to participate, and 3 patients could not be contacted. Forty healthy controls,
matched for sex and age (26 females and 14 males; median age 33 years with interquartile
range 22-46 years), were recruited among patient’s friends, school companions, medical
students, and other hospital personnel. Inclusion criteria for the healthy control group
were the absence of any current or past psychiatric, neurological, or other known medical
conditions. Informed consent was obtained from patients and controls, and approval for
the study was obtained from the Ethics Committee of Policlinico Universitario, Padova,
Italy (Protocol Number 4776/ A0/19). Experiments were conducted in accordance with
the Declaration of Helsinki.

Patient blood samples, collected after an overnight fast, were allowed to clot at room
temperature for 45 min and then were centrifuged for 10 min at 3500x g. Serum was
aliquoted and stored at —80 °C. Aliquots were used just once after thawing. Blood samples
from healthy controls were obtained within 2 weeks of the respective patient and processed
in the same way. Blood collection was terminated by 1 December 2019.

2.3. Follow-Up

After blood sample collection, contact with patients was maintained through periodic
visits and, after the start of the COVID-19 pandemic, through phone calls or e-mail. During
May 2021, patients were requested to answer a questionnaire with both multiple choice
and open questions concerning their feelings about their current condition and prevailing
symptoms. When needed, patients were also contacted by phone. During 2021, we also
checked by phone the health status of the controls used in this study.

2.4. Biochemical Assays

Serum cytokines were measured with ELISA. To obviate the variability between
lots, sera from patients and controls were tested using the same kit [2]. ELISA kits were
from Thermo Scientific, Monza, Italy (IL-4, IL-10, IL-17A, IL-18, IFN-y) and RayBiotech,
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Peachtree Corner, GA, USA (IL-18). The above cytokines were chosen based on existing
evidence and on the fact that for all patients’ serum levels of IL-1«, IL-13, IL-2, IL2R, IL-6,
IL-8, TNF-«, and TGF1p had already been measured at the EU-certified Central Laboratory
of Padova University Hospital.

Fatty Acid Binding Protein 2 (FABP-2), an index of increased intestinal permeability [5],
was measured by ELISA (myBioSource, Dan Diego, CA, USA).

The serum concentration of tryptophan and tryptophan metabolites pertaining to
the Kynurenine Pathway (kynurenine, 3-hydroxykynurenine, kynurenic acid, quinolinic
acid) and the Serotonin Pathway (serotonin and melatonin) were studied (Figure 1). Tryp-
tophan, serotonin, and kynurenine were determined using a standard method in the
lab [26,27] consisting of an HPLC system coupled with fluorometric and UV-Vis detectors.
3-hydroxykynurenine, kynurenic acid, quinolinic acid, and melatonin were quantified by
LC-MS/MS on a Varian system composed of a binary Prostar pump, 410 autosampler, and
MS320 triple quadrupole mass spectrometer equipped with Electro Spray ion source. The
instrument was operating in multiple reaction monitoring modes, working in positive
ion mode except for the quinolinic acid that was analyzed in negative mode. LC analysis
was performed using an Agilent Eclipse XDB C8 column (3 x 150 mm, 3.5 um) and a
gradient elution with (A) water 1% formic acid and (B) Acetonitrile (0 min: 95% A; 5 min:
30% A; 8.3 min: 10% A; 10 min: 10% A; 11 min: 95% A; 15 min: 95% A) at a flow rate
of 400 pL/min. The quantification of the kynurenines was computed using alfa-methyl
tryptophan as an internal standard. The following ratios were used as indirect indexes
of the activity of the enzymes involved in the different metabolic steps of the kynurenine
pathway: kynurenine/tryptophan as an index of tryptophan 2,3-dioxygenase (TDO) and
indoleamine 2,3-dioxygenase (IDO) activity; 3-hydroxykynurenine /kynurenine as an index
of kynurenine 3-monooxygenase (KMO) activity; kynurenic acid/3-hydroxykynurenine as
an index of the kynurenine aminotransferase (KAT) activity. Finally, the ratio kynurenic
acid/quinolinic acid was calculated as an index of neuroprotection [14].

Melatonin 5-hydroxyindoleaceticacid

T— Serotonin—"""

5-hydroxytryptophan

Tryptophan hydroxylase (TPH)

Tryptophan
Tryptophan 2,3-dioxygenase (TDO)
Kynurenine Amino Indoleamine 2,3-dioxygenases (1DOs)
Transferases Kynureninase
(KATs) i (KYNU)

o ; )
Kynurenic acid €= Kynurenine —— Anthranilicacid
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Figure 1. Schematic representation of the metabolism of tryptophan through the serotonin and
kynurenine pathways. Enzymes involved in the different biochemical steps are indicated next to the
arrow. Metabolites analyzed in this study are in bold.
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2.5. Statistical Analysis

Data were reported as median and interquartile range (IQR, for continuous data), or
frequency and percentage (categorical data). Among patients, comparisons between two
groups were performed using Mann-Whitney test (continuous data) and chi-square test
or Fisher’s test (categorical data). In the matched case-control analysis, serum cytokines,
FABP2, and tryptophan metabolites were compared between cases and controls or post-
infection and non-post-infection cases using Quade’s rank analysis of covariance with BMI,
sex, and age as covariates. Correlation between continuous variables was assessed using
Spearman rank correlation coefficient. Adjustment for multiple testing was not performed
due to the exploratory purpose of this study. All tests were two-sided, and a p-value
less than 0.05 was considered significant. Statistical analysis was performed using R 4.1
(R Foundation for Statistical Computing, Vienna, Austria) and SPSS 27 (Chicago, IL, USA).

3. Results
3.1. Patients

The analysis included 40 patients with ME/CFS (14 males and 26 females, median
age 33 years, disease duration 6 years) (Table 1). Thirty-one patients had already re-
ceived a diagnosis of ME/CFS from other colleagues. For nine patients, ME/CFS was a
new diagnosis.

Table 1. ME/CFS patient characteristics.

Variable All (n = 40)
Age, years @ 32 (23-46)
Males 14 (35%)
Disease duration, years ab 6 (3-12)
Symptom start:
Slow (months) 18/40 (45%)
Fast (weeks) 22/40 (55%)

ME/CEFS, fatigue, or fibromyalgia in the family

13/38 9 (34%)

Immune diseases in the family

17/38 4 (44%)

Symptom score (0-6): 2

Fatigue 6 (5-6)

PEM 5 (5-6)

Unrefreshing sleep 4 (4-5)

Pain 4 (3-5)

Cognitive anomalies 5 (4-5)

OI/POTS 4 (4-5)

GI abnormalities 4 (3-4)

Flu-like symptoms 4 (3-5)
Bell scale score (0-100%) &< 30 (25-50)

Bowel habit: @

Normal 23/38 4 (61%)
Styptic 10/38 4 (26%)
Diarrheic 5/38 4 (13%)

Abdominal pain—IBS ¢

23/40 (58%)

Data expressed as 1 (%) or  median (IQR). PEM—post-exertional malaise; Ol—orthostatic intolerance; POTS:
postural orthostatic tachycardia syndrome; GI—gastro-intestine; IBS—irritable bowel syndrome. Data were not
available in P 1, € 4, and 9 2 patients; ¢ diagnosed according to the Rome IV criteria [28].

Nine patients had severe ME/CFS with a Bell score < 25%. The other patients had a

serious disease with a Bell score of 26-65% (Table 1).
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ME/CFS started with an infection in 19 patients (47.5%). Infections mostly regarded
the upper airways. Three patients developed ME/CFS after Lyme disease and one patient
after acute giardiasis during a trip to a tropical country.

All patients fulfilled the criteria for the diagnosis of ME/CFS; some of them, however,
presented peculiarities that could not be discounted. These rare manifestations included
differences in the way ME/CFS started, the presence of symptoms suggestive of immune
disease (dry eyes, oral aphthae), neurological anomalies (jerks, paresthesias, hypersomnia),
signs suggestive of autonomic dysregulation (livedo reticularis, acrocyanosis) and hyper-
laxity (Table 2). Some patients presented anomalies at the muscle biopsy that could not
be attributed to known diseases (Table 2). Finally, some presented genetic abnormalities
whose importance is unclear (Table 2).

Table 2. Symptoms, laboratory data, and genetic abnormalities present in a minority of patients.

Variable Number of Patients (%) Notes

Disease start

After a neoplasia 2(5) Meningioma, Hodgkin lymphoma

After a vaccine 1(2)

Symptoms, signs, and
laboratory data

Skin hyperlaxity 4 (10)
Livedo reticularis 2(5)
Dry eyes/mouth 2(5)
Oral aphthae 2(5)
Paresthesias 3(7)
Jerks 2(5)
Hypersomnia 2(5)

Bouts of fever, flu-like symptoms,

increase in CRP and serum 2(5) Response to colchicine, canakinumab
amyloid A

Thickened basal membrane of small
Muscle biopsy anomalies 1(2) vessels, glycogen accumulation

within myocytes

Serum cytokines above normal *

IL-1x 2(5)
IL-2 9 (22)
IL-6 2(5)
IL-8 1(2)
TNE-« 7 (17)
TGE-p 13 (32)

Genetic abnormalities

N2271, heterozygous. Muscle biopsy:

CASQI1 gene mutation 1(2) thickened vessel basal membrane, fibrils
of unknown nature around myocytes.

15q13.3 duplication (340 BP) 1(2)

Ehlers-Danlos syndrome 1(2)

Myotonia congenita 1(2)

BP—base pairs; CRP—C reactive protein; * measured in 39 patients.

3.2. Follow-Up

Median follow-up was 41 months (IQR 32—47) (Table 3). Most patients (57%) reported
worsening of symptoms during follow-up, with fatigue (49%) and cognitive problems (28%)
as the prevailing symptom (Table 3). For 18% of patients’ symptoms remained unchanged.
Twenty-two percent of patients reported improvement. No differences were found during
follow-up between patients starting or not starting with an infection.
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Table 3. Follow-up clinical information of the 40 ME/CFS patients.

Follow-Up, Months 2 41 (32-47)

Symptom evolution during follow up:
Unchanged 8/40 (20%)
Worsened 21/40 (52%)
Improved 11/40 (28%)

Prevailing symptoms during follow-up:
Fatigue 20 (50%)
PEM 7 (17%)
Unrefreshing sleep 2 (5%)
Pain 6 (15%)
Cognitive anomalies 12 (30%)
OI/POTS 1(2%)
Abdominal pain/IBS b 1(2%)
Flu-like 1(2%)

Data expressed as 71 (%) or ® median (IQR). PEM—post-exertional malaise; Ol—orthostatic intolerance; POTS—

postural orthostatic tachycardia syndrome; IBS—irritable bowel syndrome. b, diagnosed according to the Rome
IV criteria [28].

Two of the patients who improved (17 and 21 years old, both females, disease duration
1 and 8 years) had recurrent bouts of fever, muscle pain, and flu-like symptoms. During
such periods, serum levels of C reactive protein (CRP) and amyloid A increased slightly.
Patients also had modest increases of IL-4, TNF-«, IL-17A, and IFN-y. IL-1p, IL-18, and
IL-33 were within normal limits or undetectable, and no mutations were found in genes
related to the pathogenesis of autoinflammatory syndromes (MEFV, MVK, TNFRSF1A,
NLRP3, and NLRP12). One patient responded rapidly to colchicine, the Bell scale grading
increasing from 30 to 100% in a few days. The other, who responded partially to colchicine,
was treated with monthly canakinumab (IL-13 antagonist), with dramatic results (Bell
scale grading went from 20 to 90% within hours after the first dose, post-exertional malaise
and brain fog disappeared, and orthostatic intolerance improved markedly). Since no
alternative diagnosis emerged, we have retained these patients in the ME/CFS cohort. Both
patients have continued treatment, and the improvement is still persisting after 2 years.

3.3. Case-Control Study
3.3.1. Intestinal Permeability

In the case-control analysis (Figure 2), serum levels of FABP-2 were significantly higher
in ME/CFS patients than in controls (F; 7, = 24.022, p < 0.001, np2 = 0.255). No correlation
was found between FABP-2 levels and bowl habits or intestinal complaints.

3.3.2. Cytokines

Thirty-nine patients had baseline measurements of several serum cytokines. In most
cases, cytokine concentrations were within normal limits. The cytokines more frequently
increased were TGF-f3, IL-2, and TNF-« (Table 2).

In the case-control analysis (Figure 2), serum levels of IL-17 were higher in ME/CFS
patients than in controls (F; 73 = 5.901, p = 0.018, np2 = 0.075), while no differences between
ME-CFS patients and controls was found concerning IL-4, IL-10, IL-18, and IFN-y. In
both ME/CFS patients and controls, serum cytokines were not correlated with clinical
characteristics nor with any of the other variables measured in this study (data not shown).

3.3.3. Tryptophan Metabolites

As shown in Figure 1, tryptophan can be metabolized through the kynurenine (95%)
and the serotonin pathways (2%). With respect to controls, ME/CFS patients had dif-
ferences in the serum concentration of metabolites pertaining to both pathways when
controlling for the possible confounding effect of age, sex, and BMI (Figure 3).
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Figure 2. Case-control comparison of serum cytokines and FABP2 (1 = 9). Serum IL-17A and FABP2 levels are higher in
ME/CEFS patients than in controls. Data are presented as boxplots with median and interquartile ranges and 5-95 percentiles.
Dots represent data outside the 5-95 percentiles. * p < 0.05 and *** p < 0.001; Quade’s rank analysis of covariance with BMI,
sex, and age as covariates.
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Figure 3. Case-control comparison of tryptophan metabolites via serotonin and kynurenine (n = 39). Serum levels of
serotonin and kynurenine are lower and those of 3-hydroxykynurenine higher in ME-CFS patients than in controls. The
kynurenic acid/kynurenine and 3-hydroxykynurenine/kynurenine ratios, indirect measures of kynurenine aminotrans-
ferases and kynurenine 3-monooxygenase enzymatic activities, respectively, are higher in ME-CFS patients than in controls.
Data are presented as boxplots with median and interquartile ranges and 5-95 percentiles. Dots represent data outside the
5-95 percentiles. * p < 0.05; Quade’s rank analysis of covariance with BMI, sex, and age as covariates.
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Serum levels of tryptophan tended to be lower in ME/CFS patients than in controls
(F1,75 =3.979, p = 0.05, npz = 0.050). Concerning the serotonin pathway, serum levels of
serotonin were lower in ME/CFS patients (F; 75 = 4.169, p = 0.045, npz = (0.053), while no
difference was seen for melatonin (Figure 3). Concerning the kynurenine pathway, ME/CFS
patients had lower serum levels of kynurenine (F; 75 = 6.657, p = 0.012, np2 =0.082) and
higher levels of 3-hydroxy-kynurenine (Fy 74 = 4.499, p = 0.037, npz = 0.057) (Figure 3). No
differences were seen for quinolinic and kynurenic acids.

Considering the kynurenine/tryptophan ratio, no difference was found between
ME/CFS patients and controls. In contrast, patients with ME/CFS had higher
3-hydroxykynurenine/kynurenine (F; 75 = 6.025, p = 0.016, np2 = 0.074) and kynurenic
acid/kynurenine (F; 75 = 6.072, p = 0.016, np2 = 0.075) ratios (Figure 3).

No differences were observed between ME/CFS patients and controls for the neuropro-
tective ratio kynurenic acid/quinolinic acid (Figure 3; F; 75 = 2.967, p = 0.089, np2 = 0.038).

Mode of symptom onset (infectious vs. non-infectious), the evolution of the clinical
picture (improved, unchanged, worsened), symptom frequency, and intensity did not
correlate with any of the measured biomarkers (data not shown).

3.4. Comparisons between Post-Infectious and Non-Post-Infectious ME/CFS Patients

Patients with post-infectious ME/CFS reported more frequently a fast start (p < 0.0001)
and a higher Bell score (p = 0.02), and a tendency to be older (p = 0.05) than patients with
non-post-infection ME/CFS (Table 4). Starting with or without infection was not associated
with differences in symptom scores, bowel habit, abdominal pain, the diagnosis of irritable
bowel syndrome, or with the presence of CFS/fatigue/fibromyalgia or immune diseases in
the family (Table 4). Concerning circulating levels of cytokines, FABP-2 and tryptophan
metabolites, after controlling for sex, age, and BMI, we found a tendency to lower serum
levels of IL-18 (p = 0.068), lower kynurenine (p = 0.026), and lower kynurenine/tryptophan
ratio (p = 0.015) in post-infection than in non-post-infection ME/CFS patients (Table 5). No
differences between the two groups were seen for the other cytokines, FABP-2, and other
tryptophan metabolites (Table 5).

Table 4. Clinical characteristics of post-infectious (1 = 19) and non-post-infections (1 = 21) ME/CFS patients.

ME/CFS Did Not Start after ME/CFS Started after an

Variable an Infection (n = 21) Infection (n = 19) Statistics
Age, years @ 30 (20-44) 35 (28-48) U =261.5,p=0.093
Males 8 (38%) 6 (32%) x% =0.186, p = 0.66
Disease duration, years P 8 (3-13) 5(3-11) U=169.5p =059
Symptom start:
Slow (months) 17/21 (81%) 1/19 (5%) x2 =23.089, p <0.0001
Fast (weeks) 4/21 (19%) 18/19 (95%)
ME/CFS, fatigue or d /amo o >
fibromyalgia in the family 7/19 ¢ (37%) 6/19 (31%) x~ =0.000, 0.99
Immune diseases in the family 9/19 4 (47%) 8/19 (42%) x2 =0.010, 0.92
Symptom score (0-6): 2
Fatigue 6 (5-6) 6 (5-6)
PEM 5 (5-6) 5 (5-6) U=193.0,p=0.84U=211.0
Unrefreshing sleep 5 (4-5) 4 (4-5) p=0.74U =214.0,
Pain 4 (3-5) 4 (3-6) p=0.69 U =212.0,
Cognitive anomalies 5 (4-5) 5 (4-5) p=073U=179.0
OI/POTS 4 (4-5) 4 (4-5) p=0.55U=249.0,
GI abnormalities 4 (0-4) 4 (3-5) p=0.17 U = 250.0,
Flu-like symptoms 4 (3—4) 5(3-5) p=016U=242.0,p=0.24
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Table 4. Cont.

Variable

ME/CFS Started after an
Infection (n =19)

ME/CFS Did Not Start after

an Infection (1 = 21) Statistics

Bell scale score (0-100%) ¢ 30 (22-41) 43 (30-50) U =236.0,p=0.02

Bowel habit: 2
Normal 4 11/20 (55%) 12/18 (67%) > _
Styptic @ 8/20 (40%) 2/18 (11%) X" =5.353,p =007
Diarrheic 4 1/20 (5%) 4/18 (22%)

Abdominal pain—IBS € 13/21 (62%) 10/19 (53%) x%=0.351, p=055

Data expressed as n (%) or  median (IQR). PEM—post-exertional malaise; Ol—orthostatic intolerance; POTS—postural orthostatic
tachycardia syndrome; GI—gastro-intestine; IBS—irritable bowel syndrome. Data were not available in ® 1, 4, and 9 2 patients; ¢ diagnosed

according to the Rome IV criteria [28].

Table 5. Serum levels of cytokines, FABP-2, and tryptophan metabolites along the serotonin and kynurenine pathways in

post-infection (n = 19) and non-post-infection (1 = 21) ME/CFS patients.

ME/CFS Did Not Start after an

Infection (n = 21)

ME/CFS Started after an

Infection (n = 19)

Statistics

Cytokines
IL-17A (pg/mL) 1.6 (0.2-5.3) 1.6 (0.0-2.8) F1,36 = 0.073, p = 0.789, np? = 0.002
IL-10 (pg/mL) 22(1.74.2) 2.0(1.3-2.7) F1,36 = 1.311, p = 0.260, np? = 0.035
IL-4 (pg/mL) 0.0 (0.0-0.5) 0.0 (0.0-0.3) Fy,36 = 0.503, p = 0.485, % = 0.021
IFN-y (pg/mL) 0.3 (0.3-8.2) 0.3 (0.34.5) F1,36 = 0.205, p = 0.654 np? = 0.006
IL-18 (pg/mL) 255.3 (195.9-303.4) 196.9 (155.6-250.1) F1,36 = 4.521, p = 0.068, np2 = 0.091
FABP-2 (ng/mL) 0.0 (0.0-0.5) 0.13 (0.0-0.5) Fi34 = 0492 p = 0.488, 1% = 0.015

Kynurenine pathway

Tryptophan (ug/mL)

9.36 (8.26-12.01)

10.68 (9.56-11.99)

Fi37 = 1.640, p = 0.208, 1,2 = 0.042

Kynurenine (ng/mL)

413.4 (339.2-539.6)

347.6 (260.1-397.9)

F1,37 = 5410, p = 0.026, p2 = 0.128

3-hydroxykynurenine (ng/mL)

12.3 (3.3-41.7)

17.5 (5.9-39.6)

Fy 37 = 1.102, p = 0.301, np2 = 0.029

Kynurenic acid (ng/mL)

16.6 (11.0-24.1)

14.2 (9.1-35.8)

Fi37 = 0.216, p = 0.645, 1,2 = 0.006

Quinolinic acid (ng/mL)

59.6 (40.9-102.6)

67.2 (59.6-111.6)

Fy 37 = 0.298, p = 0.588, n,2 = 0.008

Kynurenine/tryptophan ratio *
1600

44.1 (32.9-57.9)

33.2 (24.8-38.8)

F1,37 = 6.525, p = 0.015,1p2 = 0.150

3-
hydroxykynurenine/kynurenine
ratio * 1000

42.4 (7.8-97.9)

80.6 (19.0-107.7)

Fi 37 = 0499, p = 0.485,1,% = 0.013

Kynurenic acid/kynurenine ratio

39.6 (26.5-59.7)

50.6 (27.6-84.1)

Fy37 = 0313, p = 0579, n,% = 0.008

Kynurenic acid/quinolinic acid
ratio

0.2 (0.1-0.4)

0.2 (0.1-0.3)

Fi37 = 0.131, p = 0.719, 12 = 0.004

Serotonin pathway

Serotonin (ng/mL)

301.4 (218.3-382.4)

258.8 (180.4-377.4)

F1,37 = 1.261, p = 0.269, np? = 0.033

Melatonin (pg/mL)

9.8 (6.3-20.2)

10.2 (8.1-13.7)

Fy37 = 0.076, p = 0.784, n,% = 0.002

Data are median (IQR). Comparisons have been computed using Quade’s rank analysis of covariance with BMI, sex, and age as covariates.

4. Discussion

Our results indicate that ME/CFS patients differ from control healthy subjects for
several serum biomarkers, including FABP-2, IL-17A, and tryptophan metabolites, such
as kynurenine, serotonin, 3-hydroxykynurenine, and the ratios kynurenic acid /quinolinic
acid and 3-hydroxykynurenine/kynurenine. Moreover, a difference in serum levels of
kynurenine and the ratio of kynurenine/tryptophan is also present within ME/CFS patients
according to whether the disease started after an infection or not.
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4.1. Study Population

Our patients fulfilled the criteria of the Canadian Consensus Criteria for the diagno-
sis of ME/CFS, and for the majority of them, the diagnosis of ME/CFS was also made
by independent colleagues. It is clear, however, that they were a heterogeneous group
of individuals with differences in disease start, symptoms, laboratory data, and genetic
background. Some of the rarer aspects of our patients, such as jerks, hyperlaxity, and
livedo reticularis, are long known [29,30], while others, including disturbances in glycogen
metabolism, have just been reported [31]. Some clinical and basal laboratory characteristics
of our cohort, however, seem novel. Two patients had bouts of low-grade fever and in-
creased serum levels of CRP and amyloid A, as found in auto-inflammatory syndromes [32].
We thus decided to subject them to a trial of drugs used in autoinflammatory syndromes,
such as colchicine or the anti-IL1-3 monoclonal antibody canakinumab [33], with lasting
benefit. Auto-inflammatory syndromes are due to the inappropriate activation of the
inflammasome with the production of cytokines of the IL-13 family that mostly act locally
so that their serum levels usually remain within normal limits [32]. Although fever and in-
flammation of the skin, mucosae, serosal surfaces, and osteoarticular structures are cardinal
manifestations of these syndromes, fatigue is emerging as an important symptom [34]. We
could not attribute these cases to a defined autoinflammatory syndrome, but they clearly
responded to the abovementioned treatments, suggesting that it might be convenient to
add auto-inflammatory syndromes to the list of differential diagnoses when considering
patients with suspected ME/CFS.

One of our patients had a micro-duplication on chromosome 15 (15q13.3), a rare
chromosomal disorder that may present with developmental delay, behavioral and psy-
chiatric abnormalities, feeding problems, sleep disturbances, decreased muscle tone, and
seizures [35]. The duplication involves the locus of the gene CHRNA?7, which codes for
the o7 nicotinic acetylcholine receptor (a member of the cholinergic anti-inflammatory
pathway) and of the gene CHRFAM7A that acts as a dominant negative inhibitor of the
CHRNAY gene [36-38]. At present, we do not know the significance of this anomaly for
our patients.

We conclude that our patients had differences in genetic background, disease start,
symptoms, basal laboratory data, response to treatment, and evolution.

4.2. Intestinal Permeability

ME/CEFS patients had increased serum levels of FABP-2, a low molecular weight pro-
tein involved in the intracellular traffic of fatty acids, which comprises 4-6% of enterocyte
cytosolic proteins, is undetectable or present in very low concentrations in the serum of
healthy persons and is used as a marker of increased intestinal permeability [39]. Our
observation partially agrees with evidence obtained by Giloteaux et al. [5], who found
in a larger cohort of patients increased serum levels of Lipopolysaccharide Binding Pro-
tein, another index of increased intestinal permeability, while FABP-2 was increased but
not significantly.

The mechanism leading to increased intestinal permeability remains unclear. Intestinal
complaints are frequent among patients with ME/CFS, and a recent paper examining fecal
bacterial metagenomics in a cohort of patients with ME/CFS concluded that IBS comorbid-
ity was the strongest factor driving separation of data into topological networks [40].

Components of the normal intestinal flora regulate the barrier function of the intestine
and exert anti-infective and anti-inflammatory activity [41]. An imbalance in the composi-
tion of the intestinal microbiome, well documented in patients with ME/CFS [5,6], could
thus contribute to the genesis of the intestinal barrier dysfunction.

4.3. Cytokines

In agreement with the literature, no specific cytokine profile could be identified in
our patients [2,42].
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In the case-control study, the only cytokine with a serum concentration different from
controls was IL-17A, which was modestly but significantly increased in ME/CFS patients.

IL-17A is a cytokine produced by multiple cell types (CD4" T cells, CD8" T cells, y5 T
cells, invariant natural T cells, innate lymphoid cells, and lung memory T lymphocytes)
that can be either pro-inflammatory (in the skin) or protective (in the airways and the
intestine) [43]. In the intestine, IL-17A regulates the formation of tight junctions, increases
the release of secretory IgA, and favors the production of antibacterial peptides; thus,
its increase in our patients might represent a response to a local noxa [43]. On the other
side, Th17 polarization and increased production of IL-17A have recently been linked to
an increased extracellular concentration of lactate [44]. Considering that in patients with
ME/CEFS, the intestinal microbiome has an increased ability to produce lactate [45], and
that tissue hypoperfusion due to anomalies of peripheral blood flow auto-regulation has
been proposed as a possible pathogenetic mechanism of ME/CFS [22], the relationship
between energy metabolism and Th17 polarization may merit further scrutiny. Finally, it
has been recently suggested that IL-17A may play a role in depression associated with
psoriasis and obesity [46]. The present data suggest that it might be worthwhile to see if a
relationship exists between IL-17A serum levels and ME/CFS-associated depression.

4.4. Tryptophan and Kynurenine Metabolites

Changes in peripheral circulating levels of tryptophan and some of its metabolites
via serotonin and kynurenine are considered good biomarkers of their changes in the
brain [14,47]. Indeed, most of the brain kynurenine is derived from tryptophan outside the
central nervous system. Kynurenine then crosses the blood-brain barrier and is metabolized
to kynurenic acid, xanthurenic acid, or 3-hydroxykynurenine [14,48]. 3-hydroxykynurenine
is further metabolized to quinolinic acid (Figure 1). Interestingly, among kynurenine
metabolites, 3-hydroxykynurenine crosses the blood-brain barrier readily, while kynurenic
acid and quinolinic acid, due to high polarity, do not [48].

Metabolites of the kynurenine pathway play a significant role in the homeostasis of
the central nervous system, playing both neuroprotective and neurotoxic effects [14,49].
In fact, kynurenine exerts anti-inflammatory activity by binding to aryl hydrocarbon
receptor and stimulating the production of regulatory T cells [50]. On the other hand,
3-hydroxykynurenine is neurotoxic since it undergoes oxidation in physiological conditions,
producing highly reactive hydroxyl radicals [51]. Kynurenic acid, on the opposite, is neuro-
protective since it inhibits all excitatory amino acid receptors (NMDA, kainate, AMPA),
inhibits the 7« acetylcholine receptor, binds to aryl hydrocarbon receptor and G-protein
coupled receptor 35 (GPR35), inhibits the circuit IL-23/IL-17, and acts as an oxy-radical
scavenger [14,48,52,53]. Quinolinic acid is neurotoxic since it stimulates NMDA receptors
in specific brain regions, favors lipid peroxidation, inhibits gluconeogenesis, and inhibits
mitochondrial monoamine oxidase activity [48].

In ME/CFS, blood tryptophan concentration has been found increased by some au-
thors [15] and unchanged by others [16,54]. In our cohort of patients, serum tryptophan
concentration was not different from controls, although patients tended to present lower
values (p = 0.05). Patients had, instead, lower levels of kynurenine, higher levels of
3-hydroxykynurenine, and an increase in the ratios kynurenic acid/kynurenine (indi-
rect index of KAT activity) and 3-hydroxykynurenine/kynurenine (indirect index of
KMO activity).

The mechanisms leading to low serum levels of kynurenine remain undefined, the
change being compatible with the decreased transformation of tryptophan into kynurenine
and/or, more likely, the increased transformation of kynurenine into kynurenic acid and
3-hydroxykynurenine as we found an increase in the ratios of kynurenic acid /kynurenine
and 3-hydroxykynurenine/kynurenine. It is also unclear why patients with a post-infectious
start had lower levels of kynurenine than patients not starting with an infection.

In ME/CFS patients, we found increased serum levels of 3-hydroxykynurenine but
normal levels of its product quinolinic acid. Since 3-hydroxykynurenine crosses the blood—
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brain barrier freely [48], increased blood levels of 3-hydroxykynurenine could translate
into increased transfer of this toxic molecule to the brain.

Our findings differ from those of Groven et al. [54], who, in a group of patients with
ME/CEFS, found decreased plasma levels of anthranilic acid, a neuroprotective kynurenine
derivative not considered in this study, and a decrease in the ratio kynurenic acid/quinolinic
acid, while tryptophan, kynurenine, kynurenic acid, and 3-hydroxykynurenine were not
different from controls. On the other side, our data agree in part with evidence recently
presented by Hoel et al. [22], who reported lower levels of kynurenine and kynurenic acid
and normal levels of tryptophan and serotonin in ME/CFS patients. These discrepancies
could be due to differences between the populations studied, given the high heterogeneity
within ME/CFS patients. For this reason, we here also included a nosological description
of our study population so that it could be used for comparisons with future studies in
the field. A further and important point that may explain possible discrepancies between
our and the abovementioned studies is the fact that serum samples in Groven et al. [54]
and Hoel et al. [22] were collected without restrictions about the feeding state, which is an
important factor in determining circulating levels of tryptophan and its metabolites [14].
Of interest, changes in tryptophan biomarkers similar to those found in our patients
(low tryptophan, kynurenine, and serotonin and high 3-hydroxykynurenine) have been
observed in diabetic ketoacidosis [55,56]. Thus, it is possible that part of the discrepancy
between our findings and those of Groven et al. [54] and Hoel et al. [22] may rely on
a particular response to fasting by patients with ME/CFS, who present an increased
expression of enzymes involved in ketone body metabolism [57] and, for their energy
needs, may depend on fatty acid f—oxidation more than healthy controls [8]).

In ME/CEFS patients, we also found low serum levels of serotonin, which is over
90% produced by intestinal enterochromaffin cells and is mostly associated with platelet
granules [14]. Our findings bear similarities with the observation that circulating sero-
tonin is low in patients with irritable bowel syndrome with constipation [58], a condition
characterized by low serotonin concentration in the intestinal wall [59].

4.5. Relevance of the Present Findings for the Explanation of ME/CFS Pathogenesis

Overall, we found no significant correlation among cytokines, FABP2, and tryptophan
metabolites, likely indicating that inflammation, anomalies of the intestinal barrier, and
changes of tryptophan metabolism may be independently associated with the establish-
ment of disease. Despite clear differences among patients, however, our findings remain
compatible with the view that persons with ME/CFS may have common or largely shared
pathogenetic mechanisms. Indeed, in the present study, changes in tryptophan metabo-
lites and increased IL-17A levels are both compatible with anomalies in the sphere of
energy metabolism.

4.6. Limitations

This study has several limitations: first, the small sample size; second, its essen-
tially exploratory nature; third, the use of ELISA methods for cytokine measurement that
were not of the highest sensitivity, an aspect important for cytokines normally present in
blood at very low concentrations; fourth, the lack of deep knowledge about patient diet,
supplements, vitamins, and probiotics could have influenced the gut status and trypto-
phan metabolism; fifth, uncertainty about the extent to which serum levels of tryptophan
metabolites reflect changes occurring in the central nervous system; sixth, the presence
of control subjects with serum levels of some biomarkers outside the 5-95 percentile (see
Figures 2 and 3) is possibly due to undiagnosed underlying disease; however, even if these
potential outliers were excluded, the differences observed in the case-control analyses
would remain significant; seventh, we did not investigate the physical activity of healthy
controls, a factor known to influence serum levels of inflammatory cytokines and tryp-
tophan metabolites [60]. Therefore, the possible confounding effect of exercise in the
case-control study was not considered.
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5. Conclusions

We found substantial heterogeneity among patients with ME/CFS; however, in spite
of many differences, patients shared traits of possible significance for the explanation of
their symptoms. Our data suggest that clinical aspects and serum biomarkers related
to inflammation, intestinal function, and tryptophan metabolism deserve to be further
investigated, both for the identification of ME/CFS subtypes and as a way towards a
personalized patient care approach. This implies, on one side, the use of larger patient
samples and, on the other side, the use of all modern medical tools for the diagnosis and
treatment of individual cases.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/biomedicines9111724/s1, Table S1: Study design.

Author Contributions: Conceptualization, U.E, A.A., R M., S.C. and A.B.; data curation, M.S. and
S.C.; formal analysis, EC.; investigation, M.S., S.D., C.Z,, S.S,, N.G,, PS.,, LS., UF, PC.,,PA.,, AA,,
D.B., RM,, S.C. and A.B.; methodology, R.T.; resources, C.Z. and D.B.; supervision, A.B.; writing—
original draft, M.S., A.A., S.C. and A.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institutional Review Board Ethics Committee of
Policlinico Universitario, Padova, Italy (Protocol Number 4776/A0/19).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data sets analyzed during the current study are available from the
corresponding author on reasonable request.

Acknowledgments: We thank our patients for their efforts to make this project possible. We also
thank Chiara Sacchetto and Girolamo Carollo for their help and enthusiasm and Claudio Masello for
generous support.

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

References

1. Shepherd, D.C.; Chaudhuri, D.A. ME/CFS/PVFS: An Exploration of the Key Clinical Issues; ME Association: Gawcott, UK, 2019.

2. VanElzakker, M.B.; Brumfield, S.A.; Lara Mejia, P.S. Neuroinflammation and Cytokines in Myalgic Encephalomyelitis /Chronic
Fatigue Syndrome (ME/CFS): A Critical Review of Research Methods. Front. Neurol. 2018, 9, 1033. [CrossRef]

3. Yamamoto, S.; Ouchi, Y.; Onoe, H.; Yoshikawa, E.; Tsukada, H.; Takahashi, H.; Iwase, M.; Yamaguti, K.; Kuratsune, H.; Watanabe,
Y. Reduction of serotonin transporters of patients with chronic fatigue syndrome. Neuroreport 2004, 15, 2571-2574. [CrossRef]

4. Noda, M,; Ifuku, M.; Hossain, M.S.; Katafuchi, T. Glial Activat