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Preface

In the quest to understand the complexities of the brain and nervous system, this Reprint

shines as a beacon of hope and knowledge. With great pride and a deep sense of purpose, we

present a collection of papers exploring the theme of neuroprotection from various perspectives and

disciplines. Our journey through the labyrinth of neurological conditions, such as stroke, multiple

sclerosis, Down syndrome, major depressive disorder, post-traumatic stress disorder, breast cancer,

and neuroblastoma, has been both challenging and rewarding.

We aim to shed light on the potential of various agents and strategies for strengthening the

brain’s defenses, including symbiotics, pharmaceuticals, essential oils, salivary cortisol, apigenin,

and repurposed drugs. The discovery of intricate mechanisms and pathways, such as oxidative

stress, inflammation, neurotransmission, neurogenesis, and epigenetics, demonstrates the relentless

pursuit of understanding. We emphasize the importance of non-invasive, personalized methods

for monitoring and improving neuroprotection, leveraging blood iron concentration, artificial

intelligence, and mercury levels.

The introduction of cutting-edge techniques, sophisticated real-time analysis algorithms,

machine learning, and physiological biomarkers ushers in a new era in mental healthcare, one that

promises to alleviate the societal and economic burdens associated with psychiatric disorders. The

contributions on these pages not only advance the field of neuroprotection but also pave the way for

new research and treatments.

We sincerely thank all contributors whose tireless efforts have enriched this Special Issue.

Their findings emphasize the critical role of neuroprotection in maintaining neurological health and

promoting well-being. We sincerely hope this Special Issue will act as a catalyst for further research

and discovery in the critical field of neuroprotection.

Simone Battaglia and Masaru Tanaka

Editors
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1. Introduction

Neurodegeneration poses a significant challenge for the fields of neuroscience and
medicine, as it is the underlying cause of the development and advancement of numerous
neurodegenerative and psychiatric disorders [1–3]. It encompasses the progressive decay
and loss of neurons across various levels of organization, ranging from molecular to net-
work levels [4–7]. Onset can manifest at various life stages, ranging from early phases, as
observed in neurodevelopmental disorders, to later stages, exemplified by conditions like
Alzheimer’s disease (AD) [8–10]. Neurodegeneration has the potential to impact cognitive,
emotional, and behavioral functions, as well as the neural mechanisms associated with
consciousness and attention [11–13]. Hence, comprehending the mechanisms and reper-
cussions of neurodegeneration is imperative in order to identify risk factors, biomarkers,
and therapeutic targets [14–16]. Nevertheless, the existing therapies for neurodegenerative
disorders primarily address alleviate symptoms but are largely inadequate in terms of
efficacy. Hence, there is a requirement for new and inventive methods, such as non-invasive
brain stimulation, that can regulate neural activity and plasticity in a secure and reversible
manner [17–21]. The field is rapidly evolving, with a focus on identifying new avenues
of clinical research, elucidating potential mechanisms for the therapeutic effects of non-
invasive brain stimulation (NIBS) and exploring the potential synergy between different
stimulation protocols and pharmacological interventions [22–27].

The study of neurodegeneration in cognitive impairment and mood disorders is a vast
and intricate domain that encounters numerous obstacles in comprehending, diagnosing,
and treating these conditions [28–30]. Several existing obstacles include: The diverse and
inconsistent nature of neurological and psychiatric disorders, posing challenges for the
identification of shared mechanisms, biomarkers, and therapeutic targets across various
subtypes, stages, and populations [31–35]. The absence of efficacious disease-altering treat-
ments for the majority of neurodegenerative disorders, which restricts the available choices
and results for patients and caregivers; The ethical and practical considerations associated
with carrying out clinical trials and translational research in vulnerable and diverse pop-
ulations, such as the elderly, children, and minority groups [36–38]. The integration and
interpretation data derived from various origins and modes, including genetics, epigenetics,

Biomedicines 2024, 12, 574. https://doi.org/10.3390/biomedicines12030574 https://www.mdpi.com/journal/biomedicines
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proteomics, metabolomics, imaging, electrophysiology, and neuropsychology [39–47]. The
development and validation of novel methods, such as NIBS, artificial intelligence, and
drug repurposing, which necessitate thorough examination and assessment of their safety,
effectiveness, and mechanisms [11,48–54]. Addressing these challenges requires collabora-
tive efforts among researchers, clinicians, patients, and policymakers from various fields to
enhance our understanding and improve the treatment of neurodegeneration underlying
cognitive impairment and mood disorders [55–58]. This special issue focuses on the most
recent advancements and hurdles in this area, examining them from experimental, clinical,
and translational perspectives.

2. Special Issue Articles

2.1. Stroke and Neuroprotection

Stroke is a critical health issue characterized by the interruption of blood flow to the
brain, leading to the death and harm of neurons. Neuroprotection is a key strategy aimed
at protecting neurons from damage and preserving their survival and function [59–61]. In
this special issue, three articles examined various approaches to promote neuroprotection
in animal models of stroke [62–64]. An article by Cruz-Martínez Y et al. investigated the
impact of symbiotic supplementation, comprising probiotics and prebiotics, on memory and
neuronal survival in rats suffering from ischemic stroke [62]. This study tested the effects
of a symbiotic (inulin and Enterococcus faecium). The symbiotic reduced inflammation,
protected neurons, and improved memory in subacute phase. This suggests that symbiotics
may be useful for stroke treatment and prevention.

To lower the risk of lacunar stroke, a type of stroke that affects the brain’s small blood
vessels, Zhang L et al. examined the viability of drug repurposing, a strategy that involves
using fully approved drugs to treat different medical conditions. The authors used a
two-sample Mendelian randomization analysis estimating the genetic variant-exposure
and the genetic variant-outcome associations to identify which drugs can prevent lacunar
stroke, a type of cerebral infarction [63]. This study found that genetic variants that mimic
the effects of calcium channel blockers, statins, ezetimibe, and antisense anti-apoC3 agents
can reduce the risk of the condition. The study suggests that these drugs should be
repurposed for lacunar stroke prevention to promote healthier brain aging.

The third article by Baliellas et al. examined the impact of propentofylline (PROP), a
xanthine derivative, on strengthening antioxidant defenses and decreasing lipid peroxi-
dation in the brainstem of rats with gliotoxic injury, which serves as a model for neurode-
generation [64]. The authors tested the effects of PROP, a drug that reduces inflammation
in brain cells in rats exposed to a toxic substance that causes oxidative damage in the
brain. The study found that PROP prevented an increase in lipid peroxidation, a marker
of oxidative stress, and enhanced the activity of glutathione reductase, an enzyme that
recycles antioxidants, in the rat brainstem. This study concluded that PROP could protect
the brain from oxidative damage and neurodegeneration. These articles offer a new and
valuable understanding of the mechanisms and advantages of neuroprotection against
stroke and related disorders.

2.2. Cognitions in Schizophrenia (SCZ), Multiple Sclerosis (MS), and Down Syndrome (DS)

Schizophrenia (SCZ) is a complex mental disorder that affects a range of cognitive ca-
pabilities, including memory, attention, reasoning, and language [65–67]. Treatment for this
condition generally involves the use of antipsychotic medication, as well as psychotherapy
and psychosocial interventions [68–70]. Nevertheless, the outcomes of these treatments can
vary depending on several factors [71–73]. This special issue features three articles that
explore various aspects of cognition in individuals with SCZ [74–76]. The articles explored
how cognition is affected by factors such as the onset and duration of psychosis, severity
of symptoms, level of dissociation, and resistance to treatment. Panov et al. examined
the relationship between working memory, attention, and SCZ [74]. The study found
that most patients with SCZ had problems with working memory and attention and that
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these problems were worse in patients who did not respond to treatment. The study also
found that working memory and attention problems were linked to disorganized behavior,
duration of illness, and dissociative symptoms. The study suggests that working memory
and attention could be used as indicators of SCZ progression and treatment response.

In another article, de Oliveira et al. investigated the feasibility of utilizing metallic
nanoparticles present in the bloodstream as biomarkers for assessing cognitive perfor-
mance. The research team explored how the blood levels of metallic nanoparticles affect
the cognitive abilities of people with multiple sclerosis (MS) [75]. This study measured the
blood levels of eight different metals and two cognitive tests in 21 patients with MS. The
authors found that higher blood levels of iron, zinc, and total metals were associated with
better cognitive performance. This study proposed that blood iron concentration could be
a useful indicator of cognitive impairment in people with MS.

Furthermore, they examined the application of artificial intelligence as a means of
improving the diagnosis and treatment of SCZ and related conditions. Koul et al. presented
a review of Down syndrome (DS), a genetic disorder that causes intellectual and physical
impairments [76]. This work discusses how artificial intelligence and machine learning
can help diagnose and treat DS by analyzing various data sources. The text highlights the
benefits of these technologies in understanding and improving the lives of people with
DS. Overall, these articles provide novel knowledge that contributes to our understanding
of the cognitive impairments and difficulties experienced by individuals with SCZ and
their caregivers.

2.3. Depression and Antidepressants

Major depressive disorder (MDD) is a widespread and debilitating mood disorder
that impacts a substantial number of individuals globally [67,77–79]. Characterized by
persistent feelings of sadness, reduced interest, diminished self-worth, and various physical
and mental symptoms, it often co-occurs with other conditions, such as anxiety, chronic
pain, and neurodegenerative diseases [80–83]. In this special issue, three articles explored
different approaches for diagnosing and treating depression and its comorbidities [84–86].
The first article assessed the neuroprotective and swiftly acting antidepressant-like prop-
erties of 20 essential oils in mice. Tran et al. conducted a study aimed at assessing the
potential of essential oils as rapid-acting antidepressants [84]. The study utilized cell and
animal models to evaluate the neuroprotective, anti-inflammatory, and behavioral effects of
essential oils. The results indicated that certain essential oils and their constituents, possibly
operating through glutamate receptors, exhibited positive effects on these parameters.
The study recommended additional research on Atractylodes lancea and Chrysanthemum
morifolium essential oils.

In the second article, Cui et al. suggests that stimulated parotid saliva is a more
accurate indicator of depressive disorder than unstimulated saliva. The authors conducted
a study to investigate the influence of various saliva collection methods on cortisol levels,
which are thought to be indicative of this emotional state [85]. The results of the study
revealed that unstimulated whole-saliva cortisol was most closely related to blood cortisol
levels, while stimulated parotid salivary cortisol was the most reliable predictor of the
negative emotional condition. Furthermore, the study confirmed that individuals with
depression had higher salivary cortisol levels compared to healthy controls, and that
salivary cortisol levels demonstrated a positive correlation with the severity of the condition.
The study proposed that salivary cortisol could serve as a useful non-invasive method for
monitoring MDD.

In the third article, Rajkumar examines biomarkers associated with neurodegeneration
in post-traumatic stress disorder (PTSD), a condition that has the potential to initiate or
exacerbate depressive symptom. The author conducted a comprehensive review of the
relationship between PTSD and neurodegenerative diseases, including AD and Parkinson’s
disease [86]. According to the review, a range of biomarkers, such as brain structure, genet-
ics, inflammation, metabolism, and sleep, are linked to both PTSD and neurodegenerative
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disorders. The review also delved into the potential mechanisms and implications of these
associations. The review found that PTSD may contribute to an increased risk of developing
neurodegenerative diseases and recommended preventive measures.

2.4. Drug Repurposing and Cancer

Cancer is a diverse array of diseases that is distinguished by the uncontrolled expan-
sion and invasion of abnormal cells into neighboring tissues [79,87–89]. The treatment
of cancer often involves surgical intervention, chemotherapy, radiation therapy, and im-
munotherapy; however, these approaches have limitations and may produce adverse
effects [90–92]. Therefore, the process of repurposing existing drugs for new applications,
referred to as drug repurposing, offers a promising strategy for the development of novel
and potent anticancer agents or adjuvants [58,93–95]. In this special issue, three articles
were published that explored the potential of drug repurposing in the context of cancer and
its associated challenges [96–98]. One article by Moura et al. assessed the anticancer prop-
erties of atorvastatin, a medication used to reduce cholesterol levels, and nitrofurantoin, an
antibiotic [96]. The authors tested the efficacy of repurposed drugs on breast cancer and
neuroblastoma cells to determine their effectiveness, both individually and in combination
with doxorubicin. The results indicated that both drugs decreased the viability of both
cell lines, and the combination of atorvastatin and nitrofurantoin was more effective in
SH-SY5Y cells than in MCF-7 cells. The study underscores the potential use of these drugs
in treating breast cancer and neuroblastoma.

In another study, Olasehinde et al. examined the beneficial impact of apigenin, a
flavonoid present in plants, on mitigating cognitive and neurobehavioral impairment
caused by chemotherapy. The authors conducted a comprehensive review of studies that
investigated the effects of apigenin, a plant compound, on various aspects of memory
and behavior in animal models of neurological disorders [97]. The review found that
apigenin exhibited cognitive and neurobehavioral enhancing effects and modulated several
molecular and biochemical pathways related to neuroprotection. However, the review also
emphasized the need for further research to establish the optimal dosage and duration of
apigenin treatment and to evaluate its efficacy in human subjects.

In the third article, Stojsavljević et al. investigated the correlation between mercury
exposure and autism spectrum disorder, a neurodevelopmental condition that may elevate
the likelihood of developing cancer [98]. The authors carried out a meta-analysis of
studies that investigated mercury levels in various biological samples of children with and
without autism. This study revealed that children with autism exhibited higher blood,
plasma, and red blood cell mercury levels, but not in their hair and urine. The review
proposed that children with autism had impaired mercury detoxification and excretion
and that exposure to mercury could exacerbate their condition. Furthermore, the study
recommended decreasing Hg++ exposure and closely monitoring Hg++ levels in children
with autism. These articles offer new perspectives on the mechanisms and applications of
repurposed drugs in cancer research and therapy.

3. Conclusions

This special issue showcases a series of papers that delve into the theme of neuro-
protection from diverse perspectives and disciplines. These papers cover a wide range
of conditions that affect the brain and nervous system, such as stroke, MS, DS, MDD,
PTSD, breast cancer, and neuroblastoma. Additionally, the studies examine the poten-
tial of various agents and strategies to enhance neuroprotection, including symbiotics,
drugs, essential oils, salivary cortisol, apigenin, and repurposed drugs. These studies
have revealed the intricate and multifaceted mechanisms and pathways that underlie neu-
roprotection, including oxidative stress, inflammation, neurotransmission, neurogenesis,
and epigenetics [99–103]. The papers also emphasize the importance of non-invasive and
personalized approaches for monitoring and improving neuroprotection, such as blood
iron concentration, artificial intelligence, and mercury levels. The application of these new
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techniques, advanced real-time analysis algorithms, machine learning, and physiological
biomarkers may streamline the mental healthcare process, alleviating the social burden
and economic pressures commonly associated with psychiatric disorders [104–107]. These
papers make significant contributions to the field of neuroprotection by advancing knowl-
edge and practice, and suggest new avenues for future research and intervention. The
special issue highlights the importance and relevance of neuroprotection in preventing and
treating various neurological disorders, and promoting brain health and well-being.
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Abstract: After an ischemic stroke, various harmful mechanisms contribute to tissue damage, in-
cluding the inflammatory response. The increase in pro-inflammatory cytokines has been related to
greater damage to the neural tissue and the promotion of neurological alterations, including cognitive
impairment. Recent research has shown that the use of prebiotics and/or probiotics counteracts
inflammation and improves cognitive function through the production of growth factors, such as
brain-derived neurotrophic factor (BDNF), by reducing inflammatory molecules. Therefore, in this
study, the effect of the symbiotic inulin and Enterococcus faecium on neuroprotection and memory
improvement was evaluated in a rat model of transient middle cerebral artery occlusion (tMCAO).
In order to accomplish this, the animals were subjected to ischemia; the experimental group was
supplemented with the symbiotic and the control group with the vehicle. The neurological deficit
as well as spatial and working memory were evaluated using the Zea Longa scale, Morris water
maze, and the eight-arm maze tests, respectively. Infarct size, the levels of BDNF, and tumor necrosis
factor-alpha (TNF-α) were also assessed. The results show that supplementation with the symbiotic
significantly diminished the neurological deficit and infarct size, improved memory and learning,
increased BDNF expression, and reduced TNF-α production. These findings provide new evidence
about the therapeutic use of symbiotics for ischemic stroke and open up the possibilities for the
design of further studies.
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1. Introduction

Ischemic stroke is caused by a significant reduction in the blood flow to the vessels
that supply the brain, causing the activation of several mechanisms such as biochemical
dysfunction, an increment of intracellular calcium, excitotoxicity, and activation of lytic
enzymes that lead to cell death and, ultimately, a region of damaged neural tissue, or
ischemic core [1,2]. Later on, there is a significant increase in free radicals and inflammatory
mediators such as IL-6, IL-1β, and TNF-α that contribute to the progression of injured neural
tissue [3]. If therapeutic intervention is not carried out, the viable tissue surrounding the infarct
area, or ischemic penumbra, dies, and thus the volume of the ischemic core increases.

The cellular changes in neural tissue involve the activation of the microglia and
astrocytes, triggering the production of inflammatory mediators even in chronic phases
after stroke, especially in areas such as the motor cortex and hippocampus [4]. These events
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lead to the dysfunction of neurons, resulting in neurological deficits and impairment in
memory and learning [2,4,5]. The clinical consequences of stroke will depend on the affected
brain region, the intensity of the infarction, and the promptness of medical intervention [6].
The most frequent sequelae are motor alterations and cognitive impairment, mainly in
memory, attention, and executive function, including decision-making, working memory,
and cognitive flexibility [7].

Recent studies have established that dysbiosis is associated with poor recovery and
prognosis after stroke since it increases neuroinflammation and accelerates the progression
of cognitive impairment [8,9]. In fact, the composition of the intestinal microbiota could
be crucial for the development of stroke. Dysbiosis is associated with a higher risk of
stroke since it promotes low-grade inflammation and oxidative stress, contributing to
vascular lesions [9,10]. In addition, it has been observed that there is a correlation between
the type of pathogenic bacteria in the microbiome and the severity of the neurological
dysfunctions caused by stroke [9]. Therefore, restoring the microbiota could become a
therapeutic strategy.

In order to restore the microbiome, “a mixture of living microorganisms (probiotics)
and substrates (prebiotics) used selectively by microorganisms that confer a beneficial effect
on the health of the host” has been proposed [11].

Inulin is a fructan with prebiotic characteristics. In vitro studies have shown that it
has anti-inflammatory properties by inhibiting the NF-Kβ pathway [12]. It modulates the
composition of microbiota and induces the production of short-chain fatty acids (SCFAs),
which also have anti-inflammatory effects [13]. In addition, inulin stimulates the growth
of Enterococcus faecium [14], a microorganism with the ability to reduce the expression of
pro-inflammatory cytokines and increase the production of SCFAs, as well as neurotrophic
factors [15].

The use of the symbiotic made with E. faecium and agave inulin has shown a reduction
in IL-1β and TNF-α expression in aged [15] and obese rats with cognitive impairment. It
also increases the expression of BDNF and enhances excitatory synaptic transmissions in
the cerebral cortex and hippocampus, improving memory and cognition [16–18]. As a con-
sequence of its anti-inflammatory effects, the symbiotic could also promote neuroprotection
after stroke.

In the present study, we evaluated the effect of supplementation with E. faecium and
agave inulin on neuroprotection and cognition in a murine model of cerebral ischemia.

2. Materials and Methods

2.1. Experimental Design

For this study, 45 male Sprague-Dawley rats, aged three and a half months and
weighing an average of 330 ± 20 g, were obtained from the Bioterium of Anáhuac University.
The housing conditions of the rats (temperature and humidity) were managed by using
automated controlled racks, with food and water available ad libitum, in a 12 h light/dark
cycle room, before and after cerebral ischemia was induced using the transient middle
cerebral artery occlusion (tMCAO) method.

To explore the effect of the symbiotic on cognitive damage in rats with stroke, we de-
cided to perform a preliminary experiment. Rats were randomly assigned into three groups
(15 rats per group) using the GraphPad QuickCals program (https://www.graphpad.com/
quickcalcs/randomize1/ accessed on 8 November 2023): (1) tMCAO+ vehicle (control
group), (2) tMCAO+ symbiotic (symbiotic-supplemented group), and sham-operated+
vehicle. The control and treated groups were subjected to cerebral ischemia while the sham
one was only subjected to the surgical procedure without ischemia. The neurological deficit
was evaluated using the Zea Longa scale [19] at 1, 2, 3, 7, and 14 days after ischemia. In
order to measure the volume of cerebral infarction, 5 rats were randomly chosen from
each group and then euthanized 14 days after ischemia. Three weeks after ischemia, the
remaining rats (10 per group) were evaluated for spatial memory and, one week later, their
working memory was assessed as well. After clinical evaluations, five weeks after tMCAO,
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the rats were euthanized in order to measure the hippocampal concentrations of BDNF and
TNF-α. Data acquisition was performed using a double-blind design to avoid biases. The
experimental design is depicted on the timeline of Figure 1.

Figure 1. Experimental design.

2.2. Cerebral Ischemia Model

Cerebral ischemia was induced using tMCAO, a procedure that was previously de-
scribed by Zea Longa in the late 1980s [19]. For this experiment, the rats were anesthetized
with a facial mask and 4% isoflurane in oxygen, until a deep anesthetic state was reached;
for the rest of the surgery, the concentration of isoflurane was lowered to 1.5%. The body
temperature of the rats was maintained at 37 ◦C using a warm pad until their recovery from
the anesthesia. During the procedure, five arteries were identified: the left common carotid
(LCC), the internal carotid artery (ICA), the external carotid artery (ECC), and the pterygoid
and occipital arteries; the last two were cauterized. A 3-0 nylon monofilament was inserted
18 mm through the ECC until the middle cerebral artery (MCA) was reached. The occlusion
was left for 90 min, and afterward, the monofilament was removed, allowing the cerebral
blood flow to be restored and the procedure finished with the corresponding stitches. The
severity of tMCAO was evaluated by determining the regional cerebral blood flow using a
laser Doppler flowmeter (Moor Instruments, Devon, UK). A reduction of around 85% in
cerebral perfusion was considered to be focal ischemia. For postoperative care, the animals
received acetaminophen 200 mg/kg every 12 h and enrofloxacin 10 mg/kg every 24 h, for
3 days.

2.3. Administration of the Vehicle and Symbiotic

The three groups were supplemented via oral probe; the control and sham groups re-
ceived one milliliter of water (vehicle of treatment), and the supplemented group received
a symbiotic mix of E. faecium and agave inulin [4 × 108 CFU and 860 mg/kg, respec-
tively [16]] mixed with the same vehicle. The administration of the vehicle or symbiotic
mix was performed daily for 5 weeks. The animals chosen for infarct size evaluation were
supplemented for only 14 days.

2.4. Zea Longa Scale

The Zea Longa scale [19] was used to assess the neurological deficit during days 1, 2,
3, 7, and 14 after the tMCAO was performed. This scale provided a score from 0 to 4 points
according to the neurological deficit achieved: 0 indicating no neurological deficit, 1 for not
being able to lift the right paw, 2 for circling to the left, 3 for decaying to the right, and 4
indicating not being able to walk or referring to a decreased level of consciousness.
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2.5. Morris Water Maze

The Morris water maze (MWM) was used to evaluate spatial and associative memory.
The rats were placed in a large circular pool (120 cm of diameter) full of water (21–22 ◦C)
and were required to escape to a hidden platform (10 cm of diameter) located 2 cm below
the water surface in the south-west quadrant (SWQ) of the pool. The rats were given
3 visual clues shallowly, equidistant from each other, to help them find the location of the
platform. The animals underwent a 5-day training protocol consisting of four dives per
day, with a maximum duration of 60 s of swimming and 20 s of rest on the platform, for
5 consecutive days. The initial position of the rats was different every day. During the
5-day training protocol, the platform was removed, and the rats were allowed to swim
for 60 s to analyze the time they spent in the SWQ versus the time they spent in the
remaining quadrants. All trials were recorded using a computerized system (Smart v3.0.02
Panlab Harvard Apparatus, Barcelona, Spain) to determine the latency time taken by each
rat to reach the platform below the surface from their initial position, based on the time
coordinates of each rat.

2.6. Eight-Arm Radial Maze

An eight-arm radial maze was used to evaluate working and reference memory and
provided an indicator of memory deficit. The test consisted of an eight-arm maze in
which food was placed on each arm. In 4 of them, food was displayed so that it could not
be observed by the rat, but was accessible, whereas in the other 4 arms, access was not
provided. This was applied to prevent the animals from be guided by smell. The main
objective of this test was to evaluate the working and reference memory simultaneously.
The animals have to find the arms with accessible food using extra-maze clues, while
avoiding the arms where they already ate the food (working memory), but also avoiding
the arms where the food is not accessible to them (reference memory) [20]. The test results
were reported as the percentage of correct responses obtained by dividing the number of
correct entries in the arms with accessible food by the total number of entries.

2.7. Brain Infarct Volume

Fourteen days after ischemia, five rats (randomly chosen) from each group were
euthanized with an overdose of pentobarbital. The brains were extracted without perfusing
them and placed at a temperature of −20 Celsius for 15 min, with the purpose of facilitating
the slicing process. Each brain was placed in a matrix and 2 mm thick coronal sections
were made. The slices were placed in a Petri dish and immersed in 25 mL of 1.5% 2,3,5-
triphenyl tetrazolium (TTC) solution (Sigma-Aldrich, St. Louis, MO, USA), for 15 min
at 37 ◦C. The TTC-stained sections were fixed with 4% paraformaldehyde. Afterward,
digitized photographs (Canon EOS Rebel SL2; Tokyo, Japan) were obtained. The infarct
area was determined using the Image J image analyzer (Image J, National Institutes of
Health, Bethesda, MD, USA). The infarct volume was calculated using the Reglodi method,
considering edema (EA). The formula used was EA-infarct volume = infarct volume ×
(contralateral hemisphere/ipsilateral hemisphere) [21].

2.8. Enzyme-Linked Immunosorbent Assay (ELISA)

An ELISA test was performed to measure the levels of brain-derived neurotrophic
factor (BDNF) and TNF-α cytokine in 7 rats of each group. The rats were euthanized using
a lethal injection of phentobarbital and then decapitated so that the brain could be removed,
and the hippocampus dissected: the brain was cut along the longitudinal fissure and the
two hemispheres were separated, from both of which the cerebellum and the olfactory bulb
were removed. Subsequently, with a spatula, the thalamus and the corpus callosum were
removed to expose the entire hippocampus. Once identified, it was separated from the
cerebral cortex to be completely removed [22].

The extracted tissue was frozen at a temperature of −80 ◦C until the study was
carried out. The tissue samples were homogenized in a buffer substance at a ratio of 10:1
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buffer–tissue weight; the homogenized samples were centrifuged at 14,000× g for half an
hour and the supernatant was used to perform an ELISA test. Each sample was run in
quintuplicate for each ELISA test, following the instructions provided by the manufacturers
(ChemiKineTM from Merck, Darmstadt, Germany, and BioLegend, San Diego, CA, USA).

2.9. Statistical Analysis

Statistical analysis was performed using the Prism 5 software (Prism 5.01, GraphPad
Software Inc., San Diego, CA, USA). Data are expressed as mean ± standard deviation
and a significance level of p < 0.05 was considered. The Shapiro–Wilk normality test was
used to analyze the normality of each data set. Neurological deficit was evaluated by using
ANOVA for repeated measures. Two-way ANOVA for repeated measures, Student’s t-test,
and Cohen’s d tests were used to assess spatial memory. Working memory, BDNF and
TNF-α concentrations, and infarct volume were analyzed using one-way ANOVA and
Student’s t-test.

3. Results

3.1. Symbiotic Supplementation Reduced the Neurological Deficit Observed after tMCAO

After the rats were subjected to tMCAO, neurological deficit was assessed at 1, 3, 7,
and 14 days post-ischemia. The evaluations of the neurological deficit showed that on the
first day after ischemia, the control group and the one supplemented with the symbiotic
presented a similar neurological deficit (control: 2.8 ± 0.3; symbiotic-supplemented: 3.0
± 0.02; mean ± SD; p > 0.05, Student’s t-test, Figure 2). However, at the end of this
evaluation (14 days after ischemia), there was a significant improvement in the symbiotic-
supplemented group. The neurological deficit was significantly reduced in these animals,
(0.57 ± 0.2) in comparison with the control rats (2.57 ± 0.2; p < 0.0001, ANOVA for repeated
measures). The sham rats did no present any deficit.

Figure 2. The supplementation with the symbiotic E. faecium and agave inulin enhances neurological
recovery in rats with tMCAO. Evaluations were performed on days 1, 2, 3, 7, and 14 post-tMCAO.
Each point represents mean ± SD of 15 rats per group; * p < 0.0001, ANOVA for repeated measures.

3.2. Symbiotic Supplementation Reduced the Infarct Volume after tMCAO

Fourteen days after tMCAO or the sham operation, five rats from each group (randomly
chosen) were euthanized for morphological assessment. The 2,3,5-triphenyltetrazolium chloride
(TTC) staining method was used to determine the volume of cerebral infarction. Figure 3
shows that the symbiotic-supplemented rats presented a significant reduction in infarct
volume (8.84 ± 1.8; mean ± SD) as compared to the control animals (22.15 ± 2.2; p = 0.003,
Student´s t-test). Animals subjected only to the surgical procedure (sham-operated) did
not present infarct signals.
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Figure 3. The supplementation with the symbiotic E. faecium and agave inulin reduces infarct
volume in rats with tMCAO. (A) Representative TTC staining of cerebral infarction in compara-
ble coronal sections in rats treated with the symbiotic, vehicle, and sham at 14 days post-tMCAO.
(B) Quantification of infarct volume based on TTC staining at 14 days post-tMCAO in rats supple-
mented with the symbiotic, control group, or sham-operated rats. n = 5 mean ± SD (* p = 0.003).
Student’s t-test was employed.

3.3. Supplementation with the Symbiotic Enhances Spatial Memory after tMCAO

In order to evaluate the effect of the symbiotic E. faecium and agave inulin on spa-
tial memory three weeks after ischemia, the remaining rats (ten rats per group) were
assessed with the Morris water maze test. As expected, the rats subjected to tMCAO
showed a significant increase in scape latency time as compared to the sham-operated ones
(Figure 4A). However, the time of symbiotic-supplemented rats was lower than that pre-
sented by control animals. The interaction between therapy and time was also statistically
significant when comparing the symbiotic-supplemented to the control rats (F = 3.37;
p = 0.02; ANOVA for repeated measures followed by post hoc Bonferroni test). The last
day of acquisition showed a significant difference between the tMCAO-studied groups
(symbiotic-supplemented: 19.85 ± 4.66, mean ± SD; control: 43.28 ± 5.89; p = 0.01 Student´s
t-test). In order to know the size of the effect between the groups subjected to tMCAO, we also
calculated Cohen’s d [23], obtaining a value of 1.14 (large effect) in spatial memory.

Figure 4. Evaluation of spatial and associative memory in rats with tMCAO supplemented with
symbiotic E. faecium and agave inulin. (A) Escape latency time (seconds) to the platform hidden in
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the south-west quadrant (SWQ). (B) Time spent (percentage) in the target quadrant compared to the
time spent in the non-target quadrants. n = 10 mean ± SD; * p = 0.02; two-way ANOVA for repeated
measures followed by post hoc Bonferroni test; ** p = 0.01 vs. control, *** p < 0.001 vs. symbiotic.
Student’s t-test.

Memory retention was also analyzed on the sixth day by removing the platform and
comparing the time spent in the target quadrant to the average time spent in the non-
target quadrants (Figure 4B). The sham-operated group spent the longest time in the target
quadrant (55.7 ± 2.29). In the case of the tMCAO-subjected rats, the group supplemented
with the symbiotic spent more time (28.36 ± 3.14, mean ± SD) when compared to the
control one (17.69 ± 2.87; p = 0.01, Student´s t-test, Figure 4B).

3.4. Work Memory Was Also Enhanced by Symbiotic Supplementation

With the aim of evaluating the effect of the symbiotic in other domains of memory,
the rats were assessed for working memory using an eight-arm radial maze one week
after spatial memory evaluation. In this task, working memory was assessed when the
rats entered each arm once. In this case, the sham-operated rats performed again the
best for this task (95.13 ± 1.44 mean ± SD; Figure 5). In the case of the rats subjected
to tMCAO, the symbiotic-supplemented animals showed better performance compared
to the control animals (Figure 5). The percentage of correct responses in the symbiotic-
supplemented group was significantly higher (72.74 ± 7.02) than that observed in the
control one (49.08 ± 3.71; p = 0.003, Student´s t-test).

Figure 5. Evaluation of working memory in rats with tMCAO supplemented with symbiotic
E. faecium and agave inulin. Percentage of correct entries to the eight-armed radial maze. n =
10 mean ± SD; * p < 0.05, ** p = 0.003, Student’s t-test.

3.5. Hippocampus of Symbiotic-Supplemented Rats Presented an Increase in BDNF and a
Reduction in TNF-α

As the hippocampus is strongly related to memory establishment and this cognitive
function depends on BDNF availability [16], we decided to analyze the concentrations of
BDNF in this brain region. As shown in Figure 6A, symbiotic supplementation induced an
increase in BDNF levels. The concentrations of this molecule were significantly higher in
the symbiotic-supplemented rats (5994 ± 124.2; pg/μg of protein, mean ± SD) than those
observed in the control (2122 ± 71.94; p < 0.0001) and sham-operated animals (3279 ± 202.7;
p < 0.05, one-way ANOVA followed by Tukey´s post hoc test). On the other hand, inflam-
mation is one of the phenomena inducing cognitive impairment but also participating
in tissue damage after ischemia, especially in the hippocampus. We then evaluated the
levels of TNF-α, one of the main cytokines in the inflammatory response observed after
stroke (Figure 6B). The concentration of this cytokine was significantly reduced in the
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symbiotic-supplemented rats (115.2 ± 5.3; pg/μg of protein, mean ± SD) when compared
to those observed in the control and sham-operated animals (160.1 ± 11.8; p = 0.01 and
132.0 ± 3.3; p = 0.05, respectively; one-way ANOVA followed by Tukey´s post hoc test).

Figure 6. BDNF and TNF-α concentration in rats with tMCAO supplemented with the symbiotic
E. faecium and agave inulin. (A) Concentrations of BDNF. (B) Concentrations of TNF-α. n = 7 mean ± SD
(* p ≤ 0.0001); ** p < 0.05, *** p = 0.01, **** p = 0.05. One-way ANOVA followed by Tukey´s post
hoc test.

4. Discussion

Recent investigations have proposed the use of symbiotics as therapeutic alternatives
for stroke [24,25]. The results of the present investigation show that supplementation with
the symbiotic Enterococcus faecium and agave inulin as early as 14 days post-stroke improves
neurological recovery in a tMCAO model. These results provide significant evidence on
the neuroprotective effect that symbiotic supplementation can exert by limiting the size of
the infarct, which in turn improves neurological recovery.

In addition, we observed a decrease in TNF-α and an increase in BDNF concentrations
in the hippocampus after supplementation with Enterococcus faecium and agave inulin.
TNF-α is a key cytokine for inducing neuroinflammation [26]. It has been observed that this
cytokine contributes to the exacerbation of tissue injury after stroke [27] through different
mechanisms, such as mitochondrial dysfunction, leading to apoptosis [28]. It also mediates
endothelial necroptosis by increasing the permeability of the blood –brain barrier (BBB) [29]
and reducing neurogenesis [30] and neuroplasticity after the ischemic event [31]. On the
other hand, BDNF is a growth factor that stimulates cell survival and neural differentiation.
The increase in BDNF may mediate the survival of injured neurons through the activation
of the PI3K/Akt pathway and MAPK/ERK, inhibiting apoptosis [32]. This molecule
also promotes neurotransmission and synaptic plasticity [33]; its deficiency is related to
cognitive impairment after an ischemic event [34] and contributes to the prognosis of the
neurological outcome.

The changes in the expression of BDNF and TNF-α could be responsible, at least in
part, for the neuroprotective effect observed in the supplemented rats. These changes are
possible as the symbiotic can selectively increase beneficial bacteria in the intestine as well
as levels of short-chain fatty acids [35], such as butyrate, which in turn increases BDNF

17



Biomedicines 2024, 12, 209

expression by inhibiting histone deacetylation [12]. Butyrate is obtained as a fermentative
product of inulin by E. faecium [15]. In addition, Enterococcus faecium and agave inulin
individually have been shown to possess anti-inflammatory characteristics [11,14]. It has
been proven that inulin itself has the ability to reduce the IFN-gamma production by
the CD4+ T cells and to increase T reg cells, which express high amounts of IL-10 and
a low quantity of IL-6 [36]. Furthermore, inulin also suppresses M1 macrophages and
polarizes the M2 phenotype [12], increasing the peripheral blood monocytic myeloid-
derived suppressor cells [37]. Moreover, E. faecium reduces the IL-8, TNF-α, and IL-6 levels
in the macrophages [38], and free radicals overall, and increases the IL-10 and dopamine
levels [39].

To corroborate the neuroprotective capacity of Enterococcus faecium and agave inulin
supplementation, we evaluated the size of the infarct, which was significantly smaller in the
treated group. This tissue preservation may be due to the reduction in pro-inflammatory
cytokines like TNF-α, one of the main inflammatory mediators that facilitates the infiltration
of peripheral leukocytes by increasing permeability and inducing the rupture of the BBB,
leading to apoptosis [26]. In the same way, the reduction in leukocyte infiltration could
diminish the attack of free radicals. Therefore, a reduction in TNF-α levels contributes to a
reduction in infarct volume, leading to greater neurological recovery and preserving neural
functions in the hippocampus, such as memory.

Similarly, symbiotic supplementation also enhanced spatial and working memory
recovery. These data are very similar to the results obtained by the group of Lee et al., who
performed a fecal transplant from young mice with a healthy intestinal microbiome to aged
mice subjected to tMCAO. This study showed improvement in behavior and memory two
weeks after the intervention. Furthermore, 11 days after the transplant, the microbiome of
the mice with tMCAO was very similar to that of the donors [40].

After stroke, inflammation causes alterations in the microenvironment of the hypotha-
lamus that directly affect the functioning of the hypothalamic neurons, mainly affecting
memory. The process of neuroinflammation has been observed persisting into the chronic
stages. Radenovic et al. reported the presence of activated microglial cells and astrocytes
up to two years post-ischemia, particularly notable in the CA1 and CA3 regions of the
hippocampus. These findings are associated with progressive neurodegeneration and
suggest a potential link to the development of dementia [4]. Previous studies have shown
that the symbiotic inulin and E. faecium can reduce inflammation in this area of the brain
and induce the expression of neurotrophic factors [15]. The results of our present work are
consistent with these findings.

Furthermore, BDNF is capable of inducing neuroplasticity and is involved in long-
term potentiation (LTP) processes during memory recall and learning [15]. These effects
indicate the possible mechanisms that may be involved in cognitive recovery after an
ischemic event, since BDNF is a key molecule for memory establishment.

The findings of this study represent the first approach analyzing the effect of supple-
mentation with E. faecium and agave inulin after cerebral ischemia. These promising results
provide some bases to contemplate the potential impact of this therapeutic strategy on the
chronic phase of ischemia [4]. In line with this, it will be necessary to plan the assessment
of diverse parameters including both local and systemic inflammation and morphological
alteration, among others.

5. Conclusions

Supplementation with the symbiotic E. faecium and agave inulin can induce neuropro-
tection (infarct size reduction) in a model of cerebral ischemia. This could be the result of
reducing the TNF-α concentrations and increasing BDNF expression. This neuroprotective
effect promoted better neurological recovery. In the same way, symbiotic supplementa-
tion induced a significant recovery of spatial and working memory. Therefore, symbiotic
supplementation could work as an adjuvant therapy to improve neurological recovery
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in stroke patients. Further research is needed to provide more evidence supporting the
usefulness of this therapeutic strategy.
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Abstract: Currently, only the general control of the risk factors is known to prevent lacunar cerebral
infarction, but it is unknown which type of medication for controlling the risk factors has a causal
relationship with reducing the risk of lacunar infarction. To unlock this medical mystery, drug-target
Mendelian randomization analysis was applied to estimate the effect of common antihypertensive
agents, hypolipidemic agents, and hypoglycemic agents on lacunar stroke. Lacunar stroke data for the
transethnic analysis were derived from meta-analyses comprising 7338 cases and 254,798 controls. We
have confirmed that genetic variants mimicking calcium channel blockers were found to most stably
prevent lacunar stroke. The genetic variants at or near HMGCR, NPC1L1, and APOC3 were predicted
to decrease lacunar stroke incidence in drug-target MR analysis. These variants mimic the effects of
statins, ezetimibe, and antisense anti-apoC3 agents, respectively. Genetically proxied GLP1R agonism had
a marginal effect on lacunar stroke, while a genetically proxied improvement in overall glycemic control
was associated with reduced lacunar stroke risk. Here, we show that certain categories of drugs currently
used in clinical practice can more effectively reduce the risk of stroke. Repurposing several drugs with
well-established safety and low costs for lacunar stroke prevention should be given high priority when
doctors are making decisions in clinical practice. This may contribute to healthier brain aging.

Keywords: stroke; lacunar; mendelian randomization analysis; drug repurposing; antihypertensive
agent; hypolipidemic agents; hypoglycemic agents; aging; healthy; precision medicine; genetic
association studies; preventive medicine

1. Introduction

Lacunar stroke is a small subcortical infarct that arises from ischemia in the territory of
the deep perforating arteries of the brain [1]. These arteries, also known as lenticulostriate
arteries, supply blood to the brain’s deep structures, including the basal ganglia, thalamus,
internal capsule, and white matter. Lacunar stroke accounts for one-quarter of the overall
number of ischemic strokes. Despite their small size, they can have significant impacts on
a person’s health and quality of life. They can lead to long-term intellectual and physical
disabilities, including difficulties with movement, speech, and cognitive functions. The exact
cause of lacunar strokes is not fully understood, but they are often associated with conditions
that affect the health of blood vessels, such as hypertension, diabetes, and high cholesterol.
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These conditions can lead to the hardening and narrowing of the small blood vessels in the
brain, reducing blood flow and increasing the risk of a lacunar stroke. Preventive treatments
are generally aimed at controlling these three risk factors. However, it is not yet known which
specific medication for controlling these three risk factors can have a causal relationship with
reducing the risk of lacunar infarction. In other words, the exact relationship between specific
medications for these risk factors and the reduction of lacunar infarction risk is still under
investigation. This is an area where further research is needed.

Recently, Matthew Traylor et al. made substantial progress in identifying the genetic
mechanisms underlying lacunar stroke by genome-wide association studies (GWAS) [2].
Their research has shed light on novel mechanisms underlying lacunar stroke pathogenesis,
pointing to pathways that could potentially be targeted by more precision therapeutics [3].

The Mendelian randomization (MR) approach is a popular genetic epidemiological
method that uses genetic variants as instrumental variables (IVs) for exposure to assess
causal associations between risk factors and disease [4]. This method exploits the random
allocation of genetic variants at conception to minimize any bias due to confounding and
reverse causation that can restrict causal inference in observational research [5]. Genetic
variation in drug-target proteins, such as HMGCR, can be leveraged to extend the ap-
plication of Mendelian randomization (MR) to investigate drug effects [5,6]. Specifically,
single-nucleotide polymorphisms (SNPs) in or near the HMGCR gene were used as proxies
for HMGCR inhibition by statins [7]. Drug repurposing, otherwise known as drug reposi-
tioning, is a strategy that seeks to identify new indications and targets for approved drugs
that are beyond the scope of their original medical indications [8]. Drug repurposing can be
a time- and cost-effective way to discover novel therapeutics. Therefore, drug repurposing
can be a useful strategy for lacunar stroke by exploring the potential of existing drugs that
have already been proven safe and effective in humans [9].

Thus, to estimate which class of medication for antihypertensive, lipid-lowering,
and antidiabetic drugs can exert a causal relationship with reducing the risk of lacunar
infarction, we conducted this comprehensive MR analysis. We first exploited a two-sample
MR approach to examine the causal associations of modifiable risk factors with lacunar
stroke. Second, multivariable MR was conducted to estimate the direct causal effect of
blood pressure and lipids on lacunar stroke. Third, drug-targeted MR was applied to
evaluate several commonly used classes of antihypertensive, lipid-lowering agents and
GLP1R agonism for hypoglycemic drugs likely to have efficacy in preventing lacunar stroke.
The study design is presented in Figure 1.

Figure 1. Overall study design. a: [2]. GWAS: genome-wide association study; MR: Mendelian randomization.
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The purpose of this drug-target MR study was to determine whether some pre-existing
drugs had a causal effect on lacunar stroke, with the ultimate goal of repurposing these
drugs for new therapeutic applications. The study proposed that certain categories of
medication could be identified and prioritized for use in the prevention of lacunar stroke.

2. Materials and Methods

We utilize a method known as Mendelian randomization (MR), which uses genetic
variants as instrumental variables to estimate the causal effect of an exposure on an out-
come. Our data sources include published genome-wide association studies (GWASs) and
summary data from the MR base. Through this rigorous approach, we aim to shed light on
the complex interplay of genetic and modifiable risk factors in the development of lacunar
stroke, ultimately contributing to improved prevention and treatment strategies.

2.1. Potential Risk Factors

We considered potential risk factors that can be grouped under the following cat-
egories: anthropometry (waist-to-hip ratio, body fat, height, body mass index, bone
mineral density, childhood BMI, birth weight), socioeconomic (education, intelligence),
lifestyle/dietary (diphenylamine, smoking (number), eicosapntemacnioc acid, linoleic acid
(LA; 18:2,n6), coffee, morning person, subjective well-being, adrenic acid (22:4,n6), arachi-
donic acid (AA; 20:4,n6), sedentary, carbohydrate, gamma linolenic acid (GLA; 18:3,n6)),
cardiometabolic (common carotid intima-media thickness, coronary heart disease, HDL
cholesterol || id:ieu-b-109, total cholesterol, homocysteine (Hcy), C-reaction protein (CRP),
type 2 diabetes, lipoprotein(a), fasting glucose, heart rate, fasting proinsulin, fasting in-
sulin, pulse pressure, apolipoprotein A-I || id:ieu-b-107, diastolic blood pressure (DBP),
triglycerides || id:ieu-b-111, hypertension, fibrinogen, adiponectin, atrial fibrillation, lep-
tin), LDL cholesterol || id:ieu-b-110, HbA1C, 2h glucose, systolic blood pressure (SBP),
apolipoprotein B || id: ieu-b-108), endogenous substances (serum creatinine, vitamin E,
uric acid, eGFRcrea, blood urea nitrogen, vitamin b12, protein, vitamin D), neuropsychiatric
disorders (anorexia nervosa, schizophrenia, neuroticism, major depression, Parkinson’s
disease) and other system diseases (chronic obstructive pulmonary disease, rheumatoid
arthritis, osteoporotic fracture, Crohn’s disease, asthma). These 65 risk factors are listed in
Table S1. The eligible risk factors had the most solid evidence from previous observational
studies, indicating that they may predispose an individual to lacunar stroke.

2.2. Data Sources

We searched PubMed for published genome-wide association studies to obtain the
summary data (effect size estimates and standard errors) of risk factors. We also derived
data from the MR base https://gwas.mrcieu.ac.uk/ (accessed on 29 August 2023) [10].
Details on the risk factors (including traits, number of IVs in the study (p < 5 × 10−8), the
GWASs that the traits were interested, number of samples that the GWASs included, and
units of the traits) that showed significant effects on lacunar stroke from which we obtained
summary data for the current analyses are presented in Table S2.

Lacunar stroke data were obtained from meta-analyses conducted in Europe, the
USA, and Australia [2]. The meta-analyses included previous genome-wide association
studies (GWASs) and additional cases and controls from the U.K. DNA lacunar stroke
studies and the International Stroke Genetics Consortium. The study comprised a total
of 6030 cases and 248,929 controls of European ancestry. In addition, the transethnic
analysis included 7338 cases and 254,798 controls [11–14]. These lacunar stroke cases
were MRI-confirmed cases, as MRI confirmation of lacunar stroke is more reliable than
standard phenotyping. Genotyping arrays, quality control filters, and imputation reference
panels could be found in the study [2]. Summary-level GWAS data could be derived from
https://cd.hugeamp.org/downloads.html (accessed on 23 August 2023).
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2.3. Genetic Variants

For univariable MR analyses, SNPs with genome-wide significance (p < 5 × 10−8) for
each risk factor and their effect size estimates and standard errors were also collected. Only
independent variants are not in linkage disequilibrium (defined as r2 < 0.001) with other
genetic variants for the same risk factor. The IVs (F statistic > 10) for all the exposures were
sufficiently informative [15]. F-statistics were calculated for each variant using the formula
F = beta2/SE2 [16].

For blood pressure (BP)-related (SBP: systolic blood pressure; DBP: diastolic blood
pressure; PP: pulse pressure) or lipid-related (ApoB: apolipoprotein B; LDL-C: low-density
lipoprotein; TG: triglyceride; ApoA1: apolipoprotein A-I; HDL-C: high-density lipoprotein)
traits, one exposure is genetically correlated with other exposures. Thus, we employed
multivariable MR (MVMR) analysis to estimate the independent causal effect of each expo-
sure [17,18]. As an extension of univariable MR, MVMR concatenating a set of IVs for each
exposure estimates the direct effect of exposures on lacunar stroke risk, whereas univariable
MR calculates the total effect. SNPs for the BP traits were obtained from summary statistics
of a large GWAS of BP traits with over 1 million people of European ancestry [19]. All
SNPs with genome-wide significance (n = 255, LD_r2 < 0.1) that were associated with any
of the BP traits were included in the set of IVs. For the lipid multivariable MR analyses, in
Model 1, we pooled all SNPs with genome-wide significance that were associated with any
of the traits, including ApoB, LDL-C, and TG. In Model 2, the traits included ApoA1 and
HDL-C [20]. The IVs were derived from the MR base with a threshold clump_r2 = 0.001
and clump_kb = 1000. In all, 384 and 435 IVs were concatenated for Model 1 and Model 2.

For antihypertensive drug-MR, MR analyses were performed to estimate the effect of
a 10 mmHg reduction in blood pressure by antihypertensive drugs. Genetic instruments
were selected based on their association with each blood pressure (BP) trait at genome-
wide significance (p < 5 × 10−8) and their proximity to genes (near (+/−200 kb) or within
encoding protein targets of 12 antihypertensive medication classes. Effect estimates for each
genetic variant were derived for each BP trait from the trans-ancestry BP GWAS [21–23]
(Table S3). The primary analysis focused on the SBP-lowering effect, with sensitivity
analyses considering the remaining BP traits (DBP, PP).

To investigate the effects of lipid-lowering drugs, the Mendelian randomization (MR)
approach used HMG-CoA reductase as a proxy for statins. Five single-nucleotide polymor-
phisms (SNPs) associated with low-density lipoprotein (LDL) cholesterol at the genome-
wide significant level (p < 5.0 × 10−8) and located within ±100 kb windows from the
gene region of HMGCR were obtained (Figure 2). Variants located in the HMGCR, PCSK9,
and NPC1L1 regions were selected using the method described by B. A. Ference [24]. The
method proposed by Do et al. was used to select variants located in or near the APOC3
regions [25]. Variants were selected based on their associations with either low-density
lipoprotein cholesterol (LDL-C) or triglycerides (TG), and they were not highly correlated
(r2 < 0.4 or r2 < 0.3) (Table S3).

Figure 2. Principles of drug-target MR analysis framework. MR: Mendelian randomization.
SNP: single-nucleotide polymorphism; HMGCR: 3-Hydroxy-3-Methylglutaryl-CoA reductase; eQTLs:
expression quantitative trait loci; pQTLs: protein quantitative trait loci; LDL: low-density lipoprotein.
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For antidiabetic drugs, genetic proxies for glucagon-like peptide 1 receptor (GLP1R)
agonism and glycemic control by any mechanism estimated to be associated with glycated
hemoglobin (mmol/mol) were derived from 337,000 samples in the U.K. Biobank [26,27].
The linkage disequilibrium r2 values for variants used as proxies for GLP1R agonism and
glycemic control were r2 < 0.1 and 0.001, respectively (Table S3).

2.4. Mendelian Randomization Analysis

The principle and main analyses were described in our previous study [20,28,29]. Inverse-
variance weighted (IVW) was the primary MR approach in the study. MR–Egger [30,31], the
weighted median [32], and the simple median were calculated, and the MR–Egger intercept
test was used to assess horizontal pleiotropy. We also used the Cochran Q statistic to test
for heterogeneity and pleiotropy [33]. For instruments with only 1 variant, Wald-ratio MR
was performed.

Next, the multivariable IVW method was used as the primary approach in conducting
multivariable MR [33–35]. Univariable MR results reflect the total effect of each exposure
on the outcome, including both direct and indirect effects through interactions with other
exposures. Multivariable MR is often used in lipid analysis to estimate the direct causal
effect of each exposure on an outcome [17]. Mendelian randomization (MR) can also
provide valuable information about drugs, such as predicting their efficacy and revealing
target-mediated adverse effects, which is also known as drug-target MR [5]. Drug-target MR
can demonstrate the effect of modifying biomarkers through specific therapeutic targets on
long-term health outcomes [36]. To account for both measured and unmeasured pleiotropy,
we also used the multivariable MR-Egger [34] and the MR-Lasso method [37]. To test for
heterogeneity and pleiotropy, we performed the Cochran Q statistic and multivariable
MR-Egger test (intercept) [17,37].

The analyses were performed with R version 4.1.1 (R Core Team, Vienna, Austria)
and the “Two Sample MR” (version 0.5.6) and “Mendelian Randomization” (version 0.5.1)
packages [38]. Given that there was only one outcome under investigation (lacunar stroke),
we used a 2-tailed p-value < 0.05 to denote evidence against the null hypothesis (i.e., p < 0.05
provided evidence in favor of an association between the exposure and outcome).

3. Results

Among all 65 risk factors (i.e., anthropometric, serum substances, socioeconomic,
lifestyle/dietary, cardiometabolic, and inflammatory factors), not surprisingly, genetically
predicted hypertension, hyperlipidemia, and type 2 diabetes were identified as the pre-
dominant high-risk factors for the development of lacunar stroke (Figure 3). Greater height,
higher educational level, fibrinogen, and atrial fibrillation have also been found to be
associated with the incidence of lacunar stroke (Figure 3).

The odds ratio for lacunar stroke estimated for a 1-SD increase in predisposition to
elevated SBP was 1.06, and the effect was also validated and similar with SBP through
analysis estimated for DBP and PP.

For lipids, genetically predicted 1-SD increases in triglyceride and apolipoprotein B
levels showed a causal detrimental effect on lacunar stroke, respectively.

The analysis showed a decreased risk of lacunar stroke with genetically predicted high
levels of apolipoprotein A-I and HDL. A genetic predisposition to type 2 diabetes signifi-
cantly increases the risk of lacunar stroke. In addition, a high level of fasting proinsulin
had a detrimental influence on the risk of lacunar stroke. The main results of significant
risk factors in univariable MR are presented in Table S4.

In blood pressure MVMR analysis, we found little evidence for the direct effects of
any blood pressure factor on the risk of lacunar stroke. Specifically, the ORs of lacunar
stroke per 1-SD increase in SBP, DBP, and PP were 0.97, 1.08, and 1.07, respectively. For
lipid MVMR, when ApoB, LDL-C, and TG were assessed together in Model 1 using the
multivariable IVW method, elevated TG levels remained significantly associated with
a higher risk of lacunar stroke. In Model 2, neither apolipoprotein A-I nor HDL levels
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showed direct effects on lacunar stroke risk. The MVMR results are listed in Table S5, and
the MR–Egger intercept and Q test results in the study are listed in Table S6.

Furthermore, the antihypertensive drug MR demonstrated that genetic variants mim-
icking the effect of calcium channel blockers (CCBs) showed the most potent effects in
preventing lacunar stroke for each 1 SD decrease in genetically predicted SBP. The pro-
tective effects remained stable in the sensitivity analyses when variants mimicking CCB
effects were estimated using DBP and PP (Figure 4). We also found that loop diuretics may
prevent lacunar stroke, as estimated by SBP and DBP (Figure 4). Genetically predicted
alpha-adrenoceptor blockers may have marginally protective effects on lacunar stroke, but
only when estimated with SBP (Figure 4). No evidence of efficacy was identified for other
antihypertensive drug classes in the analysis.

Figure 3. Odds ratios for associations between genetically predicted significant factors and lacunar
stroke conduct by univariable MR. MR: mendelian randomization. DBP: diastolic blood pressure;
PP: pulse pressure; SBP: systolic blood pressure; HDL: high-density lipoprotein; T2DM: diabetes
mellitus type 2; OR: odds ratio. 95% CI: 95% confidence interval. HDL, apolipoprotein A-I, triglyc-
erides, apolipoprotein B, height used the multiplicative random effects model due to instrumental
heterogeneity (Cochran Q test p < 0.05).

In the LDL-lowering target MR, the LDL-lowering effect predicted by the genetic
variants at or near the HMGCR gene (i.e., mimicking the effect of statins), NPC1L1 (mim-
icking the effects of ezetimibe), and APOC3 (mimicking antisense anti-apoC3 agents) may
decrease the risk of lacunar stroke (Figure 5). Genetic proxies for HMGCR agonism were
associated with a reduced risk of lacunar stroke, and genetic proxies for NPC1L1 inhibition
were associated with a reduced risk of lacunar stroke. Significant protective associations
of genetically proxied APOC3 inhibition estimated either by LDL or triglyceride lowering
with lacunar stroke risk were also observed (Figure 5).

We found little evidence for genetic proxies for GLP1R agonism effects on lacunar
stroke; genetically proxied GLP1R agonism showed a marginal effect on lacunar stroke,
while a genetically proxied improvement in overall glycemic control was associated with a
reduced risk of lacunar stroke.

There were causal associations between genetically predicted greater height, higher
education level, and lower odds of lacunar stroke, respectively. We also found that a high
level of fibrinogen was associated with an increased risk of lacunar stroke, and a high risk
of atrial fibrillation was associated with a decreased risk of lacunar stroke. No other causal
evidence of lacunar stroke risk was found in the analysis. The main results of significant
risk factors in univariable MR are presented in Table S4.
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Figure 4. Results of blood pressure-lowering drug-target MR analysis. Estimated for SBP-lowering
target weighted by SBP, DBP-lowering target weighted by DBP, and PP-lowering target weighted by
PP. On the left of x-axis = 1 presented drug use protective, and on the right of x-axis = 1 presented
drug use detrimental. MR: Mendelian randomization; DBP: diastolic blood pressure; PP: pulse
pressure; SBP: systolic blood pressure. OR: odds ratio. 95% CI: 95% confidence interval.

Figure 5. Results of lipid-lowering drug-target MR analysis. Estimated for LDL-lowering target
weighted by LDL, triglyceride-lowering target weighted by triglyceride. On the left of x-axis = 1
presented drug use protective, and on the right of x-axis = 1 presented drug use detrimental. MR:
Mendelian randomization; LDL: low-density lipoprotein; HMGCR: 3-Hydroxy-3-Methylglutaryl-CoA
reductase; PCSK9: proprotein convertase subtilisin kexin type 9; NPC1L1: NPC1-like intracellular
cholesterol transporter 1; APOC3: apolipoprotein C3; APOA5: apolipoprotein A5; LPL: lipopro-
tein lipase; ANGPTL3: angiopoietin-like 3; APOB: apolipoprotein B; OR: odds ratio. 95% CI: 95%
confidence interval.

Our MR analysis provided strong genetic evidence that hypertension, hyperlipidemia,
and type 2 diabetes were the predominant risk factors for the development of lacunar stroke.
Moreover, our MVMR analysis documented that genetically predicted elevated TG levels
were still associated with a higher risk of lacunar stroke. Importantly, the comprehensive
drug-target MR approach identified the protective effects of common antihypertensive,
lipid-lowering medications on lacunar stroke. CCBs, statins, ezetimibe, and anti-apoC3

28



Biomedicines 2024, 12, 17

agents were most likely to have potential effects of preventing lacunar stroke. GLP1R
agonism did not show such effects, but improvement in overall glycemic control was
associated with a reduced risk of lacunar stroke.

4. Discussion

In conclusion, this study provides valuable insights into the genetic and modifiable
risk factors for lacunar stroke. The findings could potentially guide the development of
preventive strategies and treatments for this condition [39]. This study indicated that old
drugs could be repurposed to prevent lacunar stroke more precisely with substantially
lower overall development costs and shorter development timelines [40]. Such drugs
should be given high priority when doctors are making decisions and may contribute to a
healthier brain during aging.

Antihypertensive, lipid-lowering agents have been explored with stroke in a previous
study. Georgakis MK et al. found that genetic proxies for CCBs showed an inverse
association with the risk of ischemic stroke compared with proxies for β-blockade, which
was particularly strong for small vessel stroke [41]. Our study showed that among the
12 antihypertensive drug classes, CCBs had the most potent effects in preventing lacunar
stroke and that loop diuretics may prevent the development of lacunar stroke, as estimated
by SBP. β-Blockade did not show protective effects against the risk of lacunar stroke
estimated by SBP. Large-scale meta-analyses of clinical trials have shown that calcium
channel blockers have a stronger effect on reducing the risk of stroke than β blockers [42,43].
However, the association between lipid-lowering variants mimicking statin use and a lower
risk of ischemic stroke was statistically significant only for large artery stroke [44]. The
possible explanation was that the data we used as outcomes made substantial progress
in identifying the genetic mechanisms underlying lacunar stroke. We also found little
evidence for the effect of PCSK9 inhibitors in preventing lacunar stroke. Our findings
agree with the results by Hopewell JC et al. in that PCSK9 inhibitors are unlikely to have
an effect on lacunar stroke risk. Notably, genetic proxies for HMGCR agonism, NPC1L1
(mimicking the effects of ezetimibe) and APOC3, were predicted to decrease the risk of
lacunar stroke; they do affect the risk of lacunar stroke, but they may not do so via LDL.
We found little evidence to suggest that LDL itself affects the risk of developing lacunar
stroke. The underlying mechanism needs to be explored in the future.

Blood pressure showed a significant association with lacunar stroke risk in univariable
MR but not in MVMR. A possible explanation for this is that MVMR analysis is used to
estimate the independent causal effect of each exposure, whereas univariable MR is used
to calculate the total effect. Elevated TG levels were found to be associated with a higher
risk of lacunar stroke conditional on ApoB and LDL-C levels in multivariable MR, which
was consistent with the results from univariable MR. This result suggests that compared
with ApoB or LDL-C, TG may be more likely to have a detrimental causal effect on lacunar
stroke. Thus, in drug-targeted MR, we applied proxies for lipid-lowering agents estimated
by TG-lowering targets.

In this screening Mendelian randomization analysis, we also found that higher height
and education levels are associated with a reduced risk of lacunar stroke. Currently, it
is well understood that higher education levels often indicate that individuals are more
likely to have access to healthy diets, appropriate physical exercise, and harmless work
environments and are more concerned about their health status. These characteristics
are all favorable factors in reducing the risk of lacunar stroke. However, the biological
mechanism behind the association between higher height and reduced risk of lacunar
stroke is currently unclear. For both of these results, further mediation analysis would be
helpful in uncovering their underlying biological mechanisms.

The relationship between fibrinogen and lacunar stroke can be explained by the fact
that high levels of fibrinogen can lead to the formation of blood clots, which can block
small arteries in the brain and cause a lacunar stroke [45]. Further research is needed to
understand the underlying biological mechanisms behind this association. However, this
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finding suggests that monitoring fibrinogen levels may be an important factor in reducing
the risk of lacunar stroke [46].

Additionally, this result may imply that atrial fibrillation patients are less likely to
develop lacunar stroke. However, more research is needed to confirm this hypothesis and
to determine the underlying biological mechanisms. One possible explanation for this
association is that atrial fibrillation may lead to changes in blood flow and pressure within
the brain, which could reduce the risk of lacunar stroke. Another possibility is that the
medications used to treat atrial fibrillation may also have a protective effect against lacunar
stroke. Future studies could investigate the effects of different types of medications on the
risk of lacunar stroke in individuals with atrial fibrillation, as well as the potential role of
lifestyle factors such as diet and exercise.

The term lipohyalinosis refers to a concentric accumulation of hyaline material in the
walls of small cerebral vessels, which causes narrowing and blockage of the penetrating
arteries [47]. This is among the first and most frequent mechanisms of lacunar stroke that
have been documented and confirmed by pathology. High blood pressure may cause the
vessel walls to thicken and degenerate, as well as foam cells to fill up the lumen of small
arteries that penetrate the brain, leading to lipohyalinosis. Diabetes is a condition that
affects the metabolism of blood glucose (or blood sugar) and blood lipids, causing chronic
inflammation [48]. These factors harm the vessel wall, leading to the accumulation of lipid,
fibrous tissue, and calcification and the formation of atherosclerotic plaques. Our study
suggests that CCBs, statins, ezetimibe, and anti-apoC3 agents may prevent lacunar stroke
by lowering blood pressure and lipid levels. Additionally, the potential role of statins
in improving lacunar stroke might be due to the anti-inflammatory effect of statins [49].
The antihyperglycemic effect alone is able to reduce oxidative stress, with improvement
in endothelial function, which is one of the triggers for the Virchow triad [50]. Future
studies should investigate whether other mechanisms are also involved, which may help
identify new targets for interventions or therapies. A strength of our study was the use of
two-sample MR, which allowed us to utilize the latest GWASs for lacunar stroke outcomes,
which included 7338 cases and 254,798 controls [2]. MR is a more effective approach than
traditional pharmacoepidemiological methods in addressing certain types of confounding.
This includes confounding by indication, as well as confounding by environmental and
lifestyle factors that cannot be fully adjusted for using observational data. Residual con-
founding is an inevitable consequence of measurement error and incomplete capture of
all potential confounding factors. Importantly, drug repurposing, being a less expensive
and time-consuming approach, brings effective therapies to patients compared with the
cumbersome traditional processes of discovery and development. Repurposing candidates
have already undergone several stages of clinical development and have well-established
safety and pharmacological profiles. This translates to lower development costs, faster
development times, and ultimately lower out-of-pocket costs for patients, reducing the
actual cost of therapy [51].

Several limitations merit consideration. Our study was constrained by the fact that
MR estimates the effect of lifelong exposure, while drugs typically have much shorter
periods of exposure [52]. Additionally, systolic blood pressure may have age-dependent
effects. As a result, the effect sizes we estimated may not directly reflect what is observed
in trials or clinical practice and may not be able to identify critical periods of exposure.
Nevertheless, our study assumed a linear relationship between exposures and lacunar
stroke and did not investigate the nonlinear effects of the exposures [30,32]. The populations
of exposures and outcomes we explored in the study were not all from subjects of European
ancestry; the lacunar stroke GWAS data were derived from transethnic studies, and the
underlying populations were primarily composed of individuals of European ancestry [53].
Thus, bias from population stratification is deemed likely [54]. In this analysis, we only
analyzed GLP1R agonism for hypoglycemic drugs and did not analyze other commonly
used hypoglycemic drugs in clinical practice, such as metformin and DPP4 inhibitors,
which may result in missing information. Metformin is a multi-target drug that is not
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suitable for MR analysis [55], and there are not enough available instrumental variables
to proxy DPP4 inhibitors as far as we know. Finally, completely ruling out pleiotropy
or an alternative direct causal pathway is a challenge for all MR analyses because there
are probably some unknown confounders that could influence lacunar stroke [56]. These
limitations highlight the importance of cautious interpretation of findings [54]. Further
research is needed to validate these findings and to explore their clinical implications.

Precision medicine technology is continuously developing, and we believe that it will
play an increasingly important role in the diagnosis and treatment of lacunar stroke [57].
To foster the potential of MR analysis, it is crucial to acquire large datasets that comprise
subject-level information on hundreds to thousands of patients [58]. This will enable the
development of more accurate and reliable predictive models for lacunar stroke, which
can help clinicians identify high-risk patients and provide them with timely and effective
interventions [59]. In conclusion, precision medicine, particularly using drug-target MR, is
a promising approach for the prevention and treatment of lacunar stroke and an area that
deserves further research and development [9,39,60].

5. Conclusions

Using an MR design to comprehensively repurpose approved drugs to precisely
prevent lacunar stroke with well-established safety and low costs. CCBs, statins, ezetimibe,
and anti-apoC3 agents were most likely to have potential effects of preventing lacunar
stroke. This study provided solid evidence for doctors to consider when making decisions
in clinical practice and may contribute to a healthier brain during aging.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biomedicines12010017/s1, Table S1. All potential modifaiable risk factors
classification groups; Table S2. Summarised GWAS data for potentially modifiable risk factors that
shown significant effects on lacunar stroke in univariable MR; Table S3. Genetic variants included in
drug-target analyses for each region; Table S4. the main results of significant risk factors in univariable
MR; Table S5. Multivariable MR estimates for blood pressure and lipids; Table S6. MR-Egger intercept
and Q test result in the study.

Author Contributions: L.Z.: conceptualization, data curation, formal analysis, writing—original
draft; F.W.: methodology, software, validation; K.X.: methodology, software, validation; Z.Y.: method-
ology, software, validation; Y.F.: writing—conceptualization, writing—review and editing; T.H.:
conceptualization, writing—review and editing; D.F.: conceptualization, writing—review and editing.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China (grant
numbers 82101490, 81030019, and 81873784) and the Beijing Key Laboratory of Biomarker and
Translational Research in Neurodegenerative Disorders.

Institutional Review Board Statement: All human research was approved by the relevant institu-
tional review boards and conducted according to the Declaration of Helsinki. Ethical approval was
obtained from relevant Research Ethics Committees and from the review boards of Peking University
Third Hospital.

Data Availability Statement: All data collected for the study and code used in the analysis will be
made available to others.

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

References

1. Pantoni, L. Cerebral small vessel disease: From pathogenesis and clinical characteristics to therapeutic challenges. Lancet Neurol.
2010, 9, 689–701. [CrossRef]

2. Traylor, M.; Persyn, E.; Tomppo, L.; Klasson, S.; Abedi, V.; Bakker, M.K.; Torres, N.; Li, L.; Bell, S.; Rutten-Jacobs, L.; et al. Genetic
basis of lacunar stroke: A pooled analysis of individual patient data and genome-wide association studies. Lancet Neurol. 2021,
20, 351–361. [CrossRef]

3. Nelson, M.R.; Tipney, H.; Painter, J.L.; Shen, J.; Nicoletti, P.; Shen, Y.; Floratos, A.; Sham, P.C.; Li, M.J.; Wang, J.; et al. The support
of human genetic evidence for approved drug indications. Nat. Genet. 2015, 47, 856–860. [CrossRef]

31



Biomedicines 2024, 12, 17

4. Davey Smith, G.; Hemani, G. Mendelian randomization: Genetic anchors for causal inference in epidemiological studies. Human.
Mol. Genet. 2014, 23, R89–R98. [CrossRef]

5. Schmidt, A.F.; Finan, C.; Gordillo-Marañón, M.; Asselbergs, F.W.; Freitag, D.F.; Patel, R.S.; Tyl, B.; Chopade, S.; Faraway, R.;
Zwierzyna, M.; et al. Genetic drug target validation using Mendelian randomisation. Nat. Commun. 2020, 11, 3255. [CrossRef]

6. Swerdlow, D.I.; Holmes, M.V.; Kuchenbaecker, K.B.; Engmann, J.E.; Shah, T.; Sofat, R.; Guo, Y.; Chung, C.; Peasey, A.; Pfister, R.;
et al. The interleukin-6 receptor as a target for prevention of coronary heart disease: A mendelian randomisation analysis. Lancet
2012, 379, 1214–1224. [CrossRef]

7. Swerdlow, D.I.; Preiss, D.; Kuchenbaecker, K.B.; Holmes, M.V.; Engmann, J.E.; Shah, T.; Sofat, R.; Stender, S.; Johnson, P.C.;
Scott, R.A.; et al. HMG-coenzyme A reductase inhibition, type 2 diabetes, and bodyweight: Evidence from genetic analysis and
randomised trials. Lancet 2015, 385, 351–361. [CrossRef]

8. Ashburn, T.T.; Thor, K.B. Drug repositioning: Identifying and developing new uses for existing drugs. Nat. Rev. Drug Discov.
2004, 3, 673–683. [CrossRef]

9. Acosta, J.N.; Szejko, N.; Falcone, G.J. Mendelian Randomization in Stroke: A Powerful Approach to Causal Inference and Drug
Target Validation. Front. Genet. 2021, 12, 683082. [CrossRef]

10. Hemani, G.; Zheng, J.; Elsworth, B.; Wade, K.H.; Haberland, V.; Baird, D.; Laurin, C.; Burgess, S.; Bowden, J.; Langdon, R.; et al.
The MR-Base platform supports systematic causal inference across the human phenome. eLife 2018, 7, e34408. [CrossRef]

11. Kilarski, L.L.; Rutten-Jacobs, L.C.; Bevan, S.; Baker, R.; Hassan, A.; Hughes, D.A.; Markus, H.S. Prevalence of CADASIL and
Fabry Disease in a Cohort of MRI Defined Younger Onset Lacunar Stroke. PLoS ONE 2015, 10, e0136352. [CrossRef]

12. Adams, H.P., Jr.; Bendixen, B.H.; Kappelle, L.J.; Biller, J.; Love, B.B.; Gordon, D.L.; Marsh, E.E., 3rd. Classification of subtype of
acute ischemic stroke. Definitions for use in a multicenter clinical trial. TOAST. Trial of Org 10172 in Acute Stroke Treatment.
Stroke 1993, 24, 35–41. [CrossRef]

13. Bellenguez, C.; Bevan, S.; Gschwendtner, A.; Spencer, C.C.; Burgess, A.I.; Pirinen, M.; Jackson, C.A.; Traylor, M.; Strange, A.; Su,
Z.; et al. Genome-wide association study identifies a variant in HDAC9 associated with large vessel ischemic stroke. Nat. Genet.
2012, 44, 328–333. [CrossRef]

14. NINDS Stroke Genetics Network (SiGN); International Stroke Genetics Consortium (ISGC). Loci associated with ischaemic stroke
and its subtypes (SiGN): A genome-wide association study. Lancet Neurol. 2016, 15, 174–184. [CrossRef]

15. Pierce, B.L.; Ahsan, H.; Vanderweele, T.J. Power and instrument strength requirements for Mendelian randomization studies
using multiple genetic variants. Int. J. Epidemiol. 2011, 40, 740–752. [CrossRef]

16. Bowden, J.; Del Greco, M.F.; Minelli, C.; Davey Smith, G.; Sheehan, N.A.; Thompson, J.R. Assessing the suitability of summary
data for two-sample Mendelian randomization analyses using MR-Egger regression: The role of the I2 statistic. Int. J. Epidemiol.
2016, 45, 1961–1974. [CrossRef]

17. Sanderson, E.; Davey Smith, G.; Windmeijer, F.; Bowden, J. An examination of multivariable Mendelian randomization in the
single-sample and two-sample summary data settings. Int. J. Epidemiol. 2019, 48, 713–727. [CrossRef]

18. Sanderson, E. Multivariable Mendelian Randomization and Mediation. Cold Spring Harb. Perspect. Med. 2021, 11, a038984.
[CrossRef]

19. Evangelou, E.; Warren, H.R.; Mosen-Ansorena, D.; Mifsud, B.; Pazoki, R.; Gao, H.; Ntritsos, G.; Dimou, N.; Cabrera, C.P.; Karaman,
I.; et al. Genetic analysis of over 1 million people identifies 535 new loci associated with blood pressure traits. Nat. Genet. 2018,
50, 1412–1425. [CrossRef]

20. Yu, Z.; Zhang, L.; Zhang, G.; Xia, K.; Yang, Q.; Huang, T.; Fan, D. Lipids, Apolipoproteins, Statins and ICH: A Mendelian
Randomization Study. Ann. Neurol. 2022, 92, 390–399. [CrossRef]

21. Gill, D.; Georgakis, M.K.; Koskeridis, F.; Jiang, L.; Feng, Q.; Wei, W.Q.; Theodoratou, E.; Elliott, P.; Denny, J.C.; Malik, R.; et al.
Use of Genetic Variants Related to Antihypertensive Drugs to Inform on Efficacy and Side Effects. Circulation 2019, 140, 270–279.
[CrossRef]

22. Walker, V.M.; Kehoe, P.G.; Martin, R.M.; Davies, N.M. Repurposing antihypertensive drugs for the prevention of Alzheimer’s
disease: A Mendelian randomization study. Int. J. Epidemiol. 2020, 49, 1132–1140. [CrossRef]

23. Levin, M.G.; Klarin, D.; Walker, V.M.; Gill, D.; Lynch, J.; Hellwege, J.N.; Keaton, J.M.; Lee, K.M.; Assimes, T.L.; Natarajan, P.; et al.
Association Between Genetic Variation in Blood Pressure and Increased Lifetime Risk of Peripheral Artery Disease. Arterioscler.
Thromb. Vasc. Biol. 2021, 41, 2027–2034. [CrossRef]

24. Ference, B.A.; Ray, K.K.; Catapano, A.L.; Ference, T.B.; Burgess, S.; Neff, D.R.; Oliver-Williams, C.; Wood, A.M.; Butterworth,
A.S.; Di Angelantonio, E.; et al. Mendelian Randomization Study of ACLY and Cardiovascular Disease. N. Engl. J. Med. 2019,
380, 1033–1042. [CrossRef]

25. Do, R.; Willer, C.J.; Schmidt, E.M.; Sengupta, S.; Gao, C.; Peloso, G.M.; Gustafsson, S.; Kanoni, S.; Ganna, A.; Chen, J.; et al.
Common variants associated with plasma triglycerides and risk for coronary artery disease. Nat. Genet. 2013, 45, 1345–1352.
[CrossRef]

26. Daghlas, I.; Karhunen, V.; Ray, D.; Zuber, V.; Burgess, S.; Tsao, P.S.; Lynch, J.A.; Lee, K.M.; Voight, B.F.; Chang, K.M.; et al. Genetic
Evidence for Repurposing of GLP1R (Glucagon-Like Peptide-1 Receptor) Agonists to Prevent Heart Failure. J. Am. Heart Assoc.
2021, 10, e020331. [CrossRef]

32



Biomedicines 2024, 12, 17

27. Vujkovic, M.; Keaton, J.M.; Lynch, J.A.; Miller, D.R.; Zhou, J.; Tcheandjieu, C.; Huffman, J.E.; Assimes, T.L.; Lorenz, K.; Zhu,
X.; et al. Discovery of 318 new risk loci for type 2 diabetes and related vascular outcomes among 1.4 million participants in a
multi-ancestry meta-analysis. Nat. Genet. 2020, 52, 680–691. [CrossRef]

28. Burgess, S.; Davey Smith, G.; Davies, N.M.; Dudbridge, F.; Gill, D.; Glymour, M.M.; Hartwig, F.P.; Kutalik, Z.; Holmes, M.V.;
Minelli, C.; et al. Guidelines for performing Mendelian randomization investigations: Update for summer 2023. Wellcome Open.
Res. 2019, 4, 186. [CrossRef]

29. Bowden, J.; Spiller, W.; Del Greco, M.F.; Sheehan, N.; Thompson, J.; Minelli, C.; Davey Smith, G. Improving the visualization,
interpretation and analysis of two-sample summary data Mendelian randomization via the Radial plot and Radial regression. Int.
J. Epidemiol. 2018, 47, 1264–1278. [CrossRef]

30. Burgess, S.; Bowden, J.; Fall, T.; Ingelsson, E.; Thompson, S.G. Sensitivity Analyses for Robust Causal Inference from Mendelian
Randomization Analyses with Multiple Genetic Variants. Epidemiology 2017, 28, 30–42. [CrossRef]

31. Bowden, J.; Davey Smith, G.; Burgess, S. Mendelian randomization with invalid instruments: Effect estimation and bias detection
through Egger regression. Int. J. Epidemiol. 2015, 44, 512–525. [CrossRef]

32. Bowden, J.; Davey Smith, G.; Haycock, P.C.; Burgess, S. Consistent Estimation in Mendelian Randomization with Some Invalid
Instruments Using a Weighted Median Estimator. Genet. Epidemiol. 2016, 40, 304–314. [CrossRef]

33. Sanderson, E.; Spiller, W.; Bowden, J. Testing and correcting for weak and pleiotropic instruments in two-sample multivariable
Mendelian randomization. Stat. Med. 2021, 40, 5434–5452. [CrossRef]

34. Rees, J.M.B.; Wood, A.M.; Burgess, S. Extending the MR-Egger method for multivariable Mendelian randomization to correct for
both measured and unmeasured pleiotropy. Stat. Med. 2017, 36, 4705–4718. [CrossRef]

35. Zheng, J.; Brion, M.J.; Kemp, J.P.; Warrington, N.M.; Borges, M.C.; Hemani, G.; Richardson, T.G.; Rasheed, H.; Qiao, Z.; Haycock,
P.; et al. The Effect of Plasma Lipids and Lipid-Lowering Interventions on Bone Mineral Density: A Mendelian Randomization
Study. J. Bone Miner. Res. 2020, 35, 1224–1235. [CrossRef]

36. Williams, D.M.; Finan, C.; Schmidt, A.F.; Burgess, S.; Hingorani, A.D. Lipid lowering and Alzheimer disease risk: A mendelian
randomization study. Ann. Neurol. 2020, 87, 30–39. [CrossRef]

37. Grant, A.J.; Burgess, S. Pleiotropy robust methods for multivariable Mendelian randomization. Stat. Med. 2021, 40, 5813–5830.
[CrossRef]

38. Rasooly, D.; Patel, C.J. Conducting a Reproducible Mendelian Randomization Analysis Using the R Analytic Statistical Environ-
ment. Curr. Protoc. Hum. Genet. 2019, 101, e82. [CrossRef]

39. Daghlas, I.; Gill, D. Mendelian randomization as a tool to inform drug development using human genetics. Camb. Prism. Precis.
Med. 2023, 1, e16. [CrossRef]

40. Pushpakom, S.; Iorio, F.; Eyers, P.A.; Escott, K.J.; Hopper, S.; Wells, A.; Doig, A.; Guilliams, T.; Latimer, J.; McNamee, C.; et al.
Drug repurposing: Progress, challenges and recommendations. Nat. Rev. Drug. Discov. 2019, 18, 41–58. [CrossRef]

41. Georgakis, M.K.; Gill, D.; Webb, A.J.S.; Evangelou, E.; Elliott, P.; Sudlow, C.L.M.; Dehghan, A.; Malik, R.; Tzoulaki, I.; Dichgans, M.
Genetically determined blood pressure, antihypertensive drug classes, and risk of stroke subtypes. Neurology 2020, 95, e353–e361.
[CrossRef] [PubMed]

42. Rothwell, P.M.; Howard, S.C.; Dolan, E.; O’Brien, E.; Dobson, J.E.; Dahlöf, B.; Poulter, N.R.; Sever, P.S. Effects of beta blockers and
calcium-channel blockers on within-individual variability in blood pressure and risk of stroke. Lancet. Neurol. 2010, 9, 469–480.
[CrossRef] [PubMed]

43. Webb, A.J.; Fischer, U.; Mehta, Z.; Rothwell, P.M. Effects of antihypertensive-drug class on interindividual variation in blood
pressure and risk of stroke: A systematic review and meta-analysis. Lancet 2010, 375, 906–915. [CrossRef] [PubMed]

44. Hindy, G.; Engström, G.; Larsson, S.C.; Traylor, M.; Markus, H.S.; Melander, O.; Orho-Melander, M. Role of Blood Lipids in the
Development of Ischemic Stroke and its Subtypes. Stroke 2018, 49, 820–827. [CrossRef]

45. Rothwell, P.M.; Howard, S.C.; Power, D.A.; Gutnikov, S.A.; Algra, A.; van Gijn, J.; Clark, T.G.; Murphy, M.F.; Warlow, C.P.
Fibrinogen concentration and risk of ischemic stroke and acute coronary events in 5113 patients with transient ischemic attack
and minor ischemic stroke. Stroke 2004, 35, 2300–2305. [CrossRef]

46. Martiskainen, M.; Pohjasvaara, T.; Mikkelsson, J.; Mäntylä, R.; Kunnas, T.; Laippala, P.; Ilveskoski, E.; Kaste, M.; Karhunen, P.J.;
Erkinjuntti, T. Fibrinogen gene promoter -455 A allele as a risk factor for lacunar stroke. Stroke 2003, 34, 886–891. [CrossRef]

47. Onodera, O.; Uemura, M.; Ando, S.; Hayashi, H.; Kanazawa, M. Rethinking Lacunar Stroke: Beyond Fisher’s Curse. Brain Nerve
2021, 73, 991–998. [CrossRef]

48. Palmer, A.K.; Tchkonia, T.; LeBrasseur, N.K.; Chini, E.N.; Xu, M.; Kirkland, J.L. Cellular Senescence in Type 2 Diabetes: A
Therapeutic Opportunity. Diabetes 2015, 64, 2289–2298. [CrossRef]

49. Satny, M.; Hubacek, J.A.; Vrablik, M. Statins and Inflammation. Curr. Atheroscler. Rep. 2021, 23, 80. [CrossRef]
50. Caturano, A.; D’Angelo, M.; Mormone, A.; Russo, V.; Mollica, M.P.; Salvatore, T.; Galiero, R.; Rinaldi, L.; Vetrano, E.; Marfella, R.;

et al. Oxidative Stress in Type 2 Diabetes: Impacts from Pathogenesis to Lifestyle Modifications. Curr. Issues Mol. Biol. 2023, 45,
6651–6666. [CrossRef]

51. Ng, Y.L.; Salim, C.K.; Chu, J.J.H. Drug repurposing for COVID-19: Approaches, challenges and promising candidates. Pharmacol.
Ther. 2021, 228, 107930. [CrossRef]

52. Smith, G.D.; Ebrahim, S. Mendelian randomization: Prospects, potentials, and limitations. Int. J. Epidemiol. 2004, 33, 30–42.
[CrossRef] [PubMed]

33



Biomedicines 2024, 12, 17

53. Pierce, B.L.; Burgess, S. Efficient design for Mendelian randomization studies: Subsample and 2-sample instrumental variable
estimators. Am. J. Epidemiol. 2013, 178, 1177–1184. [CrossRef] [PubMed]

54. VanderWeele, T.J.; Tchetgen Tchetgen, E.J.; Cornelis, M.; Kraft, P. Methodological challenges in mendelian randomization.
Epidemiology 2014, 25, 427–435. [CrossRef] [PubMed]

55. Ma, T.; Tian, X.; Zhang, B.; Li, M.; Wang, Y.; Yang, C.; Wu, J.; Wei, X.; Qu, Q.; Yu, Y.; et al. Low-dose metformin targets the
lysosomal AMPK pathway through PEN2. Nature 2022, 603, 159–165. [CrossRef] [PubMed]

56. Hemani, G.; Bowden, J.; Davey Smith, G. Evaluating the potential role of pleiotropy in Mendelian randomization studies. Hum.
Mol. Genet. 2018, 27, R195–R208. [CrossRef] [PubMed]

57. Bonkhoff, A.K.; Grefkes, C. Precision medicine in stroke: Towards personalized outcome predictions using artificial intelligence.
Brain 2021, 145, 457–475. [CrossRef]

58. Emdin, C.A.; Khera, A.V.; Kathiresan, S. Mendelian Randomization. JAMA 2017, 318, 1925–1926. [CrossRef]
59. Gill, D.; Vujkovic, M. The Potential of Genetic Data for Prioritizing Drug Repurposing Efforts. Neurology 2022, 99, 267–268.

[CrossRef]
60. Georgakis, M.K.; Malik, R.; Gill, D.; Franceschini, N.; Sudlow, C.L.M.; Dichgans, M. Interleukin-6 Signaling Effects on Ischemic

Stroke and Other Cardiovascular Outcomes: A Mendelian Randomization Study. Circ. Genom. Precis. Med. 2020, 13, e002872.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

34



Citation: Baliellas, D.E.M.; Barros,

M.P.; Vardaris, C.V.; Guariroba, M.;

Poppe, S.C.; Martins, M.F.; Pereira,

Á.A.F.; Bondan, E.F. Propentofylline

Improves Thiol-Based Antioxidant

Defenses and Limits Lipid

Peroxidation following Gliotoxic

Injury in the Rat Brainstem.

Biomedicines 2023, 11, 1652.

https://doi.org/10.3390/

biomedicines11061652

Academic Editors: Simone Battaglia

and Masaru Tanaka

Received: 20 April 2023

Revised: 25 May 2023

Accepted: 29 May 2023

Published: 7 June 2023

Copyright: © 2023 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/).

biomedicines

Article

Propentofylline Improves Thiol-Based Antioxidant Defenses
and Limits Lipid Peroxidation following Gliotoxic Injury in the
Rat Brainstem

Deborah E. M. Baliellas 1, Marcelo P. Barros 2,*, Cristina V. Vardaris 2, Maísa Guariroba 1,2, Sandra C. Poppe 1,

Maria F. Martins 1,3, Álvaro A. F. Pereira 1,† and Eduardo F. Bondan 3,*

1 Department of Veterinary Medicine, Cruzeiro do Sul University, São Paulo 08060070, Brazil;
dbaliellas@gmail.com (D.E.M.B.); maisa_bizie@hotmail.com (M.G.);
sandra.poppe@cruzeirodosul.edu.br (S.C.P.); fa3m@terra.com.br (M.F.M.)

2 Interdisciplinary Programs in Health Sciences, Institute of Physical Activity and Sport Sciences (ICAFE),
Cruzeiro do Sul University, São Paulo 01506000, Brazil; crisvardaris@gmail.com

3 Graduate Program in Environmental and Experimental Pathology, University Paulista (UNIP),
São Paulo 04057000, Brazil

* Correspondence: marcelo.barros@cruzeirodosul.edu.br (M.P.B.); eduardo.bondan@docente.unip.br (E.F.B.);
Tel.: +55-11-33853103 (M.P.B.); +55-11-55864171 (E.F.B.)

† in memoriam.

Abstract: Propentofylline (PROP) is a methylated xanthine compound that diminishes the activation
of microglial cells and astrocytes, which are neuronal cells strongly associated with many neurode-
generative diseases. Based on previously observed remyelination and neuroprotective effects, PROP
has also been proposed to increment antioxidant defenses and to prevent oxidative damage in neural
tissues. Since most neurodegenerative processes have free radicals as molecular pathological agents,
the aim of this study was to evaluate the antioxidant effects of 12.5 mg·kg−1·day−1 PROP in plasma
and the brainstem of Wistar rats exposed to the gliotoxic agent 0.1% ethidium bromide (EB) for
7–31 days. The bulk of the data here demonstrates that, after 7 days of EB treatment, TBARS levels
were 2-fold higher in the rat CNS than in control, reaching a maximum of 2.4-fold within 15 days.
After 31 days of EB treatment, lipoperoxidation in CNS was still 65% higher than that in the control.
Clearly, PROP treatment limited the progression of lipoperoxidation in EB-oxidized CNS: it was, for
example, 76% lower than in the EB-treated group after 15 days. Most of these effects were associated
with PROP-induced activity of glutathione reductase in the brainstem: the EB + PROP group showed
59% higher GR activity than that of the EB or control groups within 7 days. In summary, aligning with
previous studies from our group and with literature about MTXs, we observed that propentofylline
(PROP) improved the thiol-based antioxidant defenses in the rat brainstem by the induction of the
enzymatic activity of glutathione reductase (GR), which diminished lipid oxidation progression and
rebalanced the redox status in the CNS.

Keywords: astrocyte; glial cells; xanthine; oxidative stress; free radicals; neurodegenerative; caffeine

1. Introduction

Methylxanthines (MTXs) are purine-based alkaloids that are frequently found in
highly consumed foods and beverages such as coffee, cacao, chocolate, and tea [1,2]. After
uptake by the human body, MTXs are freely distributed in the bloodstream to different
tissues, where they are absorbed at different rates. Among all absorbing tissues/organs,
MTXs easily cross the blood–brain barrier to accumulate in several segments of the central
nervous system (CNS) [3].

Many MTXs display substantial neuro-boosting properties, similar to that of caffeine,
which were associated with important antioxidant and neuroprotective effects that sig-
nificantly diminish oxidative stress in brain portions and neuronal circuits [4]. Moreover,
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MTXs were shown to modulate inflammatory immune responses, usually by controlling the
release of pro-inflammatory cytokines and the attenuation of microglial activation [5]. On
the molecular level, MTXs and their phosphate-derivatives are potential chelating agents
of redox-active metals, such as ferrous and cupreous ions (Fe2+ and Cu+, respectively),
which are catalysts for the formation of more aggressive reactive oxygen/nitrogen species
(ROS/RNS) in biological systems [6]. Moreover, MTXs treatment was shown to affect
major thiol-dependent antioxidant defenses, mainly glutathione (GSH), probably via redox-
signaling cascades, such as the Keap1-Nrf2 and NF-kB pathways [7]. Thiol-dependent
antioxidants, such as GSH, peroxiredoxin, and glutaredoxin, are direct scavengers of
ROS/RNS, as well as substrates for major antioxidant enzymes, such as glutathione peroxi-
dase (GPx), glutathione reductase (GR), and glutathione-S-transferase (GST) [8]. Figure 1
shows natural and synthetic MTXs.

Figure 1. Chemical structures of common purines, caffeine, theophylline, theobromine, and the
synthetic methylxanthine, propentofylline.

The CNS, all brain regions included, is particularly sensitive to oxidative stress [8].
The animal brain is a highly (ATP) energy-demanding organ, normally supplied with an
enormous amount of molecular oxygen (O2), engaged with intense mitochondrial activity,
and it is particularly rich in polyunsaturated fatty acids, which, altogether, constantly
expose this organ to harmful oxidative/nitrative conditions [9]. In an even worse scenario,
the brain accumulates prooxidant iron ions for proper cognitive functions (although with
distinguished distribution between brain regions) and surprisingly limited antioxidant
capacities, especially in terms of the H2O2-removing enzyme catalase [10]. Therefore,
ROS/RNS accumulation in brain regions (acute or chronic) is a cellular threat that, if not
properly counteracted by local and systemic antioxidants, can cause significant neuronal
damage [8]. From all subcellular sources of ROS/RNS, mitochondria are unquestionably
the main organelles associated with oxidative/nitrative injuries to biomolecules during
aging and neurodegenerative processes [11].
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Ethidium bromide (EB) has been applied as a gliotoxin to impose oxidative conditions
within brain regions, causing oligodendroglial and astrocytic death, severe demyelina-
tion (although “naked” axons remain preserved), blood–brain barrier impairments, and
Schwann cell invasion, especially when injected in the white matter of the CNS [12]. Pre-
vious studies from our group have shown that propentofylline (PROP), a synthetic MTX,
acts to (i) decrease astrocytic activation, thus reducing glial scar development following
injury [12], (ii) increase both oligodendroglial and Schwann cell remyelination after 31 days,
compared to untreated animals [13], and (iii) even reverse the neuronal dysfunction caused
by demyelination induced by the diabetic state in Wistar rats [14]. Considering that most
of the PROP-mediated healing processes involve redox (free radical) chemistry, we aimed
here to investigate the effect of 12.5 mg·kg−1·day−1 PROP on biomarkers of oxidative
stress in plasma and the brainstem regions (pons and mesencephalon) of Wistar rats treated
with 0.1% EB (as a gliotoxin) after 7, 15, and 31 days. Based on previous behavioral and
morphological data, we expected to observe significant antioxidant activity of PROP, both
in plasma and the brain regions, in EB-injured animals.

2. Materials and Methods

2.1. Animals

Adult (4–5 months old) male Wistar rats were obtained from the Laboratory of Animal
Resources, Paulista University (UNIP), São Paulo, Brazil, and were randomly distributed in
a four-arm parallel group experiment [15]. Three sets of 24 animals each were initially used
in experimental treatments, from which 21 samples were collected after 7 days of treatment;
23 samples were collected after the 15-day intervention; and 22 samples were collected after
the 31-day intervention. The animals were kept under controlled light conditions (12 h
light-dark cycle) and water and standard laboratory animal feed (52% carbohydrate, 21%
protein, and 4% lipid; Nuvilab CR1, Nuvital, Curitiba, PR, Brazil) were provided ad libitum
during the experimental period. All animal procedures were performed in accordance
with the guidelines of the Committee on Care and Use of Laboratory Animal Resources
and Brazilian Institutional Ethics Committee, Paulista University (protocol number 182/13,
CEUA/ICS/UNIP).

This study presents four experimental groups: (i) control; (ii) treated with 0.1% ethid-
ium bromide (EB); (iii) treated with 12.5 mg·kg−1·day−1 of propentofylline (PROP); and
(iv) both EB and PROP treatments, in the same doses. All rats were anaesthetized with 2.5%
thiopental (50 mg·kg−1) by an intraperitoneal route. After that, a burr-hole was made on
the right side of the skull, 8 mm behind the frontoparietal suture for drug administration.
Injections of 10 μL of 0.1% EB were performed into the cisterna pontis (an enlarged sub-
arachnoid space below the ventral surface of the pons). The pons is a connective structure
that links the base of the brain to animal spinal cord and is associated with unvoluntary
tasks, such as the sleep–wake cycle and breathing [16]. Injections were performed freehand
using a Hamilton syringe, fitted with a 35◦ angled polished 26-gauge needle into the cis-
terna pontis. Rats treated with propentofylline (PROP) received 12.5 mg·kg−1·day−1 of
PROP (Agener União Química, São Paulo, SP, 20 mg·mL−1 solution) by an intraperitoneal
route daily during the experimental period.

2.2. Plasma and Tissue Samples

The choice of the appropriate sampling method is known to be crucial for accurate
haematological and clinico-biochemical measurements [17]. Blood samples were collected
in EDTA-containing Vacutainer® flasks for plasma isolation (after centrifugation for 5 min,
at 4× g, RT). Heparin-coated tubes were avoided here, as the study aimed to measure
indices involving iron metabolism or iron-chelating capacities. For biochemical analysis in
the nervous tissue, all rats from experimental groups were euthanized and whole brains
were collected at each of the sampling periods: 7, 15, and 31 days post-EB injection (p.i.).
Pons and mesencephalon portions of the brainstem were cautiously removed, immediately
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frozen in liquid nitrogen, and stored in a −80 ◦C freezer for further analyses. Figure 2
sketches the experimental design of our study.

Figure 2. Experimental design of the study.

2.3. Biochemical Analyses

The brainstem (including pons and mesencephalon) of the animals was rapidly thawed
and homogenized using a pestle (or a Potter apparatus) in 1–2 mL of 50 mM phosphate
buffer, pH 7.4, then centrifuged for 10 min at 10,000× g and 4 ◦C. Tissue/cellular debris
was discarded and homogenates were kept in an ice-water bath for immediate enzyme and
other biochemical determinations.

Catalase activity was determined by H2O2 consumption for 5 min at 25 ◦C. In each
assay, 10 μL of sample were added to the reaction system composed by 10 mM H2O2
in 50 mM KPO (potassium phosphate) buffer, pH 7.4, and absorbance was monitored
at 240 nm (ε240nm = 0.071 mM−1·cm−1). Catalase activity was expressed in mUCAT·mg
protein−1 [18].

Glutathione reductase (GR) activities were measured based on the oxidation ofβ-NADPH
(at 340 nm; ε = 6.2 × 103 M−1·cm−1). In the presence of 0.25 mM NaN3 (for catalase inhibi-
tion), a 10 μL sample was mixed with 1 mM of oxidized glutathione (GSSG) and 0.12 mM
β-NADPH in reaction buffer (143 mM sodium phosphate and 6.3 mM EDTA, pH 7.4), at
25 ◦C. GR activity was expressed in mUGR.mg protein−1 [19]. All protein analyses were
performed using the Coomassie-blue method described by Bradford, 1976 [20].

The total antioxidant capacity of the nervous tissue was measured by the ferric-
reducing activity method (FRAP) [21]. The FRAP method quantifies metal ligands in
samples that form [Fe(L)]n+ complexes that restrain Fenton-type reactions and the formation
of more aggressive radicals, such as the hydroxyl radical (HO•). We adapted the method
by replacing the classic ferrous-chelating agent 2,4,6-tripyridyl-S-triazine (TPTZ) by its
analog 2,3-bis(2-pyridyl)-pyrazine (DPP) [22]. Briefly, 10–20 μL of samples were mixed
with 10 mM DPP (from a stock solution in 40 mM HCl) and 20 mM of FeCl3 in a 0.30 M
acetate buffer (pH 3.6). Absorbance at 593 nm was recorded for 4 min to determine the rate
of Fe2+-DPP complex formation and was compared to a standard curve. Total iron content
in brain tissue was estimated by the modified colorimetric method based on the formation
of a Fe2+: bipyridyl complexes [23].

Measurements of reduced (GSH) and oxidized glutathione contents (GSSG) applied
the stoichiometric reaction of reduced thiol groups (-SH) with 5,5′-dithio-2-nitrobenzoic
acid (DTNB) to form TNB, which was monitored spectrophotometrically at 412 nm in 5 mM
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phosphate buffer, with 5 mM EDTA, pH 7.5. For GSSG determination, the current GSH
forms in samples were prevented from oxidation by adding 0.2 mM 2-vinylpyridine (2VP)
and its excess was eliminated by the further addition of 2 mM triethylamine (TEA). Then,
the reaction system was added to 4 mM DTNB, 1 mM β-NADPH, and 0.25 U.mL−1 of
enzyme GR for (i) full reduction of GSSG forms to GSH (total glutathione content) and
(ii) reaction of total GSH with DTNB for TNB formation and detection at 412 nm [24]. The
GSH and GSSG contents in the brainstem samples were expressed in mmol.mg protein−1.
Finally, the ratio between GSH and GSSG contents was calculated and presented here as
the “reducing power” in samples (dimensionless), as shown in Equation (1).

Reducing power (RP) = [GSH]/[GSSG], (1)

where [GSH] is the reduced glutathione concentration in the samples and [GSSG] is the
oxidized glutathione concentration in the samples.

Lipid oxidation was estimated by the method of thiobarbituric acid-reactive sub-
stances (TBARS). Briefly, 250 μL of samples reacted with 0.35% thiobarbituric acid, with
1% Triton X-100, in 0.25 mM HCl to produce a pinkish chromophore that was detected by
absorbance at 535 nm. A standard curve with 1,1′,3,3′-tetraethoxypropane was used for
TBARS determination. The formation of TBARS occurred in plastic microtubes in a boiling
bath (100 ◦C), for 10 min [25]. All spectrophotometric determinations were performed in a
microplate reader SpectraMax M2 (Silicon Valley, CA, USA).

2.4. Statistical Analyses

The software Jamovi version 1.1.5 was used to perform the normality tests—Shapiro–
Wilk, skewness and kurtosis, generalized linear model (GLM), and post-hoc with correction
of the error rate to the significance level by Fisher method.

Outliers were determined using the interquartile range method (IQR × 2.2) [26] and,
when necessary, the data were winsorized [27]. The boxplot graphics were made using the
following site: http://shiny.chemgrid.org/boxplotr/. The results were analyzed for the
significance level and the effect size for each experiment performed. The significance level
adopted was p ≤ 0.05 and the differences reported in the comparison of groups, times, and
interactions were reported by the difference (diff.) between group means, considering the
type of distribution presented.

3. Results

For 31 days, lipoperoxidation was monitored in plasma and the brainstem tissue of
experimental animals, with similar variation patterns in both matrices, depending on the
treatment applied (Table 1). Higher levels of lipoperoxidation were especially found in
the CNS following EB treatment. After 7 days, the TBARS levels were 2-fold higher in the
rat CNS than in saline administered rats (control), reaching a maximum of 2.4-fold within
15 days. After 31 days of EB treatment, lipoperoxidation was still 65% higher than that of
the control in the brainstem, although these levels normalized in plasma. In agreement,
levels of lipoperoxidation were also maximized in plasma after 15 days of EB treatment.
Compared to control, the TBARS levels in plasma of EB-treated animals were 54% and
60% higher in days 7 and 15, respectively (Table 1). No variation in lipoperoxidation levels
was observed with propentofylline treatment (PROP) in rats, either in plasma or CNS.
Interestingly, by combining EB and PROP treatments, lipoperoxidation also showed similar
patterns in plasma and brain tissues with no significant variation within 7 days and a minor
increase in day 15 (50.4% and 37.5%, respectively), reaching baseline levels after 31 days
(Table 1). Comparing the EB + PROP and EB groups, the lipoperoxidation levels in the EB
groups were significantly higher after 15 days (76%).
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Table 1. Levels of lipid oxidation and total iron content in plasma or brainstem tissue of rats treated
with ethidium bromide (EB) and/or propentofylline (PROP) for 7, 15, and 31 days. (* p < 0.05;
** p< 0.01).

Control EB PROP PROP + EB

(i) Plasma
TBARS (μmol·mL−1)

7 d 13.1 ± 2.4 20.2 ± 2.4 (*) 11.8 ± 0.9 15.4 ± 1.5
15 d n.d. 21.0 ± 2.9 (*) 15.1 ± 2.6 19.7 ± 6.4 (*)
31 d n.d. 10.8 ± 1.1 12.9 ± 2.6 12.4 ± 2.1

(ii) Brainstem tissue
TBARS (μmol·mg prot−1)

7 d 0.64 ± 0.04 1.28 ± 0.27 (**) 0.54 ± 0.06 0.72 ± 0.09
15 d n.d. 1.55 ± 0.28 (**) 0.63 ± 0.05 0.88 ± 0.05 (*)
31 d n.d. 1.06 ± 0.13 (**) 0.52 ± 0.05 0.72 ± 0.07

Iron content (μg·mg prot−1)
7 d 88.2 ± 10.5 279.0 ± 60.6 (**) 75.8 ± 24.7 214.5 ± 52.4 (**)

15 d n.d. 413.4 ± 31.6 (**) 433.3 ± 69.2 (**) 409.7 ± 41.8 (**)
31 d n.d. 285.3 ± 50.8 (**) 261.0 ± 35.2 (**) 279.6± 30.8 (**)

n.d. = not determined.

On the other hand, both EB and PROP (or their combination) caused a major disruption
of iron homeostasis in the CNS (Table 1). Maximum levels of “free” iron were measured in
the brainstem after 15 days (almost 5-fold higher, independent of the treatment). Between
the groups, no differences were observed along the 31 days of evaluation, except for PROP-
treated animals after 7 days. The iron content in the brainstem of PROP group was identical
to that found in controls after 7 days. Imbalances in iron homeostasis were only observed
afterwards, as in all other treated groups (Table 1).

Figure 3 illustrates the antioxidant activities in the brainstem after 7 days of EB, PROP
and EB + PROP combined treatments. Although catalase activities were unaltered in all
groups (compared to control, Figure 3B), significant changes were observed in FRAP and
GR activities (Figure 3A,C, respectively). EB treatment drastically dropped FRAP activity
in the nervous tissue after 7 days (−75%, Figure 3A). Interestingly, PROP administration
showed a tendency of diminished FRAP activities in the brainstem, but statistically this
was not not different (p = 0.058; Figure 3A). Undoubtedly, combined EB + PROP treatment
reverted the lower FRAP activities found in single EB-treated samples back to control levels
(Figure 3A). Regarding GR activities, EB treatment did not affect the enzyme activity in the
CNS, although 59% higher GR activity was measured in the EB + PROP group, compared
to control (Figure 3C). Single PROP treatment only showed tendencies of higher GR activity
compared to control (p = 0.054, Figure 3C).

Figure 3. Antioxidant activities in brainstem of Wistar rats after 7 days of treatment (i.p.) with saline
solution (control), 0.1% ethydium bromide (EB), 12.5 mg propentofylline·kg−1·day−1 (PRO), or both
(EB + PROP): (A) ferric-reducing activity (FRAP); (B) catalase activity (CAT); and (C) glutathione
reductase activity (GR). (* p < 0.05; ** p < 0.01).

Concerning thiol-based antioxidant defenses in the CNS, Figure 4 presents levels of
reduced (GSH) and oxidized glutathione (GSSG), as well as their ratio expressed as the
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“reducing power” between experimental groups after 7 days (Figure 4A–C). Minor changes
were observed in GSH contents in the brainstem upon the experimental conditions here,
except for differences between EB (−65%) and PROP treatments (Figure 4A). Notably, PROP
treatment induced significantly higher levels of GSSG, compared to all other experimental
groups or control (Figure 4B). GSSG contents in PROP group were 163%, 77%, and 152%
higher than control, EB, and EB + PROP groups, respectively (Figure 4B). Finally, the
reducing power was significantly diminished with both EB (−60%) and PROP treatments
(−65%) but reestablished upon treatment with both EB and PROP combined (Figure 4C).

Figure 4. Thiol-based antioxidant defenses in brainstem of Wistar rats after 7 days of treatment (i.p.)
with saline solution (control), 0.1% ethydium bromide (EB), 12.5 mg propentofylline·kg−1·day−1

(PRO), or both (EB + PROP): (A) reduced glutathione content (GSH); (B) oxidized glutathione content
(GSSG); and (C) GSH/GSSG ratio, renowned as “reducing power”. (* p < 0.05; ** p< 0.01).

4. Discussion

Apart from their renowned stimulation effects on the CNS, MTXs have been long
suggested as inducers of antioxidant responses in many biological systems [28]. Here,
we observed that the synthetic MTX, propentofylline (PROP), also increased antioxidant
protection in the brainstem of rats exposed to the gliotoxic agent EB, especially in terms
of thiol-based defenses: levels of reduced GSH, redox balance (GSH/GSSG ratio), and
GR activities. The data here were in full agreement with other studies from our group
that showed that PROP improved oligodendroglial and Schwann cell remyelination and
even diminished neuronal dysfunction in chemically induced diabetic Wistar rats [13,14].
These neurodegenerative processes are notably mediated by pathological overproduction
of reactive oxygen and nitrogen species (ROS/RNS) [29,30].

Regarding the time course of brainstem injury, previous works showed that EB-treated
rats presented demyelinating lesions in the pons and mesencephalon after 7–11 days,
which suggested that these regions were extensively exposed to oxidative conditions [31].
Following the progression of the healing process, thinly remyelinated axons could be
significantly seen at day 15 [13]. Nonetheless, morphological differences between rats
treated or not treated with PROP were clearer from day 21 p.i., as rats treated with PROP
presented a greater proportion of oligodendrocyte remyelinated axons compared to the
untreated ones. The time course of these previously observed remyelination processes
perfectly matched with the progression of lipid oxidation in brainstem and plasma, as
shown in Table 1.

Although the mechanism has not been fully unveiled, Table 1 shows that EB-induced
injury in rat brainstem was associated with higher release of “free” (labile) iron ions,
suggesting a disruption of iron homeostasis [32]. Labile iron ions, when not properly
restrained by stocking proteins, such as ferritin and transferrin, catalyze the formation
of harmful ROS/RNS, such as hydroxyl (HO•) and alkoxyl radicals (LO•) [33]. This is
the main mechanism of the notorious participation of iron ions as biological prooxidant
agents [34]. After 7 days of EB administration in the brainstem, the iron concentration was
severely increased, a harmful effect that peaked after 15 days, and persisted until 31 days of
treatment. The concomitant administration of PROP could not limit iron release in the CNS.
In fact, PROP also promoted iron release in a way that was similar to EB-injection within
the brainstem. Nevertheless, these results suggest that the chelation of labile iron ions—a
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preventive antioxidant event—was not the proper mechanism by which PROP protected
rat CNS exposed to EB.

Lipid oxidation was inhibited by PROP in EB-treated rats, as shown in Table 1. Inter-
estingly, an identical pattern of lipid oxidation was reproduced in the plasma of animals,
suggesting that brain injury generated prooxidant agents (probably the labile iron ions
themselves) that disseminated oxidative stress conditions in the plasma and all over the
body of the animals. Unfortunately, we did not monitor other biomarkers of oxidative
stress in plasma to confirm that.

Data shown in Figures 3 and 4 demonstrate that combined EB + PROP treatments
presented similar indices of antioxidant capacity as control groups, especially in terms
of FRAP scores and the reducing power (Figures 3A and 4C, respectively). Based on
PROP effects over thiol-based antioxidant defenses (Figures 3C and 4A–C), it is very plau-
sible that this positive effect was triggered by the induction of the enzyme glutathione
reductase (GR; Figure 3C), which recycles oxidized GSSG molecules back to their reduced
form, GSH. Reduced GSH is extensively used for free radical removal (as scavengers of
ROS/RNS) and as a conjugation substrate for xenobiotic elimination from animals’ bodies
(via glutathione-S-transferase; GST) [35]. Interestingly, the treatment with pentoxifylline
(an analog of PROP) in mice injected with B16F10 melanoma cells (high energy demanding
cells) significantly reduced oxidative stress by also attenuating the altered levels of GSH
and lipid peroxides [36]. Accordingly, the natural MXT caffeine also affected GSH levels by
increasing glutathione S-transferase activity (GST), causing, in this case, GSH depletion and
higher lipid peroxidation indices in high-energy-demanding B16F1 melanoma cells [36].
Moreover, theobromine, another natural MTX (Figure 1), also promoted neuroprotection to
the rat brain in a transient global cerebral ischemia-reperfusion model, which was notori-
ously mediated by ROS/RNS [37]. Despite the bulk of data about the close relationship
between MTX activation of the GSH-based antioxidant defenses in brain regions, the proper
mechanism is still under debate [38]. Nevertheless, but not surprisingly, the most consistent
data about MTX effect on GSH biosynthesis involve the activation of the transcription
factors Nrf2, NF-κB, and AP-1, which are the most redox-responsive signaling cascades in
animals and humans [39–41]. Figure 5 depicts the oxidative stress conditions observed in
rat brainstem (with details of prooxidant and antioxidant markers), treated with EB in the
presence or absence of PROP.

Figure 5. Graphic summary of pro- and antioxidant changes in brainstem (Pons + mesencephalon)
of Wistar rats after 7 days of i.p. treatment with 0.1% ethydium bromide (EB) in the presence
or absence of 12.5 mg propentofylline·kg−1·day−1 (PROP). Where Fe = iron content; LP = lipid
oxidation; FRAP = ferric-reducing activity; CAT = catalase activity; GR = glutathione reductase
activity; GSH = reduced glutathione; GSSG = oxidized glutathione; reducing power= GSH/GSSG
ratio; ↑ = statistical increase; ↓ = statistical decrease; and * (statistical tendency 0.05 < p < 0.08).
Adapted from P. Brodal, 2014 [42].
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5. Conclusions

In summary, aligning with previous studies from our group and with literature about
MTXs, we observed that propentofylline (PROP) improved the thiol-based antioxidant
defenses in the rat brainstem by the induction of the enzymatic activity of glutathione
reductase (GR), which diminished lipid oxidation progression and rebalanced the redox
status in the CNS.

Author Contributions: Conceptualization, S.C.P., M.F.M. and E.F.B.; methodology, S.C.P.; formal analy-
sis, S.C.P., D.E.M.B., C.V.V., M.G. and Á.A.F.P.; resources, E.F.B.; data curation, M.P.B.; writing—original
draft preparation, M.P.B.; writing—review and editing, M.P.B., S.C.P., M.F.M. and E.F.B.; supervision,
S.C.P. and E.F.B.; project administration & funding acquisition, E.F.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by (i) the “Coordenação de Aperfeiçoamento de Pessoal de Nível
Superior”, (CAPES) through the “Programa de Suporte a Pós-Graduação de Instituições de Ensino Par-
ticulares” (PROSUP), Brazil, (ii) “Programa Institucional Brasileiro de Iniciação Científica” do Brazilian
National Council for Scientific and Technology Development (PIBIC-CNPq), and (iii) the São Paulo
Research Foundation (FAPESP) grant BPE #2017/06032-2. The author M.P.B. is a fellow of the Brazilian
National Council for Scientific and Technology Development (CNPq: PQ-2 #311839/2021-5, Brazil).

Institutional Review Board Statement: The animal study protocol was approved by the Committee
on Care and Use of Laboratory Animal Resources and Brazilian Institutional Ethics Committee,
Paulista University (protocol number 182/13, CEUA/ICS/UNIP).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors. The data are not publicly available due to potential patent application.

Acknowledgments: The authors are thankful for the technical support from the institutional staff at
the Veterinary Complex, Cruzeiro do Sul University, campus São Miguel Paulista, and for I. Braga
and C.F.M. Menezes, undergraduate volunteers during assays.

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

References

1. Franco, R.; Oñatibia-Astibia, A.; Martínez-Pinilla, E. Health benefits of methylxanthines in cacao and chocolate. Nutrients 2013, 5,
4159–4173. [CrossRef] [PubMed]

2. Goya, L.; Kongor, J.E.; de Pascual-Teresa, S. From Cocoa to Chocolate: Effect of Processing on Flavanols and Methylxanthines and
Their Mechanisms of Action. Int. J. Mol. Sci. 2022, 23, 14365. [CrossRef] [PubMed]

3. Janitschke, D.; Lauer, A.A.; Bachmann, C.M.; Winkler, J.; Griebsch, L.V.; Pilz, S.M.; Theiss, E.L.; Grimm, H.S.; Hartmann, T.;
Grimm, M.O.W. Methylxanthines Induce a Change in the AD/Neurodegeneration-Linked Lipid Profile in Neuroblastoma Cells.
Int. J. Mol. Sci. 2022, 23, 2295. [CrossRef] [PubMed]

4. Noschang, C.G.; Krolow, R.; Pettenuzzo, L.F.; Avila, M.C.; Fachin, A.; Arcego, D.; von Pozzer Toigo, E.; Crema, L.M.; Diehl, L.A.;
Vendite, D.; et al. Interactions between chronic stress and chronic consumption of caffeine on the enzymatic antioxidant system.
Neurochem. Res. 2009, 34, 1568–1574. [CrossRef]
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Abstract: Schizophrenia is traditionally associated with the presence of psychotic symptoms. In
addition to these, cognitive symptoms precede them and are present during the entire course of
the schizophrenia process. The present study aims to establish the relationship between working
memory (short-term memory and attention), the features of the clinical picture, and the course
of the schizophrenic process, gender distribution and resistance to treatment. Methods: In total,
105 patients with schizophrenia were observed. Of these, 66 were women and 39 men. Clinical status
was assessed using the Positive and Negative Syndrome Scale (PANSS), Brief Psychiatric Rating
Scale (BPRS), Dimensional Obsessive–Compulsive Symptom Scale (DOCS), scale for dissociative
experiences (DES) and Hamilton Depression Rating Scale (HAM-D)—cognitive functions using
the Luria 10-word test with fixation assessment, reproduction and attention analysis. The clinical
evaluation of resistance to the treatment showed that 45 patients were resistant to the ongoing
medical treatment and the remaining 60 had an effect from the therapy. Results: Our study showed
that, in most patients, we found disorders of working memory and attention. In 69.82% of the
patients, we found problems with fixation; in 38.1%, problems with reproduction; and in 62.86%,
attention disorders. Conducting a regression analysis showed that memory and attention disorders
were mainly related to the highly disorganized symptoms scale, the duration of the schizophrenic
process and the dissociation scale. It was found that there was a weaker but significant association
between the age of onset of schizophrenia and negative symptoms. In the patients with resistant
schizophrenia, much greater violations of the studied parameters working memory and attention
were found compared to the patients with an effect from the treatment. Conclusion: Impairments in
working memory and attention are severely affected in the majority of patients with schizophrenia.
Their involvement is most significant in patients with resistance to therapy. Factors associated with
the highest degree of memory and attention impairment were disorganized symptoms, duration of
schizophrenia, dissociative symptoms and, to a lesser extent, onset of illness. This analysis gives
us the right to consider that the early and systematic analysis of cognition is a reliable marker for
tracking both clinical dynamics and the effect of treatment.

Keywords: schizophrenia; resistant schizophrenia; working memory; attention; fixation;
reproduction; disorganized symptoms; dissociation; short-term memory; working memory

1. Introduction

The classical understanding of schizophrenia considers it a chronic mental illness with
a varied clinical presentation and unclear etiology. The clinical presentation is related both
to the presence of psychotic (delusions and hallucinations) and negative symptoms, but
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also to the presence of other clinical phenomena [1–3]. Apart from purely mental symptoms
associated with abnormal changes in neuronal networks [4–7], inflammatory disorders
associated with metabolic ones are also present in schizophrenia, as a cause and effect of
the imbalance between the processes of neuroregeneration and neurodegeneration [8,9].
Traditionally, and in a therapeutic aspect, the dopamine hypothesis has been accepted,
which tries to explain both the achieved therapeutic response during treatment with
antipsychotic drugs and the development of possible refractoriness to the treatment [10,11].
Resistance as a clinical phenomenon is a challenge in all mental illnesses. Analysis of its
prevalence shows a high percentage of 20–60% of patients [12]. No significant difference
was observed in patients with schizophrenia. The big problem has always been how we
define resistant cases. Over time, different criteria have been used to define resistant
patients [13–15]. In search of a unified statement to be used in practice, a consensus
statement was created to define resistant cases [16].

The median that runs longitudinally through the picture of schizophrenia drawn in
this way is the cognitive disturbances that appear first in the course of the schizophrenic
process and persist over time; at the end of the disease, their gradation to the development
of demented symptoms is observed [17–19]. Some authors make an association between the
development of cognitive symptoms in schizophrenia and frontotemporal dementia [17].

It was established that the cognitive deficit (which is entirely deducible) is the cause
of the catastrophic psychosocial outcome of schizophrenia. Throughout the disease, a
reduction in IQ from the norm of 100 to 70–85 has been reported [20–22]. Cognitive
symptoms are also the primary tool for adaptation to the dynamically changing reality.
In this sense, cognition is also the primary mechanism through which adaptation takes
place [23,24]. Respectively and vice versa, their violation is the basis of their maladaptation
and loss of social connectivity [25].

Cognitive deficits are the earliest and most socially significant symptoms of schizophre-
nia. They creep before the onset of the disease in the prodromal stage and are present
at the debut of the disease [25,26]. They are a significant feature but, in clinical practice,
they are not seen as core clinical symptoms, as we traditionally consider positive and
negative symptoms [27,28]. Cognitive deficits worsen with the onset of the first psychotic
episode, with research showing that they then return to baseline and remain relatively
stable throughout the illness (of course, relative to the time of follow-up) [29,30]. When
analyzing cognitive functions, we most often analyze the short-term memory and attention
of the patient. The relationships between working memory (short-term memory in action)
and attention are complex and overlapping [31–33].

Cognitive impairment is usually unresponsive to antipsychotic therapy. Therapeutic
interventions have yielded conflicting results [28,34]. In addition to attempts at medication
(at this stage without any particular result), various cognitive-rehabilitation techniques are
used to improve cognitive functioning in patients with schizophrenia. Some authors have
found positive and promising results using these methods [35], while others remain more
skeptical about the results of their use [36]. A sizeable contemporary meta-analysis includ-
ing 8851 patients shows that the use of cognitive remediation in patients with schizophrenia
has a beneficial effect in terms of cognitive functioning [37,38]. These data give grounds for
the European Psychiatric Association to make a consensus statement regarding the treat-
ment of cognitive disorders in schizophrenia [39]. It is also necessary to take into account
the fact that, in order to achieve recovery in patients with schizophrenia, it is necessary
to bear in mind two main domains—clinical remission and social functioning [40]. Social
functioning is also directly inferred from patients’ cognitive resources.

Data on the progression of cognitive impairment in schizophrenia are conflicting.
Some studies show no cognitive deterioration over time, at least for the observed period (of
one year) after the onset of the disorder. These observations lead some authors to believe
that an underlying neurodegenerative process was not observed, as gradient changes
in neurocognition were also not observed [41,42]. Other studies have also shown that
no gradient deterioration is observed when conducting long-term longitudinal studies.
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There is evidence of improvement after the patient goes into clinical remission [43]. A
nine-year follow-up finding confirmed the improvement in cognition during the first year
found in other studies. The fact that the authors note is that, over the next five years, the
curve of neurocognition flattens out and then falls again to be level at year 9 with the
level of the first testing (before the improvement) [44]. Other researchers also concluded
that relative stability in cognitive function was observed during the first ten years of
treatment [45]. In the most extended study of cognition in patients with schizophrenia
and hyperactivity disorder—13 years—it was concluded that, over time, there was a
reduction in verbal memory and a general stagnation in attention and the speed of cognitive
processes [46]. These studies show that, over a certain period, cognitive abilities in patients
with schizophrenia recovered by reaching a certain level (that is, for a certain period they are
a static phenomenon) and, after about 9–10 years, they again observed deterioration with a
tendency to reach the initial values registered at the beginning of the disease [46]. Another
meta-analysis showed that gradient morphological and neurocognitive changes were
observed over time compared to an observed control group [47]. On the other hand, other
researchers consider that it is necessary to take into account the presence of antipsychotic
treatment, which can also contribute to the development of neuromorphological and
neurocognitive disorders [48].

When we talk about cognition, we usually start using different terms, which do not
lead to greater clarity. Given this fact, we stick to the main components that can be registered
quickly in clinical practice—short-term memory and attention. The term working memory
is also often used. However, it refers to short-term memory and its use in solving everyday
problems, which also raises the question of participation in attention [49]. Working memory
is a cornerstone in the schizophrenic process and its disorders are considered the most
pronounced in these patients [50–53]. These and many other data give grounds for some
authors to consider consciousness as a memory function developed from it in the course of
evolution [54].

Analysis of attention shows that its disturbance is a fundamental cognitive deficit in
patients with schizophrenia [55]. The authors consider that attention is an indicator that
should be fundamental to measuring the condition and effectiveness of treatment in patients
with schizophrenia. They found that attention was directly related to and inferred from the
state of working memory [56]. In search of a practical approach to assessing cognition, the
authors used the assessment of short-term memory and attention. Attention was assessed
with memory curve analysis when conducting a memory assessment test [57,58].

A relationship between memory impairments and the degree of dissociation was found.
Increased dissociation was associated with more significant memory impairments [59]. On
the other hand, other authors have found that dissociation decreases with age in cognitively
and non-cognitively impaired individuals [60].

These data gave us the basis to look for the relationships between memory and
attention disorders in patients with treatment resistance, and, in those with a clinical effect,
to establish as well the relationship with the course and clinical peculiarities of the gender
distribution of the schizophrenic process in patients with schizophrenia.

2. Methods

2.1. Clinical Contingent

We analyzed 105 patients with schizophrenia. The gender distribution showed that 66
were female and 39 were male. The patients were admitted for treatment in a Psychiatric
Clinic of the University Hospital in the city of Stara Zagora after the appearance of consec-
utive psychotic episodes. Patients were examined in the clinic’s outpatient practice and,
after providing informed consent, were admitted for treatment and condition assessment.
When analyzing their condition and inclusion in the study, inclusion and exclusion criteria
were used. The patients were recruited and followed up from 2017 to 2022. The initial
analysis and observation were carried out in hospital conditions, and, later, the observation
and follow-up of their condition were carried out in outpatient conditions.
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Inclusion criteria for patients with resistant schizophrenia [16] are as follows:

1. Assessment of symptoms with the PANSS and BPRS scale [61,62].
2. Prospective monitoring for at least 12 weeks.
3. Administration of at least two antipsychotic medication trials at a dose corresponding

to or greater than 600 mg chlorpromazine equivalents.
4. Reduction of symptoms when assessed with the PANSS and BPRS scale by less than

20% for the observed period.
5. The assessment of social dysfunction using the SOFAS scale is below 60.

Criteria for patients with schizophrenia in clinical remission are those who have met
the criteria of the published consensus on remission in schizophrenia [63].

The exclusion criteria are as follows:

1. Mental retardation.
2. Psychoactive substance abuse.
3. Presence of organic brain damage.
4. Concomitant progressive neurological or severe somatic diseases.
5. Expressed personality change (according to the diagnostic toolkit of DSM 5 and ICD

10). [64,65].
6. Score of MMSE (Mini-Mental State Examination) below 25 points.
7. Pregnancy and breastfeeding.

2.2. Assessment

Research has been used to assess cognitive impairment using the 10-word test [57,58].
This test is widely used and verified in many countries [66]. The methodology includes
stimulus material, which the experimenter has developed himself. It is a set of 10 words,
which should be common and short (from 1 to 2 syllables and should not be close in
meaning). The two main memory processes are studied: (a) memorization (fixation) and
(b) reproduction.

When experimenting, suitable conditions are necessary: A calm environment without
interruption of the experiment, silence and a set of 10 words (monosyllabic or bisyllabic)
that have no logical connection with each other. The instruction used by the experimenter
consists of several stages: First explanation: “I will now read you ten words/words are
read at intervals of one second in a clear voice. Listen carefully! When the reading finishes.
Immediately repeat the words you have memorized. Their order does not matter. Got it?”.
After the repetition, the experimenter places crosses under the reproduced words in the
protocol. The instruction continues with a second explanation: “Now I will read the exact
words to you again, and you must then repeat them. Furthermore, the ones told the first
time and those missed altogether in whatever order wanted”. The experimenter again puts
crosses under each repeated word. “One more time!” is required, and further repetitions of
the set of words follow but without any instruction. If the subject says words that do not
exist in the set, the experimenter records them by noting in which order these words are
reproduced. If the person repeats the same word from the set several times in the protocol,
many points are placed next to the cross as the number of times the examinee repeats
this word. After five repetitions of the set of ten words, the experiment was terminated.
Based on the data from the repetitions, an evaluation of the obtained memory curve is also
made—unstable “zigzag”, plateau type, asthenic or average—giving information about the
state of active attention [58].

Stimulus material (two examples):

1. meat, glass, road, egg, birch, jam, goat, flag, sky, bag
2. house, horse, mushroom, honey, brother, forest, chair, bread, labor, oak

2.3. Statistical Analyses

Statistical package SPSS version 26 was used. The methods used were tailored to
the specifics and objectives of the study. Non-parametric methods of analysis were used
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Mann–Whitney U test [67], correlation analysis and regression analysis). The regression
analysis was conducted with the dependent variables being the studied fixation and
reproduction. Independent variables were age, disease onset, duration of schizophrenia
process, sex, weight, height, body mass index, PANSS positive, negative and disorganized
symptoms, Dissociation Scale, Depression Scale and Obsessive–Compulsive Symptoms
Scale. A correlation analysis was also conducted to find a relationship between the analyzed
quantities.

The same cohort of patients was also investigated concerning other clinical character-
istics such as depressive complaints, obsessive–compulsive and dissociative symptoms,
lateralization of brain processes, the effect of the administration of the first antipsychotic
medication and the gender-associated role in patients with schizophrenia [68–75].

All patients gave written informed consent before admission to the clinical settings
and performing diagnostic tests and therapy. The study was conducted following the
Declaration of Helsinki and approved by the Ethical Committee of University Hospital
“Prof. Dr. Stoyan Kirkovich” Stara Zagora, protocol code TR3–02-242/30 December 2021.

3. Results

Of 105 patients, 45 have resistant schizophrenia, and the remaining 60 are in clinical
remission. The gender distribution showed that 66 were women and 39 were men. The
alignments according to the effects of treatment concerning age, onset of illness, duration
of schizophrenia, BMI, height, education and handedness are presented in Table 1.

Table 1. Distribution of patients’ age, age of onset of schizophrenia, duration of schizophrenia, BMI,
height, education and handedness in both groups of patients.

Resistant SZ Clinical Remission Resistant SZ

Age (years) 36.98 37.25
Age of onset of SZ (years) 23.04 27.37

Duration of SZ (years) 14.31 9.87
BMI 26.6022 27.2217

Height 170.11 167.38
Education (years) 11.33 11.60

Handedness (right/left) 42/3 56/4
Sex (M/F) 20/25 19/41

3.1. Assessment of Fixation

Among the 105 patients, we found fixation values within the normal range in 32
(30.18%). In the remaining 73 patients (69.82%), the fixation values were below this norm.

The mean fixation score for all patients we observed was 75.07, SD 15.561, with the
minimum and maximum values being 45 and 100%, respectively. When analyzing the
gender distribution, we found that, for females, the mean value of fixation was 77.33, with
a standard deviation of 15.472. The minimum and maximum values on the scale were 48
and 100 points, respectively. Results for males showed a mean fixation value of 71.23. The
standard deviation was 15.141, and the minimum and maximum values were 45 and 100,
respectively.

The analysis of statistical significance showed a lack of statistical significance; the
obtained value of “p“ is in a borderline range, p = 0.052 (Table 2, Figure 1).

Table 2. Distribution of male and female fixation values.

Fixation Score

Gender Mean N Std. Deviation

f 77,33 66 15,472
m 71,23 39 15,141

Total 75,07 105 15,561

50



Biomedicines 2023, 11, 3114

Figure 1. Distribution of male and female fixation values.

When evaluating fixation in patients with resistant symptoms (RS), we found that the
average value of fixation in them was 65.18%. The standard deviation was 11.161, and the
minimum and maximum values were 45 and 100.

When evaluating the fixation in the patients in CR (clinical remission), we found an
average fixation value of 82.48%. The standard deviation was 14.263, and the minimum
and maximum values were 45 and 100, respectively.

From these results in the patients with R.S., it is evident that the fixation disorders
in them as an average value can be described as moderately pronounced (although in the
upper range of the assessment moderate). We see patients with lower fixation in the range
of significant impairment and those within the normal range.

The data for patients in clinical remission show that the average value of 82.48 is at the
upper end of mild disorders (near the lower end of the norm) (Application 1, Appendix A).

The comparison between the two groups showed the presence of a highly statistically
significant difference (p < 0.001 ***) (Table 3, Figure 2).

Figure 2. Relationship between fixation values in patients with resistance and those with treatment
effect.
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Table 3. Presentation of statistical significance of differences between patients with resistance and
those with therapy effect according to fixation value.

Mann–Whitney U 467,000
Asymp. Sig. (2-tailed) 0.000 (***)

In order to comprehensively analyze the influence of additional factors, such as the
PANSS scales, body mass index, education, the onset of the disease, its duration, the age
of the patients, Dissociation Rating Scale, Hamilton depression rating scale, Obsessive–
Compulsive Symptoms Rating Scale, on fixation, we conducted a multiple regression
analysis.

Three factors influenced fixation status significantly. Factors recorded were the
PANSS—disorganized symptoms scale, the duration of the illness and the dissociative
symptoms scale (Table 4).

Table 4. Relationship between fixation with the PANSS—disorganized symptoms, duration of
schizophrenia and the level of dissociation.

R2 β t p (Sig)

Step 1
PANSS disorganized 0.338 0.889 7.259 0.000 (***)

Step 2
PANSS disorganized

Duration of Sch
Step 3

PANSS disorganized
Duration of Sch

Dissociation score

0.388

0.411

0.350

0.130

6.865
2.880

4.869
2.646
1.988

0.000 (***)

0.000 (***)

Our data show that disorganized symptoms, duration of the schizophrenic process and
high dissociation scale are the factors associated with a high degree of fixation involvement.
There is also a statistically significant difference between patients with resistance to the
treatment and those with an effect from it.

We looked for a relationship between the effect of fixation, the onset of the disease and
the duration of the schizophrenic process by conducting a correlation analysis. We found a
correlation between the fixation disorder, early onset of the disease, and the duration of the
schizophrenic process. The results are presented in Table 5.

Table 5. Assessment of the relationship between fixation disorders and the onset of schizophrenia
process and its duration.

Onset of the Sch Duration of Sch

Fixation
Pearson Correlation −0.274 ** −0.325 **

Sig. (2-tailed) 0.005 0.001

It is clear from the table that the duration of the schizophrenic process is a factor
associated with a higher probability of fixation disorders, as both factors have clinically
significant statistical significance in terms of their influence.

3.2. Reproduction

We observed 65 (61.90%) of the patients with reproduction values within the normal
range. In the remaining 40 patients (38.1%), the reproduction values were below this norm.

The distribution by gender showed that the measured points on the reproduction
scale for females was 88.44. The standard deviation was 16.471, with the minimum and
maximum values being 50 and 100, respectively.
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For males, the reproduction scale analysis showed a mean value of 83.56, with a stan-
dard deviation slightly higher than that of females—18.223. The minimum and maximum
values were 45 and 100, respectively.

Statistical analysis showed no statistically significant difference (p > 0.05). In patients
with resistant schizophrenia, the mean value on the reproduction scale was 77.07 and the
standard deviation was 16.708, with a minimum value of 45 and a maximum of 100.

In responders to therapy, the mean value of the reproduction scale was 93.9, the
standard deviation was 13.872, and the minimum and maximum values were 50 and 100.
Statistical analysis using the Mann–Whitney U test for statistical dependence revealed a
high correlation (Mann–Whitney U; 607.000; p < 0.001 ***).

In order to comprehensively analyze the influence of additional factors such as the
PANSS scales, body mass index, education, the onset of the disease, its duration, the age of
the patients, Dissociation Rating Scale, Hamilton depression rating scale and Obsessive–
Compulsive Symptoms Rating Scale on reproduction, we conducted a multiple regression
analysis (Table 6).

Table 6. Relationship between reproduction and the PANSS—disorganized and PANSS—negative
symptoms.

R2 β T p (sig)

Step 1
PANSS disorganized 0.321 0.889 6.972 0.000 (***)

Step 2
0.351 0.350 0.000 (***)PANSS disorganized 3.251

PANSS negative 2.190

Analysis of the relationship between reproduction and the duration of schizophrenia
showed the presence of a relatively weak correlative dependence. No correlation was found
between reproduction and disease onset (Table 7).

Table 7. Relationship of reproduction with the duration and onset of schizophrenia process.

Reproduction Onset of the Sch Duration of Sch

Reproduction Pearson Correlation 1 0.153 −0.199 *
Sig. (2-tailed) 0.120 0.041

3.3. Attention

The analysis of attention in the observed patients was carried out based on an outlined
memory curve during the study to reproduce the results.

This analysis showed that, among the observed patients, 41 had an unstable (zigzag)
memory curve, 17 had a plateau-type memory curve, 8 had an asthenic memory curve and
39 (37.14%) had a usually presented one.

In total, 66 (62.86%) were found to have an attention disorder. The distribution of the
type of memory curve (attention) by gender is presented in Table 8 and Figure 3.

Table 8. Relationship of the type of attention disturbances with the distribution by gender.

Assessed Memory Curve (Attention)

Unstable Plateau Asthenic Normal Total

Gender
f 23 9 6 28 66

m 18 8 2 11 39

Total 41 17 8 39 105
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Figure 3. Relationship of the type of attention disturbances with the distribution by gender.

A statistical analysis showed that no statistically significant difference was observed
in males and females regarding the type of memory curve and the involvement of attention
in this process (p > 0.05).

When comparing the patients with schizophrenia according to the effect of the treat-
ment, the following distribution was found (Table 9, Figure 4).

Table 9. Distribution of the type of memory curve in patients with resistance and those with an effect
of the therapy.

Assessed Memory Curve

Unstable Plateau Asthenic Normal Total

Treatment
effect

resistant 29 11 2 3 45
remission 12 6 6 36 60

Total 41 17 8 39 105

Figure 4. Distribution of the type of memory curve in patients with resistance and those with an
effect of the therapy.
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From the presented table and graph of the distribution of the type of attention en-
gagement in these patients, it was found that, in the patients with resistance, more than
half had an unstable type of memory curve, which is related to instability, i.e., inability
to maintain active attention during the task at hand. Regression analysis assessing the
influence of other factors such as height, weight, BMI, disease onset, duration, depression
scale, dissociation scale, obsessive–compulsive symptoms, and the PANSS positive, neg-
ative and disorganized symptoms scales showed that disorganized symptoms and the
onset of the disease are the factors influencing the attention disorders to the highest degree
(Figures 5 and 6, Table 10).

 

Figure 5. Relationship of attention disorders and PANSS—disorganized symptoms.

Figure 6. Relationship of attention disorders and the onset of schizophrenia.
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Table 10. Relationship between attention disorders and the PANSS—disorganized symptoms and
the onset of schizophrenia.

R2 β t p (Sig)

Step 1
PANSS disorganized 0.375 0.613 7.865 0.000 (***)

Step 2
0.445 0.561

0.268
0.000 (***)PANSS disorganized 7.469

Onset of Sch 3.587

4. Discussion

Our research shows that, when assessing working memory and attention, there is
no statistically significant difference between males and females. It is noteworthy that,
in general, males perform slightly worse than females without reaching a statistically
significant difference. These results, on the one hand, confirm the data of other authors
on the lack of difference between males and females regarding the cognitive functions
studied [76]. Other authors found a difference, with males showing more severe cognitive
deficits than females [77]. Our results also show that males have lower scores on the
cognitive test assessment without reaching a statistically significant difference to verify
these differences. These differences may also be because, in our study, individuals of the
female gender predominate, which is most likely also due to the inclusion and exclusion
criteria we used. Other evidence also suggests that cognitive impairment is more common
in males [78]. We found a significant difference in schizophrenia patients compared to the
general population in terms of short-term memory—fixation and reproduction. Our results
show that short-term memory impairments are more pronounced for fixation and less so for
reproduction in patients with schizophrenia. Data from the literature indicate that cognitive
impairment is generally observed in about 80% of patients with schizophrenia [79,80]. Our
observation reflects only short-term memory and attention, as the disorders we found were
of a lower percentage. In 69% of the patients, there is an impairment of fixation, in 38.1%
an impairment of reproduction and, in 62.85%, a violation of attention. The difference in
the percentages found (in our low-scoring study) is most likely due to the stricter exclusion
criteria and the fact that we are limited to an analysis of short-term memory and attention.
When comparing patients with resistance and those with a treatment effect, we found a
significant difference in all measures, which was most pronounced in terms of fixation. Our
observations confirm the results of other authors on the presence of differences between
patients with and without deficits, and that deficits in memory and attention are associated
with a poor prognosis [81,82]. The data from the literature show that the cognitive deficit
is observed even before the onset of psychosis [83,84] and remains stable for a certain
period [41,42,45], and after ten years a deterioration can be observed, usually associated
with other factors such as BMI metabolic disorders as well as those involving other organs
and systems [46]. The patients we analyzed from the two groups did not show differences in
weight and BMI, so these factors cannot be assumed to influence cognitive performance [75].

The analysis of other researchers shows a different trend: cognitive symptoms develop
in the first 10–20 years, after which their trajectory does not differ much from that of the
main population [85]. These analyses, as well as our observations, pose the question of
whether differences in cognition are not observed at the beginning of the disease, which
predetermines the later resistance to treatment. Our observation is of patients with an
average disease duration of 10.2 years. These observations of ours pose the question
whether, on the one hand, the longer duration of the disease in patients with resistance (on
average 14.31 years) is not also related to a re-started deterioration of cognition (observed
after the 10th year) or, on the other hand, the difference in cognitive performance was
present from the beginning of the disease in them?

We find an association of the cognitive impairments we measured with disorganized
symptoms, which some authors find criteria for a high probability of resistance [86–89].
With our observations, we cannot support the results of other authors that all PANSS sub-
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scales are associated with cognitive impairment [90,91]. We report an association between
cognitive symptoms and a high degree of dissociation. On the other hand, there is an
established relationship between a high degree of dissociation and resistance in patients
with schizophrenia [69]. We find cognitive impairments in terms of working memory
and attention. What is necessary to note is the fact that, in more than half of the patients
with resistance to the treatment, we find an unstable (zigzag type) memory curve, which
indicates an instability or what we can express as a dissociation (fragmentation) of attention
while completing the assigned task. We also established a relationship between the unstable
type of memory curve and disorganized symptoms in patients with schizophrenia. We
found that this relationship further provides an opportunity to elucidate the etiology of
disorganized symptoms. The lack of active attention (established instability and fragmenta-
tion) is also associated with working memory disorders, which leads to disruption of the
continuum in behavior and speech. These results shed light on the relationships between
dissociation, resistance, disorganized symptoms and registered cognitive impairment. Re-
gression analysis showed that attention disorders are also dependent on the onset of the
disease. This observation of ours confirms the conclusion of other authors that attention
is a factor associated with the severity of the schizophrenia process, and is an essential
marker for the therapeutic dynamics and prognosis of the disease [55,56,92]. These results
pose the question of searching for more complex therapeutic interventions in the treatment
of patients [93].

On the other hand, we find impairments in working memory with an underlying fixa-
tion impairment. That gives us reason to disagree with the opinion of other authors about
the possible similarity of dementia in patients with schizophrenia with frontotemporal
dementia [17]. Memory impairment is not one of the cardinal symptoms of frontotemporal
dementia or, if present, it occurs later in the nosological process [94,95]. On the other hand,
both in schizophrenia and in other diseases, there are data on morphological changes in
brain structures but they do not always correspond to the clinical picture, both in patients
with schizophrenia and in some neurological diseases [96–98]. We find mainly problems
with memory and attention. However, on the other hand, given that cognitive problems
appear early before the onset of the acute psychotic state, the question of proximity to
frontotemporal dementia can hardly be raised.

5. Limitations

The limitation in our study is also related to the need for more patients to make a
complete verification of the obtained results. On the one hand, females predominate, which
does not provide complete clarity on the gender differences concerning the identified
cognitive disorders. On the other hand, we analyze short-term memory, and the question
remains open whether these are also the early characteristics of cognitive disorders at the
onset of psychosis and whether these fixation and reproduction disorders associated with a
characteristic shape of the memory curve did not appear later in the course of schizophrenia
process. Of course, our research shows that the duration of the schizophrenic process is
a factor associated with cognitive disorders. However, this association does not answer
the question of the extent to which differences in early cognitive impairment play a role in
resistance to treatment. Thus, the question remains open as to whether the differences in
cognitive impairment in patients with resistance and those in therapeutic remission were
not present at the onset of psychosis or developed gradually during the progression of the
psychotic state.

On the other hand, the question remains open as to whether we have chosen the most
appropriate cognitive tool to analyze the examined patients. We use Luria’s 10-word test.
This test is not very different from the tests created based on the ideas of George A. Miller
with his magic number—7 [99]. Whether it is the best cognitive tool is a question that
is difficult for anyone to answer, as is proposing the ideal and universal one. We use a
cognitive tool that has been used in clinical practice in Bulgaria for almost 30 years to assess
patients with schizophrenia, with which we have practice and experience.
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6. Conclusions

We registered the presence of disorders in working memory—fixation and reproduc-
tion, as well as disorders in active attention in the studied patients with schizophrenia.
These disorders are significantly more pronounced in patients with resistance to treat-
ment. The cognitive symptoms we found were dependent on disease onset, duration of
schizophrenia, high degree of dissociation and pronounced disorganized symptoms. Do
not the data on a significantly greater disturbance of cognitive symptoms in patients with
resistance give us the right to consider resistant schizophrenia as a more “organic” disease,
in which the disturbance of cognition is the reason for the lack of effect of antipsychotic
medications that do not affect cognitive symptoms (there is also the opposing view – [48]).
Our research makes it possible to conclude that the early assessment of cognitive symptoms
would enable the prediction of the course of the disease, the search for early therapeutic
interventions and the discussion of additional strategies regarding cognitive disorders.
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Appendix A

Application 1: (Memory Impairment Rating Scale)

Scale of Prof. Dr. K. Mechkov
Degree Percent Deviation
I over 84 no/norm/
II 84–68 slightly
III 68–51 moderate
IV 51–34 significantly
V 34–17 severe
VI under 17 very heavy

References

1. Tanaka, M.; Vécsei, L. Editorial of Special Issue “Crosstalk between Depression, Anxiety, and Dementia: Comorbidity in
Behavioral Neurology and Neuropsychiatry. Biomedicines 2021, 9, 517. [CrossRef] [PubMed]

2. Bitter, I.; Mohr, P.; Raspopova, N.; Szulc, A.; Samochowiec, J.; Micluia, I.V.; Skugarevsky, O.; Herold, R.; Mihaljevic-Peles, A.;
Okribelashvili, N.; et al. Assessment and Treatment of Negative Symptoms in Schizophrenia-A Regional Perspective. Front
Psychiatry 2022, 12, 820801. [CrossRef] [PubMed]

3. Stoyanov, D. Advances in the Diagnosis and Management of Psychosis. Diagnostics 2023, 13, 1517. [CrossRef] [PubMed]
4. Stoyanov, D.; Aryutova, K.; Kandilarova, S.; Paunova, R.; Arabadzhiev, Z.; Todeva-Radneva, A.; Kostianev, S.; Borgwardt, S.

Diagnostic Task Specific Activations in Functional MRI and Aberrant Connectivity of Insula with Middle Frontal Gyrus Can
Inform the Differential Diagnosis of Psychosis. Diagnostics 2021, 11, 95. [CrossRef] [PubMed]

5. Stoyanov, D.; Kandilarova, S.; Borgwardt, S.; Stieglitz, R.D.; Hugdahl, K.; Kostianev, S. Psychopathology Assessment Methods
Revisited: On Translational Cross-Validation of Clinical Self-Evaluation Scale and fMRI. Front. Psychiatry 2018, 9, 21. [CrossRef]

58



Biomedicines 2023, 11, 3114

6. Tanaka, M.; Tóth, F.; Polyák, H.; Szabó, Á.; Mándi, Y.; Vécsei, L. Immune Influencers in Action: Metabolites and Enzymes of the
Tryptophan-Kynurenine Metabolic Pathway. Biomedicines 2021, 9, 734. [CrossRef]

7. Moustafa, S.R.; Al-Rawi, K.F.; Stoyanov, D.; Al-Dujaili, A.H.; Supasitthumrong, T.; Al-Hakeim, H.K.; Maes, M. The Endogenous
Opioid System in Schizophrenia and Treatment Resistant Schizophrenia: Increased Plasma Endomorphin 2, and κ and μ Opioid
Receptors Are Associated with Interleukin-6. Diagnostics 2020, 10, 633. [CrossRef]

8. Masumo, Y.; Kanahara, N.; Kogure, M.; Yamasaki, F.; Nakata, Y.; Iyo, M. Dopamine supersensitivity psychosis and delay of
clozapine treatment in patients with treatment-resistant schizophrenia. Int. Clin. Psychopharmacol. 2022, 38, 102–109. [CrossRef]

9. Helaly, A.M.N.; Ghorab, D.S.E.D. Schizophrenia as metabolic disease. What are the causes? Metab Brain Dis. 2023, 38, 795–804.
[CrossRef]

10. Stojanov, D. A Pharmacogenetic and Dynamical Model of the Resistance to Antipsychotic Treatment of Schizophrenia. Biotechnol.
Biotechnol. Equip. 2006, 20, 169–170. [CrossRef]

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

12. Howes, O.D.; Thase, M.E.; Pillinger, T. Treatment resistance in psychiatry: State of the art and new directions. Mol Psychiatry 2022,
27, 58–72. [CrossRef] [PubMed]

13. Demjaha, A.; Murray, R.M.; McGuire, P.K.; Kapur, S.; Howes, O.D. Dopamine synthesis capacity in patients with treatment-
resistant schizophrenia. Am. J. Psychiatry 2012, 169, 1203–1210. [CrossRef] [PubMed]

14. Barnes, T.R. Evidence-based guidelines for the pharmacological treatment of schizophrenia: Recommendations from the British
Association for Psychopharmacology. J. Psychopharmacol. 2011, 25, 567–620. [CrossRef] [PubMed]

15. Verma, S.; Chan, L.L.; Chee, K.S.; Chen, H.; Chin, S.A.; Chong, S.A.; Chua, W.; Fones, C.; Fung, D.; Khoo, C.L.; et al. Ministry of
Health clinical practice guidelines: Schizophrenia. Singap. Med. J. 2011, 52, 521–525, quiz 526.

16. Howes, O.D.; McCutcheon, R.; Agid, O.; de Bartolomeis, A.; van Beveren, N.J.; Birnbaum, M.L.; Bloomfield, M.A.; Bressan, R.A.;
Buchanan, R.W.; Carpenter, W.T.; et al. Treatment-Resistant Schizophrenia: Treatment Response and Resistance in Psychosis
(TRRIP) Working Group Consensus Guidelines on Diagnosis and Terminology. Am. J. Psychiatry 2017, 174, 216–229. [CrossRef]

17. de Vries, P.J.; Honer, W.G.; Kemp, P.M.; McKenna, P.J. Dementia as a complication of schizophrenia. J. Neurol. Neurosurg. Psychiatry
2001, 70, 588–596. [CrossRef]

18. McCutcheon, R.A.; Keefe, R.S.E.; McGuire, P.K. Cognitive impairment in schizophrenia: Etiology, pathophysiology, and treatment.
Mol. Psychiatry 2023, 28, 1902–1918. [CrossRef]

19. Richmond-Rakerd, L.S.; D’Souza, S.; Milne, B.J.; Caspi, A.; Moffitt, T.E. Longitudinal associations of mental disorders with
dementia: 30-year analysis of 1.7 million New Zealand citizens. JAMA Psychiatry 2022, 48109, 333–340. [CrossRef]

20. Green, M.F.; Horan, W.P.; Lee, J. Nonsocial and social cognition in schizophrenia: Current evidence and future directions. World
Psychiatry 2019, 18, 146–161. [CrossRef]

21. Javitt, D.; Sweet, R. Auditory dysfunction in schizophrenia: Integrating clinical and basic features. Nat. Rev. Neurosci. 2015, 16,
535–550. [CrossRef] [PubMed]

22. Keefe, R.S.E.; Fox, K.H.; Harvey, P.D.; Cucchiaro, J.; Siu, C.; Loebel, A. Characteristics of the MATRICS Consensus Cognitive
Battery in a 29-site antipsychotic schizophrenia clinical trial. Schizophr. Res. 2011, 125, 161–168. [CrossRef]

23. Taylor, S.E. Adjustment to threatening events: A theory of cognitive adaptation. Am. Psychol. 1983, 38, 1161–1173. [CrossRef]
24. Taylor, S.E.; Brown, J.D. Illusion and well-being: A social psychological perspective on mental health. Psychol. Bull. 1988, 103,

193–210. [CrossRef]
25. Wójciak, P.; Rybakowski, J. Clinical picture, pathogenesis and psychometric assessment of negative symptoms of schizophrenia.

Psychiatr. Pol. 2018, 52, 185–197. [CrossRef] [PubMed]
26. Bozikas, V.P.; Andreou, C. Longitudinal studies of cognition in first episode psychosis: A systematic review of the literature. Aust.

N. Z. J. Psychiatry 2011, 45, 93–108. [CrossRef]
27. Shah, J.; Eack, S.M.; Montrose, D.M.; Tandon, N.; Miewald, J.M.; Prasad, K.M.; Keshavan, M.S. Multivariate prediction of

emerging psychosis in adolescents at high risk for schizophrenia. Schizophr. Res. 2012, 141, 189–196. [CrossRef]
28. Biedermann, F.; Fleischhacker, W.W. Psychotic disorders in DSM-5 and ICD-11. CNS Spectr. 2016, 21, 349–354. [CrossRef]
29. Vidailhet, P. Premier épisode psychotique, troubles cognitifs et remédiation [First-episode psychosis, cognitive difficulties and

remediation]. Encephale 2013, 39 (Suppl. S2), S83–S92. (In French) [CrossRef]
30. Hashimoto, K. Recent Advances in the Early Intervention in Schizophrenia: Future Direction from Preclinical Findings. Curr.

Psychiatry Rep. 2019, 21, 75. [CrossRef]
31. Oberauer, K. Working Memory and Attention—A Conceptual Analysis and Review. J. Cogn. 2019, 2, 36. [CrossRef] [PubMed]
32. Oberauer, K. Design for a working memory. Psychol. Learn. Motiv. Adv. Res. Theory 2009, 51, 45–100. [CrossRef]
33. Oberauer, K. Control of the contents of working memory—A comparison of two paradigms and two age groups. J. Exp. Psychol.

Learn. Mem. Cogn. 2005, 31, 714–728. [CrossRef]
34. Kaar, S.J.; Natesan, S.; McCutcheon, R.; Howes, O.D. Antipsychotics: Mechanisms underlying clinical response and side-effects

and novel treatment approaches based on pathophysiology. Neuropharmacology 2020, 172, 107704. [CrossRef] [PubMed]
35. Hogarty, G.E.; Flesher, S. Developmental theory for a cognitive enhancement therapy of schizophrenia. Schizophr. Bull. 1999, 25,

677–692. [CrossRef] [PubMed]

59



Biomedicines 2023, 11, 3114

36. Bellack, A.S. Cognitive rehabilitation for schizophrenia—Is it possible—Is it necessary. Schizophr. Bull. 1992, 8, 43–50. [CrossRef]
[PubMed]

37. Vita, A.; Barlati, S.; Ceraso, A.; Nibbio, G.; Ariu, C.; Deste, G.; Wykes, T. Effectiveness, Core Elements, and Moderators of
Response of Cognitive Remediation for Schizophrenia: A Systematic Review and Meta-analysis of Randomized Clinical Trials.
JAMA Psychiatry 2021, 78, 848–858. [CrossRef] [PubMed]

38. Lejeune, J.A.; Northrop, A.; Kurtz, M.M. A Meta-analysis of Cognitive Remediation for Schizophrenia: Efficacy and the Role of
Participant and Treatment Factors. Schizophr. Bull. 2021, 47, 997–1006. [CrossRef]

39. Vita, A.; Gaebel, W.; Mucci, A.; Sachs, G.; Barlati, S.; Giordano, G.M.; Nibbio, G.; Nordentoft, M.; Wykes, T.; Galderisi, S. European
Psychiatric Association guidance on treatment of cognitive impairment in schizophrenia. Eur. Psychiatry 2022, 65, e57. [CrossRef]

40. Vita, A.; Barlati, S. Recovery from schizophrenia: Is it possible? Curr. Opin. Psychiatry 2018, 31, 246–255. [CrossRef]
41. Rund, B.R. A review of longitudinal studies of cognitive functions in schizophrenia patients. Schizophr. Bull. 1998, 24, 425–435.

[CrossRef] [PubMed]
42. Rund, B.R. Is there a degenerative process going on in the brain of people with Schizophrenia? Front. Hum. Neurosci. 2009, 3, 36.

[CrossRef] [PubMed]
43. Rund, B.R.; Sundet, K.; Asbjørnsen, A.; Egeland, J.; Landrø, N.I.; Lund, A.; Roness, A.; Stordal, K.I.; Hugdahl, K. Neuropsy-

chological test profiles in schizophrenia and non-psychotic depression. Acta Psychiatr. Scand. 2006, 113, 350–359. [CrossRef]
[PubMed]

44. Stirling, J.; White, C.; Lewis, S.; Hopkins, R.; Tantam, D.; Huddy, A.; Montague, L. Neurocognitive function and outcome
in first-episode schizophrenia: A 10-year follow-up of an epidemiological cohort. Schizophr Res. 2003, 65, 75–86. [CrossRef]
[PubMed]

45. Hoff, A.L.; Svetina, C.; Shields, G.; Stewart, J.; DeLisi, L.E. Ten year longitudinal study of neuropsychological functioning
subsequent to a first episode of schizophrenia. Schizophr. Res. 2005, 78, 27–34. [CrossRef]

46. Øie, M.; Sundet, K.; Ueland, T. Neurocognition and functional outcome in early-onset schizophrenia and attention-
deficit/hyperactivity disorder: A 13-year follow-up. Neuropsychology 2011, 25, 25–35. [CrossRef]

47. Heilbronner, U.; Samara, M.; Leucht, S.; Falkai, P.; Schulze, T.G. The Longitudinal Course of Schizophrenia Across the Lifespan:
Clinical, Cognitive, and Neurobiological Aspects. Harv. Rev. Psychiatry 2016, 24, 118–128. [CrossRef]

48. Fusar-Poli, P.; Smieskova, R.; Kempton, M.J.; Ho, B.C.; Andreasen, N.C.; Borgwardt, S. Progressive brain changes in schizophrenia
related to antipsychotic treatment? A meta-analysis of longitudinal MRI studies. Neurosci. Biobehav. Rev. 2013, 37, 1680–1691.
[CrossRef]

49. Cowan, N. What are the differences between long-term, short-term, and working memory? Prog. Brain Res. 2008, 169, 323–338.
[CrossRef]

50. Heinrichs, R.W.; Zakzanis, K.K. Neurocognitive deficit in schizophrenia: A quantitative review of the evidence. Neuropsychology
1998, 12, 426–445. [CrossRef]

51. Guo, J.Y.; Ragland, J.D.; Carter, C.S. Memory and cognition in schizophrenia. Mol. Psychiatry 2019, 24, 633–642. [CrossRef]
52. Lee, J.; Park, S. Working memory impairments in schizophrenia: A meta-analysis. J. Abnorm. Psychol. 2005, 114, 599–611.

[CrossRef]
53. Saykin, A.J.; Gur, R.C.; Gur, R.E.; Mozley, P.D.; Mozley, L.H.; Resnick, S.M.; Kester, D.B.; Stafiniak, P. Neuropsychological function

in schizophrenia. Selective impairment in memory and learning. Arch. Gen. Psychiatr. 1991, 48, 618–624. [CrossRef]
54. Budson, A.E.; Richman, K.A.; Kensinger, E.A. Consciousness as a Memory System. Cogn. Behav. Neurol. 2022, 35, 263–297.

[CrossRef] [PubMed]
55. Fioravanti, M.; Carlone, O.; Vitale, B.; Cinti, M.E.; Clare, L. A meta-analysis of cognitive deficits in adults with a diagnosis of

schizophrenia. Neuropsychol. Rev. 2005, 15, 73–95. [CrossRef] [PubMed]
56. Luck, S.J.; Gold, J.M. The construct of attention in schizophrenia. Biol. Psychiatry 2008, 64, 34–39. [CrossRef] [PubMed]
57. Luria, A.R. Higher Cortical Functions in Man; Haigh, B., Ed.; Basic Books; Moscow University Press: New York, NY, USA, 1962.
58. Mechkov, K. Medical Psychology; Izdatelstvo “Pik”: Veliko Tarnovo, Bulgaria, 1995.
59. 59. Özdemir, O.; Güzel Özdemir, P.; Boysan, M.; Yilmaz, E. The Relationships Between Dissociation, Attention, and Memory

Dysfunction. Noro Psikiyatr Ars. 2015, 52, 36–41. [CrossRef] [PubMed]
60. Walker, R.; Gregory, J.; Oakley, S.; Jr Bloch, R.; Gardner, M. Reduction in dissociation due to aging and cognitive deficit. Compr.

Psychiatry 1996, 37, 31–36. [CrossRef]
61. Overall, J.E.; Gorham, D.R. The Brief Psychiatric Rating Scale. Psychol. Rep. 1962, 10, 799–812. [CrossRef]
62. Kay, S.R.; Fiszbein, A.; Opler, L.A. The positive and negative syndrome scale (PANSS) for schizophrenia. Schizophr. Bull. 1987, 13,

261–276. [CrossRef]
63. Andrean, N.C.; Carpenter, W.T., Jr.; Kane, J.M.; Lasser, R.A.; Marder, S.R.; Weinberger, D.R. Remission in schizophrenia: Proposed

criteria and rationale for consensus. Am. J. Psychiatry 2005, 162, 441–449. [CrossRef] [PubMed]
64. Edition, F. Diagnostic and Statistical Manual of Mental Disorders; American Psychiatric Association: Washington, DC, USA, 2013.
65. World Health Organization. Division of Mental Health; The ICD-10; WHO: Geneva, Switzerland, 1994.
66. Lezak, M.D. Neuropsychological Assessment, 3rd ed.; Oxford University Press: Oxford, UK, 1995.
67. Mann, H.B.; Whitney, D.R. On a Test of Whether One of Two Random Variables Is Stochastically Larger than the Other. Ann.

Math. Stat. 1947, 18, 50–60. [CrossRef]

60



Biomedicines 2023, 11, 3114

68. Panov, G.; Panova, P. Obsessive-compulsive symptoms in patient with schizophrenia: The influence of disorganized symptoms,
duration of schizophrenia, and drug resistance. Front. Psychiatry 2023, 14, 1120974. [CrossRef] [PubMed]

69. Panov, G. Dissociative Model in Patients with Resistant Schizophrenia. Front. Psychiatry 2022, 13, 845493. [CrossRef] [PubMed]
70. Panov, G. Comparative Analysis of Lateral Preferences in Patients with Resistant Schizophrenia. Front. Psychiatry 2022, 13, 868285.

[CrossRef]
71. Panov, G. Gender-associated role in patients with schizophrenia. Is there a connection with the resistance? Front. Psychiatry 2022,

13, 845493. [CrossRef]
72. Panov, G. Higher Depression Scores in Patients with Drug-Resistant Schizophrenia. J. Integr. Neurosci. 2022, 21, 126. [CrossRef]

[PubMed]
73. Panov, G.P. Early Markers in Resistant Schizophrenia: Effect of the First Antipsychotic Drug. Diagnostics 2022, 12, 803. [CrossRef]
74. Panov, G.; Djulgerova, S.; Panova, P. The effect of education level and sex differences on resistance to treatment in patients with

schizophrenia. Bulg. Med. 2022, 12, 22–29.
75. Panov, G.; Djulgerova, S.; Panova, P. Comparative anthropometric criteria in patients with resistant schizophrenia. Bulg. Med.

2022, 12, 30–39.
76. Chen, M.; Zhang, L.; Jiang, Q. Gender Difference in Cognitive Function Among Stable Schizophrenia: A Network Perspective.

Neuropsychiatr. Dis. Treat. 2022, 18, 2991–3000. [CrossRef] [PubMed]
77. Han, M.; Huang, X.F.; Chen, D.C.; Xiu, M.H.; Hui, L.; Liu, H.; Kosten, T.R.; Zhang, X.Y. Gender differences in cognitive function

of patients with chronic schizophrenia. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2012, 39, 358–363. [CrossRef] [PubMed]
78. Giordano, G.M.; Bucci, P.; Mucci, A.; Pezzella, P.; Galderisi, S. Gender Differences in Clinical and Psychosocial Features Among

Persons with Schizophrenia: A Mini Review. Front. Psychiatry 2021, 12, 789179. [CrossRef] [PubMed]
79. McEvoy, J.P. The costs of schizophrenia. J. Clin. Psychiatry 2007, 68, 4–7.
80. Harvey, P.D.; Bosia, M.; Cavallaro, R.; Howes, O.D.; Kahn, R.S.; Leucht, S.; Müller, D.R.; Penadés, R.; Vita, A. Cognitive dysfunction

in schizophrenia: An expert group paper on the current state of the art. Schizophr. Res. Cogn. 2022, 29, 100249. [CrossRef]
81. Kucharska-Mazur, J.; Podwalski, P.; Rek-Owodziń, K.; Waszczuk, K.; Sagan, L.; Mueller, S.T.; Michalczyk, A.; Misiak, B.;

Samochowiec, J. Executive Functions and Psychopathology Dimensions in Deficit and Non-Deficit Schizophrenia. J. Clin. Med.
2023, 12, 1998. [CrossRef]

82. Green, M.F.; Kern, R.S.; Heaton, R.K. Longitudinal studies of cognition and functional outcome in schizophrenia: Implications for
MATRICS. Schizophr. Res. 2004, 72, 41–51. [CrossRef] [PubMed]

83. Rapoport, J.L.; Giedd, J.N.; Gogtay, N. Neurodevelopmental model of schizophrenia: Update 2012. Mol. Psychiatry 2012, 17,
1228–1238. [CrossRef]

84. Davidson, M.; Reichenberg, A.; Rabinowitz, J.; Weiser, M.; Kaplan, Z.; Mark, M. Behavioral and intellectual markers for
schizophrenia in apparently healthy male adolescents. Am. J. Psychiatry 1999, 156, 1328–1335. [CrossRef]

85. van Haren, N.E.M.; Pol, H.E.H.; Schnack, H.G.; Cahn, W.; Brans, R.; Carati, I.; Rais, M.; Kahn, R.S. Progressive brain volume loss
in schizophrenia over the course of the illness: Evidence of maturational abnormalities in early adulthood. Biol. Psychiatry 2008,
63, 106–113. [CrossRef]

86. Barone, A.; De Prisco, M.; Altavilla, B.; Avagliano, C.; Balletta, R.; Buonaguro, E.F.; Ciccarelli, M.; D’Ambrosio, L.; Giordano, S.;
Latte, G.; et al. Disorganization domain as a putative predictor of Treatment Resistant Schizophrenia (TRS) diagnosis: A machine
learning approach. J. Psychiatr. Res. 2022, 155, 572–578. [CrossRef] [PubMed]

87. Metsanen, M.; Wahlberg, K.E.; Hakko, H.; Saarento, O.; Tienari, P. Thought disorder index: A longitudinal study of severity levels
and schizophrenia factors. J. Psychiatr. Res. 2006, 40, 258–266. [CrossRef] [PubMed]

88. Reed, R.A.; Harrow, M.; Herbener, E.S.; Martin, E.M. Executive function in schizophrenia: Is it linked to psychosis and poor life
functioning? J. Nerv. Ment. Dis. 2002, 190, 725–732. [CrossRef] [PubMed]

89. Shenton, M.E.; Kikinis, R.; Jolesz, F.A.; Pollak, S.D.; LeMay, M.; Wible, C.G.; Hokama, H.; Martin, J.; Metcalf, D.; Coleman, M.;
et al. l. Abnormalities of the left temporal lobe and thought disorder in schizophrenia. Aquantitative magnetic resonance imaging
study. N. Engl. J. Med. 1992, 327, 604–612. [CrossRef]

90. O’Leary, D.S.; Flaum, M.; Kesler, M.L.; Flashman, L.A.; Arndt, S.; Andreasen, N.C. Cognitive correlates of the negative,
disorganized, and psychotic symptom dimensions of schizophrenia. J. Neuropsychiatry Clin. Neurosci. 2000, 12, 4–15. [CrossRef]
[PubMed]

91. 91. Ruben, C.; Gur, R.C.; Gur, R.E. Memory in health and in schizophrenia. Dialogues Clin. Neurosci. 2013, 15, 399–410. [CrossRef]
92. González-Andrade, A.; López-Luengo, B.; Álvarez, M.M.R.; Santiago-Ramajo, S. Divided Attention in Schizophrenia: A Dual

Task Paradigm. Am. J. Psychol. 2021, 134, 187–200. [CrossRef]
93. Ivanova, E.; Panayotova, T.; Grechenliev, I.; Peshev, B.; Kolchakova, P.; Milanova, V. A Complex Combination Therapy for a

Complex Disease-Neuroimaging Evidence for the Effect of Music Therapy in Schizophrenia. Front. Psychiatry 2022, 13, 795344.
[CrossRef]

94. Younes, K.; Miller, B.L. Frontotemporal Dementia: Neuropathology, Genetics, Neuroimaging, and Treatments. Psychiatr. Clin.
North Am. 2020, 43, 331–344. [CrossRef]

95. Bang, J.; Spina, S.; Miller, B.L. Frontotemporal dementia. Lancet 2015, 386, 1672–1682. [CrossRef]

61



Biomedicines 2023, 11, 3114

96. Laskaris, L.; Mancuso, S.; Shannon Weickert, C.; Zalesky, A.; Chana, G.; Wannan, C.; Bousman, C.; Baune, B.T.; McGorry, P.;
Pantelis, C.; et al. Brain morphology is differentially impacted by peripheral cytokines in schizophrenia-spectrum disorder. Brain
Behav. Immun. 2021, 95, 299–309. [CrossRef] [PubMed]

97. Bortolon, C.; Macgregor, A.; Capdevielle, D.; Raffard, S. Apathy in schizophrenia: A review of neuropsychological and neu-
roanatomical studies. Neuropsychologia 2018, 118 Pt B, 22–33. [CrossRef]

98. Nyatega, C.O.; Qiang, L.; Adamu, M.J.; 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]

99. Cowan, N. George Miller’s magical number of immediate memory in retrospect: Observations on the faltering progression of
science. Psychol. Rev. 2015, 122, 536–541. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

62



Citation: de Oliveira, M.; Santinelli,

F.B.; Lisboa-Filho, P.N.; Barbieri, F.A.

The Blood Concentration of Metallic

Nanoparticles Is Related to Cognitive

Performance in People with Multiple

Sclerosis: An Exploratory Analysis.

Biomedicines 2023, 11, 1819. https://

doi.org/10.3390/biomedicines

11071819

Academic Editors: Simone Battaglia

and Masaru Tanaka

Received: 12 April 2023

Revised: 27 May 2023

Accepted: 20 June 2023

Published: 25 June 2023

Copyright: © 2023 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/).

biomedicines

Article

The Blood Concentration of Metallic Nanoparticles Is Related
to Cognitive Performance in People with Multiple Sclerosis: An
Exploratory Analysis

Marcela de Oliveira 1,*, Felipe Balistieri Santinelli 2, Paulo Noronha Lisboa-Filho 1

and Fabio Augusto Barbieri 3

1 Medicine and Nanotechnology Applied Physics Group (GFAMN), Department of Physics and Meteorology,
School of Sciences, São Paulo University (Unesp), Bauru 17033-360, SP, Brazil; paulo.lisboa@unesp.br

2 REVAL Rehabilitation Research Center, Faculty of Rehabilitation Sciences, Hasselt University,
3500 Hasselt, Belgium; felipe.balistierisantinelli@uhasselt.be

3 Human Movement Research Laboratory (MOVI-LAB), Department of Physical Education, School of Sciences,
São Paulo State University (Unesp), Bauru 17033-360, SP, Brazil; fabio.barbieri@unesp.br

* Correspondence: marcela.oliveira@unesp.br

Abstract: The imbalance in the concentration of metallic nanoparticles has been demonstrated to play
an important role in multiple sclerosis (MS), which may impact cognition. Biomarkers are needed
to provide insights into the pathogenesis and diagnosis of MS. They can be used to gain a better
understanding of cognitive decline in people with MS (pwMS). In this study, we investigated the
relationship between the blood concentration of metallic nanoparticles (blood nanoparticles) and
cognitive performance in pwMS. First, four mL blood samples, clinical characteristics, and cognitive
performance were obtained from 21 pwMS. All participants had relapse–remitting MS, with a score
of ≤4.5 points in the expanded disability status scale. They were relapse-free in the three previous
months from the day of collection and had no orthopedic, muscular, cardiac, and cerebellar diseases.
We quantified the following metallic nanoparticles: aluminum, chromium, copper, iron, magnesium,
nickel, zinc, and total concentration. Cognitive performance was measured by mini-mental state
examination (MMSE) and the symbol digit modalities test (SDMT). Pearson’s and Spearman’s
correlation coefficients and stepwise linear regression were calculated to assess the relationship
between cognitive performance and blood nanoparticles. We found that better performance in
SDMT and MMSE was related to higher total blood nanoparticles (r = 0.40; p < 0.05). Also, better
performance in cognitive processing speed and attention (SDMT) and mental state (MMSE) were
related to higher blood iron (r = 0.44; p < 0.03) and zinc concentrations (r = 0.41; p < 0.05), respectively.
The other metallic nanoparticles (aluminum, chromium, copper, magnesium, and nickel) did not
show a significant relationship with the cognitive parameters (p > 0.05). Linear regression estimated
a significant association between blood iron concentration and SDMT performance. In conclusion,
blood nanoparticles are related to cognitive performance in pwMS. Our findings suggest that the
blood concentration of metallic nanoparticles, particularly the iron concentration, is a promising
biomarker for monitoring cognitive impairment in pwMS.

Keywords: cognition; multiple sclerosis; processing speed of information; attention; memory;
nanoparticles; metal; neuropsychological tests; biomarkers; blood

1. Introduction

Multiple sclerosis (MS) is characterized by a demyelination process that occurs within
the central nervous system (CNS), resulting in brain damage and atrophy [1]. Although
MS is commonly associated with sensory and motor symptoms [2], cognitive impairment
is a frequent manifestation already found in the early stages of the disease [3]. Cognitive
impairment is a significant contributor to work-related problems and job loss and indicates
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a higher risk of future disability worsening [3,4]. The prevalence of cognitive impairment
in people with MS (pwMS) ranges from 34% to 65% [5]. Cognitive impairment can be
found across all MS phenotypes: 20–25% of individuals with a clinically isolated syndrome,
30–45% of individuals with relapsing–remitting MS, and 50–75% of individuals with
secondary progressive MS display cognitive deficits [5,6]. The main cognitive domains
affected by MS include cognitive processing speed, visual and verbal memory, executive
function, and visuospatial processing [7]. However, changes in cognitive performance in
MS are often overlooked, leading to delays in treatment adaptations and hindering the
monitoring of disease progression.

Understanding the causes of cognitive deficits and precisely determining cognitive
impairment are critical for the effective treatment and management of MS. In a recent
study by Rademacher et al. [8], an overview was provided on the use of biological markers
to investigate their association with performance on cognitive tests in pwMS. Previous
studies have suggested that inflammatory activity and neuro-axonal loss may play a role in
cognitive function in MS [2]. Also, cognitive deficits such as defective cognitive processing
speeds and impaired learning and memory have been linked to regional grey matter
atrophy, the disruption of neural networks, and a lack of compensatory mechanisms in MS,
as demonstrated by functional magnetic resonance imaging (MRI) [3]. High levels of iron
deposition in the pulvinar, putamen, caudate nucleus, and globus pallidus have also been
correlated with reduced cognitive performance in pwMS [9]. While these findings provide
valuable insights to explain cognitive impairment in MS, brain imaging analysis protocols
(e.g., MRI) can be expensive, inaccessible to all, and require complex techniques. Thus, the
development of more affordable and accessible methods for diagnosis and assessment may
aid in the early detection and treatment of cognitive impairment in MS.

Diagnosing cognitive impairment in individuals with MS can be challenging. For
example, clinicians must consider various factors such as psychiatric comorbidities, medi-
cation side effects, and MS symptoms that may negatively impact cognitive performance
when making a diagnosis [3]. The mini-mental state examination (MMSE) and the symbol
digit modalities test (SDMT) are commonly used tests to screen for cognitive deficits in
MS. Considering that information processing speed and attention may be impaired early
in MS [10], the SDMT seems to be the most effective single tool to assess cognition even
in the initial stages of the disease [3,7]. The SDMT is widely recommended due to its
sensitivity, reliability, and predictive validity in pwMS [3,7]. However, it should be noted
that while the SDMT assesses information processing speed and attention effectively, it is
not specific enough to evaluate other cognitive domains such as working memory, short-
and long-term memory, paired-associate learning, and visual scanning, which are also
important for overall cognitive performance.

Another commonly used tool, the MMSE, can provide screening of mental state, in-
cluding memory and executive function. However, it is not sensitive or specific enough
to comprehensively evaluate cognition in MS [10]. While simple neuropsychological tests
are helpful for routine care for pwMS, they are not sufficient on their own to fully evaluate
cognition in MS and do not present unified cut-off scores for cognitive impairment in
MS [11] due to the involvement of multiple cognitive domains [10]. Therefore, the identi-
fication of biomarkers to complement the diagnosis of cognitive impairment is emergent
in MS. Biomarkers can provide a more comprehensive and complete assessment of cogni-
tive performance and aid in monitoring cognitive impairment over time. Integration of
biomarkers into the diagnostic process has the potential to enhance the understanding and
management of cognitive impairment in MS.

The role of an imbalance in the concentration of metallic nanoparticles in MS degen-
eration has been established [12]. Metallic elements are known to be neuroactive and can
affect various parts of the body, including the CNS [13]. An imbalance in the concentration
of metallic nanoparticles may have adverse effects on cellular function, leading to oxidative
stress, cell death, and brain damage [9]. Previous studies have reported that around 90%
of neurodegenerative diseases are associated with exposure to potentially toxic elements,
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including metals found in manufacturing, contaminating ecosystems, arable soils, air,
and food [14]. Oliveira et al. [12] demonstrated a decrease in the blood concentration of
beryllium, copper, chromium, cobalt, nickel, magnesium, and iron, as well as an increase
in lead concentrations in pwMS. The low levels of metallic elements in the body play a
critical role in various metabolic processes, the development of the nervous system, and
the myelination of nerve fibers [15]. In addition, these low blood values may suggest
the accumulation of these elements in the CNS, including brain iron accumulation [16].
Therefore, considering that the concentration of metallic nanoparticles has been proposed
as a potential cause of neurodegeneration in MS [12], it is plausible to hypothesize that the
blood concentration of metallic nanoparticles could also be related to cognitive impairment
in pwMS. However, the specific role of the blood concentration of metallic nanoparticles in
explaining cognitive dysfunction remains unclear and has not been extensively explored
yet. On the other hand, there is promising potential for the use of nanomaterials in the
treatment and diagnosis of MS, although their applications are still in their infancy [17].
In this manuscript, we present an exploratory investigation into the relationship between
the blood concentration of metallic nanoparticles and cognitive performance, specifically
focusing on information processing speed, attention, memory, and executive function
in pwMS.

2. Materials and Methods

2.1. Participants

Two power analyses (G*power©) were calculated to determine the sample size of
the study. The first analysis indicated a minimum of 19 participants required for correla-
tion (power of 80%, alpha of 0.05, and Cohen’s effect size for a large correlation of 0.60).
The second analysis indicated a minimum of 13 participants required for linear regres-
sion (power of 80%, alpha of 0.05, Cohen’s effect size for a large correlation of 0.64, and
2 predictors) [18,19]. Thus, 21 individuals with MS between 18–42 years of age were en-
rolled in the present study. The inclusion criteria were as follows: (i) a score of ≤4.5 points
on the expanded disability status scale (EDSS) [20], (ii) relapse-free in the three previous
months from the day of evaluation, and (iii) the absence of orthopedic, muscular, cardiac,
and cerebellar diseases. All participants exhibited the relapse–remitting type of MS in
accordance with the revised McDonald criteria [21]. Additionally, participants with other
diseases that could potentially interfere with the method analysis were excluded.

2.2. Study Protocol and Data Analysis

The evaluation assessment procedures were performed in a single visit and standard-
ized in the morning. First, height and weight were measured, and a blood sample was
collected. This was followed by clinical evaluation and cognitive tests. The procedures
were approved by the School of Sciences ethics committee of the São Paulo State University
(3 November 2018—identification code: CAAE #99191318000005398), and all participants
signed an informed consent form before data collection.

Four milliliters (mL) of whole blood samples were obtained from all subjects following
standard procedures. The samples were collected in dry tubes without an anticoagulant
factor for the quantification of blood metallic nanoparticles. Subsequently, all samples were
freeze-dried and stored deep-frozen until use. The analyses were conducted in accordance
with the recommendations outlined in Oliveira et al.’s study [12]. In brief, approximately
0.2 g (equivalent to ~1.2 mL) of freeze-dried whole blood was added to a mixture containing
3 mL of nitric acid and 2 mL of hydrogen peroxide. The samples were then placed in closed
vessels and digested using microwave-assisted digestion techniques, following these steps:
(i) 15 min of temperature ramp up to 180 ◦C and (ii) 15 min duration at 180 ◦C. This type of
procedure has been found to be highly effective for digesting organic samples and biological
fluids [22]. After, the digested samples were diluted using a 1.2/25 (v/v) ratio and filled up
to 25 mL with deionized water. The diluted samples were then analyzed using inductively
coupled plasma—optical emission spectrometry (ICP-OES). The ICP technique, known for
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its high sensibility, wide dynamic range, and multi-element capability, has been widely
utilized for quantifying various elements in bodily fluids [23]. Its application ensures
accurate measurement of metals in the blood samples of this study. The reference whole
blood sample was digested under the same conditions as the study samples and blank
samples. Hydrogen peroxide and nitric acid were considered as blanks in the analytical
method. The concentration of metallic elements, including aluminum, chromium, copper,
iron, magnesium, nickel, and zinc, was quantified using ICP-OES. Also, the total blood
concentration of metallic nanoparticles for each participant was calculated by summing the
blood concentration of each metallic nanoparticle.

The EDSS [20], provided by the participants’ neurologists, was used for quantify-
ing disability. This scale classifies individuals on a scale of 1 to 10. Scores from 1.0 to
4.5 indicate pwMS who are capable of walking without assistance, while scores from 5.0 to
10 represent individuals with walking impairment. Additionally, information regarding
the time since the last relapse (relapse time) and MS onset (disease duration from onset)
was also obtained.

The SDMT [24] and MMSE [25] were measured by trained staff to assess the cognitive
level of the participants. The SDMT measures cognitive processing speed and attention.
It involves a substitution task using a coding key with nine different abstract symbols,
each paired with a numeral. A series of these symbols is presented below the key, and
the participants are required to respond verbally with the corresponding number for each
symbol. Prior to the actual test, the participants completed a practice session consisting of
10 items. During the practice session, any errors made by the participants were corrected by
the evaluator, who explained the substitution of the symbol with its corresponding numeral
based on the key. The actual test comprises completing as many as 110 items with a time
limit of 90 s. The number of correct substitutions/responses made within this timeframe
was recorded as the individual’s score. The SDMT has been previously validated for use
in MS [7]. MMSE measures mental state and evaluates various aspects of cognitive status,
including executive function, attention, language, memory, orientation, and visuospatial
proficiency. It consists of an 11-question assessment that measures cognitive function across
five areas: orientation, registration, attention and calculation, recall, and language. The
maximum score achievable for MMSE is 30. MMSE has become widely adopted as a short
screening tool for providing cognitive impairment in clinical, research, and community
settings [26].

2.3. Statistical Analysis

Statistical analysis was conducted using IBM SPSS software version 26 (IBM Corpo-
ration, Armory, NY, USA), with a significance level set at p < 0.05. The normality of the
cognitive data was assessed using the Shapiro–Wilk test. The SDMT exhibited a normal
distribution (p = 0.201), while MMSE showed a non-normal distribution (p = 0.01). For the
SDMT, Pearson’s correlation coefficient was applied to examine the relationship between
cognitive performance and the blood concentration of metallic nanoparticles. For MMSE,
Spearman’s correlation coefficient was used. The strength of the correlation was classified
as weak (0 < r < 0.3), moderate (0.3 ≤ r < 0.5), or strong (r ≥ 0.5) [27]. Blood concentrations
of metallic nanoparticles that exhibited significant correlation with cognitive variables were
included in a stepwise linear regression model.

3. Results

The individual, clinical, and cognition characteristics and blood concentration of
metallic nanoparticles are presented in Table 1. Additionally, individual data for the
participants’ characteristics and blood concentration of metallic nanoparticles are shown in
the Supplementary Material (Table S1).
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Table 1. Means, standard deviations, maximum and minimum values of individual, clinical, and
cognition characteristics, and the study participants’ blood concentration of metallic nanoparticles.

Individual Characteristics

Sex (female/male) 12/9
Age (years) 32 ± 7 (45–18)
Height (m) 1.68 ± 0.02 (1.89–1.55)

Body mass (kg) 74.4 ± 3.1(94.6–51.1)

Clinical characteristics

EDSS (points) 2.5 ± 1.1 (4.5–1.0)
Relapse time (months) 38 ± 30 (94–3)

Multiple sclerosis onset (months) 92 ± 77 (276–5)

Cognitive characteristics

SDMT (points) 50.49 ± 10.70 (65–23)
MMSE (points) 29.05 ± 0.80 (30–28)

Blood concentration of metallic nanoparticles

Aluminum (ug/L) 7.56 ± 2.52 (16.18–4.39)
Copper (ug/L) 0.98 ± 0.39 (1.78–0.44)

Chromium (ug/L) 0.39 ± 0.11 (0.65–0.29)
Iron (ug/L) 297.16 ± 43.84 (363.58–190.74)

Magnesium (ug/L) 28.69 ± 5.59 (41.77–20.03)
Nickel (ug/L) 0.31 ± 0.48 (1.69–0.04)
Zinc (ug/L) 3.20 ± 0.85 (4.58–1.63)
Total (ug/L) 338.30 ± 42.23 (404.92–235.56)

EDSS—expanded disability status scale; SDMT—symbol digit modalities test; MMSE—mini-mental state examination.

The SDMT and MMSE were related to the blood concentration of metallic nanoparticles
(Figure 1). Specifically, better cognitive performance on the SDMT was moderately related
to higher blood iron concentration and total blood concentration of metallic nanoparticles.
In addition, magnesium and copper showed a relationship that approached the threshold
of significance, indicating a trend towards a moderately negative relationship with the
SDMT (p = 0.06 and 0.07, respectively). In the case of MMSE, better cognitive performance
was moderately related to higher blood zinc concentration and total blood concentration of
metallic nanoparticles. The relationship with iron concentration also approached signifi-
cance (p = 0.07), suggesting a tendency towards a moderate association with MMSE. The
other metallic nanoparticles, including aluminum, chromium, copper, magnesium, and
nickel, did not show a significant association with the cognitive parameters in our study
(p > 0.05).

 

Figure 1. Relationship between cognitive performance (SDMT—symbol digit modalities test and
MMSE—mini-mental state examination) and blood concentration of metallic nanoparticles in pwMS.
The r and p-values are presented for each metallic nanoparticle. A blue square indicates a significant
correlation while a green square indicates a tendency towards a significant correlation. Total—total
blood concentration of metallic nanoparticles.
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The linear regression analysis revealed a significant association between blood iron
concentration and SDMT performance. The blood iron concentration explained 19.1% of
the variance in the SDMT performance (Figure 2). No relationship was observed between
MMSE performance and blood concentration of any metallic nanoparticles.

Figure 2. The relative contribution of blood iron concentration to the symbol digit modality test
(SDMT) performance.

4. Discussion

Our study provided evidence supporting our hypothesis that a lower blood concentra-
tion of metallic nanoparticles is associated with reduced cognitive performance in pwMS.
Specifically, we found that higher iron and zinc blood concentrations were moderately
related to better cognitive performance on the SDMT and MMSE, respectively. Also, the
blood iron concentration was a predictor of cognitive processing speed and attention perfor-
mance (SDMT), explaining 19.1% of the variance in these cognitive abilities. These findings
highlight the potential of the blood concentration of metallic nanoparticles as a biomarker
for detecting cognitive impairment and complementing the diagnosis and monitoring of
cognitive deficits in pwMS.

There is a substantial gap between candidate/validated biomarkers and clinically
useful biomarkers in MS, particularly concerning cognitive impairment. Having accurate
and neurobiologically plausible biomarkers can greatly enhance diagnostics, predict disease
outcomes, and facilitate the monitoring of MS progression [2]. During the cognitive
decline preceding progressive MS, pwMS experience early or late subclinical cognitive
decline. This decline is associated with a distinct set of biomarkers that can offer valuable
insights into both diagnosis and treatment approaches [28]. Our findings may suggest
that the blood concentration of metallic nanoparticles holds potential as a biomarker
for identifying cognitive impairment in pwMS. Metals play essential roles in various
biochemical processes and the normal functioning of the CNS [29]. Transition metals,
such as copper, manganese, iron, and zinc, are known to be present in active protein
sites serving as metabolic co-factors for structural and catalytic functions. They are also
increasingly recognized for their involvement as second messengers in cell signaling [30].
In a previous study conducted by our group [12], we demonstrated decreased blood
concentrations of beryllium, copper, chromium, cobalt, nickel, magnesium, and iron, along
with an increased lead concentration in pwMS. In addition, the role of metals as risk
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factors in the etiopathogenesis of neurodegenerative diseases is now recognized, as well as
their potential involvement to cause neuronal damage in MS [31]. Thus, it is plausible to
propose that the imbalance in blood concentrations of metallic nanoparticles may serve as a
biomarker in MS.

Specifically for cognitive impairment, Brummer et al. [2] reported that higher levels of
serum neurofilament light chain, which is a marker of neuro-axonal injury, were correlated
with worse information processing speed, a key deficit underlying cognitive dysfunction in
MS [3]. Serum neurofilament light chain levels have emerged as a fluid biomarker for neuro-
axonal damage in MS and have been shown to predict disability progression [32]. Recently,
a systematic review and meta-analysis identified several potential molecular biomarkers,
such as neurofilament light chain and vitamin D, for cognitive performance in pwMS [8].
Our study adds to the understanding of the potential role of metallic nanoparticles in
cognitive performance.

Metals play an indispensable role in reducing neuronal–axonal damage. For example,
iron, copper, and zinc metals are crucial co-factors in the metalloproteins involved in myelin
synthesis and neurotransmitter synthesis within the CNS [29,33]. In addition, the blood–
brain barrier controls the transport of metal elements into the brain [34], which is regulated
by the homeostasis of metals, especially zinc [35]. Specifically, metal ions interact with
specific receptors in the endothelial lining, such as DMT1 and zinc transporters (ZIP8 and
ZIP10), to cross the barrier and directly interact with cellular components in the CNS [31].
This interaction can lead to mitochondrial imbalance and increased production of reactive
oxygen species, contributing to oxidative stress [31]. Disruption of metal homeostasis
changes the permeability of the blood-brain barrier, allowing increased translocation of
metals from the blood into the brain, which can exacerbate oxidative stress and other
processes [36]. This imbalance in oxidative stress can trigger a pro-inflammatory response
in microglia, characterized by the production of cytokines like IL-1, IL-6, and TNF-alpha,
ultimately affecting neuronal viability and myelin production [31]. It is important to con-
sider that the concentration of metals in the blood may indirectly reflect their concentration
in the brain and be associated with neurodegeneration processes [37], including cognitive
damage. For example, in our study, we observed a reduction in the blood concentration of
metallic nanoparticles, which may suggest a higher brain concentration of these nanoparti-
cles. Previous studies have linked higher brain concentrations of metallic nanoparticles
to cognitive impairment [38]. Therefore, investigating the relationship between the blood
concentration of metallic nanoparticles and the cognitive status of individuals with MS
holds promise as a tool for monitoring cognitive progression in MS.

Lesion burden has been identified as a predictor of cognitive disability in MS. Metal
deposition is one of the factors contributing to brain lesions, which can have adverse effects
on cellular function, including altering protein production and inducing cell death [39].
In addition, Metal ions such as zinc, iron, and copper have also been implicated in the
aggregation of Aβ-amyloid and α-synuclein, triggering neurodegeneration [40]. Specifi-
cally, we showed that higher blood iron concentration was related to better attention and
information processing speed (SDMT), while higher blood zinc concentration was related
to better mental state (e.g., memory and executive function) (MMSE). Considering that
the metal concentration in the blood and brain are interrelated, with higher levels in the
blood corresponding to lower levels in the brain, and vice versa, our findings corroborated
with Fujiwara et al.’s study [38], which showed a moderate association between increased
iron levels in the globus pallidus and lower cognitive composite scores, including attention
and information processing speed, in pwMS. However, it is worth mentioning that Modica
et al. [9] did not find a relationship between iron concentration and attention and infor-
mation processing speed in pwMS when accounting for regional atrophy. Thus, one may
argue that the relationship between iron concentration and cognitive performance, particu-
larly in attention and information processing speed, is still a topic of debate. Nonetheless,
previous studies have shown that altered iron levels contribute to poor myelination, which
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is correlated with cognitive decline [41], underscoring the importance of iron concentration
in cognitive impairment.

Regarding zinc, the alterations in blood zinc concentration in pwMS are still conflict-
ing: no alteration [42] vs. reduced concentration [15] compared to controls. Despite the
inconsistencies in blood zinc concentration, it is important to note that alterations in zinc
levels can have detrimental effects on neuronal cells, with both elevated and reduced levels
being potentially neurotoxic and contributing to neurodegeneration [35]. Changes in blood
zinc concentration may lead to increased extracellular zinc and decreased functioning of
zinc in synaptic processes, which has been associated with cognitive decline [43]. Moreover,
zinc distribution in the brain is region-specific, with certain areas such as the cerebral cortex
and the hippocampus playing a role in cognitive processing [44]. It is worth mentioning
that our study is the first to establish a relationship between blood zinc concentration and
cognitive status in individuals with MS. However, further research is necessary to validate
our findings and gain a better understanding of the potential effects of altered blood zinc
concentration on cognition in pwMS.

In short, our findings highlight the potential of blood concentration of metallic
nanoparticles, particularly blood iron concentration, as a promising tool for monitoring
cognitive impairment in pwMS. The analysis of metallic nanoparticle levels may be one of
the ways to confirm cognitive impairment in people with MS, helping in both the diagnosis
and monitoring of cognitive performance. In addition, our findings have significant implica-
tions for the lifestyle of pwMS. These findings emphasize the importance of reducing metal
exposure from the environment, food, and industry to mitigate potential adverse effects.
Thus, conducting longitudinal studies would provide valuable insights into the stability
and progression of the relationship between metals and cognitive patterns over time in MS.
Monitoring cognitive performance and metallic nanoparticle concentrations longitudinally
would strengthen the robustness of our findings. Despite promising results, our study
should be analyzed cautiously and considered preliminary. Although we had an effective
sample size, the inclusion of a small sample of pwMS may impact the statistical power of
our analysis. However, we observed moderate correlations and significant relationships
(regression) even with a small sample, which is promising. Furthermore, future studies
should expand on this analysis by including a broader range of metals, such as manganese,
cobalt, and lead. Also, our findings should be validated with a larger sample size and
across the full spectrum of MS disability levels, as our study focused on individuals with
low-to-moderate disability (EDSS 1 to 4.5). In addition, our sample has no greater cognitive
decline. Testing if our findings are consistent in pwMS with more pronounced cognitive
decline is critical.

5. Conclusions

In conclusion, our study demonstrated a significant relationship between the blood
concentration of metallic nanoparticles and cognitive performance in pwMS. Specifically,
we found that a higher blood iron concentration is associated with better cognitive pro-
cessing speed and attention, as measured by the SDMT. Also, blood zinc concentration is
related to higher mental states, including memory and executive function, as measured by
MMSE. These findings suggest that the blood concentration of metallic nanoparticles holds
promise as a biomarker for cognitive impairment in pwMS.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/biomedicines11071819/s1, Table S1: Values of individ-
ual, clinical, and cognition characteristics, and the study’s participants’ blood concentration of
metallic nanoparticles.

70



Biomedicines 2023, 11, 1819

Author Contributions: Conceptualization, M.d.O. and F.B.S.; methodology, M.d.O. and F.B.S.; formal
analysis, F.B.S.; investigation, M.d.O., F.B.S., P.N.L.-F. and F.A.B.; data curation, M.d.O. and F.A.B.;
writing—original draft preparation, F.A.B. and M.d.O.; writing—review and editing, all authors;
supervision, F.A.B.; project administration, F.A.B.; funding acquisition, M.d.O., F.B.S., P.N.L.-F. and
F.A.B. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the São Paulo Research Foundation (FAPESP—grant number
2018/18078-0, and 2017/20032-5). Partial funding by Pró-Reitoria de Pesquisa Unesp (number 4440).

Institutional Review Board Statement: The study was approved by the School of Sciences
ethics committee of the São Paulo State University (3 November 2018—identification code:
CAAE #99191318000005398).

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

Data Availability Statement: The data presented in this study are available in this article.

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

References

1. Dutta, R.; Trapp, B.D. Mechanisms of Neuronal Dysfunction and Degeneration in Multiple Sclerosis. Prog. Neurobiol. 2011, 93,
1–12. [CrossRef]

2. Brummer, T.; Muthuraman, M.; Steffen, F.; Uphaus, T.; Minch, L.; Person, M.; Zipp, F.; Groppa, S.; Bittner, S.; Fleischer, V.
Improved Prediction of Early Cognitive Impairment in Multiple Sclerosis Combining Blood and Imaging Biomarkers. Brain
Commun. 2022, 4, fcac153. [CrossRef] [PubMed]

3. Benedict, R.H.B.; Amato, M.P.; DeLuca, J.; Geurts, J.J.G. Cognitive Impairment in Multiple Sclerosis: Clinical Management, MRI,
and Therapeutic Avenues. Lancet Neurol. 2020, 19, 860–871. [CrossRef] [PubMed]

4. Frndak, S.E.; Kordovski, V.M.; Cookfair, D.; Rodgers, J.D.; Weinstock-Guttman, B.; Benedict, R.H.B. Disclosure of Disease Status
among Employed Multiple Sclerosis Patients: Association with Negative Work Events and Accommodations. Mult. Scler. 2015,
21, 225–234. [CrossRef]

5. Ruano, L.; Portaccio, E.; Goretti, B.; Niccolai, C.; Severo, M.; Patti, F.; Cilia, S.; Gallo, P.; Grossi, P.; Ghezzi, A.; et al. Age
and Disability Drive Cognitive Impairment in Multiple Sclerosis across Disease Subtypes. Mult. Scler. J. 2017, 23, 1258–1267.
[CrossRef]

6. Johnen, A.; Landmeyer, N.C.; Bürkner, P.-C.; Wiendl, H.; Meuth, S.G.; Holling, H. Distinct Cognitive Impairments in Different
Disease Courses of Multiple Sclerosis—A Systematic Review and Meta-Analysis. Neurosci. Biobehav. Rev. 2017, 83, 568–578.
[CrossRef] [PubMed]

7. Benedict, R.H.; DeLuca, J.; Phillips, G.; LaRocca, N.; Hudson, L.D.; Rudick, R. Validity of the Symbol Digit Modalities Test as a
Cognition Performance Outcome Measure for Multiple Sclerosis. Mult. Scler. J. 2017, 23, 721–733. [CrossRef]

8. Rademacher, T.-D.; Meuth, S.G.; Wiendl, H.; Johnen, A.; Landmeyer, N.C. Molecular Biomarkers and Cognitive Impairment in
Multiple Sclerosis: State of the Field, Limitations, and Future Direction—A Systematic Review and Meta-Analysis. Neurosci.
Biobehav. Rev. 2023, 146, 105035. [CrossRef]

9. Modica, C.M.; Zivadinov, R.; Dwyer, M.G.; Bergsland, N.; Weeks, A.R.; Benedict, R.H.B. Iron and Volume in the Deep Gray
Matter: Association with Cognitive Impairment in Multiple Sclerosis. Am. J. Neuroradiol. 2015, 36, 57–62. [CrossRef]

10. Oset, M.; Stasiolek, M.; Matysiak, M. Cognitive Dysfunction in the Early Stages of Multiple Sclerosis—How Much and How
Important? Curr. Neurol. Neurosci. Rep. 2020, 20, 22. [CrossRef]

11. Migliore, S.; Ghazaryan, A.; Simonelli, I.; Pasqualetti, P.; Squitieri, F.; Curcio, G.; Landi, D.; Palmieri, M.G.; Moffa, F.; Filippi, M.M.;
et al. Cognitive Impairment in Relapsing-Remitting Multiple Sclerosis Patients with Very Mild Clinical Disability. Behav. Neurol.
2017, 2017, 7404289. [CrossRef]

12. de Oliveira, M.; Gianeti, T.M.R.; da Rocha, F.C.G.; Lisboa-Filho, P.N.; Piacenti-Silva, M. A Preliminary Study of the Concentration
of Metallic Elements in the Blood of Patients with Multiple Sclerosis as Measured by ICP-MS. Sci. Rep. 2020, 10, 13112. [CrossRef]
[PubMed]

13. Crichton, R.R.; Dexter, D.T.; Ward, R.J. Metal Based Neurodegenerative Diseases—From Molecular Mechanisms to Therapeutic
Strategies. Coord. Chem. Rev. 2008, 252, 1189–1199. [CrossRef]

14. Cabral Pinto, M.M.S.; Marinho-Reis, A.P.; Almeida, A.; Ordens, C.M.; Silva, M.M.V.G.; Freitas, S.; Simões, M.R.; Moreira, P.I.;
Dinis, P.A.; Diniz, M.L.; et al. Human Predisposition to Cognitive Impairment and Its Relation with Environmental Exposure to
Potentially Toxic Elements. Environ. Geochem. Health 2018, 40, 1767–1784. [CrossRef] [PubMed]

15. Nirooei, E.; Kashani, S.M.A.; Owrangi, S.; Malekpour, F.; Niknam, M.; Moazzen, F.; Nowrouzi-Sohrabi, P.; Farzinmehr, S.; Akbari,
H. Blood Trace Element Status in Multiple Sclerosis: A Systematic Review and Meta-Analysis. Biol. Trace Elem. Res. 2021, 200,
13–26. [CrossRef]

71



Biomedicines 2023, 11, 1819

16. Chen, P.; Miah, M.R.; Aschner, M. Metals and Neurodegeneration. F1000Research 2016, 5, 366. [CrossRef]
17. Singh, A.V.; Khare, M.; Gade, W.N.; Zamboni, P. Theranostic Implications of Nanotechnology in Multiple Sclerosis: A Future

Perspective. Autoimmune Dis. 2012, 2012, 160830. [CrossRef]
18. Faul, F.; Erdfelder, E.; Lang, A.-G.; Buchner, A. G*Power 3: A Flexible Statistical Power Analysis Program for the Social, Behavioral,

and Biomedical Sciences. Behav. Res. Methods 2007, 39, 175–191. [CrossRef]
19. Sullivan, G.M.; Feinn, R. Using Effect Size—Or Why the P Value Is Not Enough. J. Grad. Med. Educ. 2012, 4, 279–282. [CrossRef]
20. Kurtzke, J.F. Rating Neurologic Impairment in Multiple Sclerosis: An Expanded Disability Status Scale (EDSS). Neurology 1983,

33, 1444. [CrossRef]
21. Thompson, A.J.; Banwell, B.L.; Barkhof, F.; Carroll, W.M.; Coetzee, T.; Comi, G.; Correale, J.; Fazekas, F.; Filippi, M.; Freedman,

M.S.; et al. Diagnosis of Multiple Sclerosis: 2017 Revisions of the McDonald Criteria. Lancet Neurol. 2018, 17, 162–173. [CrossRef]
[PubMed]

22. Gonzalez, M.H.; Souza, G.B.; Oliveira, R.V.; Forato, L.A.; Nóbrega, J.A.; Nogueira, A.R.A. Microwave-Assisted Digestion
Procedures for Biological Samples with Diluted Nitric Acid: Identification of Reaction Products. Talanta 2009, 79, 396–401.
[CrossRef] [PubMed]

23. Bocca, B.; Forte, G.; Petrucci, F.; Senofonte, O.; Violante, N.; Alimonti, A. Development of Methods for the Quantification of
Essential and Toxic Elements in Human Biomonitoring. Ann. Ist. Super. Sanita 2005, 41, 165–170. [PubMed]

24. Boringa, J.B.; Lazeron, R.H.; Reuling, I.E.; Adèr, H.J.; Pfennings, L.; Lindeboom, J.; de Sonneville, L.M.; Kalkers, N.F.; Polman, C.H.
The Brief Repeatable Battery of Neuropsychological Tests: Normative Values Allow Application in Multiple Sclerosis Clinical
Practice. Mult. Scler. 2001, 7, 263–267. [CrossRef]

25. Folstein, M.F.; Folstein, S.E.; McHugh, P.R. “Mini-Mental State”. A Practical Method for Grading the Cognitive State of Patients
for the Clinician. J. Psychiatr. Res. 1975, 12, 189–198. [CrossRef]

26. Arevalo-Rodriguez, I.; Smailagic, N.; Roqué I Figuls, M.; Ciapponi, A.; Sanchez-Perez, E.; Giannakou, A.; Pedraza, O.L.; Bonfill
Cosp, X.; Cullum, S. Mini-Mental State Examination (MMSE) for the Detection of Alzheimer’s Disease and Other Dementias in
People with Mild Cognitive Impairment (MCI). Cochrane Database Syst. Rev. 2015, 2015, CD010783. [CrossRef]

27. Cohen, J. Statistical Power Analysis for the Behavioral Sciences, 2nd ed.; Routledge: New York, NY, USA, 1988.
28. LoPresti, P. Serum-Based Biomarkers in Neurodegeneration and Multiple Sclerosis. Biomedicines 2022, 10, 1077. [CrossRef]
29. Dales, J.-P.; Desplat-Jégo, S. Metal Imbalance in Neurodegenerative Diseases with a Specific Concern to the Brain of Multiple

Sclerosis Patients. Int. J. Mol. Sci. 2020, 21, 9105. [CrossRef]
30. Barnham, K.J.; Bush, A.I. Biological Metals and Metal-Targeting Compounds in Major Neurodegenerative Diseases. Chem. Soc.

Rev. 2014, 43, 6727–6749. [CrossRef]
31. Ferrero, M.E. Neuron Protection by EDTA May Explain the Successful Outcomes of Toxic Metal Chelation Therapy in Neurode-

generative Diseases. Biomedicines 2022, 10, 2476. [CrossRef]
32. Bittner, S.; Oh, J.; Havrdová, E.K.; Tintoré, M.; Zipp, F. The Potential of Serum Neurofilament as Biomarker for Multiple Sclerosis.

Brain 2021, 144, 2954–2963. [CrossRef]
33. Hametner, S.; Dal Bianco, A.; Trattnig, S.; Lassmann, H. Iron Related Changes in MS Lesions and Their Validity to Characterize

MS Lesion Types and Dynamics with Ultra-High Field Magnetic Resonance Imaging. Brain Pathol. 2018, 28, 743–749. [CrossRef]
34. Skjørringe, T.; Møller, L.B.; Moos, T. Impairment of Interrelated Iron- and Copper Homeostatic Mechanisms in Brain Contributes

to the Pathogenesis of Neurodegenerative Disorders. Front. Pharmacol. 2012, 3, 169. [CrossRef]
35. Qi, Z.; Liu, K.J. The Interaction of Zinc and the Blood-Brain Barrier under Physiological and Ischemic Conditions. Toxicol. Appl.

Pharmacol. 2019, 364, 114–119. [CrossRef]
36. Johnson, S. The Possible Role of Gradual Accumulation of Copper, Cadmium, Lead and Iron and Gradual Depletion of Zinc,

Magnesium, Selenium, Vitamins B2, B6, D, and E Essential Fatty Acids in Multiple Sclerosis. Med. Hypotheses 2000, 55, 239–241.
[CrossRef]

37. Ontaneda, D.; Thompson, A.J.; Fox, R.J.; Cohen, J.A. Progressive Multiple Sclerosis: Prospects for Disease Therapy, Repair, and
Restoration of Function. Lancet 2017, 389, 1357–1366. [CrossRef]

38. Fujiwara, E.; Kmech, J.A.; Cobzas, D.; Sun, H.; Seres, P.; Blevins, G.; Wilman, A.H. Cognitive Implications of Deep Gray Matter
Iron in Multiple Sclerosis. AJNR. Am. J. Neuroradiol. 2017, 38, 942–948. [CrossRef] [PubMed]

39. Williams, R.; Buchheit, C.L.; Berman, N.E.J.; LeVine, S.M. Pathogenic Implications of Iron Accumulation in Multiple Sclerosis.
J. Neurochem. 2012, 120, 7–25. [CrossRef] [PubMed]

40. Molina-Holgado, F.; Hider, R.C.; Gaeta, A.; Williams, R.; Francis, P. Metals Ions and Neurodegeneration. BioMetals 2007, 20,
639–654. [CrossRef] [PubMed]

41. Bartzokis, G. Age-Related Myelin Breakdown: A Developmental Model of Cognitive Decline and Alzheimer’s Disease. Neurobiol.
Aging 2004, 25, 5–62. [CrossRef]

42. da Silva Castro, Á.; da Silva Albuquerque, L.; de Melo, M.L.P.; D’Almeida, J.A.C.; Braga, R.A.M.; de Assis, R.C.; do Nascimento
Marreiro, D.; Matos, W.O.; Maia, C.S.C. Relationship between Zinc-Related Nutritional Status and the Progression of Multiple
Sclerosis. Mult. Scler. Relat. Disord. 2022, 66, 104063. [CrossRef] [PubMed]

72



Biomedicines 2023, 11, 1819

43. McAllum, E.J.; Finkelstein, D.I. Metals in Alzheimer’s and Parkinson’s Disease: Relevance to Dementia with Lewy Bodies. J. Mol.
Neurosci. 2016, 60, 279–288. [CrossRef] [PubMed]

44. Choi, B.; Jung, J.; Suh, S. The Emerging Role of Zinc in the Pathogenesis of Multiple Sclerosis. Int. J. Mol. Sci. 2017, 18, 2070.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

73



Citation: Koul, A.M.; Ahmad, F.;

Bhat, A.; Aein, Q.-u.; Ahmad, A.;

Reshi, A.A.; Kaul, R.-u.-R.

Unraveling Down Syndrome: From

Genetic Anomaly to Artificial

Intelligence-Enhanced Diagnosis.

Biomedicines 2023, 11, 3284.

https://doi.org/10.3390/

biomedicines11123284

Academic Editors: Kuen-Jer Tsai,

Simone Battaglia and Masaru Tanaka

Received: 13 October 2023

Revised: 4 December 2023

Accepted: 7 December 2023

Published: 12 December 2023

Copyright: © 2023 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/).

biomedicines

Review

Unraveling Down Syndrome: From Genetic Anomaly to
Artificial Intelligence-Enhanced Diagnosis

Aabid Mustafa Koul 1, Faisel Ahmad 2, Abida Bhat 3, Qurat-ul Aein 4, Ajaz Ahmad 5,*, Aijaz Ahmad Reshi 6 and

Rauf-ur-Rashid Kaul 7,*

1 Department of Immunology and Molecular Medicine, Sher-i-Kashmir Institute of Medical Sciences,
Srinagar 190006, India

2 Department of Zoology, Central University of Kashmir, Ganderbal, Srinagar 190004, India
3 Advanced Centre for Human Genetics, Sher-i-Kashmir Institute of Medical Sciences, Srinagar 190011, India
4 Department of Human Genetics, Guru Nanak Dev University, Amritsar 143005, Punjab, India;

quratain417@gmail.com
5 Departments of Clinical Pharmacy, College of Pharmacy, King Saud University, Riyadh 11451, Saudi Arabia
6 Department of Computer Science, College of Computer Science and Engineering, Taibah University,

Madinah 42353, Saudi Arabia; aijazonnet@gmail.com
7 Department of Community Medicine, Sher-i-Kashmir Institute of Medical Sciences, Srinagar 190006, India
* Correspondence: ajukash@gmail.com (A.A.); raufkaul@gmail.com (R.-u.-R.K.)

Abstract: Down syndrome arises from chromosomal non-disjunction during gametogenesis, resulting
in an additional chromosome. This anomaly presents with intellectual impairment, growth limitations,
and distinct facial features. Positive correlation exists between maternal age, particularly in advanced
cases, and the global annual incidence is over 200,000 cases. Early interventions, including first
and second-trimester screenings, have improved DS diagnosis and care. The manifestations of
Down syndrome result from complex interactions between genetic factors linked to various health
concerns. To explore recent advancements in Down syndrome research, we focus on the integration
of artificial intelligence (AI) and machine learning (ML) technologies for improved diagnosis and
management. Recent developments leverage AI and ML algorithms to detect subtle Down syndrome
indicators across various data sources, including biological markers, facial traits, and medical images.
These technologies offer potential enhancements in accuracy, particularly in cases complicated by
cognitive impairments. Integration of AI and ML in Down syndrome diagnosis signifies a significant
advancement in medical science. These tools hold promise for early detection, personalized treatment,
and a deeper comprehension of the complex interplay between genetics and environmental factors.
This review provides a comprehensive overview of neurodevelopmental and cognitive profiles,
comorbidities, diagnosis, and management within the Down syndrome context. The utilization
of AI and ML represents a transformative step toward enhancing early identification and tailored
interventions for individuals with Down syndrome, ultimately improving their quality of life.

Keywords: Down syndrome; neurodevelopment; cognitive impairment; comorbidity; diagnosis;
management; artificial intelligence; machine learning; neurological disorders; intellectual disability

1. Introduction

Down syndrome, first described by John Langdon Down in 1866, is a genetic disorder
characterized by the presence of an additional chromosome 21 due to non-disjuntioning
during gametogenesis and is reportedly the most common chromosomal abnormality in
humans [1–4]. Down syndrome is a genetic disorder characterized by the presence of an
extra copy of chromosome 21. It manifests in three main types: trisomy 21, translocation
Down syndrome, and mosaicism [5]. Trisomy 21, accounting for the majority of cases,
involves an extra copy of chromosome 21 in every cell [6]. Translocation Down syndrome
occurs when the extra copy is attached to another chromosome [7]. Mosaicism, the least

Biomedicines 2023, 11, 3284. https://doi.org/10.3390/biomedicines11123284 https://www.mdpi.com/journal/biomedicines
74



Biomedicines 2023, 11, 3284

common type, involves a mixture of cells with two and three copies of chromosome 21 [7–9].
Patients suffering with this disorder show mild to moderate intellectual disability, retarded
growth besides other peculiar facial features [10].

The incidence of Down syndrome, ranging from 1 in 319 to 1 in 1000 live births, esca-
lates with advanced maternal age, surpassing 200,000 cases annually globally [11,12]. It is
established in the scientific literature that the occurrence of other autosomal trisomy is much
more common than trisomy 21 but owing to their poor postnatal survival, Down syndrome
takes a lead in being the most frequently occurring live born aneuploidy (trisomy 21) [13].
Differences in the incidence and presentation of Down syndrome based upon the ethnic and
geographic background are also reported [14]. Besides the occurrence of non-disjunction
in chromosome 21 during gametogenesis, there are other factors that can lead to trisomy
21, including Robertsonian translocation, isochromosome formation, and the presence of a
ring chromosome [6]. Isochromosome formation entails the simultaneous separation of two
long arms, as opposed to one long and one short arm, and this phenomenon is observed in
approximately 2% to 4% of patients [15,16]. In cases of Robertsonian translocation, the long
arm of chromosome 21 becomes fused with another chromosome, typically chromosome
14 [17].

Children with Down syndrome exhibit a range of malformations in addition to cogni-
tive impairments resulting from the presence of extra genetic material from chromosome
21 [18,19]. Although the phenotype varies, common characteristics that can lead experts to
suspect Down syndrome includes reduced muscular tone (hypotonia), a brachycephalic
head shape, a flat nasal bridge, epicanthal folds, the presence of Brushfield spots in the iris,
a small mouth, small ears, excess skin at the back of the neck, upward-slanting palpebral
fissures, a short fifth finger, a single transverse palmar crease, clinodactyly (abnormal
curvature of the fifth finger), and wide spacing between the first and second toes, often
accompanied by a deep groove between them [20,21]. The neurodevelopmental and cogni-
tive profiles observed in individuals with Down syndrome are characterized by significant
diversity, presenting unique challenges and opportunities for diagnosis, management,
and support [22]. Comorbidities associated with Down syndrome further contribute to
the complexity of providing comprehensive care to this population [23–25]. Cognitive
impairment in individuals with Down syndrome can range from mild (with an IQ between
50 and 70) to moderate (with an IQ between 35 and 50), and occasionally, it can be severe
(with an IQ between 20 and 35) [26,27]. Additionally, individuals with Down syndrome
face a significant risk of experiencing hearing loss (75%), obstructive sleep apnea (50% to
79%), otitis media (50% to 70%), eye-related issues (60%) including cataracts (15%) and
severe refractive errors (50%), congenital heart defects (50%), neurological dysfunction
(ranging from 1% to 13%), gastrointestinal atresias (12%), hip dislocation (6%), and thyroid
disorders (ranging from 4% to 18%) (Table 1) [28].

Artificial intelligence (AI) and machine learning (ML) have emerged as powerful
tools with the potential to revolutionize various fields, including healthcare [29–31]. ML,
as a subset of AI, focuses on enabling computers to learn from data and improve their
performance on specific tasks without explicit programming [32]. While AI is a broader
concept, ML plays a crucial role in the implementation of intelligent systems [33–35]. In
recent years, AI and ML have gained significant attention in healthcare due to their potential
to enhance diagnosis, prediction, and treatment planning for various conditions, including
DS [36]. These technologies can analyze complex medical data, identify patterns and trends,
and provide valuable insights for healthcare professionals and families affected by DS [36].
ML holds promise in the field of Down syndrome by facilitating early diagnosis, predicting
associated medical conditions, and enhancing educational interventions [37]. By leveraging
ML algorithms to analyze large datasets of genetic and clinical information, researchers
and healthcare professionals can gain valuable insights that contribute to personalized
care and improved outcomes for individuals with Down syndrome [36]. Given the diverse
neurodevelopmental and cognitive profiles in individuals with Down syndrome and the
complexities posed by associated comorbidities, this review aims to comprehensively
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analyze the existing literature. It specifically focuses on neurodevelopmental and cognitive
features, comorbidities, and current approaches to diagnosis and management in Down
syndrome. Additionally, it explores the potential role of ML and AI in enhancing Down
syndrome care, emphasizing the need for careful evaluation and further research. By
synthesizing the available information, this review aims to inform and guide healthcare
practitioners in their efforts to provide effective and individualized care to individuals with
Down syndrome.

Table 1. Down syndrome associated complications.

S. No. Down Syndrome Associated Complications Occurrence

1. Cataracts 15%

2. Congenital heart ailments 40–50%

3. Dental eruption (Delayed) 23%

4. Gastrointestinal atresias 12%

5. Hearing issues 75%

6. Hip dislocation 6%

7. Neurological Impairment 1–13%

8. Otitis media 50–70%

9. Refractive errors 50%

10. Sleep apnea (Obstructive) 50–75%

11. Thyroid disorders 4–18%

12. Vision impairments 60%

2. Diagnostics

The prospective for the growth and socialization of Down syndrome affected indi-
vidual has now been realized and improved with early intervention techniques, thereby
timely support for DS affected children is extensively implemented [38–40]. With the intro-
duction of first trimester screening, the options of diagnostics for Down syndrome have
improved significantly. In addition to maternal age, the assessment includes nuchal translu-
cency ultrasonography, along with the measurement of maternal serum human chorionic
gonadotropin and plasma protein A in relation to the pregnancy [41–43]. The second-
trimester screening incorporates the maternal age-related risk and involves measuring
maternal serum hCG, unconjugated estriol, α-fetoprotein (AFP), and inhibin levels [44–46].
The first-trimester screening achieves a detection rate for Down syndrome ranging from
82% to 87%, while the second-trimester screening achieves an 80% detection rate. When
both the first and second-trimester screenings are combined, often referred to as integrated
screening, the detection rate increases to approximately 95% [47–49]. Early diagnosis, inter-
vention, and ongoing support are crucial for individuals with Down syndrome to reach
their full potential and lead fulfilling lives [50]. Early childhood intervention programs,
involving a multidisciplinary approach, provide comprehensive support in areas such as
speech, motor skills, cognition, and social-emotional development [50,51]. Individualized
education plans (IEPs) tailor educational goals and accommodations to each child’s unique
needs, promoting inclusive learning and skill development [9,50]. Medical management,
including regular check-ups and proactive care for associated health conditions, ensures op-
timal health outcomes [52–54]. By emphasizing the importance of early interventions and
support strategies, we highlight the need to empower individuals with Down syndrome
and promote their development across multiple domains [9,50].
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2.1. Prenatal Diagnostics

Parental awareness plays a crucial role in the context of Down syndrome, as it is
essential for parents to possess a comprehensive understanding of the potential conditions
associated with Down syndrome [55,56]. Such awareness can significantly contribute to the
accurate diagnosis and appropriate treatment of this disorder [57,58]. The introduction of
cell-free prenatal screening and the parallel sequencing of maternal plasma cell-free DNA
(cfDNA) has brought about a profound transformation in the standard approach to prenatal
Down syndrome diagnosis [47]. The utilization of non-invasive prenatal screening has the
potential to reduce the need for invasive tests such as amniocentesis or chorionic villus
sampling [59]. Furthermore, soft markers, including the absence or small size of the nasal
bone, increased nuchal fold thickness, and enlarged ventricles, can be detected through
ultrasound examinations performed between the 14th and 24th weeks of gestation [60,61].
An elevated fetal nuchal translucency measurement is indeed associated with an increased
risk of Down syndrome. Increased fetal detection of Down syndrome offers important
benefits despite the limited need for fetal or neonatal intervention in most cases [62].
Early detection enables comprehensive prenatal counseling, facilitating informed decision-
making for expectant parents and access to specialized care and support. It respects
individual autonomy, allowing families to make choices aligned with their values [63].

Moreover, increased detection contributes to research and advancements in prena-
tal care and treatments, driving improved outcomes for individuals with Down syn-
drome [50,62,63]. By accumulating data and insights, it enables the development of
innovative interventions, early interventions, and support strategies. Therefore, advo-
cating for increased fetal detection is crucial, as it empowers parents, facilitates specialized
care, respects personal choices, and fuels research advancements [63]. In addition to these
advancements, various methods are employed for prenatal diagnosis, with traditional
cytogenic analysis remaining widely used in many countries. Nevertheless, some rapid
molecular assays, such as fluorescent in situ hybridization (FISH), quantitative fluorescence
PCR (QF-PCR), and multiplex probe ligation assay (MLPA), are also utilized for prenatal
diagnosis [7]. Prenatal diagnosis provides valuable information about the chromosomal
abnormality, but it does not directly inform us about the specific cognitive and neurodevel-
opmental traits that individuals with Down syndrome will exhibit [1]. Understanding this
variability requires comprehensive research that explores cognitive profiles, strengths, and
challenges in individuals with Down syndrome, considering environmental influences and
personalized experiences [22,64]. It is crucial to acknowledge that while prenatal diagnosis
provides valuable information about the chromosomal abnormality, it does not directly
inform us about the wide variability in neurodevelopmental and cognitive characteristics
that will be unique to each person with Down syndrome [65]. Indeed, the neurodevel-
opmental and cognitive profiles in individuals with Down syndrome exhibit significant
diversity [66,67]. While the presence of an extra copy of chromosome 21 contributes to
shared characteristics, such as intellectual disability and certain physical features, the spe-
cific cognitive abilities, strengths, and challenges can vary widely among individuals [68].
Factors such as genetic variations and individual differences contribute to this variabil-
ity. In order to provide a comprehensive understanding of Down syndrome, it is crucial
to consider beyond prenatal diagnosis [69]. Additional assessments, evaluations, and
ongoing monitoring are necessary to capture the individual’s specific cognitive and neu-
rodevelopmental traits. This includes evaluating cognitive abilities, language skills, motor
development, adaptive functioning, and social-emotional aspects [69]. It emphasizes the
need for personalized and individualized interventions that address the unique strengths,
challenges, and needs of each person [65]. By considering the wide range of cognitive
and neurodevelopmental profiles, practitioners can provide more effective and tailored
support for individuals with Down syndrome [65,66]. Many countries have chosen to
incorporate prenatal diagnosis into their healthcare systems, offering prospective parents
an opportunity to make informed choices aligned with their personal values [70]. This
encompasses decisions regarding whether to proceed with a pregnancy or consider ter-
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mination of pregnancy (TOP). The integration of prenatal diagnosis respects individual
autonomy by empowering families to navigate complex decisions in accordance with their
unique values and beliefs. In recognizing the diversity of international practices, it is
important to emphasize that the availability of prenatal diagnosis is not universally linked
to the sole option of termination. Rather, it serves as a means to provide comprehensive
information, fostering an environment where families can make decisions that align with
their individual circumstances and ethical considerations [71,72].

2.2. Artificial Intelligence (AI)-Based Diagnosis

Medical lab tests, investigation of medical history, and genetic testing are all com-
monly used methods to diagnose Down syndrome. To help with the diagnosing process,
artificial intelligence (AI) and machine learning (ML) approaches can be quite useful [30,35].
A variety of clinical data can be analyzed using AI and ML algorithms, which can be
trained to identify patterns that might be symptomatic of Down syndrome. Incorporating
ML techniques into Down syndrome detection holds significant potential for enhancing
accuracy, efficiency, and accessibility [64,68,73]. The integration of machine learning (ML)
into cell-free prenatal screening and maternal plasma cell-free DNA sequencing for Down
syndrome diagnosis will present a transformative paradigm with significant motivations
and potential enhancements. Early detection may be improved, and the potential for
reduced false positives addresses concerns related to unnecessary interventions. ML’s adap-
tive nature ensures continuous improvement, contributing to the evolution of more precise
and reliable prenatal Down syndrome predictions. ML algorithms enable the analysis of
large datasets encompassing clinical and genetic information, potentially identifying subtle
markers and patterns that improve detection accuracy beyond traditional methods [74].
Integrating multiple data sources, including maternal age, biochemical markers, and ul-
trasound measurements, ML-based predictive models can yield more sophisticated risk
assessments and enable precise counseling for expectant parents [35]. ML methods offer
broader accessibility and cost-effectiveness compared to invasive procedures like amnio-
centesis or chorionic villus sampling, as they primarily rely on non-invasive data sources
such as maternal blood samples and medical records. Furthermore, ML techniques can
be automated and scaled, facilitating widespread implementation and reducing the eco-
nomic burden associated with DS screening [35,74]. While current diagnostic methods
for Down syndrome exhibit high accuracy rates, incorporating ML methods can provide
additional advantages in terms of improved accuracy, risk assessment, counseling, and
broader accessibility. By leveraging ML algorithms to analyze comprehensive datasets,
healthcare providers can enhance DS detection and deliver more personalized care [35].
These motivations and benefits of ML methods in Down syndrome detection will be further
emphasized in the revised manuscript, supporting the advocacy for their integration. ML
and AI can help with the diagnosis in the following ways:

2.2.1. Facial Recognition

AI programs can be trained to identify facial characteristics that are commonly linked
to Down syndrome [75]. ML models can recognize distinct features like an upward slope
in the eyes, a flattened face profile, and a tiny nose by looking at facial images. These algo-
rithms may precisely identify these features, assisting in diagnosis of Down syndrome [76].

2.2.2. Genetic Screening

AI and ML can help with the analysis of genetic algorithm data to identify the early
risk of Down syndrome [77]. Medical experts may input a person’s genetic sequence into an
ML model, which can then compare it with a very large dataset of genetic profiles known
to be associated with Down syndrome [36]. The system can assess the likelihood of Down
syndrome and accurately identify biological markers.
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2.2.3. Analysis of Medical Data

AI algorithms can process patient medical records [78] to find patterns and links with
Down syndrome. This analysis includes historical test results, developmental milestones,
and symptoms. A huge collection of patient information can be used to train machine
learning models to spot patterns or warning signs that are typical of the ailment [79]. It can
thus aid medical professionals in developing more precise and effective diagnosis [80].

2.2.4. Support for Prenatal Diagnosis

AI and ML can also help with Down syndrome prenatal diagnosis [49]. Artificial intel-
ligence (AI) systems can spot possible indicators of Down syndrome in a growing fetus by
examining ultrasound images [81] or blood test data. Because of the early detection, parents
and medical professionals can better anticipate and support the child’s requirements.

2.2.5. Decision Support Systems for Healthcare

By making timely and accurate recommendations based on patient data, AI and ML
can serve as decision support tools for healthcare professionals [82]. ML models can predict
the risk of Down syndrome through incorporating clinical and genomic data analysis,
enabling healthcare practitioners to make well-informed decisions about additional diag-
nostic procedures or specialist referrals [83]. It is significant to remember that a medical
practitioner should always validate the final diagnosis [84]. The purpose of AI and ML in
the diagnosis of Down syndrome is to support medical practitioners by offering insightful
information and improving the precision and effectiveness of the diagnostic procedure.

3. Cognitive Challenges in Down Syndrome

Cognitive functioning is the collective term for a variety of mental processes, such as
retention, acquisition, reasoning, problem-solving, adaptability, and attention. Cognitive
functioning, which ranges from profound to borderline intellectual capacity, is a hallmark
of Down syndrome (DS) [8,85–87]. Most Down syndrome sufferers have moderate to
severe intellectual disabilities. Cognitive growth goes on all the way through childhood,
adolescence, and the first few years of adulthood. The loss of skills that are commonly
associated with dementia gradually follows this. When compared to visual information,
people with Down syndrome consistently have trouble understanding verbal information.
Learning, memory, and language problems that cause mild to severe intellectual disability
are characteristics of Down’s syndrome [85,86,88,89].

3.1. Speech, Mental Abilities, and Memory Retention

The cognitive profiles of those with the disease differ, with maintained visuospatial
short-term memory, associative learning, implicit long-term memory, poor morphosyntax,
verbal short-term memory, and explicit memory. Individuals with Down syndrome are
better at pictorial tasks equated to verbal short-term memory tasks [8,90]. Although infants
show less vocal response and environmental alertness than older children and adults, early
language milestones are often met within an age-expected range. It has been shown that
youngsters acquire their first words later than anticipated [85,86]. At the outset, it is usu-
ally recognized as a characteristic to have a small vocabulary, thoughtful communication,
and pragmatism in language. The usage of multi-word sentences is delayed as linguistic
demands rise, and strange communication patterns emerge. Persistent language problems
are noticed after a child is five. The language profiles of school-aged children reveal a
noteworthy lag in the progression of expressive language when compared to receptive
language. This discrepancy is most pronounced in the domains of expressive syntax and
phonological processing, where the most substantial delays are observed [87,91,92]. Syntac-
tic insufficiency is mainly evident in late infancy and the start of puberty. Adults have less
phonological processing, morphosyntax, and articulation issues with language, but their
semantic, pragmatic, and communicative goals remain largely unaltered. Learning, mem-
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ory, and other cognitive processes can all suffer from impaired language comprehension
processing [86,88,93,94].

3.2. Processing Speed, Inhibition, and Attention

The executive functions (EFs), which control behavior and cognition, include things
like attention, inhibition, and processing speed. Higher level executive function includes
skills like strategic planning, impulse control, systematic search, flexibility of thought and
action, and the ability to blend what one wants with what they can do [94]. Teenagers with
Down syndrome perform worse on tests of attention, perceptual quickness, response time,
and motor control when compared to peers with similar mental ability. These limitations
persist as individuals age, making it more challenging to allocate tasks, retain attention,
and respond reliably to situations [95,96]. Poor response inhibition is evident across the
whole developmental lifespan, with vocally mediated inhibition tasks being more difficult
and having poor inhibition of irrelevant information. Response time assessments yield
contradictory results, with faster reaction times compatible with intellectual functioning
but slower than those with mental age matching individuals who possess intellectual
disability [87,93].

3.3. Short-Term Auditory Memory

The visuospatial working memory system is more developed than the auditory work-
ing memory system, and verbal working memory deficits go beyond those seen in those
who have difficulty hearing and speaking well [93,97]. Lack of engaged learning may
contribute to diminished verbal memory retention in scholastic age adolescents and kids.
The ability to recall information correlates with syntax interpretation in both modalities,
illustrating the relationship between working memory and linguistic acquisition. When
compared to verbal working memory, tasks requiring less information or when the visual
and spatial components are assessed separately still have little impact on visual and spatial
short-term memory [98,99]. Children with Down syndrome have trouble with problem-
solving techniques, and as they become older, they take longer to complete planning
activities, even when the results are similar to those of children whose mental ages are
matched. Multitasking and time shifting are exceedingly challenging for children and
persons with Down syndrome, especially when it comes to vocally mediated tasks [100].
People with Down syndrome commonly experience verbal comprehension, self-monitoring,
and executive function deficits, in contrast to other genetic ID-related disorders. Addition-
ally, they erroneously and more slowly assimilate information [93,101–103].

3.4. Organization, Spatial Cognition, and Self-Monitoring

Children with Down syndrome frequently experience difficulties with integrating
new knowledge and problem-solving techniques, which delays down their developmental
progress. As individuals age, scheduling tasks take longer to accomplish, but their efficiency
is comparable to that of mental age matched controls [104]. For kids and people with Down
syndrome, multitasking and setting changing are extremely difficult, especially when it
comes to vocally mediated activities. Additionally, people with Down syndrome struggle
with verbal comprehension and self-awareness, frequently failing to indicate when they
have understood something [105,106]. Due to poor monitoring for intrusion mistakes and
problems avoiding irrelevant information from interfering with cognitive processes, adults
with Down syndrome still have trouble self-monitoring. The profile of visual-spatial ability
in people with Down syndrome is uneven, with some parts matching average cognitive
capacity and others falling short of projected developmental levels. Though cognitive
function is deteriorating, visuospatial abilities are still mostly intact [86,107,108].

3.5. Learning and Long-Term Memory

Children with Down syndrome have distinct degrees of learning ability, with dimin-
ished short-term and long-term memory learning abilities [109,110]. They do better at
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combining rewards with objects and with observational learning, but exhibit trouble with
instrumental learning [111,112]. They are more socially inclined and receptive to positive
reinforcement, enhancing the success in socially oriented learning. Visual learning is more
efficient than verbal learning, which shows that interpersonal abilities are robust. Problems
in attention and a high demand for processing contribute to long-term memory problems in
Down syndrome at the encoding and retrieval levels [113]. These deficits might be intrinsic
in origin rather than just a symptom of a language processing disorder. These inadequacies
persist throughout life, but they worsen with advancing years [103].

3.6. Associated Conditions and Disorders

People with Down syndrome are more likely to have a number of different health
issues, such as Dementia, autism spectrum disorders, hormonal, glandular issues, sensory
impairments, sleep disruption, seizures, and cardiac abnormalities [114,115]. Celiac disease,
hypothyroidism, leukemia, congenital heart abnormalities, and diabetes are additional
illnesses with increased occurrence in this group [85,86,116,117]. Many people with Down
syndrome are born with congenital heart defects, such as atrioventricular septal defect or
ventricular septal defect. These heart conditions may necessitate surgical intervention [114].
Hearing issues, including conductive or sensorineural hearing loss, are frequently observed
in individuals with Down syndrome. Regular hearing assessments are crucial for early
intervention [115]. Ocular problems like cataracts, strabismus (crossed eyes), and refractive
errors are more common among those with Down syndrome [118]. Hypothyroidism, which
is an underactive thyroid gland, is more prevalent in people with Down syndrome. Routine
monitoring of thyroid function is of utmost importance [117].

4. Discussion

Down syndrome, caused by a genetic anomaly (trisomy 21), manifests in character-
istic physical features and cognitive delays [9]. Individuals often contend with a range
of comorbidities, including heart defects, gastrointestinal issues, and increased suscepti-
bility to infections. These additional health concerns necessitate comprehensive medical
care and early interventions to address associated challenges and optimize overall well-
being [8,9]. Numerous co-morbidities (Figure 1) identified such as congenital heart defects,
celiac disease, gastrointestinal defects, seizures, thyroid disease, hematological disorders,
autism, and emotional and behavioral disorder (EBD) are known to affect the quality of
life in children with Down syndrome [8,119]. Table 2 presents the various specific disor-
ders/diseases as subcategories of these co-morbidities. Individuals with Down syndrome
are also predisposed to sleep disorder breathing (SDB) which includes central sleep ap-
nea (CSA), hypoxemia disorder, hypoventilation disorder, and obstructive sleep apnea
(OSA) [120,121]. Central airway anatomical features such as small oropharynx, mid-facial
hypoplasia, narrow nasopharynx, and macroglossia contribute DS towards increased sus-
ceptibility for SDB [122,123]. Many previous studies have reported SDB high prevalence
associated with Down syndrome condition compared to the general population [124–126].
Douglas Bush et al., in a retrospective large cohort study (n = 1242), identified high in-
cidence (28%) of pulmonary hypertension with associated co-morbidities such as OSA,
chronic hypoxia, recurrent pneumonia, and aspiration in patients with DS [127]. Early
management of respiratory disorders contributes towards improved condition and reduced
susceptibility of pulmonary hypertension in individuals with Down syndrome. Reports
based on co-morbidity epilepsy (seizure disorder) showed increased prevalence in indi-
viduals (8.1–26%) with Down syndrome compared to general population (1.5–5%) [128].
Major biological and metabolic factors present in Down syndrome patients contributing
to increased seizures include dyskinesia of dendrites, frontal/temporal lobe hypoplasia,
abnormal neuronal lamination, glutamatergic receptor GluR5 alteration, and congenital
heart disease [129,130]. Following seizures, there is a profound connection with other
associated co-morbidity i.e., dementia in Down syndrome patients. Hithersay et al., in a
prospective longitudinal study, found individuals in older age and late-onset of epilepsy
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were associated with increased risk of developing dementia in Down syndrome cases [131].
Another cross-sectional study by Bayen et al. determined high prevalence of dementia in
DS adults above 65 years with marked risk of developing Alzheimer disease (AD) [132].
Further, a neuroimaging study by Pujol et al. based on adults with DS showed significant
volume reduction in hippocampus and substantia innominata of brain anatomy specifi-
cally linked to cognitive impairment and dementia progression [133]. Early diagnosis of
dementia and AD in DS individuals is not possible due to pre-existing behavioral and intel-
lectual disorders. Recently, a study by Dekker et al. based on behavioral and psychological
symptoms of dementia in Down syndrome (BPSD-DS) scale identified behavioral changes
such as anxiety, agitation, depression, sleep disturbance, and apathy had significantly high
scores in DS+AD (Down syndrome with AD) compared to DS+Q (Down syndrome with
questionable dementia) and without dementia individual study groups [62,134]. Based
on other behavioral studies, individuals with DS presented symptoms such as sleep dis-
turbance, anxiety, depression, and apathy as alarming signs for developing AD [135–137].
Other neurodevelopment disorders associated with DS include autism spectrum disor-
der (ASD) and attention deficit hyperactivity disorder (ADHD), as investigated in recent
population based cohort study showing 42% ASD and 34% ADHD prevalence in DS indi-
viduals [138]. Pre-existing intellectual disability associated with Down syndrome might be
the facilitating factor for the characteristic heterogeneity in ASD symptoms. Congenital
heart defects (CHDs) are one of the profound co-morbidities associated with DS as the
prevalent cause of infant mortality [139–143]. Baban et al. investigated the frequency of
Down syndrome infants (N = 859) for CHD subtypes based on a single center study, report-
ing a high proportion with CHDs (72.2%) and 4.7% with atypical CHDs [144]. Following
research for DS-CHD (DS associated with CHD) trend in infants present less frequency
mainly due to selective abortion of fetus or diagnostic improvement for managing antenatal
CHD [113,145]. Patients with DS are reported to present two common types of cardiac
defects such as atrioventricular septal defect (45%) and ventricular septal defects (20–30%),
respectively [71,146]. The prevalence of different co-morbidities associated with Down
syndrome varies across the geographical population [147,148]. Further, the majority of
co-morbidities generally requires clinical and psychiatric management with not much effect
on mortality, except CHD and epilepsy. Future management of patients with DS thus
requires proper understanding of the co-morbidities associated for providing appropriate
help they need [147,148].

Figure 1. Down syndrome and neurocognitive profiles associated disorders.
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Table 2. Co-morbidities and corresponding disorders/diseases.

Co-Morbidity Disorder/Disease

Neurological Disorders

• Alzheimer disease
• Dementia
• Excessive flexibility
• Intellectual disability
• Learning disability
• Lennox–Gastaut syndrome
• Less concentration
• Seizures

Congenital Heart Defects

• AVS defect
• Isolate PDA
• SA defect
• Tetralogy of Fallot
• VS defect

Musculoskeletal Disorders

• Broad small hands
• Decreased bone mass
• Growth retardation
• Hypotonia
• Short fingers
• Short height
• Vitamin D deficiency
• Small feet

Gastrointestinal Disorders

• Celiac disease
• Chronic constipation
• Duodenal atresia
• Gastroesophagal reflux
• Hirschsprung disease
• Imperforate anus
• Intermittent diarrhea
• Intestinal obstruction

Possible Genetic Anomalies
• Mosaicism
• Translocation
• Trisomy 21

Endocrinological Disorders

• Ambiguous genitalia
• Cryptorchidism
• Delayed puberty
• Micropenis
• Hyperthyroidism
• Hypothyroidism

Hematological Disorders

• Leukemia
• Myelopoiesis
• Neutrophilia
• Polycythemia
• Thrombocytopenia

Distinct Facial Features

• Flattened face and nose
• Palmer/Siamese crease
• Palpebral fissures
• Protruding tongue
• Short neck
• Slanting eyes
• Small head, mouth, and ears

ML algorithms have been employed to analyze large datasets of genetic and clinical in-
formation to gain insights into Down syndrome and improve patient care. Down syndrome
is a genetic disorder caused by the presence of an extra copy of chromosome 21, leading to
cognitive and developmental delays [8]. ML techniques have been used to identify biologi-
cal markers and patterns associated with Down syndrome. By analyzing genomic data from
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individuals with Down syndrome and comparing it with data from typically developing in-
dividuals, ML algorithms can identify specific genetic variations or expression patterns that
are characteristic of the condition [74,149]. These studies present pioneering applications
of artificial intelligence (AI) and machine learning (ML) in Down syndrome (DS) research.
Another study employs ML to scrutinize clinical records of 106 DS subjects, successfully
identifying key features associated with intellectual disability (ID). The models, including
random forest and gradient boosting, showcase high accuracy, spotlighting variables linked
to cognitive impairment, encompassing hearing, gastrointestinal health, thyroid function,
immune system, and vitamin B12 levels [74]. In a second study, addressing executive
function decline in adults with DS, data-driven techniques pinpoint constructive praxis,
verbal and immediate memory, planning, and written verbal comprehension as crucial
predictors for inhibition capacity in 188 adults, providing insights for tailored interven-
tions [149]. This can aid in early diagnosis, genetic counseling, and personalized treatment
strategies. Furthermore, ML algorithms can assist in the development of predictive mod-
els for assessing the risk of certain medical conditions commonly associated with Down
syndrome [73,150]. Another study addresses the frequent occurrence of obstructive sleep
apnea (OSA) in individuals with Down syndrome. Using a Logic Learning Machine, the
study develops a predictive tool with a cross-validated negative predictive value of 73% for
mild OSA and 90% for moderate or severe OSA. This cost-effective model includes survey
responses, medication history, anthropometric measurements, vital signs, age, and physical
examination findings, offering potential improvements to sleep-related healthcare [73].
ML also plays a role in improving educational interventions and therapies for individuals
with Down syndrome [74]. By analyzing data from educational programs, ML algorithms
can identify effective teaching strategies, personalize learning approaches, and provide
recommendations for individualized educational plans [74]. Additionally, ML-based tech-
nologies, such as speech and language processing algorithms, can assist in speech therapy
and communication interventions for individuals with Down syndrome [68]. This study
provides an in-depth analysis of AI-driven solutions that enhance communication and edu-
cation for disabled children, concluding with considerations for future developments and
ethical concerns associated with these technologies [68]. Together, these studies showcase
the multifaceted applications of AI and ML in advancing understanding, diagnosis, and
care for individuals with DS. It is important to note that the application of ML in Down
syndrome research and healthcare requires careful consideration of ethical and privacy
considerations. Ensuring the responsible use of data, protecting privacy, and addressing
potential biases in algorithms are crucial aspects that need to be addressed to fully harness
the potential of ML in improving the lives of individuals with Down syndrome [151]. These
studies collectively illuminate the transformative potential of artificial intelligence (AI)
and machine learning (ML) in diverse fields. From enhancing Down syndrome diagnosis
by pinpointing key cognitive indicators and predicting inhibitory capacity to predicting
sleep apnea risk and advancing assistive technologies for children with special needs,
the application of AI and ML showcases promising avenues for precision, efficiency, and
innovative solutions. Additionally, these studies also underscore the indispensable role of
AI in addressing data challenges across industries, offering valuable insights and strategies
for effective implementation. Furthermore, these findings collectively underscore the sig-
nificant impact of AI and ML in reshaping research, diagnosis, and intervention strategies
across various domains.

The present review extends prior research by providing a comprehensive exploration
of Down syndrome’s multifaceted dimensions. By synthesizing insights into neurodevel-
opmental aspects, associated comorbidities, and the integration of artificial intelligence
(AI), this study offers a significant extension of existing knowledge. The implication of our
review lies in its potential to steer future research, emphasizing the need for sophisticated
knowledge and technological advancements in AI for a more precise understanding of
Down syndrome. The ultimate goal is to leverage AI’s potential to enhance diagnostic accu-
racy, intervention strategies, and therapeutic advancements. However, challenges persist,
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notably in data quality, interpretability, and ethical considerations. While highlighting AI’s
transformative merits and potential clinical applications, we acknowledge the limitations
and call for future research focusing on refining methodologies and ethical frameworks to
maximize AI’s benefits in Down syndrome research and care pathways. These technologies
can improve screening, diagnosis, and personalized interventions, ultimately benefiting
individuals with Down syndrome. However, the responsible and ethical use of ML and AI
in Down syndrome care requires ongoing research, validation, and careful consideration of
privacy and fairness concerns. This line of research holds immense significance in reshaping
our approach to Down syndrome, paving the way for impactful innovations and improving
the lives of individuals affected by this condition. By harnessing the power of ML and AI
responsibly, practitioners can improve outcomes and provide better care for individuals
with Down syndrome. The continued collaboration between researchers, healthcare prac-
titioners, policymakers, and the Down syndrome community will drive further progress
towards enhancing the lives and prospects of individuals with Down syndrome. Future
studies should delve into these complexities to inform tailored interventions and support
systems that promote positive outcomes for individuals with DS and their families.

5. Conclusions

In conclusion, this comprehensive review has highlighted the neurodevelopmental
and cognitive characteristics observed in individuals with Down syndrome. The findings
underscore the diverse nature of this population, emphasizing the importance of tailored
interventions and support techniques. Moreover, emerging research has demonstrated
the potential of ML and AI algorithms in accurately identifying individuals at risk of
Down syndrome, aiding healthcare practitioners in early detection and intervention. While
individuals with Down syndrome may face cognitive challenges, it is crucial to recognize
and nurture their unique skills and qualities. By promoting inclusive environments and
providing customized support, we can empower individuals with Down syndrome to
reach their full potential and enhance their overall quality of life. Looking towards the
future, ongoing advancements in research and therapeutic interventions offer promising
prospects for individuals with Down syndrome. By further understanding the underlying
mechanisms and exploring innovative approaches, we can develop targeted interventions
that address specific cognitive and behavioral aspects. This, in turn, will enable individuals
with Down syndrome to attain greater levels of autonomy and well-being. Societal progress
and awareness play pivotal roles in fostering an inclusive and supportive environment for
individuals with Down syndrome. By prioritizing the cultivation of an inclusive society,
we can create opportunities for meaningful participation, education, and employment
for individuals with Down syndrome. This will contribute to their social integration and
overall quality of life.
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Abstract: Depression is a serious psychiatric disorder with high prevalence, and the delayed onset
of antidepressant effects remains a limitation in the treatment of depression. This study aimed to
screen essential oils that have the potential for rapid-acting antidepressant development. PC12
and BV2 cells were used to identify essential oils with neuroprotective effects at doses of 0.1 and
1 μg/mL. The resulting candidates were treated intranasally (25 mg/kg) to ICR mice, followed
by a tail suspension test (TST) and an elevated plus maze (EPM) after 30 min. In each effective
essential oil, five main compounds were computationally analyzed, targeting glutamate receptor
subunits. As a result, 19 essential oils significantly abolished corticosterone (CORT)-induced cell
death and lactate dehydrogenase (LDH) leakage, and 13 reduced lipopolysaccharide (LPS)-induced
tumor necrosis factor alpha (TNF-α) and interleukin 6 (IL-6). From in vivo experiments, six essential
oils decreased the immobility time of mice in the TST, in which Chrysanthemum morifolium Ramat.
and Myristica fragrans Houtt. also increased time and entries into the open arms of the EPM. Four
compounds including atractylon, α-curcumene, α-farnesene, and selina-4(14),7(11)-dien-8-one had
an affinity toward GluN1, GluN2B, and Glu2A receptor subunits surpassed that of the reference
compound ketamine. Overall, Atractylodes lancea (Thunb.) DC and Chrysanthemum morifolium Ramat
essential oils are worthy of further research for fast-acting antidepressants through interactions
with glutamate receptors, and their main compounds (atractylon, α-curcumene, α-farnesene, and
selina-4(14),7(11)-dien-8-one) are predicted to underlie the fast-acting effect.

Keywords: depression; anxiety; rapid-acting effect; essential oil; glutamate; neurotoxicity; neuroin-
flammation

1. Introduction

Depression is a complex psychiatric disorder, characterized by fatigue, constant feel-
ings of sadness, and loss of pleasure [1]. Statistics show that depression remains a major
burden in society, affecting approximately 280 million people worldwide [2]. Several
pathological mechanisms of depression have been documented, including alterations
in neurotransmitter systems, hypothalamus–pituitary–adrenal (HPA) axis activity, neu-
roinflammation, and changes in brain structures [3]. Norepinephrine and dopamine are
neurotransmitters that play a role in reward processing and motivation, and their abnormal
serum levels have been reported in depressed rodents [4]. Although serotonin has been
the most extensively studied neurotransmitter in depression, researchers recently offer
compelling data rejecting the relationship between serotonin activity to depression [5].
Stress-induced biological alterations, therefore, are receiving more attention as signifi-
cant contributors to depression [6]. The HPA axis is a complex system that regulates the
body’s stress response. Dysregulation of the HPA axis and the resulting elevations in
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corticotrophin-releasing hormone, adrenocorticotropic hormone, and cortisol or corticos-
terone (CORT) levels have been proposed as key mechanisms underlying the development
of depression [7,8]. A dysregulated HPA axis activity is proposed to be accompanied by
the overproduction of pro-inflammatory cytokines such as tumor necrosis factor alpha
(TNF-α), interleukin (IL)-6, or IL-1β, which leads to the loss of hippocampal neurogenesis
and promotion of depression-like behaviors [9,10]. In addition, chronic exposure to gluco-
corticoids such as cortisol or CORT can lead to dysfunction prefrontal cortex or atrophy of
the hippocampus and structural deficits in the dentate gyrus area, which are all brain re-
gions responsible for mood regulation [11,12]. In clinical practice, classical antidepressants
exert their effects by inhibiting neurotransmitter-degrading enzymes (monoamine oxidase
inhibitors) or inhibiting neurotransmitter reabsorption (selective serotonin reuptake in-
hibitors (SSRIs), selective serotonin and noradrenaline reuptake inhibitors, and tricyclic
antidepressants) [13]. However, safety concerns have been raised, with side effects includ-
ing weight gain, constipation, drowsiness, or even lethal hypertension [14,15]. Furthermore,
the delayed onset of antidepressant action is another major limitation. For instance, acute
treatment with SSRIs was found to initially elevate serotonin levels only in the cell body
and dendrites, not in axons, which then immediately inhibit serotonin neuronal firing via
an action at 5HT1A somatodendritic autoreceptors. In long-term treatment, SSRIs can
cause a desensitization of 5HT1A autoreceptors, increasing the firing rate of neurons and
serotonin release at axon terminals to postsynaptic receptors [16]. This partly explains the
slow onset response of existing antidepressants, which usually take two to three weeks
to manifest their effects [17]. Therefore, these limitations lead to an urgent need for safer
agents with rapid antidepressant action.

In recent years, there has been a growing interest in research using essential oils due
to their purported ability to alleviate a wide range of health issues, including inflammation,
cancer, insomnia, anxiety, and depression with fewer side effects [18]. Essential oil is a
mixture of secondary metabolites derived from plants [19]. Over 60 components have been
identified in essential oils, with major compounds being benzenoids, phenylpropanoids,
and terpenoids [20]. Their small, lipophilic components can rapidly and easily penetrate
the blood–brain barrier (BBB) to access brain tissues, interacting with the thalamus, cerebral
cortex, and limbic system, suggesting their potential use in rapidly reducing the symptoms
of anxiety and depression [21,22]. For instance, lavender and citrus essential oil exerted
anxiolytic-like and antidepressant-like effects in rodent models by restoring the decrease
of monoamine neurotransmitter levels with downregulation of BDNF in serum or in the
hippocampus [23–25].

Intranasal administration has been emphasized as a noninvasive method for the
rapid management of neuropsychiatric disorders [26]. Intranasal agents directly stimulate
the olfactory and trigeminal chemoreceptors, further enhancing the production of neuro-
transmitters and regulating the neuroendocrine system. In addition, mucosal epithelial
pathways with blood vessel-dense nasal mucosa also contribute to rapid substance ab-
sorption and subsequent systemic effects, avoiding the hepatic first-pass effect and thus
improving drug bioavailability [26,27]. Intranasal delivery of berberine, curcumin, and
genipin using a thermosensitive hydrogel system has been reported to improve depressant-
like activities in rodent models by enhancing monoamine neurotransmitter concentrations
in the hippocampus and striatum. Additionally, at a lower dosage, these treatments exerted
superior effects compared with intragastric or intraperitoneal routes [28–30].

Ketamine is a widely known medication that can rapidly alleviate the symptoms of
depression through interacting with N-methyl-D-aspartate receptors (NMDARs), including
GluN1 and GluN2B receptor subunits [31]. Notably, the GluN2B subunit is involved in
many neurological disorders, and therefore significantly responsible for the biophysical
and pharmacological properties of the NMDARs [32]. Ifenprodil, a GluN2B-selective
NMDAR antagonist, was also found to exert a rapid-acting antidepression-like effect,
compared with traditional medications that regulate the monoaminergic system [33]. In
addition to NMDARs, the role of alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic
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acid receptors (AMPARs) including GluA1 and GluA2 subunits was also revealed in the
rapid and long-lasting effects of antidepressants, for instance, ketamine and TAK-653 that
potentiate AMPAR activity in maintaining synaptic plasticity [34–36]. Therefore, studies
on the rapid action of new antidepressants should consider mechanisms via NMDARs
and AMPARs.

Against this background, the present study was performed to identify and recommend
essential oils that might have a rapid antidepression-like effect. We examined the in vitro
neuroprotective and anti-neuroinflammatory effects of 20 essential oils to investigate their
potential antidepression-like effects. Potentially antidepressant essential oils were then
evaluated via intranasal administration in ICR mice using the tail suspension test (TST)
and elevated plus maze test (EPM). Molecular docking was subsequently performed to
predict the interactions between the major compounds in the effective essential oils and
NMDAR and AMPAR subunits.

2. Materials and Methods

2.1. Preparation of Essential Oils

Twenty herbs were purchased from Omni Herb (Daegu, Republic of Korea), and each
herbal material was immersed in distilled water (1:10 w/w) and hydrodistilled for 4 h using
a steam distillation solvent extraction (SDE) apparatus, and the distilled oil was captured
in n-hexane (Chemicals Duksan Corp., Ansan, Gyeonggi, Republic of Korea). The oil was
dehydrated using a separating funnel, and n-hexane was evaporated. The essential oil
was weighed (Thuja orientalis L. (0.28% w/w), Acorus gramineus Sol. (1.79%), Foeniculum
vulgare Mill. (1.09%), Magnolia biondii Pamp. (0.55%), Ligusticum striatum DC. (0.46%),
Prunella vulgaris L. (0.03%), Chrysanthemum morifolium Ramat. (0.28%), Cinnamomum cassia
(Nees & T.Nees) J.Presl (0.75%), Zingiber officinale Roscoe (0.11%), Santalum album L. (0.39%),
Nardostachys jatamansi (D. Don) DC. (1.38%), Angelica acutiloba (Siebold & Zucc.) Kitag.
(0.20%), Aucklandia lappa DC. (0.21%), Mentha arvensis L. (yield 0.73%), Perilla frutescens (L.)
Britton (0.39%), Syzygium aromaticum (L.) Merr. & L.M.Perry (6.75%), Citrus reticulata Blanco
(0.41%), Atractylodes lancea (Thunb.) DC. (0.11%), Agastache rugosa (Fisch. & C.A.Mey.)
Kuntze (0.20%), Myristica fragrans Houtt. (0.87%)) and stored at −20 ◦C until further use.

2.2. Animal Experiments and Treatments

Five-week-old male ICR outbred mice weighing 25–29 g were obtained from Koatech
Lab Animal Inc. (Pyeongtaek, Gyeonggi, Republic of Korea) and acclimated for one week
before the behavioral test. All mice had free access to water and a commercial pellet diet
(5L79; PMI Nutrition, St. Louis, MO, USA). All experimental animal procedures were
approved by the Institutional Animal Care and Use Committee of Dongguk University
(IACUC-2021-15). The mice were randomly divided into the following groups: control
group (CON), essential oil treatment groups (EO), and memantine group (MEM), which
were offered vehicle (saline and Tween 80, 3% v/v), essential oil (25 mg/kg), and memantine
(3 mg/kg), respectively. On the day of the experiment, all animals were habituated to the
test room for two hours prior to receiving a 10 μL intranasal administration (CON and
EO groups) or 200 μL intraperitoneal injection (MEM group). Thirty minutes after the
treatment, a behavioral test was performed.

2.3. Tail Suspension Test (TST)

The effect of essential oils on depression-like behaviors in mice using the TST test
was based on the fact that rodents subjected to the short-term, inescapable stress of being
suspended by their tail will develop an immobile posture [37]. The tail of the mouse was
attached to a bar using 15 cm adhesive tape, and the distance from the bar to the ground
was fixed at 50 cm. All 6 min trials were recorded, and the total mobility time of each
mouse was measured by manual scoring. The strong shaking of the body and movement
of the four limbs akin to running were counted as mobility, whereas small movements that
were confined to the front legs but without the involvement of the hind legs were not. The
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total mobility time was then subtracted from the 360 s of test time and was then stated as
the immobility time. After each trial, the suspension box was wiped with 70% ethanol to
remove unwanted odors.

2.4. Elevated Plus Maze Test (EPM)

The EPM test, which is based on the innate tendency of rodents to avoid elevated
and open spaces and explore novel environments, was performed to assess the anxiety-
like behaviors of mice after essential oil treatment [38]. The equipment consisted of four
29 cm × 5 cm arms elevated 40 cm above the ground, with two “closed arms” enclosed by
14 cm black walls. Each mouse was placed in the central area of the maze for a 5-min free
exploration period. The arms were cleaned with 70% ethanol after every trial to remove
unwanted odors, urine, and feces. The distance traveled, number of entries into, and time
spent in the open arms were recorded and analyzed using Smart V3.0 software (Panlab
Harvard Apparatus, Holliston, MA, USA).

2.5. Cell Culture and Treatments

PC12 cells (a rat adrenal medullary pheochromocytoma cell line) were cultured in
Roswell Park Memorial Institute (RPMI) medium (Welgene Inc., Gyeongsan, Gyeongsangbuk-
do, Republic of Korea) supplemented with 10% fetal bovine serum (FBS) (Merck KGaA,
Darmstadt, Germany) and 1% penicillin-streptomycin (Thermo Fisher Scientific, Waltham,
MA, USA) at 37 ◦C in a 5% CO2 humidified environment. PC12 cells were incubated with
the SDE extract of each essential oil (0.1 or 1 μg/mL) for 1 h and then stimulated with
corticosterone (CORT) (200μM) for 24 h.

BV2 cells (an immortalized mouse microglial cell line) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% FBS (Merck KGaA, Darmstadt,
Germany) and 1% penicillin-streptomycin (Thermo Fisher Scientific, Waltham, MA, USA)
at 37 ◦C in a 5% CO2 humidified environment. For the cell viability assay, BV2 cells
were treated with the SDE extract of each essential oil (0.1 or 1 μg/mL). To test the anti-
neuroinflammatory effects of the essential oils, BV2 cells were pretreated with non-toxic
doses of each herb extract for 6 h and then stimulated with lipopolysaccharide (LPS)
(1 μg/mL) for 18 h.

2.6. Water-Soluble Tetrazolium Salt Assay (WST)

The effects of the essential oils on the viability of PC12 and BV2 cells were examined
using the EZ-Cytox assay kit (DoGenBio, Seoul, Republic of Korea). Cells were seeded at
a density of 5 × 104 cells/100 μL/well in 96-well plates and incubated at 37 ◦C and 5%
CO2 for 24 h. After treating the cells and incubating for 24 h, 10μL of the WST solution was
added to each well, and the plates were incubated for 3–4 h. Absorbances were measured
at a detection wavelength of 450 nm and a reference wavelength of 650 nm using a Tecan
microplate reader (Männedorf, Switzerland).

2.7. Lactate Dehydrogenase Assay (LDH)

LDH released into the culture supernatant was measured using an EZ-LDH assay kit
(DoGenBio, Seoul, Republic of Korea). PC12 cells were seeded and incubated under the
same conditions as those used for the WST assay. After 24 h of treatment, the cell culture
plates were centrifuged at 600× g for 5 min. Subsequently, 10 μL of supernatant from each
well was transferred to a new 96-well plate and mixed with 100 μL of LDH reaction mixture
for 30 min in darkness. LDH levels in the culture medium were determined by measuring
the absorbance at 450 nm (reference wavelength, 650 nm) using a Tecan microplate reader
(Männedorf, Switzerland).

2.8. Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of inflammatory cytokines TNF-α and IL-6 secreted by BV2 cells in the
culture media were measured to evaluate the anti-inflammatory activity of the essential
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oils. The cells were seeded at a density of 2 × 105 cells/1 mL/well in 12-well plates and
incubated at 37 ◦C and 5% CO2 for one day. 24 h after treatments, cell culture media were
collected and centrifuged at 1500× g rpm for 10 min at 4 ◦C to remove particulates. The
next steps were performed using ELISA kits (LABISKOMA, Seoul, Republic of Korea)
following the manufacturer’s protocols. The absorbance at 450 nm was measured to detect
cytokine levels, using a Tecan microplate reader (Männedorf, Switzerland).

2.9. Molecular Docking

The crystal structures of the GluN1 and GluN2B-NMDAR subunits and GluA2-
AMPAR subunit (PDB ID:5H8Q, 5EWM, and 5ZG3, respectively) were downloaded from
the Protein Data Bank (RCSB PDB) as previously described [39–41]. Then, all the het-
eroatoms and water molecules of the proteins were removed. Finally, Kollman charges
were added to the proteins, and the macromolecules were exported into a PDBQT for-
mat for molecular docking. Information about the main compounds of essential oils was
collected from the PubMed database and Traditional Chinese Medicine Systems Pharmacol-
ogy Database and Analysis Platform (TCMSP). Only compounds with a molecular weight
≤ 500 Da and blood–brain barrier index ≥ 0.3 were selected. The 3D structures of the
compounds were retrieved from the PubChem database. All ligands were then converted
into PDBQT format using AutoDockTools version 1.5.6 (The Scripps Research Institute,
San Diego, CA, USA).

Molecular docking of GluN1, GluN2B, and GluA2 was performed using AutoDock Vina,
version 1.2.0 (The Scripps Research Institute, San Diego, CA, USA). According to the native
ligand, the grid boxes that covered the active sites of GluN1, GluN2B, and GluA2 were de-
fined using the following parameters: center_x = 14.66, center_y = −14.25, center_z = −25.74,
size_x = 30, size_y = 30, and size_z = 30; center_x = 81.00, center_y = 5.90, center_z = −32.42,
size_x = 30, size_y = 30, and size_z = 30; and center_x = 33.47, center_y = −55.89, center_z = 19.58,
size_x = 30, size_y = 30, and size_z = 30, respectively. Before the docking study was performed,
the docking parameters and algorithm were validated by re-docking the native ligand to the
target receptor. The re-docked conformation was then superimposed onto the co-crystallized one
using Discovery Studio Visualizer 2021 (Dassault Systèmes BIOVIA, San Diego, CA, USA) and
the root mean square deviation (RMSD) was calculated. An RMSD lower than 2 Å suggested that
the method could consistently predict the natural conformation of the ligand receptor [42,43].

In this study, ketamine, ifenprodil, and TAK-653, allosteric NMDAR antagonists and
an allosteric AMPAR potentiator, respectively, were selected as reference compounds to
check whether they strongly interacted with proteins inside selected binding pockets.
Within the same grid boxes, herbal compounds with good protein affinity were suggested
to exert similar effects as the reference compounds. Favorable conformations were selected
based on the lowest binding energy. Finally, Discovery Studio Visualizer 2021 was used to
visualize the molecular interactions between proteins and ligands.

2.10. Statistical Analysis

All experiments were performed with at least three independent experiments. Graph-
Pad Prism 8.0 (GraphPad Software, San Diego, CA, USA) was used for statistical analysis.
The results are presented as means ± standard deviations (SDs) followed by statistical
significance (two-tailed unpaired Student’s t-test) defined as a p-value < 0.05.

3. Results

3.1. Effects of Essential Oils on CORT-Induced Neurotoxicity in PC12 Cells

To determine the appropriate concentration of CORT for inducing cell damage, PC12
cells were incubated for 24 h with 100, 200, 300, and 400 μM CORT. Exposure to CORT
reduced survival in a dose-dependent manner by 25, 38, 70, and 85%, respectively (Fig-
ure 1A). The cell viability of the 200 μM CORT-treated group decreased to about half that
of the control group; this concentration was therefore used in subsequent experiments to
induce neurotoxicity.
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Figure 1. Effects of (A) CORT and (B) essential oils on the viability of PC12 cells. Results are presented
as means ± SDs (n = 3 per experiment). * p < 0.05 vs. CON.

The effects of 0.1 and 1.0 μg/mL of each essential oil on the viability of PC12 cells were
also assessed. As shown in Figure 1B, all essential oils did not cause toxicity to PC12 cells
at doses of 0.1 and 1.0 μg/mL; these doses were then used to treat the cells for 1 h prior to
incubation with CORT for 24 h. As shown in Figure 2A, compared with the control group,
the cell survival rate significantly decreased in the model group treated with 200 μM CORT
(p < 0.05). Foeniculum vulgare Mill., Chrysanthemum morifolium Ramat., Angelica acutiloba
(Siebold & Zucc.) Kitag., Aucklandia lappa DC., Syzygium aromaticum (L.) Merr. & L.M.
Perry, Citrus reticulata Blanco, Atractylodes lancea (Thunb.) DC., and Myristica fragrans Houtt.
essential oils showed a dose-response relationship, while Acorus gramineus Sol. did not
exhibit a protective effect at either of the two doses, and the remaining 11 essential oils
exerted an effect only at the higher dose.
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Figure 2. Effects of essential oils on CORT-induced neurotoxicity in PC12 cells. (A) Effects of essential
oils on the cell viability in CORT-stimulated PC12 cells. (B) Effects of essential oils on the LDH
release in CORT-stimulated PC12 cells. Results are presented as means ± SDs (n = 3 per experiment).
* p < 0.05 vs. CON, # p < 0.05 vs. CORT-treated cells.

As LDH leakage from cells is widely used as a cellular damage marker, LDH release
was measured in the culture medium to assess PC12 cell injury. LDH secreted from cells
was significantly increased in the model group compared to that in the control group;
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the percentage of LDH leakage increased from 100% (control) to 288 ± 6.9%. However,
pretreatment with essential oils reduced LDH leakage (Figure 2B), which was consistent
with the data from the WST assay. These results indicated that essential oil pretreatment
could prevent CORT-induced injury in PC12 cells.

3.2. Effects of Essential Oils on LPS-Induced Neuroinflammation in BV2 Cells

To test whether essential oil treatments were toxic to the viability of BV2 cells, a WST
assay was performed using concentrations of 0.1 and 1.0 μg/mL of each essential oil. From
the results, all essential oils did not cause toxicity to BV2 cells at doses of 0.1 and 1.0 μg/mL.
Although Thuja orientalis L. at 1.0 μg/mL decreased cell viability to approximately 75%,
this reduction was not statistically significant (Figure 3). Hence, doses of 0.1 and 1.0 μg/mL
of all essential oils were used for the subsequent experiments.

Figure 3. Effects of essential oils on the viability of BV2 cells. Results are presented as means ± SDs
(n = 3 per experiment). * p < 0.05 vs. CON.

As shown in Figure 4, LPS (1 μg/mL) remarkably increased the production of the
inflammatory cytokines TNF-α and IL-6 compared to that in the control BV2 cells, but
this effect was blunted by pretreatment with essential oils at different levels. In particular,
10 essential oils (Ligusticum striatum DC., Cinnamomum cassia (Nees & T.Nees) J.Presl,
Santalum album L., Aucklandia lappa DC., Mentha arvensis L., Perilla frutescens (L.) Britton,
Syzygium aromaticum (L.) Merr. & L.M. Perry, Citrus reticulata Blanco, Atractylodes lancea
(Thunb.) DC., and Myristica fragrans Houtt.) reduced IL-6 release, yet only six essential
oils (Foeniculum vulgare Mill., Ligusticum striatum DC., Prunella vulgaris L., Chrysanthemum
morifolium Ramat., Cinnamomum cassia (Nees & T.Nees) J.Presl, and Santalum album L.)
abrogated the increase in TNF-α levels (Figure 4). Of the 20 examined essential oils, eight
including Chrysanthemum morifolium Ramat., Cinnamomum cassia (Nees & T.Nees) J.Presl,
Santalum album L., Perilla frutescens (L.) Britton, Syzygium aromaticum (L.) Merr. & L.M.
Perry, Citrus reticulata Blanco, Atractylodes lancea (Thunb.) DC., and Myristica fragrans Houtt.
suppressed TNF-α or IL-6 production at a low dose of 0.1 μg/mL. Moreover, three essential
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oils (Ligusticum striatum DC., Cinnamomum cassia (Nees & T.Nees) J.Presl, and Santalum
album L.) significantly decreased the levels of both the assessed inflammatory cytokines
(Figure 4). At the investigated doses, no beneficial effects were observed for Thuja orientalis
L., Acorus gramineus Sol., Magnolia biondii Pamp., Zingiber officinale Roscoe, Nardostachys
jatamansi (D. Don) DC., Angelica acutiloba (Siebold & Zucc.) Kitag., and Agastache rugosa
(Fisch. & C.A.Mey.) Kuntze.

 

Figure 4. Effects of essential oils on LPS-induced neuroinflammation in BV2 cells. (A) TNF-α levels
(pg/mL). (B) IL-6 levels (pg/mL). Results are presented as means ± SDs (n = 3 per experiment).
* p < 0.05 vs. CON, # p < 0.05 vs. LPS-treated cells.
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3.3. Rapid-Acting Effect of Essential Oils on Behavior Changes of Mice in the TST and EPM

Based on the in vitro results, 19 potential essential oils were used for the in vivo
experiments. Thirty minutes after intranasal administration, the TST and EPM were
conducted to investigate the effects of essential oils on the behavior of mice. During the
TST, Chrysanthemum morifolium Ramat., Zingiber officinale Roscoe, Santalum album L., Citrus
reticulata Blanco, Atractylodes lancea (Thunb.) DC., and Myristica fragrans Houtt. essential
oil treatments exhibited antidepressant-like effects by decreasing the immobility time
compared with the control mice (Figure 5). There was a reduction in the immobility time
of mice in the TST after memantine treatment, while no statistically significant change
was observed in the EPM (Figures 5 and 6). As shown in Figure 6, both Chrysanthemum
morifolium Ramat. and Myristica fragrans Houtt. essential oils enhanced the percentage
of distance covered in the open arms in the EPM test. In addition, Myristica fragrans
Houtt. significantly increased the number of open arm entries, while Chrysanthemum
morifolium Ramat. treatment increased the time of mice exploring the open arms, indicating
antianxiety-like effects. In contrast, Magnolia biondii Pamp. exerted the opposite effect,
significantly reducing exploration time in the open arms.

 

Figure 5. Effects of essential oils on the behavioral changes of mice in TST test. The immobility
time in TST was recorded. Each black triangle indicates the value of each mouse subject in groups.
Results are presented as means percentage relative to control ± SDs (n = 4 mice per group). * p < 0.05
vs. CON.
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Figure 6. Cont.
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Figure 6. Effects of essential oils on the behavioral changes of mice in EPM test. The (A) number of
entries, (B) time, and (C) distance in open arms were recorded. Each black triangle indicates the value
of each mouse subject in groups. Results are presented as means percentage relative to control ± SDs
(n = 4 mice per group). * p < 0.05 vs. CON.
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3.4. Molecular Docking Analysis of Essential Oil Main Compounds

Molecular docking was conducted to investigate the five major compounds of the
seven essential oils that modified depressant- or anxiety-related behaviors in animal tests
(Table 1). After removing duplicates, 27 compounds remained (Table 2). The docking
protocol was validated through a re-docking experiment using the native ligand. Root
mean square deviation (RMSD) values of less than 2 Å were observed, suggesting that
the ligand-receptor conformations had a high docking accuracy (Figure 7). The molecular
docking of compounds against the GluN1, GluN2B, and GluA2 proteins obtained using
Autodock Vina are presented in Table 3, with higher negative binding energies indicating
better affinity between components. Among the 27 natural compounds, 24, 22, and 13 had
docking scores of less than −6.0 kcal/mol toward GluN1, GluN2B, and GluA2, respectively,
suggesting a highly stable complex. When compared with the reference compounds, four
compounds, including atractylon, α-curcumene, α-farnesene, and selina-4(14),7(11)-dien-
8-one, had lower energy binding than ketamine when interacting with all three proteins,
while none had lower docking scores than ifenprodil and TAK-653. The 2D conformations
are visualized in Figures 8–10.

Table 1. Main compounds of essential oils.

No. Essential Oil Main Compounds Ref.

1 Magnolia biondii
Pamp. Camphor trans-

Caryophyllene 1,8-Cineole α-Pinene β-Pinene [44–46]

2 Chrysanthemum
morifolium Ramat. α-Curcumene α-Farnesene n-Heptadecane Linoleic Acid Nonadecane [47,48]

3 Zingiber
officinale Roscoe Camphene 1,8-Cineole β-Myrcene β-Phellandrene α-Pinene [49–51]

4 Santalum album L. (Z)-trans-α-
Bergamotol (Z)-Lanceol (E)-Nuciferol (Z)-α-Santalol (E)-β-Santalol [52–54]

5 Citrus reticulata
Blanco Limonene Linalool β-Myrcene α-Pinene γ-Terpinene [55–58]

6 Atractylodes lancea
(Thunb.) DC. Atractylodin Atractylon β-Eudesmol Elemol Selina-4(14),7(11)-

dien-8-one [59–61]

7 Myristica
fragrans Houtt. Limonene β-Myrcene α-Phellandrene α-Pinene β-Pinene [62–64]

Table 2. List of ligands.

No. Compound Pubchem CID

Reference compounds
1 Ketamine 3821
2 Ifenprodil 3689
3 TAK-653 56655833

Herbal compounds
1 Atractylodin 5321047
2 Atractylon 3080635
3 (Z)-trans-α-Bergamotol 5368743
4 Camphene 6616
5 Camphor 2537
6 trans-Caryophyllene 5281515
7 1,8-Cineole 2758
8 α-Curcumene 92139
9 Elemol 92138
10 β-Eudesmol 91457
11 α-Farnesene 5281516
12 n-Heptadecane 12398
13 (Z)-Lanceol 15560069
14 Limonene 22311
15 Linalool 6549
16 Linoleic Acid 5280450

104



Biomedicines 2023, 11, 1248

Table 2. Cont.

No. Compound Pubchem CID

17 β-Myrcene 31253
18 Nonadecane 12401
19 (E)-Nuciferol 6429177
20 α-Phellandrene 7460
21 β-Phellandrene 11142
22 α-Pinene 6654
23 β-Pinene 14896
24 (Z)-α-Santalol 11085337
25 (E)-β-Santalol 11031396
26 Selina-4(14),7(11)-dien-8-one 13986099
27 γ-Terpinene 7461

 

   
(A) RMDS = 0.5147 Å (B) RMDS = 1.6826 Å (C) RMDS = 0.1866 Å 

Figure 7. Superimposed zoomed-in image of native ligand and redocked native ligand in the active site
of (A) GluN1, (B) GluN2B, and (C) GluA2 (native ligand: gray color, redocked ligand: yellow color).

Table 3. Docking results of ligands towards GluN1, GluN2B, and GluA2 proteins.

No. Ligand
Binding Energy (kcal/mol)

GluN1 GluN2B GluA2
Native ligand −10.4 −10.7 −9.9

1 Ketamine −8.2 −5.9 −4.9
2 Ifenprodil −9.6 −9.7 −9.2
3 TAK-653 −8.6 −8.6 −9.2
4 Atractylodin −7.2 −7.2 −6.0
5 Atractylon −8.7 −8.8 −6.1
6 (Z)-trans-α-Bergamotol −7.9 −7.0 −5.8
7 Camphene −5.8 −5.3 −4.7
8 Camphor −5.9 −4.6 −4.3
9 trans-Caryophyllene −7.0 −6.4 −5.6
10 1,8-Cineole −6.0 −5.6 −4.5
11 α-Curcumene −8.8 −9.3 −7.0
12 Elemol −7.2 −7.8 −6.4
13 β-Eudesmol −7.0 −6.0 −6.2
14 α-Farnesene −8.2 −8.4 −6.7
15 n-Heptadecane −6.3 −6.6 −5.8
16 (Z)-Lanceol −7.8 −8.1 −6.9
17 Limonene −6.6 −7.5 −6.0
18 Linalool −6.4 −6.7 −5.7
19 Linoleic Acid −7.6 −7.2 −6.6
20 β-Myrcene −6.4 −6.9 −5.0
21 Nonadecane −6.8 −8.1 −6.9
22 (E)-Nuciferol −8.1 −8.4 −6.9
23 α-Phellandrene −6.7 −7.4 −6.1
24 β-Phellandrene −6.4 −7.5 −6.1
25 α-Pinene −6.1 −5.7 −4.6
26 β-Pinene −6.1 −6.2 −4.4
27 (Z)-α-Santalol −7.4 −6.4 −5.7
28 (E)-β-Santalol −7.2 −5.5 −6.0
29 Selina-4(14),7(11)-dien-8-one −8.8 −6.8 −7.6
30 γ-Terpinene −7.0 −7.4 −5.9

The colors indicate binding energy values corresponding to binding affinity of ligands to the receptor sub-
units. Redder color: lower energy value, higher binding affinity; Whiter color: higher energy value, lower
binding affinity.
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4. Discussion

Side effects and delayed onset of action are the limitations of current antidepressants.
Ketamine was reported to alleviate depressive symptoms within hours post-treatment,
but rapid-acting antidepressants have not yet made any other striking progress [65,66].
Essential oils possessing antianxiety and antidepressant properties with fewer side effects
have been reported [67]. They mainly consist of small and lipophilic molecules, and
therefore can quickly and easily bypass the BBB to target brain tissues, acting on the
cerebral cortex, thalamus, and limbic system, indicating their potential application in
alleviating symptoms of anxiety and depression in a rapid manner [21,22]. Additionally,
recent studies have revealed the advantages of intranasal administration over other routes
of administration [26]. Hence, the purpose of this study was to identify essential oils
with rapid-acting antidepressant effects when administered intranasally. As expected,
our results suggested that different essential oils exerted neuroprotective effects in vitro
and rapid antidepressant-like effects in a normal mouse model (Table 4). In addition, the
effects of essential oils were comparable to those of MEM, a common medication used to
treat moderate-to-severe dementia, whose acute antidepressant-like effects have also been
reported in previous studies [68,69].

Table 4. Summary of key research findings: neuroprotective, anti-neuroinflammatory effects in vitro
and rapid-acting anti-anxiety and anti-depressant effects in vivo of 20 essential oils.

No. Herb

In Vitro In Vivo

Neuroprotective
Dose

(μg/mL)

Anti-Neuroinflammatory
Dose (μg/mL)

Rapid
Anti-Depressant Dose

(mg/kg)

Rapid
Anti-Anxiety
Dose (mg/kg)TNF-α IL-6

1 Thuja orientalis L. 1 - - - -
2 Acorus gramineus Sol. - - - - -
3 Foeniculum vulgare Mill. 0.1, 1 1 - - -
4 Magnolia biondii Pamp. 1 - - - -
5 Ligusticum striatum DC. 1 1 1 - -
6 Prunella vulgaris L. 1 1 - - -

7 Chrysanthemum morifolium
Ramat. 0.1, 1 0.1, 1 - 25 25

8 Cinnamomum cassia (Nees &
T.Nees) J.Presl 1 0.1 0.1, 1 - -

9 Zingiber officinale Roscoe 1 - - 25 -
10 Santalum album L. 1 0.1, 1 1 25 -

11 Nardostachys jatamansi (D.
Don) DC. 1 - - - -

12 Angelica acutiloba (Siebold &
Zucc.) Kitag. 0.1, 1 - - - -

13 Aucklandia lappa DC. 0.1, 1 - 1 - -
14 Mentha arvensis L. 1 - 1 - -
15 Perilla frutescens (L.) Britton 1 - 0.1, 1 - -

16 Syzygium aromaticum (L.)
Merr. & L.M.Perry 0.1, 1 - 0.1, 1 - -

17 Citrus reticulata Blanco 0.1, 1 - 0.1, 1 25 -

18 Atractylodes lancea (Thunb.)
DC. 0.1, 1 - 0.1, 1 25 -

19 Agastache rugosa (Fisch. &
C.A.Mey.) Kuntze. 1 - - - -

20 Myristica fragrans Houtt. 0.1, 1 - 0.1, 1 25 25

Neuroinflammation is a common feature in patients with depression. Several stud-
ies have reported that inflammation in the brain and the associated over-release of pro-
inflammatory cytokines TNF-α, IL-6, or IL-1β can lead to a loss of hippocampal neuro-
genesis, promoting depression-like behaviors [10]. The underlying mechanism may be
related to microglial cells, which influence neuronal excitability and neurotransmission [70].
Under threats such as the LPS challenge, microglia are activated to undergo morphological
changes and secrete pro-inflammatory cytokines [71]. These cytokines can decrease the
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levels of serotonin and norepinephrine, which are neurotransmitters involved in mood
regulation [72]. In addition, pro-inflammatory cytokines can affect the function of the hip-
pocampus, a brain region that is important for learning, memory, and mood regulation [12].
In the present study, we treated the murine microglial cell line BV2 with LPS and essential
oils, with the hypothesis that essential oils that could reduce LPS-induced pro-inflammatory
cytokines would have potential antidepressant effects. Essential oils such as Chrysanthe-
mum morifolium Ramat., Santalum album L., Citrus reticulata Blanco, and Atractylodes lancea
(Thunb.) DC., which inhibited TNF-α or IL-6 released from LPS-treated BV2 cells, signifi-
cantly decreased the immobility time of mice in TST, suggesting their antidepressant effects
occurred through inactivating glial cells and reducing neuroinflammation.

Depression is also accompanied by the overproduction of CORT, which affects nu-
merous physiological processes in neurons and astrocytes, such as apoptosis and synaptic
plasticity [73]. High concentrations of CORT can increase the production of reactive oxygen
species (ROS) and pro-inflammatory cytokines, which can damage neuronal cells [74,75].
Additionally, through activating glucocorticoid receptors (GRs) in neurons, CORT can
cause a cascade of apoptosis-related enzymes known as caspases that are responsible for
initiating programmed cell death [76]. GRs are mainly distributed in the hippocampus,
and CORT-induced GR overexpression can lead to structural changes such as hippocampal
atrophy, loss of dendritic synapses, and synaptic plasticity alternation, resulting in the de-
velopment of anxiety and depression [77–81]. In this study, PC12 cells, a classical neuronal
cell line, were treated with CORT to mimic the features of depression, and essential oils
that protect cells from CORT-induced toxicity may have the potential to treat depression.
PC12 cell viability was evaluated using a WST assay based on mitochondrial succinate
dehydrogenase activity, indicative of cellular energy capacity, compared to LDH leakage,
indicative of apoptosis [82]. Our results showed that 19 of the 20 essential oils included in
this study inhibited CORT-induced cell death and LDH leakage, indicating their potential
in the treatment of depression, probably by decreasing neuronal apoptosis. In addition, a
very small dose of essential oil (SDE extract), including 0.1 or 1 μg/mL, was sufficient to
exhibit anti-inflammatory and neuroprotective effects. Previous studies using ethanol or
methanol extracts of herbal materials normally required an effective dose of 10–100 μg/mL.
This demonstrates one benefit of essential oils in drug development applications [83–86].

The TST is an important behavioral model that is widely used to screen for new an-
tidepressants. In animals subjected to inescapable stress, immobility has been suggested as
a key indicator of behavioral despair, reminiscent of depressive disorders in humans [37].
In the present study, a significant decrease in immobility time in treated mice was observed
with six essential oils only 30 min after intranasal administration, indicating their fast
antidepressant-like activity. This is the first time the rapid antidepressant effects of Chrysan-
themum morifolium Ramat., Zingiber officinale Roscoe, Santalum album L., Citrus reticulata
Blanco, Atractylodes lancea (Thunb.) DC., and Myristica fragrans Houtt. essential oils have
been reported, particularly through intranasal administration. Although the antidepressant
activity of nutmeg (Myristica fragrans) seeds has been reported in previous studies, its effect
was observed after oral administration for three days [87,88].

The EPM is an extensively used model for the assessment of novel anxiolytic agents,
based on the natural tendency of rodents to avoid open and elevated areas [38]. Because
high levels of anxiety result in depression, and that approximately 85% of patients with
depression have significant anxiety, anxiety is considered one of the symptoms of depres-
sion [89,90]. Among the two effective essential oils, Chrysanthemum morifolium Ramat.
increased the time mice spent in the open arms, whereas Myristica fragrans Houtt. increased
open-arm entries. Although no essential oils significantly elevated either parameter, in-
creasing trends were observed. Moreover, mice treated with the two essential oils also
showed notably higher total distances in the open arms than that demonstrated in the
control group. Therefore, these essential oils might have exerted anti-anxiety effects to a
certain extent, as evidenced by an increased exploration in the open elevated space, which
contributed to the reduction of depression-like behaviors.
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Ketamine and ifenprodil, an NMDAR antagonist and a GluN2B-selective NMDAR
antagonist, respectively, have been proven to be rapid-acting antidepressant therapies in
clinical and in vivo studies. Their mechanisms may be related to the de-inhibition of mTOR
activity, which induces protein biosynthesis, leading to synaptic potentiation [33,91]. In
addition, by blocking spontaneous NMDAR-mediated neurotransmission, ketamine can
suppress eukaryotic elongation factor 2 (eEF2) kinase function, preventing eEF2 substrate
phosphorylation and enhancing BDNF translation. Ketamine can also upregulate AMPAR,
especially the GluA1 and GluA2 subunits, thereby enhancing synaptic strengthening and
transmission [91,92]. TAK-653, an AMPAR potentiator, exerts antidepressant effects in vivo.
It can also directly activate AMPAR, stimulating the mammalian target of rapamycin
(mTOR) and BDNF signaling in vitro [36]. In 2015, a study revealed that ketamine con-
ferred fast antidepressant effects in mice 30 min after intraperitoneal injection, favorably
suppressing NMDAR subunits GluN1 and GluN2B functioning in the hippocampus [31].
Additionally, Li et al. suggested that ketamine exerts antidepressant effects by enhancing
AMPAR expression [34]. Indeed, current concepts regarding glutamate receptors suggest
that drugs that increase AMPAR signaling or decrease NMDAR function may be effective
antidepressants. Therefore, we performed a molecular docking analysis of the main com-
pounds from the essential oils toward GluN1, GluN2B, and GluA2 proteins using ketamine,
ifenprodil, and TAK-653 as reference compounds.

Molecular docking is a computational technique that predicts the binding orientation
and affinity of small molecules (compounds) to a target protein or macromolecule (receptor
subunits). It provides insights into the mechanisms of drug action and allows researchers to
identify potential drug candidates and optimize their binding properties before conducting
costly and time-consuming experiments [93,94]. Besides, through simulating the binding
interactions between molecules and targets, the technique may also suggest whether a
candidate drug has similar actions to other reference compounds. Here, we showed that
in comparison with ketamine (with docking scores of −8.2, −5.9, and −4.9 kcal/mol
toward GluN1, GluN2B, and GluA2, respectively), four compounds including atractylon,
α-curcumene, α-farnesene, and selina-4(14),7(11)-dien-8-one had much lower docking
scores, indicating stronger binding to the targeted receptors. Hence, these compounds that
are main components of Atractylodes lancea (Thunb.) DC. and Chrysanthemum morifolium
Ramat. essential oils are of greater concern.

Atractylodes lancea (Thunb.) DC. is a type of Atractylodis Rhizoma, whose extract has
been commonly used for the treatment of digestive disorders owing to its anti-inflammatory
and gastroprotective effects [59]. Atractylodes lancea (Thunb.) DC. may also have the po-
tential to treat depression. A previous study suggested that drugs inhibiting gastric acid
secretion can be used to treat depressive symptoms and antidepressants can be an effec-
tive treatment for stress ulcers, indicating a similar mechanism of pathogenesis shared by
the two ailments [95]. This is consistent with our results showing that Atractylodes lancea
(Thunb.) DC. essential oil significantly reduced depression-like behaviors in mice in the
TST. Furthermore, atractylon, one of the major constituents of this essential oil, was recently
found to improve cognitive dysfunction in mice by inhibiting microglial activation and
exerting anti-inflammatory activity in vitro through the inhibition of cyclooxygenase-2
(COX-2) and inducible nitric oxide synthase (iNOS) expression [96,97]. Such an action
has been previously revealed to curb depressive symptoms by reducing neuroinflamma-
tion [12,72]. Compared with ketamine, atractylon has a lower binding energy for the
three glutamate receptor subunits, indicating a stronger binding capacity than ketamine.
Notably, atractylon can interact with GluN1 and GluA2 subunits through the same amino
acids as that of ketamine, suggesting a similar mechanism of action for its rapid-acting
antidepressant effect (Figures 8 and 10). Regarding selina-4(14),7(11)-dien-8-one, also a
major component of Atractylodes lancea (Thunb.) DC., the pharmacological activity of this
compound has not been reported to date. However, based on the molecular docking results,
this compound was able to interact with the GluA2 subunit at sites similar to those of ke-
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tamine and ifenprodil (Figure 10). Hence, selina-4(14),7(11)-dien-8-one is also a compound
with potential for the research and development of antidepressants.

Chrysanthemum morifolium Ramat. is a traditional herb widely used for the treatment
of fever, headache, sore throat, and hypertension, due to the variety of flavonoids, an-
thocyanins, alkaloids, and phenolic acid components found in its extract [98]. Notably,
neuroprotective and antioxidant effects, as well as its ability to reduce ROS levels and
lipid peroxidation, have also been reported [99,100]. ROS and oxidative stress are known
to cause dysfunction in neurotransmission and the HPA axis, reduced neuroplasticity,
and neuroinflammation, all of which are involved in the pathogenesis of depression [101].
Hence, the antidepressant potential of Chrysanthemum morifolium Ramat. should not be
overlooked. However, until now, only one previous study revealed the chronic antidepres-
sant effect of Chrysanthemum morifolium on CORT-injected C57BL/6 mice, evidenced by
significantly elevated sucrose consumption and serum serotonin levels [102]. Our results
showed that Chrysanthemum morifolium Ramat. essential oil improved both anxiety-like
and depression-like symptoms after only a single dose, suggesting an acute effect on de-
pression. We predict that such an effect may originate from the two main compounds of
the essential oil, α-curcumene, and α-farnesene, although only the anti-inflammatory effect
of α-farnesene has been reported to date [103]. We found that the interaction of these two
compounds with the glutamate receptor subunits were comparable to that of reference
compounds. α-Curcumene and α-farnesene have binding energies for the three subunits
surpassing that of ketamine, interact with GluN1 and GluN2B at many amino acids, similar
to ketamine and ifenprodil, and form more bonds with the proteins than ketamine. This
suggests that α-curcumene and α-farnesene not only bind well to NMDAR subunits but
can also mimic the mechanisms by which ketamine and ifenprodil improve depression.

Myristica fragrans Houtt. or nutmeg is a well-characterized herb with various phar-
macological properties such as antidiarrheal, antimicrobial, antifungal, antioxidant, car-
dioprotective, especially sedative and antidepressant effects [104]. However, to our best
knowledge, this study is the first to report the neuroprotective effect in vitro as well as
the rapid-acting antianxiety-like and antidepression-like effects in vivo of Myristica fra-
grans Houtt. essential oil via intranasal delivery. Unlike Atractylodes lancea (Thunb.) DC.
and Chrysanthemum morifolium Ramat., fast actions of Myristica fragrans Houtt. appeared
not to mainly exert via glutamate receptors since its main compounds such as limonene,
β-myrcene, α-pinene, and β-pinene do not have a strong affinity towards GluN1 and
GluA2 subunits. It should be noticed that not only glutamate receptors drive the rapid
anxiolytic and antidepressant effects, but others might also do that function, for instance,
gamma-aminobutyric acid B, or 5-hydroxytryptamine receptor 4 receptors [105–107]. A
previous study showed that 3-day treatments of Myristica fragrans n-hexane extract reduced
depression-like behaviors in mice by targeting the serotonergic and noradrenergic nervous
systems [87,88]. Short-term inhalation of limonene has been found to restore chronic un-
predictable mild stress-induced depression-like behavior by modulating the activity of
the HPA axis, BDNF receptors, and monoamine neurotransmitter levels [23]. The acute
anxiolytic effect of inhaled α-pinene after one day of treatment has also been reported, yet
its underlying mechanism remains to be studied [108]. In short, though Myristica fragrans
Houtt. essential oil is a potential material for rapid-acting antidepressant development,
other mechanisms of action rather than glutamate pathway should be considered.

Notably, the rapid antidepressant-like effect of essential oils via intranasal administra-
tion is a novelty of this study. Nasal delivery has recently been shown to have advantages
over other routes, such as oral administration or intraperitoneal injection. Since intranasal
intervention directly transports exogenous materials from the nasal cavity to the brain,
avoiding first-pass metabolism in the liver, it results in a fast onset of action and higher
bioavailability of drugs [109,110]. In our study, intranasal administration of essential oils
only 30 min prior to the behavioral test produced positive changes in the behavior of
mice. We postulate that the olfactory bulb receives sensory information from the olfactory
receptors in the lining of the nasal cavity and projects signals to certain brain regions,
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including the hippocampus and amygdala, which are involved in emotional processing
and linked to the regulation of anxiety and depression [21,111]. In addition, compared
to previous work, with the same herbal material but different forms of extract, essential
oils delivered intranasally required a very small dosage but exerted their effects within a
shorter time course [102]. Given these advantages, the use of essential oils for antidepres-
sant development and its intranasal delivery are promising strategies and should be the
focus of future research.

This study has some limitations that could be addressed in future research. First, the
safety assessment of essential oils in mice administered intranasally was overlooked. Nasal
delivery has been reported to be associated with irritation and dryness of the nasal mucosa,
resulting in cracking, inflammation, and nosebleeds [112,113]. Hence, toxicity evaluation for the
nasal mucosa and olfactory tissues is necessary before intranasal administration. The second
limitation of this study was the tested dose (25 mg/kg), which was administered to mice for all
20 essential oils. Although we chose the dose based on previous studies [114–117], it should be
noted that each essential oil has its own properties and characteristics; therefore, the effective
doses and pathways in which they are absorbed or distributed are different. However, finding
the right dose for each essential oil, including those that had never previously been studied
or published, was relatively unfeasible. Thirdly, the compounds described in the molecular
docking experiment were derived from a literature search, not a GC-MS analysis from our own
samples. GC-MS analysis would be more appropriate for future in-depth research on each
essential oil suggested in this paper. Finally, the resolution of the protein structure determines
the accuracy of docking, yet there are currently no high-resolution data on other AMPAR
subunits; hence, molecular docking could only be performed for the GluA2 subunit.

5. Conclusions

Chrysanthemum morifolium Ramat., Zingiber officinale Roscoe, Santalum album L., Citrus
reticulata Blanco, Atractylodes lancea (Thunb.) DC., and Myristica fragrans Houtt. essential oils
have been shown to possess neuroprotective or anti-neuroinflammatory effects in vitro and
to exert rapid-acting antidepressant effects through intranasal delivery in mice. Notably,
Chrysanthemum morifolium Ramat. and Atractylodes lancea (Thunb.) DC. essential oils
and their volatile compounds, including atractylon, α-curcumene, α-farnesene, and selina-
4(14),7(11)-dien-8-one, may be useful candidates for development as rapid-acting intranasal
antidepressants through interactions with NMDARs and AMPARs. It is important for
future work to validate the safety of these essential oils and compounds for intranasal
delivery and the exact mechanism underlying their rapid-acting effects against depression.
Additionally, they should be studied using a specific animal disease model.
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Abstract: Background: Saliva cortisol is considered to be a biomarker of depression prediction.
However, saliva collection methods can affect the saliva cortisol level. Objective: This study aims
to determine the ideal saliva collection method and explore the application value of saliva cortisol
in depression prediction. Methods: 30 depressed patients and 30 healthy controls were instructed
to collect saliva samples in the morning with six collection methods. Simultaneous venous blood
was collected. Enzyme-linked immunosorbent assay was used to determine the cortisol level. The
24-observerrated Hamilton depression rating scale (HAMD-24) was used to assess the severity of
depression. Results: The significant differences in saliva cortisol levels depend on the saliva collection
methods. The level of unstimulated whole saliva cortisol was most correlated with blood (r = 0.91).
The stimulated parotid saliva cortisol can better predict depression. The area under the curve was
0.89. In addition, the saliva cortisol level of the depression patients was significantly higher than
the healthy controls. The correlation between the cortisol level and the HAMD-24 score was highly
significant. The higher the saliva cortisol level, the higher the HAMD-24 score. Conclusions: All the
above findings point to an exciting opportunity for non-invasive monitoring of cortisol through saliva.

Keywords: saliva; cortisol; biomarker; depression; prediction; level; collection; methods; correc-
tion; blood

1. Introduction

Depression is a mental illness characterized by a long period of sadness with several
social and psychiatric factors that have been identified as the main cause of suicide [1,2].
Moreover, its lifetime prevalence rate is as high as 16% [3]. Despite the high prevalence
and significant morbidity of depression in the population, the exact physical causes of
depression remain unknown [4]. Some studies pointed out that the factors that should
draw attention to the study of depression, especially related to depression and stress,
may include, but are not limited to, the pathogenic involvement of diet and microbiota,
stress and mitochondrial impairment, aging and comorbidity, and cognitive and motor
function [5–7]. Among them, stress has been proved to be one of the underlying causes of
depression [8]. Further research on the biological pathways related to stress in people with
depression may help to understand the causes of stress related to depression [9,10].

The hypothalamic-pituitary-adrenal (HPA) axis is one of the potential neurobiological
pathways of depression, and the HPA axis reflects the regulation of stress by the neuroen-
docrine system [11,12]. Cortisol is the main component of the glucocorticoid secreted by
the adrenal cortex. Its level fluctuates with the circadian rhythm of the HPA axis. It can
reflect the function of the HPA axis [13,14]. For most biotypes, cortisol levels are at their
highest in the morning, which can reflect the function of the adrenal cortex, usually around
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9 a.m. [15]. Saliva has been proven to have high correlation values to cortisol levels in
blood with a non-invasive in situ collection method, so it is more lucrative for cortisol
determination compared with blood [16,17]. In clinical practice, about 80% of the cortisol in
the blood is combined with cortieosteroid-binding globulin (CBG), and the rest is in a free
state [18]. It is only the free fraction that is biologically active and can activate signaling
pathways via glucocorticoid hormone receptors in cells [19]. Since saliva does not contain
CBG, saliva cortisol can well reflect the level of free cortisol with biological activity in the
blood [20]. Moreover, saliva contains biomarkers, which, like blood, can reflect changes
in human physiological functions. Thus, saliva can be an ideal alternative to blood [21].
Therefore, it has been widely used in mental and psychological research [22]. Previous
studies have found that the saliva cortisol level of patients with depression is higher than
that of healthy people [23,24], but some researchers hold the opposite conclusion [25,26]
or believe that there is no difference [27]. In addition, a number of studies have shown
that saliva sampling methods have an impact on the content of cortisol in saliva, and
there is no parallel comparison between these saliva cortisol measurements and serum
cortisol values [28,29].

So, in this study, participants included 30 depressed patients and 30 healthy controls
who were instructed to collect saliva samples in the morning when waking up. They used
six collection methods, including unstimulated and stimulated whole saliva (UWS, SWS),
unstimulated and stimulated sublingual/submandibular saliva (USS, SSS), and unstim-
ulated and stimulated parotid saliva (UPS, SPS). Simultaneous venous blood sampling
was collected. Enzyme-linked immunosorbent assay was used to determine the level of
cortisol. The 24-observer-rated Hamilton depression rating scale (HAMD-24) was used
to assess the severity of depression in the study participants. The differences in saliva
cortisol levels between depression patients and healthy controls were compared, and the
relationship between the severity of depression and saliva cortisol levels was analyzed.
Moreover, the value of saliva cortisol in the diagnosis of depression and the receiver
operating characteristic (ROC) method in the diagnosis of depression were analyzed.

2. Materials and Methods

2.1. Participants and Study Design

In this study, 60 participants were included, which were divided into two groups:
the patient group (N = 30) and the control group (N = 30). The patient group meets the
diagnostic criteria and meets the tenth edition «The International Statistical Classification
of Diseases and Related Health Problems 10th Revision» (ICD-10) [30]; selection criteria:
18 to 65 years old with no history of psychotropic medication and diagnosed by two as-
sociate chief physicians. A total of 30 healthy controls from the physical examination
center during the same period were selected as the control group. Selection criteria: 18 to
65 years old, regardless of sex. On the day of saliva collection, two psychiatrists assessed
all participants with HAMD-24, and the total score of the scale reflects the severity of
depression. A total score of <8 points, no depression; a total score of 8–20 points, may
have mild depression; a total score of 20–35 points, mild to moderate depression; total
score >35 points, severe depression [31]. All study participants signed an informed consent
form. The collection of human blood and saliva samples was approved by the local ethics
committee at Tsinghua University.

2.2. Laboratory Tests

Before the collection, the participants were told to pay close attention to the collection:
no drinking within 12 h before the collection, no eating within 1 h, and no brushing or
drinking water within 10 min. The collection time was 7:30–9:30 in the morning. For
each participant, samples of the parotid gland, mandibular/sublingual gland, and whole
saliva were collected with and without stimulation (as shown in Figure 1). The swabs
included acid stimulated and untreated swabs, so the different swabs in the parotid, sublin-
gual/submandibular, and whole mouth were represented by UWS, SWS, UPS, SPS, USS,
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and SSS, respectively, where the saliva collection method was the same as in our previous
studies [32,33]. All the saliva samples were collected in the same clinical room and at the
same time, between 7:30 and 9:30 in the morning. To prevent the degradation of sensitive
peptides, all samples were collected in prechilled polypropylene tubes on ice. The total
amount of saliva collected by all methods is 5 mL. In the end, it was routinely transported
to the laboratory, transferred to a centrifuge tube, centrifuged, and the supernatant was
taken and stored at −20 ◦C for later use. After the last saliva sample was collected, venous
blood samples were collected from all participants. The sample was gently mixed for 1 min
and then immediately placed on ice for 30 min. The sample was then centrifuged at 1000 r
for 15 min at 4 ◦C, and the upper 2/3 aliquot of plasma was stored at −80 ◦C until analysis.
Saliva cortisol levels were determined using a particular enzyme-linked immunosorbent
test (ELISA, Beijing Furui Runkang Biotechnology Co., Ltd., Beijing, China).

 
Figure 1. Six methods for collecting saliva samples, UWS/SWS: the swab in the test tube was taken
out and put in the mouth to chew for 3 min; UPS/SPS: the swab was placed near the left parotid duct,
and it was taken out after 3 min; USS/SSS: the swab was put under the tongue, and it was taken out
after 3 min.

2.3. Statistical Analyses

Statistical analyses were carried out using GraphPad Prism 8.0 (GraphPad Software,
San Diego, CA, USA, www.graphpad.com). In order to facilitate comparisons between
groups, the data χ2 were reported as relative numbers. Measurement data were trans-
formed into a normal distribution and presented as mean standard deviation (x ± s), and
a t-test was employed to make group comparisons. To determine if the data are normally
distributed, we utilized the Shapiro–Wilk test. When describing data that were not normally
distributed, minimum and maximum values were used, whereas when describing data
that was regularly distributed, the standard normal distribution statistic, (x ± s), was used.
Because the saliva cortisol level of the control group was normally distributed while the
saliva cortisol level of the patient group was non-normally distributed, the saliva cortisol
level of the two groups was compared using the Wilcoxon rank sum test. The correlation
between saliva cortisol and HAMD-24 score was analyzed by Spearman rank correlation
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analysis. The saliva cortisol of the participants of different genders and ages in each group
was compared using a t-test of two independent samples. In this study, the ROC method
was used to comprehensively evaluate the diagnostic value of saliva cortisol testing for
depression. p < 0.05 indicated that the difference was statistically significant.

3. Results

3.1. Sample Characteristics

The 30 participants in the depression group included 12 males (40%) and 18 females
(60%), with an average age of (43.5 ± 5.2) years; the 30 participants in the healthy control
group included 16 males (53.3%) and 14 females (46.7%), with an average age of (40.1 ± 4.7)
years. As shown in Table 1, there was no significant difference in sex (t = 0.613, p = 0.367)
and age (t = 0.173, p = 0.467) between the two groups.

Table 1. Sample characteristics of the studied groups.

Sample Characteristics Depression Group Healthy Controls p

Age 43.5 ± 5.2 40.1 ± 4.7 0.467
HAMD-24 scores 25.7 ± 10.3 3.9 ± 1.8 <0.001

The distribution of HAMD-24 scores in the patient group ranged from 9 to 48 points.
A total of 10 patients with a total score of 8–20 points, which was mild depression; 15 pa-
tients with a total score of 20–35, which were mild to moderate depression. There were
5 patients with a total score of >35 points, which meant severe depression. The scores of
HAMD-24 in the control group were all <8 points, showing a non-normal distribution, and
the median (25% and 75%) points were 3 (0, 5). Figure 2 shows the distribution of male and
female age and HAMD-24 scores.

 
Figure 2. Male and female age and HAMD-24 score distribution chart.

3.2. Saliva Cortisol

Additionally, the patient group had greater saliva cortisol levels (average levels) than
the control group in all six saliva samples (as shown in Table 2), with the highest level of
SWS cortisol and the lowest level of UPS cortisol, as illustrated in Figure 3.
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Table 2. The average levels of saliva cortisol for each group (depressed patient/control and stimu-
lated/unstimulated).

Cortisol
Levels (nmol/L)

UWS SWS UPS SPS USS SSS

Patients (N = 30) 14.87 ± 6.22 16.91 ± 6.91 ** 13.39 ± 5.60 16.13 ± 6.61 14.12 ± 5.91 15.37 ± 6.29
Controls (N = 30) 10.69 ± 4.07 12.25 ± 4.53 9.62 ± 3.67 * 11.71 ± 4.33 10.15 ± 3.87 11.15 ± 4.11

** Maximum level of saliva cortisol. * Minimum level saliva cortisol.

 

Figure 3. Saliva cortisol levels in the patient group and the control group.

The frequency distribution of saliva cortisol levels in the two groups showed that
the saliva cortisol levels in the patient group showed a non-normal distribution, and the
median (25% and 75%) of different saliva collection methods were different, and the overall
distribution range was 6.5–29.4 nmol/L. The saliva cortisol level of the control group
showed a non-normal distribution, as shown in Figure 3. The distribution range was
4.8–20.2 nmol/L. Using the Wilcoxon rank sum test to compare the saliva cortisol levels of
the two groups, the saliva cortisol level of the patient group was significantly higher than
that of the control group, and the difference was statistically significant (p < 0.001). The
higher the saliva cortisol level, the higher the HAMD-24 score (r = 0.812, p < 0.001). There is
a slight correlation between cortisol level and age (r = 0.353, p = 0.017). There was a slight
correlation between cortisol level and sex (p = 0.031).

3.3. Blood and Saliva Cortisol Correlation

In this section, six methods (UWS, SWS, USS, SSS, UPS, and SPS) were used for the
collection of saliva. The correlation between each saliva sample and blood cortisol was
analyzed. Figure 4 shows the correlation between the six saliva collection methods and
blood cortisol. It can be seen that the saliva cortisol level obtained by the six saliva collection
methods has a very strong correlation with blood cortisol. The UWS was the closest to
the blood cortisol level (r = 0.91). It can also be found that the cortisol level of the patient
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group was correlated with the blood cortisol level, which was higher than that of the
control group. Moreover, there was no significant correlation between the irritating saliva
collection method and the nonirritating collection method.

Figure 4. Correlation between six collection methods and blood cortisol.

3.4. Validation of Diagnostic Performance by ROC Curve

According to the ROC curve, the best cut-off value of SPS cortisol level for diagnosing
depression was 15.9 nmol/L, with the highest sensitivity and specificity, which were 66.66%
and 96.66%, respectively, and the area under the curve (AUC) = 0.89. Next was blood
cortisol, with an AUC of 0.86. UWS ranked third with an AUC of 0.85, as shown in Figure 5.
In addition, in our study, we found the increased prevalence of depression was related to
saliva cortisol ≥ 15.9 nmol/L, the AUC reached 0.75, and the diagnostic performance was
classified as good.

Figure 5. The ROC curve of cortisol in the diagnosis of depression.

4. Discussion

Early detection of depression is crucial because only an early diagnosis can provide
long-term symptom alleviation [34]. As a result, strategies for identifying the illness in
the early stages are badly needed [35,36]. Six saliva collection methods were employed in
this study on 30 healthy controls and 30 depressed patients in the morning to determine
the ideal saliva collection method. The saliva cortisol levels of these participants were
measured using an enzyme-linked immunosorbent assay. We needed to be able to detect
saliva cortisol levels using a simple and reliable method. This study also found that the
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effectiveness of saliva as a diagnostic biological fluid was dependent on the consistency
of collection procedures in order to deliver the most accurate and helpful results. The
methods used to collect saliva have a considerable impact on cortisol levels and correlation.
As a result, standardizing a saliva collection process is crucial for mitigating the impact of
variability in saliva composition within and between individuals.

Saliva is frequently misunderstood as a single fluid [37]; instead, saliva is typically
divided into single gland saliva and mixed saliva. Parotid saliva, submandibular saliva,
and sublingual saliva are examples of single gland saliva [38,39]. The proportionate con-
tribution of different glands to the total saliva sample varies depending on the collection
method, level of stimulation, age, and even time of day [40]. Because saliva secretion varies,
different methodologies may be required for researching its components or their potential
relevance as markers of specific physiological states [41]. Although there is a substantial
body of literature on the diagnostic potential of saliva, there is no standardized method
for obtaining saliva samples. Different sampling methods are frequently used in differ-
ent studies, and many studies do not or rarely describe patient preparation or sampling
procedures [42,43]. Furthermore, without a complete clinical assessment, participants’ char-
acteristics are frequently insufficient. The majority of saliva cortisol research publications
concentrate on analyzing the whole saliva since it is easily acquired by spitting it into a test
tube or letting it flow from the mouth [44,45]. Few people are aware of ductal saliva, which
is produced by several salivary glands. Furthermore, a cohort with meticulous charac-
terization and clinical assessment was used to compare the cortisol expression of whole
saliva and glandular saliva. The results show that different collection procedures produce
significant disparities in saliva cortisol snapshots [46]. The findings of this study also show
that different saliva collecting procedures produce significant changes in snapshots of saliva
biomarkers for depression.

Alternative saliva collection methods would be appropriate for collecting saliva in
a clinical situation. It was critical that we could detect saliva cortisol levels using a simple
and reliable procedure. We measured saliva cortisol levels using six saliva collection
methods in this study: UWS, SWS, USS, SSS, SPS, and UPS. Different saliva collection
procedures have a significant impact on cortisol levels and correlation. Second, while the
unstimulated approach of directly collecting saliva is practical and easy for patients to
accept, the amount of saliva collected is insufficient to meet the needs of detection [47].
Because the effect of stimulation methods on salivary cortisol is unknown, we conducted the
first study to compare six different saliva collection methods and investigate the relationship
between saliva cortisol and blood cortisol level. The main conclusions derived from this
work were summarized as follows: The UWS cortisol level was strongly associated with
the blood cortisol level, but the SPS cortisol level can be better used to predict depression.
In participants with depression and without depression, there was a slight correlation
between cortisol levels and age, and females had a higher prevalence of depression than
men. It was found that the saliva cortisol level of depressed patients was higher than that
of healthy controls. The higher the saliva cortisol level, the higher the HAMD-24 score.
It has been proved that saliva cortisol testing as an auxiliary method for the diagnosis of
depression can help identify patients at risk of depression for early prevention strategies.

The HAMD-24 score of the patient group was normally distributed, with a mean ± standard
deviation of (25 ± 10) points and a distribution range of 9 to 48 points. The depression
patient group covered mild, moderate, and severe conditions. Among the 30 people
selected in the patient group, 18 were female, and 12 were male, which was consistent with
the higher incidence of depression in females than in males [48,49]. The average age of the
patient group was (43.5 ± 5.2) years, which was also in line with the higher incidence of
depression and menopause [50,51]. This may be because females show greater activation
of the HPA axis than males, and the loss of estrogen during menopause shows the greatest
HPA axis dysregulation [52,53]. The distribution of HAMD-24 scores in the control group
ranged from 0 to 7, and none of them had depressive symptoms. The higher the saliva
cortisol level, the higher of HAMD-24 score, indicating that the saliva cortisol level in
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the morning can reflect the severity of depression in people with depression, which was
consistent with conclusions of previous studies [54,55]. This study found that the saliva
cortisol level of females was different from that of males, and the difference was statistically
significant (p < 0.05), suggesting that the difference in saliva cortisol may be related to sex
in patients with depression. The saliva cortisol level in the group of female patients with
depression may be higher than that in males, and it needs to be further verified by multiple
trials. In the control group, there was no difference between the saliva cortisol levels of
females and males, and the difference was not statistically significant (p > 0.05), which was
inconsistent with the results reported by some larger cortisol studies. It is considered that
the sample of participants in this study is small, and the saliva cortisol difference that may
exist between the sexes has not been found.

Cortisol is a hormone related to the HPA axis [56]. It has a strong circadian rhythm. Its
level reaches its highest peak within 1 h in the morning and then decreases rapidly [57,58],
so this study strictly followed the collection time during the specimen collection process to
ensure the accuracy of data. This study compared six different saliva collection methods
and explored the relationship between saliva cortisol and blood cortisol levels. It was
found that the unstimulated whole saliva cortisol level was most correlated with the blood
cortisol level, which can accurately reflect the level of blood cortisol. It further suggests
that saliva cortisol can be used as a measure of stress response to assist in the diagnosis
of depression.

At the same time, this study found that the level of nonirritating saliva cortisol was
continuously lower than that of stimulating saliva cortisol, which is consistent with the
results reported in previous studies [59–61]. Poll [62] also recently demonstrated that
the collection method affects the measurement accuracy of cortisol in saliva. The ROC
analysis method combines sensitivity and specificity for analysis and is an ideal method for
the comprehensive and accurate evaluation of diagnostic tests [63,64]. The ROC analysis
method was used to evaluate the diagnostic value of saliva cortisol detection for depression,
and the calculated AUC was 0.765 (95% confidence interval: 0.679–0.838). According to
the evaluation criteria of Swets [65], when the AUC = 0.5, the diagnosis is completely
ineffective; when the AUC is less than 0.5, it is not in line with the actual situation; it
is generally believed that 0.5 < AUC ≤ 0.7 indicates low diagnostic value. It is only for
reference in practical applications; 0.7 < AUC ≤ 0.9 indicates a certain degree of accuracy
and can be used in clinical diagnosis, with a medium diagnostic value; AUC > 0.9 indicates
a relatively high diagnostic value, which can be used in clinical diagnosis as an important
diagnostic basis [66,67]. In the results of this study, the AUC was 0.89, close to 0.9, so we
think that saliva cortisol testing can be considered an auxiliary method for the clinical
diagnosis of depression, and its diagnostic value is moderate. In addition, the collection of
saliva cortisol in this study allows for non-invasive collection at regular intervals, which can
be stably collected for several days before the experiment, so that the HPA axis in the free
state can be effectively evaluated [68,69]. The assessment of cortisol in saliva has proven
effective and reliable in reflecting the respective unbound hormones in the blood [70,71].
Therefore, in this study, we assessed the level of cortisol through saliva samples. In addition,
compared with the enzyme-linked immunosorbent assay, saliva cortisol is determined by
chemiluminescence immunoassay, which has higher sensitivity and specificity [72].

However, this study has shortcomings. First of all, it is difficult to determine the
causal relationship between only one assessment of saliva cortisol and current depression
symptoms. Secondly, this study lacks a concurrent evaluation of the HPA axis function,
and there is no information about saliva gene expression. In addition, the exclusion criteria
do not include corticosteroid therapy for somatic diseases that may affect the HPA axis
function. Finally, saliva cortisol secretion presents a circadian rhythm. This study used
morning saliva cortisol for research and analysis. Although previous studies support that
the morning cortisol level is the highest and the best time for measurement, it is necessary
to perform multiple time-point research so as to fully understand the role of saliva cortisol
in the diagnosis of depression. Due to the limited number of data points, further research is
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necessary, including validity testing, retesting, and multi-factorial testing, even if this study
offers the best performance for the early detection of depressed patients. Finally, there
are still many issues in this study that need to be resolved and further investigated. For
instance, the proximity of the submandibular and sublingual glands makes it challenging
to categorically distinguish the saliva from both glands. For this reason, saliva was taken
from both glands in the current investigation. The distinction between sublingual and
submandibular saliva is another area that requires more investigation. In order to make the
diagnosis of depression in saliva more accurate, numerous risk variables (such as living
environment, work environment, etc. [73]) should also be taken into consideration.

5. Conclusions

This study found that the levels of cortisol in saliva are highly correlated with those
found in the blood. Moreover, the significant difference in saliva cortisol level depends on
the saliva collection method, the level of UWS cortisol was most correlated with blood level;
however, the SPS cortisol can better predict depression. In addition, this study found that
the saliva cortisol level of the patients with depression was significantly higher than the
patients without depression. Moreover, the correlation between the cortisol level and the
HAMD-24 score was highly significant. The higher the saliva cortisol level, the higher the
HAMD-24 score. Finally, it was found that cortisol level has a slight correlation with age and
sex. This study demonstrated that early morning saliva cortisol has excellent diagnostic
characteristics and, as such, is a robust, convenient test for screening and diagnosis of
depression, which can help people with depression be aware of their negative thoughts
and early prevention of them.
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Abstract: Post-Traumatic Stress Disorder (PTSD) is a chronic psychiatric disorder that occurs fol-
lowing exposure to traumatic events. Recent evidence suggests that PTSD may be a risk factor for
the development of subsequent neurodegenerative disorders, including Alzheimer’s dementia and
Parkinson’s disease. Identification of biomarkers known to be associated with neurodegeneration in
patients with PTSD would shed light on the pathophysiological mechanisms linking these disorders
and would also help in the development of preventive strategies for neurodegenerative disorders in
PTSD. With this background, the PubMed and Scopus databases were searched for studies designed
to identify biomarkers that could be associated with an increased risk of neurodegenerative disorders
in patients with PTSD. Out of a total of 342 citations retrieved, 29 studies were identified for inclusion
in the review. The results of these studies suggest that biomarkers such as cerebral cortical thinning,
disrupted white matter integrity, specific genetic polymorphisms, immune-inflammatory alterations,
vitamin D deficiency, metabolic syndrome, and objectively documented parasomnias are significantly
associated with PTSD and may predict an increased risk of subsequent neurodegenerative disorders.
The biological mechanisms underlying these changes, and the interactions between them, are also
explored. Though requiring replication, these findings highlight a number of biological pathways
that plausibly link PTSD with neurodegenerative disorders and suggest potentially valuable avenues
for prevention and early intervention.

Keywords: post-traumatic stress disorder; dementia; Parkinson’s disease; β-amyloid; inflammation;
hippocampus; white matter integrity; genetics

1. Introduction

Post-Traumatic Stress Disorder (PTSD) is a chronic mental illness characterized by
symptoms of increased vigilance and arousal, intrusive re-experiencing, avoidance behavior,
and changes in effect and cognition lasting more than a month and following direct or
indirect exposure to a traumatic stressor. Such stressors typically involve a risk of death,
significant injury, or sexual violence [1,2]. It is estimated that PTSD affects around 5–10% of
the world’s population, with an approximate 2:1 female-to-male ratio [3]. In countries and
regions characterized by high levels of traumatic stress or civil unrest, the prevalence of
PTSD is estimated to be much higher, affecting over 25% of the population [4]. Though the
course of PTSD is heterogeneous, it tends to be chronic and persistent in many individuals.
Standard treatments for PTSD include both psychological approaches, such as cognitive and
group therapy, and pharmacological agents, such as selective serotonin reuptake inhibitors.
However, a substantial proportion of patients do not respond fully to these treatments:
short-term response rates have been estimated to be around 35–40% for psychotherapies [5]
and 50–60% for pharmacotherapies [6]. A meta-analysis of remission rates for PTSD over a
period of three or more years found that only 44% of patients could be considered “non-
cases”; in other words, more than half remained symptomatic over this period [7]. PTSD is
associated with significant levels of disability [8], impaired quality of life [9], high levels of
comorbidity with psychiatric and substance use disorders [10,11], increased rates of several
chronic medical illnesses [12,13], and an increased risk of suicide [14].
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The processes involved in the pathogenesis of PTSD are complex, involving inter-
actions between genetic vulnerability, exposure to stress or trauma in early life, and the
nature and severity of the specific trauma exposure triggering the disorder [15–20]. These
interactions may, in turn, be moderated by protective factors, which can be either individ-
ual or social [21]. Neuroimaging studies have identified several structural and functional
alterations in the brains of individuals with PTSD, involving connections between cortical
and limbic regions associated with cognition and emotion [22]. PTSD has also been associ-
ated with significant alterations in several key biochemical processes, particularly those
related to hypothalamic–pituitary–adrenal (HPA) axis functioning, immune regulation,
systemic inflammation, and oxidative stress [23–25]. As these changes may be associated
with an increased risk of certain medical conditions, some researchers have labeled PTSD a
systemic disorder [26]. More recent research has highlighted the fundamental cellular and
electrophysiological changes associated with these disruptions [27–31], their behavioral
correlates [32,33], and the mechanisms through which they influence the links between
neural, immune, endocrine, and cardiovascular functioning [34]. This research has also
identified novel pharmacological strategies for the prevention and management of PTSD,
which may offer significant advantages over existing treatment approaches [35,36].

In addition to the comorbidities and complications listed above, several recent stud-
ies have suggested that PTSD may be a risk factor for the development of subsequent
neurodegenerative disorders and, more specifically, for dementia. This association was
initially documented in military veterans with a history of combat-related trauma [37]. It
was subsequently found that PTSD was associated with an approximately 1.5 to 2-fold
increase in the risk of dementia in both military and civilian populations [38], and this
finding has been confirmed in large cohort studies involving both these groups [39,40].
Some researchers have also reported a longitudinal association between PTSD and the risk
of Parkinson’s disease in both civilian and military populations [41,42]. These associations
have led to speculations about the mechanisms linking PTSD with neurodegeneration,
such as accelerated aging [43], increased systemic inflammation [44], and stress-related
neurotoxicity affecting key brain regions [45]. However, other authors have emphasized
the need for caution in assuming a direct causal link between PTSD and neurodegenerative
disorders. These authors have pointed out a possible bi-directional relationship between
PTSD and dementia [46] and the need to distinguish between correlation and causation,
particularly in the presence of confounding factors [47].

In this context, the identification of specific biological markers known to be associated
with neurodegeneration in patients with PTSD would be of significant value. Such markers
would allow researchers to confirm the hypothesis of a causal relationship between PTSD
and neurodegeneration, to identify the specific mechanisms mediating this association,
and to develop preventive or early intervention strategies for patients who are in the
pre-symptomatic or prodromal phase of neurodegeneration [48]. The aims of the current
review are:

(a) to summarize the existing research on biological markers associated with neurode-
generative disorders in individuals suffering from PTSD;

(b) to critically examine the contributions of possible confounding factors;
(c) to synthesize this information in a manner that would be useful to future researchers

in this field.

2. Study Selection and Search Strategy

The current review was a scoping review of the existing research on biological markers
associated with neurodegeneration in patients with a diagnosis of PTSD. For the purpose
of this review, the definition of “biomarker” provided by the United States Food and
Drug Administration-National Institutes of Health (FDA-NIH) Biomarker Working Group
was used: “A defined characteristic that is measured as an indicator of normal biological
processes, pathogenic processes or responses to an exposure or intervention”. Biomarkers
“can be derived from molecular, histologic, radiographic, or physiologic characteristics”
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and are objective in nature, as opposed to clinical outcomes obtained through interviews or
external observations of patients [49]. Given the heterogeneity of the available literature
and the integrative nature of this review, all potential biomarkers were considered for
inclusion. As a result, a formal systematic review or meta-analysis was not undertaken.
Instead, a scoping review methodology was adopted in accordance with the PRISMA-
ScR guidelines [50].

The criteria used to select studies for inclusion in this review were as follows:

• The study population should consist of patients with a diagnosis of PTSD, estab-
lished using standard diagnostic criteria or rating scales, with or without a control or
comparator group;

• Study participants should not currently fulfill the criteria for dementia or other neu-
rodegenerative disorders;

• The study should measure one or more biomarkers that are actually or potentially
linked to neurodegeneration, and this should be stated by the authors in the study
methodology or protocol;

• Only human studies were included to ensure the specificity of any identified biomark-
ers for human subjects with PTSD;

• Only original research was included.

The PubMed and Scopus literature databases were searched using the key words “post-
traumatic stress disorder” (OR its variants “post-traumatic stress disorder” and “PTSD”)
AND either “neurodegeneration” (OR its variant “neurodegenerative”) OR “dementia”
OR “Alzheimer’s disease (OR its variant “Alzheimer’s dementia”) OR “Parkinson’s dis-
ease”, AND various terms used to identify studies of biological markers: the broad terms
“biological marker” and “biomarker” (OR their plural forms), OR “genetic” (OR variants)
OR “immune” (OR variants) OR “inflammation” (OR variants) OR “amyloid” OR “tau
protein” OR “endocrine” (OR variants such as “neuroendocrine”) OR “imaging” OR “MRI”
OR “fMRI” OR “PET” OR “SPECT” OR “DTI” (OR their expansions, such as “magnetic
resonance imaging” OR “positron emission tomography”). A complete list of the search
strings used for the PubMed search, along with numerical results for the results retrieved,
has been uploaded in Supplementary Table S1.

Through this process, a total of 342 citations were retrieved. After the removal of
duplicate citations, the titles and abstracts of 252 citations were screened. Publication types
other than original research in humans (n = 164) were excluded at this stage. In the next
stage of the literature search, the full texts of the remaining 88 papers were checked to
see if they fulfilled the review inclusion criteria. At this stage, 60 papers were excluded
either because they did not measure biomarkers or because they did not include study
participants with PTSD. Finally, the reference lists of the remaining 28 papers were searched
for relevant research that might have been missed, and one further study was identified
by this method. The current review thus covered a total of twenty-nine original studies of
potential biomarkers of neurodegeneration in subjects diagnosed with PTSD [51–79].

The above process is depicted graphically in Figure 1.

136



Biomedicines 2023, 11, 1465

Figure 1. Flow diagram of the review process, based on PRISMA-ScR guidelines.

3. Characteristics of the Included Studies

A complete list of the studies included in this review is provided in Table 1. From
a preliminary review of each study’s methodology, it was found that they fell into five
broad categories: brain imaging studies (n = 16), genetic, epigenetic, and gene expression
studies (n = 8), biochemical marker studies (n = 9), immune-inflammatory marker studies
(n = 4) and sleep-related marker studies (n = 5). The sum of these numbers is greater
than 29 because twelve studies used more than one modality or examined the interaction
between two or more biomarkers. Of the 29 studies included, 18 were conducted on
military veterans and 11 on civilians; 4 of the civilian studies involved World Trade Center
responders. Of the 18 studies involving military personnel, 8 studies included subjects
with a history of mild to moderate traumatic brain injury (TBI) but with no diagnosis of
dementia or other marked cognitive impairment related to their injury. All the studies that
fulfilled the inclusion criteria for this review were from high-income countries in North
America or Europe. Except for one study published in 2001, all the papers included in this
review were published between 2014 and 2023.
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Table 1. Details of all studies included in the current review.

Scheme Modality Study Population Design
Biomarker(s)

Studied
Results

Brain imaging studies

Chao et al.,
2014 [51] Structural MRI

Military veterans
with PTSD as per
DSM-IV criteria

(n = 55)

Cross-sectional;
association

Hippocampal
volume as test
region; caudate

nucleus volume as
a control region

Duration of PTSD
significantly and negatively

correlated with right
hippocampal volume, even

after adjusting
for confounders.

No association between
PTSD duration and left

hippocampal or
caudate volumes.

Mueller et al.,
2015 [52] Structural MRI

Military veterans
with (n = 40) and
without (n = 45)
significant PTSD

symptoms as mea-
sured using CAPS

Cross-sectional;
case-control

Cortical and
hippocampal

volumes; structural
connectivity of
the prefrontal-

limbic network

PTSD significantly
associated with reduced

rostral cingulate and insular
cortical thickness but no

hippocampal volume loss.
Evidence of reduced

prefrontal-limbic structural
connectivity in PTSD.

Main et al.,
2017 [53] DTI

Military veterans
(n = 109); 71.6%

PTSD as per
DSM-IV criteria;
57.8% mild TBI;

9.2% moderate TBI

Cross-sectional;
association

FA and diffusivity
of white matter

fiber tracts

Altered parameters in left
cingulum and inferior

frontal-occipital fasciculus
and right anterior thalamic
tract specifically associated

with TBI.
Altered white matter
parameters in right

cingulum and inferior
longitudinal fasciculus and

left anterior thalamic
radiation associated

with PTSD.

Basavaraju et al.,
2021 [54] Structural MRI

Older adults
(age ≥ 50 years)
with a history of
trauma exposure

with (n = 55)
and without

(n = 36) PTSD

Cross-sectional;
case-control Cortical volume

Significant reduction of
right parahippocampal
cortical volume, but not

other cortical regions,
in PTSD.

Olivé et al.,
2021 [55] Functional MRI

Patients with
PTSD (n = 103;

38 with dissociative
subtype of PTSD);
healthy controls

(n = 46)

Cross-sectional;
case-control

Variability of
BOLD signal

in basal
forebrain regions

Increased BOLD signal
variability in extended
amygdala and nucleus

accumbens in dissociative
PTSD compared to both

PTSD and controls.

Brown et al.,
2022 [56] Structural MRI

Military veterans
(n = 254); 59.8%

PTSD as per
DSM-IV-TR

criteria; 34.4%
severe PTSD;
(CAPS ≥ 60);

45.7% mild TBI

Longitudinal
(2-year follow-up)
with group com-
parisons (severe

vs. non-
severe PTSD)

Changes in cortical
thickness, area,

and volume

Severe PTSD associated
with reduced cortical

thickness, area, and volume,
especially in frontal regions.
More marked reductions in
severe PTSD with mild TBI.
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Table 1. Cont.

Scheme Modality Study Population Design
Biomarker(s)

Studied
Results

Brain imaging studies

Kritikos et al.,
2022 [57] DTI

World Trade
Center responders
(n = 99); 48.4% cog-
nitive impairment
not amounting to
dementia; 47.5%

PTSD as per
DSM-IV criteria

Cross-sectional;
association

Whole-brain FA of
white matter tracts

Reduced FA in fornix, cingu-
lum, forceps minor, and

right uncinate fasciculus in
subjects with PTSD and
cognitive impairment.

Reduced FA in superior
thalamic radiation and

cerebellum in PTSD regard-
less of cognitive impairment.

Genetic, epigenetic, and gene expression studies

Kuan et al.,
2019 [58]

Peripheral blood
transcriptome

World Trade
Center responders
with (n = 20) and
without (n = 19)

PTSD as per
DSM-IV criteria

Cross-sectional;
case-control

Transcriptome-
wide analysis of

gene expression in
four peripheral
blood immune
cell subtypes

FKBP5 and PI4KAP1
upregulated across all cell

types in PTSD.
REST and SEPT4

upregulated in monocytes
in PTSD.

Sragovich et al.,
2021 [59] Somatic mutation

Military veterans
with (n = 27) and
without (n = 55)

PTSD as per
DSM-IV criteria

Cross-sectional;
case-control

Rates of somatic
mutations based

on peripheral
blood samples

Increased number of
mutations related to

cytoskeletal genes and
inflammation in PTSD.

Wolf et al.,
2021 [60]

Post-mortem
gene expression

Post-mortem
cortical brain
tissue from

military veterans
(n = 97); 43.3%
PTSD as per

DSM-5 criteria;
30.9% alcohol
use disorder

Post-mortem;
association

DNA methylation-
based estimates of

cellular age in
relation to

chronological age
(DNAm age

residuals); gene
expression in
cortical tissue.

Specific interaction effects
with age residuals identified
for four genes (SNORA73B,

COL6A3, GCNT1, and
GPRIN3) specific to PTSD.

Biochemical marker studies

Clouston et al.,
2019 [61] Plasma assay

World Trade
Center responders
with (n = 17) and
without (n = 17)

probable PTSD as
per PCL-17

Cross-sectional;
case-control

Plasma total
amyloid-beta,
amyloid-beta

42/40 ratio, total
tau, and NfL

PTSD associated with lower
plasma amyloid-beta and

higher amyloid-beta
42/40 ratio.

Cimino et al.,
2022 [62] Serum assay

Adults, age ≥ 50,
with a history of
trauma exposure
with (n = 44) and
without (n = 26)

subsequent PTSD
as per

DSM-5 criteria

Cross-sectional;
case-control

Serum
amyloid-beta 42

and 40 levels and
ratio; serum

total tau

No significant differences in
amyloid-beta levels, ratios,

or total tau levels
between groups.

Immune-inflammatory marker studies

Zhang et al.,
2022 [63] Serum assay

Residents living
near the World
Trade Center;

43.2% probable
PTSD as per PCL;

50.3% dust
cloud exposure

Cross-sectional;
association Serum CRP

Total CRP level and “high”
CRP (>3 mg/L) both

associated with PTSD.
PCL score was a significant

predictor of serum CRP.
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Table 1. Cont.

Scheme Modality Study Population Design
Biomarker(s)

Studied
Results

Sleep-related marker studies

Elliott et al.,
2018 [64]

Polysomnography,
self-report

Military veterans
with a history of

TBI (n = 130);
37.7% PTSD as per

DSM-5 criteria

Cross-sectional;
association

Sleep EEG/EMG;
self-reported sleep
disturbance; sen-
sory (noise and
light) sensitivity

Sleep disturbance and
sensory sensitivity

associated with PTSD in
veterans with TBI.

Elliott et al.,
2020 [65] Polysomnography

Military veterans
(n = 394); 28.6%

probable PTSD as
per PCL-5; 19.2%

mild TBI

Cross-sectional;
association

RSBD and other
parasomnias

Increased rates of RSBD
both in veterans with mild
TBI and PTSD and in those

with PTSD alone.

Feemster et al.,
2022 [66] Polysomnography

Patients with PTSD
(n = 36), idiopathic

RSBD (n = 18),
and healthy

controls (n = 51)

Cross-sectional;
case-control

REM sleep
with atonia

Higher REM sleep with
atonia associated with PTSD

independent of dream
enactment behavior.

Liu et al.,
2023 [67] Self-report

Adults from fifteen
countries (n = 21,870)

during the
COVID-19

pandemic; 3%
COVID-19 positive;
PTSD symptoms
assessed using

abbreviated PCL

Cross-sectional;
association

Dream enactment
behavior, weekly

and lifetime

Screening positive for PTSD
associated with a 1.2 to

1.4-fold increase in dream
enactment behavior.

Multi-modality studies

Baker et al.,
2001 [68]

Plasma and
CSF assays

Combat veterans
(n = 11) with
PTSD as per

DSM-IV criteria;
matched healthy
controls (n = 8)

Cross-sectional;
case-control

CSF levels of CRH,
IL-6, norepinephrine;

plasma levels of
IL-6, ACTH,
cortisol and

norepinephrine

Increased CSF IL-6 in PTSD.
Positive correlation between

plasma IL-6 and
norepinephrine in PTSD,

but not in controls.

Mohlenhoff et al.,
2014 [69]

Self-report (sleep);
structural MRI
(brain imaging)

Military veterans
(n = 136); 7% PTSD

as per
DSM-IV criteria

Cross-sectional;
association

Self-reported sleep
disturbance; hip-

pocampal volume

No association between
PTSD and

hippocampal volume.
Possible association

between sleep disturbance
and left hippocampal volume.

Miller et al.,
2015 [70]

Genetic association;
structural MRI

Military veterans
(n = 146); PTSD
symptoms mea-

sured as a
continuous variable

using CAPS

Cross-sectional;
interaction

Oxidative stress-
related genes
(ALOX12 and

ALOX15); prefrontal
cortex thickness

PTSD symptom severity
negatively correlated with

right, but not left,
prefrontal volume.

Two SNPs of ALOX12
moderated association

between PTSD and right
prefrontal volume.

O’Donovan et al.,
2015 [71]

Serum assays;
structural MRI

Military veterans
with (n = 73) and
without (n = 132)

PTSD as per
DSM-IV criteria

Cross-sectional;
interaction

Serum IL-6 and
sTNF-RII; hip-

pocampal volume

sTNF-RII level negatively
correlated with

hippocampal volume
regardless of

PTSD diagnosis.
PTSD severity associated
with increased sTNF-RII

and decreased IL-6.
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Table 1. Cont.

Scheme Modality Study Population Design
Biomarker(s)

Studied
Results

Multi-modality studies

Wolf et al.,
2016 [72]

Plasma assays;
structural MRI

Military veterans
(n = 346); 77.2%

PTSD as per
DSM-IV criteria

Cross-sectional;
interaction

Prevalence of
metabolic syndrome
as per NCEP-ATP

III criteria;
cortical thickness

Metabolic syndrome and its
criteria more common in

veterans with PTSD.
Metabolic syndrome found
to significantly mediate the
association between PTSD

and reduced cortical volume
in precuneus, temporal
cortex, rostral anterior
cingulate cortex, and

postcentral gyrus.

Hayes et al.,
2017 [73]

Polygenic risk score;
structural MRI

Military veterans
(n = 160); 70%
PTSD as per

DSM-IV criteria;
65.6% mild TBI

Cross-sectional;
interaction

Polygenic risk
score for

Alzheimer’s disease;
cortical thickness

No significant association
between cortical thickness

and PTSD, either alone or in
association with TBI or

polygenic risk score.

Hayes et al.,
2018 [74]

Genetic association;
structural and
functional MRI

Military veterans
(n = 165); 66.7%
mild TBI; 43%
PTSD as per

DSM-IV-TR criteria

Cross-sectional;
interaction

BDNF genotype
(9 SNPs);

hippocampal vol-
ume; default mode

network func-
tional connectivity

No direct effect of PTSD on
right or left

hippocampal volume.
TBI associated with reduced

hippocampal volumes.
Significant interaction

between BDNF rs1157659
and TBI on hippocampal

volume. No BDNF by
PTSD interaction.

Kang et al.,
2020 [75]

Peripheral blood
and urine assays;
structural MRI

Military veterans
with (n = 102) and
without (n = 113)

PTSD as per
DSM-IV criteria

Cross-sectional;
interaction

Leukocyte telom-
ere length; urinary

catecholamines;
amygdala volume

Shorter telomere length and
increased amygdala volume
associated with PTSD only
in veterans exposed to high

levels of trauma.
Telomere shortening

associated with increased
urinary norepinephrine.

Terock et al.,
2020 [76]

Genetic association;
serum assay

1653 adults with a
history of trauma

exposure; 3.8%
PTSD as per

DSM-IV criteria

Cross-sectional;
interaction

Serum total
vitamin D; two
specific SNPs of

the GC gene

Lower serum vitamin D
associated with PTSD.

Vitamin D deficiency more
frequent in those with PTSD.

CC genotype of rs4588
associated with lower

risk of PTSD.
T allele of rs7041 associated
with increased risk of PTSD.

Guedes et al.,
2021 [77]

Extracellular
vesicle assay

Military veterans
(n = 144); 31.3%

PTSD as per PCL-5
screening; 80.6%

mild TBI

Cross-sectional;
association

Extracellular
vesicle levels of

798 miRNAs;
extracellular

vesicle and plasma
levels of NfL,

amyloid-beta 42
and 40, tau, IL-10,

IL-6, TNF-α,
and VEGF

Elevated extracellular
vesicle levels of NfL in

patients with mTBI
and PTSD.

Significant association
between miR-139-5p and
PTSD symptom severity.
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Table 1. Cont.

Scheme Modality Study Population Design
Biomarker(s)

Studied
Results

Multi-modality studies

Weiner et al.,
2022 [78]

CSF assay;
structural
MRI; PET

Military veterans
(n = 289); 60.6%

PTSD as per
DSM-IV criteria;

47.8% moderate to
severe TBI

Longitudinal
(5-year follow-up)

with group
comparisons

CSF amyloid-beta
42, total tau, and

p-tau181; PET
measures of

amyloid-beta and
tau; cortical,

hippocampal, and
amygdala volume

No significant association of
PTSD with biochemical or
imaging markers, either

cross-sectionally or at
follow-up

Kritikos et al.,
2023 [79]

Plasma assay;
structural MRI

World Trade
Center responders
(n = 1173); 11.2%

probable PTSD as
per PCL-C; 16.4%

mild cognitive
impairment; 4.3%
possible dementia

Cross-sectional;
interaction

Plasma
amyloid-beta

40/42 ratio, p-tau
181, NfL; hippocam-

pal volume (only
in 75 participants)

Significant intercorrelation
between amyloid-beta

40/42, p-tau181, and NfL.
PTSD associated with
elevated amyloid-beta

40/42 ratio.
Amyloid-beta 40/42 and

p-tau 181 associated
with reduced

hippocampal volume.
Note: Italics indicate gene names as per standard naming conventions. Abbreviations: ACTH, adrenocor-
ticotrophic hormone; ALOX12, arachidonate 12-lipoxygenase gene; ALOX15, arachidonate 15-lipoxygenase
gene; BDNF, brain-derived neurotrophic factor gene; BOLD, blood oxygen-level dependent; CAPS, Clinician-
Administered PTSD Scale; COL6A3, collagen alpha-3 gene; CRH; corticotrophin-releasing hormone; CRP, C-
reactive protein; CSF, cerebrospinal fluid; DSM, Diagnostic and Statistical Manual of Mental Disorders; DTI,
diffusion tensor imaging; EEG, electroencephalogram; EMG; electromyogram; FA, fractional anisotropy; FKBP5,
FK506 binding protein gene; GC, vitamin D-binding protein gene; GCNT1, glucosaminyl (N-acetyl) transferase
1 gene; GPRIN3, GPRIN family member 3 gene; IL, interleukin; miRNA, microRNA; MRI, magnetic resonance
imaging; NCEP-ATP III, National Cholesterol Education Program—Adult Treatment Panel III; NfL, neurofilament
light; PET, positron emission tomography; PCL, Post-traumatic Disorder Checklist; PI4KAP1, phosphatidylinositol
4-kinase alpha pseudogene 1; PTSD, post-traumatic stress disorder; REM, rapid-eye movement sleep; REST,
RE1-silencing transcription factor gene; RSBD, REM sleep behaviour disorder; SEPT4, septin 4 gene; SNORA73B,
small nucleolar RNA, H/ACA box 73B gene; SNP, single nucleotide polymorphism; TBI, traumatic brain injury;
TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor.

4. Brain Imaging Studies

Both structural and functional imaging have been used to identify potential markers
of neurodegeneration in subjects with PTSD. Structurally, PTSD has been associated with
reduced volumes of specific cortical brain regions, including the rostral anterior cingulate
cortex, insula, and right parahippocampal cortex [52,54]. Severe PTSD has been associated
with a general reduction in overall cortical thickness, particularly in frontal regions [56] and,
more specifically, in the right frontal lobe [70]. A longer duration of PTSD has been associ-
ated with reduced right hippocampal volume [51]. However, negative findings regarding
an association between PTSD and hippocampal volume have also been reported by several
researchers [52,69,74]. An overall reduction in structural gray matter connectivity between
the prefrontal cortex and amygdala has also been observed in PTSD [52]. In contrast to
these findings of volume loss, a single study has reported an increased amygdalar volume
in veterans with PTSD, but only in those with a history of exposure to severe trauma [75].

Two studies have examined changes in white matter tract integrity in relation to
PTSD. The first, which was conducted in veterans, found evidence of altered fractional
anisotropy (FA) and diffusivity in the right cingulum, right inferior longitudinal fasciculus,
and left anterior thalamic radiation; these changes were distinct from those associated with
traumatic brain injury in the study sample [53]. The second, which involved civilians with
trauma exposure related to the World Trade Center (WTC) terrorist attack, found reduced
FA in the superior thalamic radiations and cerebellum in those with PTSD; in the subgroup
of subjects with PTSD and mild cognitive impairment, further reductions in FA were
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reported in several other regions, including the fornix and right uncinate fasciculus [57].
Overall, structural imaging studies suggest that PTSD is associated with structural brain
changes affecting cortical and limbic regions and white matter tracts, with some evidence
of a right-sided predominance.

There are relatively few studies of functional imaging changes putatively linked to
neurodegeneration in PTSD. In a study of civilians, increased variability of the BOLD
signal, a measure of regional brain activity, was observed in patients with the dissociative
subtype of PTSD compared to both other patients with PTSD and healthy controls [55]. A
study of veterans did not report any specific functional MRI changes in patients with PTSD;
however, two-thirds of the subjects also had a history of TBI [74]. A single study used
positron emission tomography (PET) to estimate levels of amyloid beta and tau protein in
veterans over a period of five years but did not find any significant association between
PTSD and changes in these imaging markers [78].

5. Genetic, Epigenetic, and Gene Expression-Related Markers

Three association studies examined the associations between functional polymor-
phisms of specific genes and possible neurodegeneration related to PTSD. The first study
examined the effects of functional polymorphisms of the ALOX12 and ALOX15 genes,
which are related to oxidative stress, on PTSD-related reductions in brain volume. In this
study, two specific single nucleotide polymorphisms (SNPs) of ALOX12—rs1042357 and
rs10852889—appeared to mediate the association between PTSD symptom severity and
reductions in right prefrontal cortical thickness [70]. The second study evaluated nine SNPs
of the BDNF gene, a key regulator of neural plasticity, in relation to hippocampal volume
changes in veterans with mild TBI and/or PTSD. In this study, a single SNP (rs1157659)
interacted with TBI to reduce hippocampal volume; however, there was neither a direct
effect of PTSD nor a genotype x PTSD effect on this outcome [74]. The third study examined
the effects of two SNPs of the vitamin D-binding protein (GC) gene. In this study, PTSD
was associated with lower serum vitamin D levels; of the two SNPs studied, homozygotes
for the C allele of rs4588 were at a lower risk of PTSD, while carriers of the T allele of rs7041
were at a higher risk of this disorder [76].

In a study involving a small number of WTC responders with or without PTSD,
peripheral blood gene expression was examined in four white cell subtypes. It was found
that the expression of FKBP5, involved in hypothalamic-pituitary-axis functioning and the
stress response, as well as the pseudogene PI4KAP1, were increased in all cell types in PTSD.
Two further genes, REST and SEPT4, were upregulated in the monocytes of individuals
with PTSD [58]. In a study of military veterans, an increased number of somatic mutations
were observed in veterans with a diagnosis of PTSD. These mutations appeared to be linked
to cytoskeletal and inflammation-related genes [59]. Finally, a post-mortem study of gene
expression in the brains of veterans found four genes (SNORA73B, COL6A3, GCNT1, and
GPRIN3) whose expression was associated with a lifetime diagnosis of PTSD [60].

To test for the possibility of functional interactions between the proteins encoded by
these genes, all the above genes of interest were entered into the STRING database [80].
Two genes (SNORA73B and PI4KAP1) were excluded by the database as they did not
encode any known functional product. Of the remaining nine genes analyzed, possible
functional interactions were identified between three: FKBP5, BDNF, and REST. This is
illustrated in Figure 2 below.

A single study examined the possible association between microRNAs (miRNAs) and
PTSD. In this study, levels of 798 miRNAs were assessed. Of these, only miR-139-5p was
significantly associated with PTSD symptom severity [77]. This particular miRNA is of
significance as its expression has been found to differ significantly between patients with
Alzheimer’s disease and healthy controls [81].

In addition to these results, a single study examined the association between PTSD
and telomere length, a putative marker of cellular aging, in military personnel. In this study,
PTSD was associated with a shortened telomere length only in veterans with a history of
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exposure to severe trauma; this finding was also associated with an increased volume of
the amygdala and increased urinary norepinephrine [75].

Figure 2. Protein–protein interactions for the products of genes linked to PTSD and neurodegeneration.

6. Biochemical Marker Studies

The biomarkers most frequently studied in this context are those putatively associated
with dementia, such as levels of amyloid-beta (Aβ) or tau protein. In a study involving
34 WTC responders, PTSD was associated with both lower plasma Aβ and a lower Aβ

42/40 ratio [61], while a larger study (n = 1173) involving WTC responders also found a
lower Aβ 42/40 ratio in those with PTSD, as well as an association between this parameter
and hippocampal volume reduction. However, in a study of trauma-exposed adults with
and without PTSD, no significant differences in Aβ or tau levels were observed between
groups [62]. An assay of extracellular vesicle levels of Aβ and tau in military veterans found
no association between these markers and a diagnosis of PTSD [77]. A similar negative
association between Aβ and tau levels and PTSD was observed in the cerebrospinal fluid
of veterans, though 60% of these subjects also had a history of TBI [78]. Neurofilament
light (NfL), a marker of neural axonal damage, was found to be elevated in patients with a
history of PTSD and mild TBI in a single study [77]. However, two other studies did not
observe a significant association between PTSD and NfL levels [61,79].

Among other biochemical markers possibly related to neurodegeneration, PTSD
has been associated with reduced serum total vitamin D [76] and an increased risk of
a metabolic syndrome characterized by elevated plasma glucose and dyslipidemia [75].
In the latter study, metabolic syndrome appeared to mediate the association between a
diagnosis of PTSD and reduced volumes of specific regions of the frontal, temporal, and
parietal cortices [75].
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7. Immune and Inflammatory Marker Studies

Four studies have examined the relationship between PTSD and elevated levels of
immune or inflammatory markers linked to neurodegeneration. In the earliest study in
this population, CSF and plasma levels of interleukin-6 (IL-6) were examined in relation to
levels of norepinephrine and adrenocortical hormones. CSF IL-6 was significantly higher
in veterans with PTSD than in controls, and plasma IL-6 was positively correlated with
norepinephrine only in PTSD cases [68]. In a study of individuals living near the WTC
at the time of the 2001 attack, 43.2% fulfilled the criteria for PTSD. These individuals had
significantly elevated levels of C-reactive protein (CRP), and CRP levels were positively
correlated with PTSD symptom severity [63]. In contrast, two studies of military veterans
yielded divergent results. In the first, PTSD severity was negatively correlated with IL-6
levels but positively associated with levels of soluble tumor necrosis factor-alpha receptor
(sTNF-RII). sTNF-RII levels were negatively correlated with hippocampal volume, but this
association was independent of PTSD diagnostic status [71]. In the second, no significant
association was observed between PTSD and plasma levels of IL-10, IL-6, or TNF-α.

8. Sleep-Related Studies

Sleep-related behavioral and electrophysiological markers associated with neurode-
generation have been evaluated in relation to PTSD in five studies. Three of these involved
military veterans; among these studies, two also included subjects with TBI. The first of
these found an association between reduced sleep and reduced left hippocampal volume,
but this was not related to a PTSD diagnosis [69]. The second, in which all participants
had a history of mild TBI, found that PTSD was associated with self-reported sleep distur-
bances [64]. The third, which included only some subjects with TBI, found a significant
association between PTSD and REM sleep behavior disorder (RSBD), considered a forerun-
ner of neurodegeneration, both in subjects with and without TBI [65].

A polysomnographic study comparing patients with PTSD to those with idiopathic
RSBD and healthy controls found a higher rate of REM sleep with atonia, as measured
by electromyography, in those with PTSD [66]. A larger study based on self-report data,
including over 20,000 adults in the context of the COVID-19 pandemic, found a significant
positive association between self-reported PTSD symptoms and dream enactment behavior,
which is a symptom of RSBD [67].

9. Integration of Existing Results on Biomarkers of Neurodegeneration in PTSD

A list of possible biomarkers associated with neurodegeneration in patients with PTSD,
based on the existing literature, is provided in Table 2 below.

From the above results, it can be observed that even after discarding negative results,
there are several potential biological markers of neurodegeneration in post-traumatic stress
disorder. Neuroimaging studies have found that PTSD is associated with evidence of signif-
icant volume reductions in cortical regions—particularly in the right hemisphere—as well
as reduced white matter integrity. In addition, there is some evidence to suggest that this
disorder is associated with impaired grey matter structural connectivity between prefrontal
and limbic regions. There is a significant overlap between these findings and those obtained
in studies of patients with neurodegenerative disorders, particularly Alzheimer’s disease
(AD). For example, progressive reductions in cortical thickness, implicating many of the
same regions identified in patients with PTSD, have been identified both in patients with
early evidence of Alzheimer’s pathology [82] and in patients with an established diagnosis
of AD [83]. Similarly, disruptions of white matter integrity have also been documented
across the spectrum of severity of AD [84,85]. Many of these alterations involve regions
that have been identified in studies of individuals with PTSD, such as the fornix, uncinate
fasciculus, and inferior longitudinal fasciculus [53,57]. Altered basal forebrain functioning
has also been documented in both mild cognitive impairment and AD [86]; this is similar
to findings reported in patients with the dissociative subtype of PTSD [55]. Though these
associations are by themselves insufficient to establish a causal link, they suggest that PTSD
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may be associated with structural brain changes that differ from those of AD in degree
rather than in kind.

Table 2. Possible biomarkers linking post-traumatic stress disorder and neurodegeneration.

Biomarker Type Level of Evidence

Brain imaging
Reduced cortical thickness ++

Reduced volume of specific right cortical regions ++
Reduced white matter tract integrity ++

Reduced structural grey matter connectivity +
Reduced right hippocampal volume ±

Increased amygdalar volume ?
Increased BOLD variability in the basal forebrain ?

Genetic and epigenetic
Association between ALOX12 SNPs and reduced right prefrontal volume +

Association between GC SNPs and PTSD risk +
Upregulation of FKBP5, REST, SEPT4 in leukocytes +

miR-139-5p +
Reduced telomere length ?

Post-mortem expression of COL6A3, GCNT1, GPRIN3 in brain ?

Biochemical
Reduced serum total vitamin D +

Increased rate of metabolic syndrome +
Elevated peripheral NfL ±

Reduced peripheral Aβ 42/40 ratio ±
Immune-inflammatory

Serum CRP +
Serum sTNF-RII +

CSF IL-6 +

Sleep-related
Increased rates of RSBD or dream enactment behavior ++

Increased REM sleep with atonia +
Key: ++, positive evidence from more than one study; +, positive evidence from a single study; ±, conflicting
results; ?, positive results only in sub-group analyses or results of uncertain significance.

Attempts to establish an association between biochemical markers of AD pathology,
such as amyloid-beta and tau, have yielded inconsistent results in patients with PTSD.
However, there is some evidence of indirect biochemical links between PTSD and neurode-
generative disorders. First, PTSD has been associated with an increased risk of metabolic
syndrome, which is an established risk factor both for vascular dementia [87] and for
disease onset and progression in AD [88,89]. Second, PTSD has been associated with low
serum vitamin D, as well as with functional polymorphisms of the Gc protein that binds
vitamin D and influences its levels. Vitamin D deficiency is associated with a modest but
significant increase in the risk of dementia [90], as well as reductions in gray and white
matter volumes [91], and there has been recent interest in vitamin D supplementation as
a preventive measure against neurocognitive disorders [92]. Though both these findings
require replication, they represent plausible pathways that could mediate the association
between PTSD and neurodegeneration.

Immune and inflammatory mechanisms have been implicated in the progression of
several neurodegenerative disorders, including AD [93], frontotemporal dementia [94],
and Parkinson’s disease [95]. PTSD has been consistently associated with increases in
certain markers of systemic inflammation [24,96], though it is not known to what extent
these correlate with central nervous system inflammatory activity. In the current review,
these findings were replicated in the context of possible links with neurodegeneration, with
results specifically implicating CRP, IL-6, and soluble TNF-α receptor II. Of these three
inflammatory markers, CRP has been associated with progression to dementia even after
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adjustment for confounding factors [97], while IL-6 has been specifically associated with
vascular dementia [98].

Among the genetic markers associated with features of neurodegeneration in PTSD
in this review, four are of particular interest, and there is evidence linking them to neu-
rodegenerative disorders in three cases. Methylation of ALOX12 has been associated with
carotid artery intimal thickness, which is a risk factor for stroke and vascular dementia [99].
Septin-4, the protein encoded by the SEPT4 gene, has been identified in the alpha-synuclein-
positive cytoplasmic inclusion bodies seen in Parkinson’s and related diseases [100]. In
a study comparing patients with AD and healthy controls, the expression of miR-139-5p
was found to differ significantly between the two groups, suggesting a possible role for
this specific microRNA in neurodegeneration [81,101]. Finally, on the basis of animal
studies, it has been suggested that stress-induced changes in the methylation of FKBP5
might contribute to late-life AD [102]. Thus, there are plausible mechanisms linking genetic
markers associated with PTSD to specific types of neurodegenerative disorders.

REM sleep behavior disorder (RSBD) has been associated with an increase in the subse-
quent risk of neurodegenerative disorders, and more specifically of synucleinopathies such
as Parkinson’s disease and dementia with Lewy bodies [103]. There is consistent evidence
of an increase in RSBD, its symptoms, and its electrophysiological correlates in patients
with PTSD [104]. Despite the consistency of this association, relatively little is known about
the neurobiological mechanisms linking these two disorders and their implications for
progression to a subsequent neurodegenerative disorder [105]. It has been suggested by
some researchers that RSBD-like phenomena in PTSD have a distinctive pathophysiology
characterized by hyperarousal and increased adrenergic activity rather than neurodegen-
eration [106]. If this hypothesis is correct, then symptoms of RSBD in PTSD may not
necessarily increase the subsequent risk of dementia or Parkinson’s disease; however, it
requires verification through both neurobiological and longitudinal clinical research.

The figure below (Figure 3) shows how these diverse findings can potentially be
integrated. Innate genetic vulnerability, as well as epigenetic changes related to early
life stressors and other environmental exposures, interact with exposure to one or more
traumatic events, leading to the syndrome of PTSD. The biochemical, neurophysiological,
and immune-inflammatory changes associated with PTSD can have an adverse impact on
brain structure and function either directly or indirectly through atherogenesis and reduced
cerebral blood flow. These changes may not be sufficient to lead to neurodegeneration
in themselves, but they may interact with or amplify other risk factors, such as an innate
genetic vulnerability towards neurodegenerative disorders, traumatic brain injury, or
lifestyle factors. The outcomes of this process are likely to be heterogeneous, ranging from
no or mild cognitive impairment to the clinical syndromes of AD, vascular dementia, or
Parkinson’s disease.

A key question that arises in this regard is whether the associations depicted in Figure 3
are of a correlational or a causal nature. In other words, does the syndrome of PTSD itself
lead to pathophysiological processes that increase the risk of neurodegeneration, or are
both disorders related to an inherent vulnerability or diathesis? This question is difficult to
answer based on current evidence. Some authors believe that there is at least provisional
evidence of a causal link between PTSD and subsequent neurodegenerative disorders [43,45],
while others favor a simple correlation based on shared genetic or environmental risk
factors [44,47]. There is some evidence to support the latter view. For example, it has been
found that increased systemic inflammation may precede PTSD and predispose to it rather
than represent a consequence of this disorder [107]. Longitudinal studies of both civilian
and military populations involving measurements of specific biomarkers prior to as well as
following exposure to traumatic stress are required to answer this question. However, such
studies may be difficult to conduct in the former group.

Another issue that arises in this context is the specificity of the association, whether
correlational or causal, between PTSD and neurodegeneration. Is it non-specific in nature,
applying to a wide range or spectrum of neurodegenerative disorders, or is it specific
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to certain conditions, such as AD? Alternately, are there distinct pathways (for example,
oxidative stress-induced atherogenesis in vascular dementia or RSBD-like sleep pathologies
in Parkinson’s disease) that mediate the association between PTSD and distinct types
of neurodegenerative disorder? Research in this field is still in an early stage, and it is
likely that more information on the specificity and consistency of these associations will be
obtained in subsequent decades.

Figure 3. Integration of various risk factors linking post-traumatic stress disorder and neurodegener-
ative disorders.

10. Limitations of the Existing Data

Despite the promising nature of the leads obtained through the current body of
research, certain key limitations of existing studies deserve mention. First, the majority of
studies have been conducted in Western countries, and it is not clear to what extent they
can be generalized to other countries or cultures. Significant inter-ethnic and cross-national
variations in the occurrence of PTSD following trauma exposure have been reported in
large-scale studies. The reasons for these variations are not clear, but they may reflect innate
differences in genetic vulnerability, as well as differences in environmental factors such as
diet and social support [108,109]. Second, most of the published research on biomarkers
has involved either military personnel or individuals affected by a single specific traumatic
exposure, namely the WTC terrorist attacks. It is not clear if similar results would be
obtained in individuals who develop PTSD in response to more commonly encountered
forms of trauma, such as motor vehicle accidents or sexual assault [110]. Third, most
positive findings reported in this review have not yet been replicated. Fourth, many studies
of military veterans have included subjects with head trauma, which is an independent risk
factor for dementia [111]. Fifth, the majority of studies have been cross-sectional in nature;
therefore, it is not possible to draw clear inferences regarding a causal link between PTSD
and neurodegenerative disorders based on their results. Finally, there is some evidence that
the link between PTSD and certain neurodegenerative disorders may be non-specific and
may extend to other stress-related disorders, such as acute stress disorder and adjustment
disorder [40,112]. This facet requires further exploration in longitudinal studies.
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11. Conclusions

Research on the links between PTSD and neurodegenerative disorders is a young and
rapidly evolving field: 97% of the literature included in this review has been published
in the last decade. There is significant evidence that several biological markers, including
structural changes in cerebral gray and white matter, increased levels of pro-inflammatory
markers, genetic polymorphisms related to oxidative stress and vitamin D levels, features of
the metabolic syndrome, and RSBD-like parasomnias, may mediate the association between
PTSD and neurodegenerative disorders, such as Alzheimer’s and Parkinson’s disease. It is
possible to integrate these diverse findings into a biologically plausible framework. Though
questions of causality and temporal sequence remain unsettled and certain methodological
limitations need to be considered, these results are of importance from clinical, research,
and public health perspectives. The current review can be considered complementary to
existing reviews that emphasize the clinical and epidemiological links between PTSD and
neurodegenerative disorders [46,113] and draws attention to the biological mechanisms
and pathways that might link these conditions. Future research, ideally involving ethnically
diverse populations, with a greater focus on civilians and an effort to minimize potential
confounders, will hopefully clarify the true nature of the association between PTSD and
these biological markers, as well as their value in predicting subsequent neurodegeneration
and cognitive impairment. This would facilitate the development of interventions that
target one or more of the biological pathways that these markers are associated with,
hopefully leading to better pharmacological approaches to the prevention or early treatment
of neurodegenerative disorders in those exposed to traumatic stress.
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Abbreviations used in the tables alone are explained in the footnotes to each table.

Aβ Amyloid-beta protein
AD Alzheimer’s disease
ALOX12 Arachidonate 12-lipoxygenase
ALOX15 Arachidonate 15-lipoxygenase
BOLD Blood oxygenation level-dependent
CRP C-reactive protein
DTI Diffusion tensor imaging
FDA Food and Drug Administration (United States)
FKBP5 FK-506 binding protein 5
GC Vitamin D-binding protein
HPA Hypothalamic–pituitary–adrenal axis
IL-6 Interleukin-6
miR microRNA
MRI Magnetic resonance imaging
NIH National Institutes of Health (United States)
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PET Positron emission tomography
PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
PTSD Post-Traumatic Stress Disorder
REST RE1-silencing transcription factor gene
RSBD Rapid Eye Movement (REM) Sleep Behavior Disorder
SEPT-4 Septin-4
SNP Single nucleotide polymorphism
SPECT Single photon emission computerized tomography
TBI Traumatic brain injury
TNF-α Tumor necrosis factor alpha
WTC World Trade Center
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Abstract: Chemotherapy still plays a central role in the treatment of cancer. However, it is often
accompanied by off-target effects that result in severe side-effects and development of drug resistance.
The aim of this work was to study the efficacy of different repurposed drugs on the viability of MCF-7
and SH-SY5Y breast cancer and neuroblastoma cells, respectively. In addition, combinations of these
repurposed drugs with a classical chemotherapeutic drug (doxorubicin) were also carried out. The
cytotoxic effects of the repurposed drugs were evaluated individually and in combination in both
cancer cell lines, assessed by MTT assays and morphological evaluation of the cells. The results
demonstrated that atorvastatin reduced the viability of both cell lines. However, nitrofurantoin was
able to induce cytotoxic effects in MCF-7 cells, but not in SH-SY5Y cells. The combinations of the
repurposed drugs with doxorubicin induced a higher inhibition on cell viability than the repurposed
drugs individually. The combination of the two repurposed drugs demonstrated that they potentiate
each other. Synergism studies revealed that the combination of doxorubicin with the two repurposed
drugs was more effective in SH-SY5Y cells, compared to MCF-7 cells. Taken together, our preliminary
study highlights the potential use of atorvastatin and nitrofurantoin in the context of breast cancer
and neuroblastoma.

Keywords: doxorubicin; drug combination; drug repurposing; MCF-7 cells; SH-SY5Y cells; atorvastatin;
nitrofurantoin

1. Introduction

Cancer is a disease that involves the abnormal and uncontrolled growth of cells.
The fundamental approach of any cancer therapy is to suppress tumor growth, control
metastases, and prevent relapse after elimination, thereby prolonging the patient’s life. Con-
ventionally used methods of cancer therapy include surgery, chemotherapy, and radiation
therapy. Each method has its limitations and, therefore, is often not sufficient to produce
satisfactory therapeutic results in patients, which leads to new studies being conducted to
try to find new forms of treatments [1].

According to the World Health Organization (WHO), breast cancer is one of the main
cancers affecting individuals worldwide, with 2.26 million new cases diagnosed in 2020 [2],
which corresponds to the second cause of death from cancer in women [3]. It is assumed
that one in eight women in the world will develop mammary gland cancer, and that only
5–10% of all cases of this cancer are caused by genetic diseases, while the remaining 90–95%
of cases are linked to environmental and lifestyle factors [4].
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Although treatment with single compounds can be beneficial, several recent studies
have reported better results in combinations of two or more compounds compared to using
a single compound. The combination of drugs has been used in several areas, one of them
being cancer. When combining two or more drugs, the main goal is to achieve positive
interaction effects that show superior evidence of the beneficial combination of two or more
drugs compared to each drug individually, i.e., to achieve more with less [5]. The effects of
the combination can be synergistic, antagonistic, or potentiating [6].

Several regimens that include two or more molecularly targeted agents have already
been approved, and a number of combinations are in late-stage clinical development. The
first combination of two HER2 (also known as ERBB2)-targeted drugs pertuzumab and
trastuzumab, along with the chemotherapy agent docetaxel, was approved by the FDA
in June 2012 for metastatic breast cancer. The second FDA-approved combination was
the combination of a BRAF inhibitor and a MAPK/ERK kinase inhibitor (MEK), which
was granted an accelerated approval by the FDA in January 2014 for the treatment of
unconventional or metastatic BRAFV600E/K melanoma; both agents were developed by
GlaxoSmithKline (GSK) and acquired by Novartis in March 2015. In October 2015, the FDA
granted accelerated approval to the first combination immune checkpoint inhibitor, the
programmed cell death protein 1 (PD1) inhibitor nivolumab and the cytotoxic T lymphocyte
antigen 4 (CTLA4) inhibitor ipilimumab, for BRAFV600 unresectable or metastatic wildtype
melanoma [7].

Drug repurposing refers to the application of a drug for another indication than was
originally approved and has received increasing interest as an alternative strategy to the
synthesis of new drugs. A major advantage of this use is that extensive data are often
available, which reduces the need for additional studies to investigate the pharmacokinetic
properties and toxicity of drugs. The repurposing of drugs for a new indication may,
however, be accompanied by side-effects not previously found, which will require the
validation of a new clinical trial [8].

The combination of a reference drug has the objective of already having a safe starting
point, since the reference drug already has antitumor activity that is guaranteed in tumor
cells. The combination with the repurposed drug, which already has an acceptable toxi-
cological profile, aims to improve the activity of the reference drug and simultaneously
reduce its therapeutic dose [9].

In this work, we aimed to focus on drug repurposing and drug combination stud-
ies, using atorvastatin (a statin), nitrofurantoin, and doxorubicin (DOX). We aimed to
develop a combination model in which both repurposed drugs have synergistic effects
when combined with a clinically used chemotherapeutic drug. We decided to choose
atorvastatin since it has shown promising results in prostate cancer; moreover, in one
study, it inhibited prostate cancer cell growth in a concentration-dependent manner [10].
Nitrofurantoin was chosen because it is a synthetic antibiotic which has been shown to have
potential toxic effects attributable to the nitro group (NO2) attached to the furan ring. The
nitro group gives this molecule a toxicophore function, which acts as an electron acceptor,
thereby inhibiting enzymes involved in pyruvate metabolism, an essential pathway of
cellular metabolism. Nitrofurantoin has also been shown to be cytotoxic against cancer
cells, inhibiting proliferation of human leukemia, colon, cervix, and prostate cancer cell
lines [11].

There are few references to the interaction between the drugs nitrofurantoin together
with atorvastatin, but a possible indication is that it may increase the risk of nerve damage.
We intended to understand the effect of these drugs on cancer cells alone and then combined
with a potent reference drug doxorubicin, as well as a combination of the three. No work
of this kind has ever been performed, and new evidence was found to better understand
the combination of nitrofurantoin with atorvastatin.

Statins belong to a group of drugs that work by decreasing blood cholesterol lev-
els through specific inhibition of the enzyme 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase. In addition to these effects on lipid metabolism, statins induce

157



Biomedicines 2023, 11, 903

immunomodulatory, anti-inflammatory, and antioxidant activity. During the last few years,
antineoplastic effects of statins have also been reported [12]. Atorvastatin (Figure 1A) is
one of the most frequently prescribed statins for the prevention of cardiovascular and
cerebrovascular diseases. This drug also shows antiproliferative effects on different cancer
cells, including breast cancer cells. Thus, atorvastatin has gained increasing interest as a
potential therapeutic agent for use as an anticancer treatment. Although the exact mecha-
nism of its antiproliferative effects is currently unknown, atorvastatin both modifies the
cell cycle and induces growth suppression or apoptosis of malignant cells. Furthermore,
the lipophilic nature of atorvastatin allows it to easily cross the cell membrane and induce
these effects [12]. In one study, atorvastatin was shown to have proapoptotic and an-
timetastatic effects on prostate cancer cells. Parikh et al. hypothesized that atorvastatin may
induce autophagy-associated cell death in PC3 cells. However, the biological mechanisms
underlying the anticancer effects of atorvastatin have yet to be elucidated [10].

A B C

Figure 1. Chemical structure of the drugs applied in this project: (A) atorvastatin, (B) nitrofurantoin,
and (C) doxorubicin.

Nitrofurantoin (Figure 1B), an antibiotic drug [13], is a synthetic nitrofuran derivative
of hydantoin used for the prevention and treatment of urinary tract infections. The mode
of action of this drug involves the reduction of the nitro group by bacterial flavoenzymes
producing reactive intermediates and the formation of hydroxyl radicals. These radicals
can interact with DNA, resulting in inhibition of nucleic acid synthesis and breaks of single-
and double-stranded DNA. Nitrofurantoin has been shown to be cytotoxic against cancer
cells, inhibiting proliferation of human leukemia, colon, cervical, and prostate cancer cell
lines [11].

Doxorubicin (DOX) (Figure 1C) is an anthracycline antibiotic, isolated from the species
Streptomyces peucetius, and it is used effectively in several types of cancer [14]. In the cancer
cell, DOX intercalates into the DNA and disrupts topoisomerase-II mediated DNA repair.
This also generates free radicals that damage cell membranes, DNA, and proteins [1].
Unfortunately, despite being highly effective, doxorubicin is also not selective for cancer
cells, meaning its use is significantly limited due to its toxicity [14]. Although DOX is a
popular anticancer drug, its clinical results are still unsatisfactory due to the dominant effect
of drug resistance mechanisms. In this way, if a higher dosage is prescribed to increase its
effectiveness, it may have adverse side-effects on normal tissue cells, primarily affecting
the heart and kidneys [1].

As mentioned earlier, doxorubicin is a widely used drug in the treatment of various
cancers. Thus, we decided to choose two different cancer cell lines for this work, MCF-7
and SH-SY5Y. MCF-7 cells and SH-SY5Y cells are, respectively, human breast cancer and
neuroblastoma cells. Both cell lines are epithelial and were collected from metastatic tumors,
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having high proliferative capabilities [15,16]. These cell lines represent commonly used
human cell lines in research, particularly for the study of breast cancer and neurological
diseases, such as Parkinson’s disease [17]. Indeed, the MCF-7 cell line is the most studied
human breast cancer cell line in the world [18]. In fact, drug repurposing studies are
frequently performed in these two cell lines [19,20].

Thus, the main goal of this work was to evaluate the efficacy of atorvastatin and
nitrofurantoin on the viability of MCF-7 and SH-SY5Y cells (Scheme 1). We also aimed to
analyze the combination of doxorubicin (a reference drug already used in the treatment of
breast cancer) with the mentioned repurposed drugs and evaluate whether together these
drugs had a greater inhibition in the breast cancer line MCF-7 or in human neuroblastoma
SH-SY5Y, and consequently compare the drug combination with the drugs individually.

 

Doxorubicin

NitrofurantoinAtorvastatin

Scheme 1. Drug combination model used in this project.

2. Materials and Methods

2.1. Drug Solutions

For the treatment of the cells with the drugs under study, DOX (Cayman Chemi-
cal Company cat. 15007, Cayman Europe, Tallinn, Estonia), ATOR (Sigma-Aldrich cat.
PHR1422-1G, Sintra, Portugal), and NITRO (Cayman Chemical Company cat. 23510, Cay-
man Europe, Tallinn, Estonia), were dissolved in dimethyl sulfoxide (DMSO). A stock
solution of each compound was prepared at a concentration of 100 mM for ATOR, at a
concentration of 10 mM for DOX, and at a concentration of 200 mM for NITRO. In addition
to these stock concentrations, a new stock solution for 200 mM ATOR was then needed. All
these stock solutions were kept in the refrigerator at approximately 4 ◦C. The concentrations
used in each assay for DOX were 0.01, 0.1, 1, 5, and 10 μM; those for ATOR and NITRO
were 0.1, 1, 10, 25, 50, and 100 μM.

2.2. Cell Culture

The experimental work was performed with MCF-7 and SH-SY5Y (ATCC, American
Type Culture Collection, Manassas, VA, USA) cell lines. The cells were incubated at 37 ◦C
in a humidified atmosphere with 95% air and 5% CO2. Cells were cultured Dulbecco’s
modified Eagle medium (DMEM), supplemented with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin mixture (1000 U/mL; 10 mg/mL). For maintenance, cells were
cultured in a monolayer and sub-cultured by trypsinization in the same medium when a
confluence of ~80% was reached. Cells were maintained in logarithmic growth phase at
all timepoints.

2.3. MTT Reduction Assay

Cells were plated in 96-well plates at a seeding density of 5.0 × 104 cells/mL, kept
in a 37 ◦C incubator for 24 h before exposure to the drug. After this time, the cell culture
media were replaced with 200 μL of media containing drugs with different treatments and
different concentrations for 48 h. The cells were kept at 37 ◦C for the mentioned time. Then,
the cell medium was removed, and 100 μL of MTT solution (0.5 mg/mL in PBS) was added
to each well. Subsequently, the cells were incubated at 37 ◦C for 2 h, protected from light.
At the end of this time, MTT was removed, and 100 μL of DMSO was added to each well.
The last step consisted of absorbance readings at 570 nm in an automated microplate reader
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(Sinergy HT, BioTek Instruments, Winooski, VT, USA) to evaluate the effects with the drugs
alone and in combination on the cell viability of MCF-7 and SH-SY5Y cells.

2.4. Evaluation of the Effect of Drugs

Half of the maximum inhibitory concentration (IC50) value was first determined for
each drug alone in MCF-7 and SH-SY5Y cells. The concentrations of the drugs used ranged
from 0.1 to 100 μM for single drug treatment. The combination studies were performed by
combining DOX (Drug 1) with the repurposed drugs (Drug 2), combining DOX with two
repurposed drugs, and combining the two repurposed drugs with each other. Only the
drugs that showed the most promising pharmacological profile, such as ATOR and NITRO,
were tested in combination with DOX and presented in this paper. The concentrations of
both Drug 1 and Drug 2 were variable.

2.5. Cell Morphology Visualization

After the treatment with the drugs, the morphological characteristics of MCF-7 and
SH-SY5Y cells were captured using a Leica DMI 6000B microscope coupled to a Leica
DFC350 FX camera (Leica Microsystems, Wetzlar, Germany). The plate containing the cells
was placed on the microscope, and the images of the cells were analyzed on the computer
using Leica Las X imaging software (v3.7.4) (Leica Microsystems, Wetzlar, Germany).

2.6. Data Analysis

GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA) was used to create
bar graphs of cell viability and to produce concentration–response curves by nonlinear
regression analysis. The viability of cells treated with each drug was normalized to the
viability of control cells and cell viability fractions were plotted versus drug concentrations
on a logarithmic scale.

2.7. Statistical Analysis

Statistical analysis was performed in all experiments. The results are expressed as the
arithmetic mean ± standard error of the mean (SEM) for n experiments performed, explicit
in the legends of the graphs. Differences between the treated cells and the corresponding
untreated control were tested using one-way ANOVA.

2.8. Synergism Studies

Using the CompuSyn software (version 1.0; ComboSyn, Paramus, NJ, USA) and
through the Chou–Talalay equation, the combination index (CI) and the fractional effect
(Fa) of the combinations were assessed, using a non-fixed ratio. In this context, a CI inferior
to 1 indicates synergism between the drugs, while values equal to 1 indicate additivity, and
CI values superior to 1 indicate antagonism. The Fa ranges between 0 and 1, representing
cellular death, with 0 being no cell death and 1 being total cell death.

3. Results and Discussion

3.1. Effect of the Repurposed Drugs on MCF-7 and SH-SY5Y Cell Viability

To evaluate the effects of atorvastatin (ATOR) on the viability of MCF-7 and SH-SY5Y
cells, the cells were treated with this drug in a concentration range between 0.1 and 100 μM
for 48 h. The percentage cell viability was evaluated by MTT assay (Figure 2).

Our results demonstrate that ATOR had a significant inhibitory effect for the highest
concentrations of 25, 50, and 100 μM (Figures 2 and 3E–G,L–N) for both cells tested; for SH-
SY5Y cells, the effect was much more accentuated, which evidences that ATOR had greater
cytotoxic effects in these cells, compared to MCF-7 cells. Being neuronal cells, SH-SY5Y
cells may be more sensitive to the effects of this drug, explaining these differences between
cell lines. Indeed, in a study, statins demonstrated to induce apoptosis in SH-SY5Y cells
by reducing the levels of dolichol, required for the biosynthesis of biologically important
N-linked glycoproteins [21].
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AA B

Figure 2. Effect of ATOR on the viability of MCF-7 (A) and SH-SY5Y (B) cells. The cells were
cultured in the presence of increasing concentrations of ATOR. After 48 h, MTT assay was performed
to measure cell viability. Values are expressed as percentages and represent the means ± SEM.
Each experiment was performed three times independently (n = 3). One-way ANOVA was used as
statistical test. Statistically significant ** p < 0.01, and **** p < 0.0001 vs. vehicle.

SH
-S
Y5
Y

M
CF
-7 A (vehicle) B (0.1 μM) C (1 μM)

D (10 μM) E (25 μM) F (50 μM)

H (vehicle) I (0.1 μM) J (1 μM)

K (10 μM) L (25 μM) M (50 μM)

G (100 μM)

N (100 μM)

Figure 3. Microscopic visualization of the effects of ATOR on the morphology of MCF-7 and SH-
SY5Y cells over 48 h. Cells were treated with (A,H) 0.1% DMSO (vehicle) or (B,I) 0.1 μM, (C,J) 1 μM,
(D,K) 10μM, (E,L) 25μM, (F,M) 50μM, or (G,N) 100μM ATOR. Scale bar: 50μm; 100× total magnification.
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For SH-SY5Y cells, viability values of about 35%, 33%, and 34% were obtained for the
25, 50, and 100 μM concentrations, respectively, while, for MCF-7 cells, the cell viability
values obtained were 87%, 79%, and 62%, respectively, for the 25, 50, and 100 μM con-
centrations of ATOR. These cell viability values were also confirmed by cell morphology
(Figure 3), whereby, at these concentrations, the cells were rounded and smaller in shape
compared to the control (Figure 3A), which shows that these cells are unviable and that,
consequently, ATOR had a concentration-dependent inhibitory effect on MCF-7 and SH-
SY5Y cells, with this anticancer effect being highest for SH-SY5Y cells. Therefore, it was
possible to obtain an IC50 for ATOR for both cell lines tested; with MCF-7, the IC50 obtained
was 37.95 μM, whereas, for SH-SY5Y, an IC50 of 10.10 μM was obtained, as evidenced in
Table 1. These findings demonstrated that ATOR is a repurposed drug intended for the
reduction in blood cholesterol, but it evidenced anticancer effects in MCF-7 and SH-SY5Y
cells. Indeed, studies indicate that the growth/survival of some types of cancer depend on
the mevalonate pathway, being vulnerable to statin therapy because these drugs inhibit
HMG-CoA reductase, an important enzyme of the mevalonate pathway. In fact, statins
have been shown to induce tumor-specific apoptosis, being also associated with reduced
cancer risk [22].

Table 1. IC50 (half of the maximum inhibitory concentration) values for repurposed drugs atorvas-
tatin and nitrofurantoin against MCF-7 and SY-SY5Y cells.

Drug IC50 (MCF-7, μM) IC50 (SH-SY5Y, μM)

Atorvastatin 37.98 10.10
Nitrofurantoin 5.70 >100

The effects of nitrofurantoin (NITR) were evaluated on the viability of MCF-7 and
SH-SY5Y cells; for this purpose, cells were treated with NITR in a concentration range
between 0.1 and 100 μM for 48 h. The percentage cell viability was assessed by MTT assay
(Figure 4).

AA B

Figure 4. Effects of NITR on cell viability of MCF-7 (A) and SH-SY5Y (B) cells. The cells were cultured
in the presence of increasing concentrations of NITR. After 48 h, MTT assay was performed to evaluate
cell viability. Values are expressed as percentages and represent means ± SEM. Each experiment
was performed three times independently (n = 3). One-way ANOVA was used as statistical test.
Statistically significant * p < 0.05, *** p < 0.001, and **** p < 0.0001 vs. vehicle.

The morphology of MCF-7 and SH-SY5Y cells treated with different concentrations of
NITR for 48 h is evidenced in Figure 5.
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Figure 5. Microscopic visualization of the effects of NITR on the morphology of MCF-7 and SH-SY5Y cells
over 48 h. Cells were treated with (A,H) 0.1% DMSO (vehicle) or (B,I) 0.1 μM, (C,J) 1 μM, (D,K) 10 μM,
(E,L) 25 μM, (F,M) 50 μM, or (G,N) 100 μM NITR. Scale bar: 50 μm; 100× total magnification.

Our results demonstrate that NITR was effective in reducing the cell viability of MCF-7
cells (Figure 4A) for almost all concentrations (10, 25, 50, and 100 μM), for which viability
percentages of 80%, 66%, 66%, and 61%, respectively, were obtained. In Figure 5, this
effect can also be observed, revealing that the morphology of MCF-7 cells for the previ-
ously mentioned concentrations of the NITR was different from the morphology of the
control cells (Figure 5A); that is, in the images, it can be observed that there are fewer
cells compared to the control and that the cells have a rounded and smaller shape, a char-
acteristic of cells that are unviable. For the SH-SY5Y cell line, a very effective inhibitory
effect was not observed, since there was no noticeable decrease in cell viability for any of
the concentrations tested. The only concentration that showed a decrease in cell viability
was 100 μM, but it only reached a percentage viability of about 81%, and the remaining
concentrations tested were close to 100% cell viability. Thus, for MCF-7 cells, it was possible
to obtain an IC50 of 5.7 μM (Table 1), a very low and very good value, since this drug
is a repurposed drug used for the prevention and treatment of urinary tract infections,
now demonstrating anticancer effects for these cells. For the SH-SY5Y cell line, it was not
possible to obtain an IC50, since the results showed that NITR in these cells did not have
an inhibitory effect on cell viability. Indeed, this pronounced effect on MCF-7 cells may be
explained by the evidence that nitrofurantoin interacts with the human BCRP (breast
cancer resistance protein) (https://pubmed.ncbi.nlm.nih.gov/15709111/, accessed on
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1 September 2022). However, there are few studies about the effect of this drug in both
breast cancer and neuroblastoma, making it interesting to explore the differential effects
of this drug in this cell cultures. Nevertheless, some studies demonstrated cytotoxic ac-
tivity of this drug. For example, in HL-60 leukemia cells, this drug upregulated BAX and
downregulated BCL-xL expression, inducing apoptosis [11].

3.2. Effect of Different Combinations of DOX and Repurposed Drugs on the Cell Viability of
MCF-7 and SH-SY5Y Cells

To evaluate the different combinations of DOX with ATOR on the viability of MCF-7
and SH-SY5Y cells, cells were treated with 0.17 μM DOX (IC50 obtained for doxorubicin by
the research group) [23] and with ATOR in a concentration range between 0.1 and 100 μM
for 48 h. The percentage cell viability was assessed by MTT assay (Figure 6).

A B

Figure 6. Effects of combining DOX with ATOR on cell viability of MCF-7 (A) and SH-SY5Y (B) cells.
Cells were cultured in the presence of a single concentration of DOX (0.17 μM) and with increasing
concentrations of ATOR. After 48 h, the MTT assay was performed to measure cell viability. Values
are expressed as percentages and represent means ± SEM. Each experiment was performed three
times independently (n = 3). One-way ANOVA was used as statistical test. Statistically significant
* p < 0.05, and **** p < 0.0001 vs. vehicle.

Through the results obtained for the combination of DOX with ATOR for the SH-SY5Y
cell line (Figures 6B and 7), it is possible to observe that this combination was very beneficial for
both DOX and ATOR, since, for almost all the results obtained (except ATOR 100 μM + DOX
0.17 μM), the cell viability decreased greatly compared to ATOR individually, and the cell
viability for all combinations always remained below 50%. A possible explanation for
these achievements may be that DOX may increase the sensitivity of cells to the effect of
other drugs, potentiating their apoptotic effects. Indeed, chemosensitization is a strategy
to overcome chemoresistance, based on the use of one drug to potentiate the activity of
another [24].

The combination for this cell line that obtained the best results was 0.17 μM DOX
with 25 μM ATOR, which achieved a cell viability of about 26%, i.e., a cell death rate of
about 74%. Contrary to SH-SY5Y cells, MCF-7 cell viability did not stay below 50% for
any of the tested combinations, but this combination still managed to be very beneficial
for ATOR, since, for almost all combinations, it was possible to decrease cell viability and
consequently increase cell death, except for the concentration of 0.17 μM DOX with 25 μM
ATOR, where this decrease was not visible and, therefore, cell viability remained the same
for the combination and for ATOR alone. Thus, we can see that these two drugs together
showed quite marked cytotoxic effects in SH-SY5Y cells and little effect in MCF-7 cells
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compared to the drugs tested individually; consequently, each drug was able to potentiate
the other to have better effects, increasing cell death in the cells tested.
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A

A (vehicle) B(DOX 0.17 μM + ATOR0.1 μM)

E(DOX 0.17 μM + ATOR 25μM)

C (DOX 0.17 μM + ATOR1 μM)

D(DOX 0.17 μM + ATOR10 μM) F(DOX 0.17 μM + ATOR 50μM) G(DOX 0.17 μM + ATOR 100μM)

H (vehicle) I (DOX 0.17 μM + ATOR 0.1 μM) J (DOX 0.17 μM + ATOR 1 μM)

K(DOX 0.17 μM + ATOR10 μM) L(DOX 0.17 μM + ATOR 25μM) M(DOX 0.17 μM + ATOR 50μM) N(DOX 0.17 μM + ATOR 100μM)

Figure 7. Microscopic visualization of the effects of combining DOX with ATOR on the morphology of
MCF-7 and SH-SY5Y cells for 48 h. Cells were treated with (A,H) 0.1% DMSO (control), (B,I) 0.17 μM
DOX + 0.1 μM ATOR, (C,J) 0.17 μM DOX + 1 μM ATOR, (D,K) 0, 17 μM DOX + 10 μM ATOR,
(E,L) 0.17 μM DOX + 25 μM ATOR, (F,M) 0.17 μM DOX + 50 μM ATOR, or (G,N) 0.17 μM DOX + 100 μM
ATOR. Scale bar: 50 μm; 100× total magnification.

The effects of different combinations of DOX with NITR were evaluated on the viability
of MCF-7 cells; for this purpose, MCF-7 cells were treated with 0.17 μM DOX and with
NITR in a range of concentrations between 0.1 and 100 μM for 48 h. The percentage cell
viability was assessed by MTT assay (Figure 8).

Figure 9 shows the microscopic visualization of the MCF-7 breast cancer cell line and
the SH-SY5Y cell line treated with the different combinations of DOX with NITR over a
period of 48 h.

Through the results obtained for the combination of DOX with NITR (Figures 8 and 9),
we can observe that this combination of these two drugs was very effective for SH-SY5Y
cells, since, for all tested combinations, a very low cell viability was reached (always below
40%) when compared to the individual drugs. For NITR, no decrease in cell viability was
evident, which demonstrates that these two drugs together potentiated each other. For
the MCF-7 cell line, slight decreases in cell viability were also observed, which shows that
this combination was also beneficial for these cells; however, the increases in cell death
observed were not as sharp as for the SH-SY5Y cells.
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A B

Figure 8. Effects of combining DOX with NITR on cell viability of MCF-7 (A) and SH-SY5Y (B) cells.
The cells were cultured in the presence of a single concentration of DOX (0.17 μM) and with increasing
concentrations of NITR. After 48 h, MTT assay was performed to measure cell viability. Values are
expressed as percentages and represent means ± SEM. Each experiment was performed three
times independently (n = 3). One-way ANOVA was used as statistical test. Statistically significant
* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs. vehicle.
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D(DOX 0.17 μM + NITR 10 μM) E(DOX 0.17 μM + NITR 25μM) F(DOX 0.17 μM + NITR 50μM)

H (vehicle) I (DOX 0.17 μM + NITR 0.1 μM) J (DOX 0.17 μM + NITR 1 μM)
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Figure 9. Microscopic visualization of the effects of combining DOX with NITR on the morphology of
MCF-7 cells for 48 h. Cells were treated with (A,H) 0.1% DMSO (control), (B,I) 0.17 μM DOX + 0.1 μM
NITR, (C,J) 0.17 μM DOX + 1 μM NITR, (D,K) 0.17 μM DOX + 10 μM NITR, (E,L) 0.17 μM DOX + 25 μM
NITR, (F,M) 0.17 μM DOX + 50 μM NITR, or (G,N) 0.17 μM DOX + 100 μM NITR. Scale bar: 50 μm;
100× total magnification.
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To evaluate the different combinations of ATOR with NITR on the viability of MCF-7
and SH-SY5Y cells, cells were treated with ATOR and NITR at concentrations between 0.1
and 100 μM for 48 h. The percentage of cell viability was assessed by MTT assay (Figure 10).

A BBA

Figure 10. Effects of the combination of ATOR and NITR on cell viability of MCF-7 (A) and SH-SY5Y
(B) cells. The cells were cultured in the presence of concentrations between 0.1 and 100 μM of ATOR
and NITR. After 48 h, MTT assay was performed to measure cell viability. Values are expressed as
percentages and represent means ± SEM. Each experiment was performed three times independently
(n = 3). One-way ANOVA was used as statistical test. Statistically significant * p < 0.05, ** p < 0.01,
and **** p < 0.0001 vs. vehicle.

Figure 11 shows the microscopic visualization of the MCF-7 breast cancer cell line and
the SH-SY5Y cell line treated with the different combinations of ATOR with NITR over a
period of 48 h.

Through the results obtained for the combination of ATOR with NITR (Figures 10 and 11),
it is visible that this combination was beneficial, since, for all combinations, there was a
decrease in cell viability compared to the drugs separately. Observing Figure 10, it is
possible to verify that, the combination of 0.1 μM ATOR with 100 μM NITR yielded the
best effect. When compared with the individual results of these drugs (Figures 2 and 4),
we can affirm that, for this combination, there was a very sharp increase in cell death,
since the cell viability of the drugs individually was around 108% for the concentration of
0.1 ATOR and 61% for the concentration of 100 NITR, whereas, when combined, these two
drugs for these concentrations managed to achieve a cell death of about 38% for MCF-7
cells. For SH-SY5Y cells, the cell death of the individual drugs was around 7% for the
concentration of 0.1 ATOR and 19% for the concentration of 100 NITR; when combined,
these two drugs for this concentration achieved a cell death of about 55% for SH-SY5Y cells.
Thus, we can state that both drugs potentiate each other; furthermore, for MCF-7 cells,
NITR potentiates ATOR more than vice versa, whereas, for SH-SY5Y cells, it is ATOR that
potentiates NITR. These results may be sustained by the effects of these drugs individually,
demonstrated above.

The effects of different combinations of DOX with ATOR and with NITR were evalu-
ated on the viability of MCF-7 and SH-SY5Y cells; for this purpose, cells were treated with
0.17 μM DOX and with concentrations between 0.1 and 100 μM ATOR and NITR for 48 h.
The percentage cell viability was assessed by MTT (Figure 12).

Figure 13 shows the microscopic visualization of the MCF-7 breast cancer cell line and
the SH-SY5Y cell line treated with the different combinations of DOX with ATOR and with
NITR over a period of 48 h.
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Figure 11. Microscopic visualization of the effects of combining ATOR with NITR on the morphology of
MCF-7 cells for 48 h. Cells were treated with (A,H) 0.1% DMSO (control), (B,I) 0.1 μM ATOR + 100 μM
NITR, (C,J) 1 μM ATOR + 50 μM NITR, (D,K) 10 μM ATOR + 25 μM NITR, (E,L)25 μM ATOR + 10 μM
NITR, (F,M) 50 μM ATOR + 1 μM NITR, or (G,N) 100 μM ATOR + 0.1 μM NITR. Scale bar: 50 μm;
100× total magnification.

A B

Figure 12. Effects of combining DOX with ATOR and with NITR on cell viability of MCF-7 (A) and
SH-SY5Y (B) cells. The cells were cultured in the presence of concentrations between 0.1 and 100 μM
of ATOR and NITR. After 48 h, MTT assay was performed to measure cell viability. Values are
expressed as percentages and represent means ± SEM. Each experiment was performed three
times independently (n = 3). One-way ANOVA was used as statistical test. Statistically significant
* p < 0.05, and **** p < 0.0001 vs. vehicle.
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Figure 13. Microscopic visualization of the effects of combining DOX with ATOR and with NITR on
the morphology of MCF-7 and SH-SY5Y cells for 48 h. Cells were treated with (A,H) 0.1% DMSO (con-
trol), (B,I) 0.17 μM DOX + 0.1 μM ATOR + 100 μM NITR, (C,J) 0.17 μM DOX + 1 μM ATOR + 50 μM
NITR, (D,K) 0, 17 μM DOX + 10 μM ATOR + 25 μM NITR, (E,L) 0.17 μM DOX + 25 μM ATOR + 10 μM
NITR, (F,M) 0.17 μM DOX + 50 μM ATOR + 1 μM NITR, or (G,N) 0.17 μM DOX + 100 μM ATOR +
0.1 μM NITR. Scale bar: 50 μm; 100× total magnification.

Through the results obtained for the combination of DOX with ATOR and NITR
(Figures 12 and 13), we can observe that, for the three tested combinations, all managed to
achieve lower cell viability compared to the cell viability of all drugs separately for both
cell lines tested. From Figure 12, we can see that the combination that achieved the highest
cell death for MCF-7 cells was 0.17 μM DOX with 50 μM ATOR and with 1 μM NITR,
which reached a cell viability of about 42%; for SH-SY5Y cells, 0.17 μM DOX with 100 μM
ATOR and with 0.1 μM NITR reached a cell viability of about 26%. Thus, we can observe
that the combination of DOX with ATOR and NITR was able to further potentiate these
drugs to achieve higher cell death, and we can conclude that the combination of DOX with
ATOR and with NITR was quite good in reducing the viability of MCF-7 and SH-SY5Y
cells; consequently, all drugs potentiated each other.

3.3. Synergistic Combinations of DOX and Repurposed Drugs

To investigate the effects of the combinations of DOX with the repurposed drugs, ator-
vastatin and nitrofurantoin, and of the repurposed drugs with each other, the combi-nation
index (CI) was calculated according to the Chou–Talalay method using CompuSyn soft-
ware. The Chou–Talalay method is based on the median effect equation, derived from the
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principle of the law of mass action. This unified theory encompasses the Michaelis–Menten,
Hill, Henderson–Hasselbalch, and Scatchard equations in biochemistry and biophysics
and provides a quantitative definition for additive effect (CI = 1), synergism (CI < 1), and
antagonism (CI > 1) in drug combinations [25]. The fractional effect is a value between
0 and 1, where 0 means that the drug did not affect cell viability, and 1 means that the
drug had a full effect in decreasing cell viability [19,26]. The combination of DOX with
atorvastatin in MCF-7 cells did not show synergism for any of the combinations tested
(Table 2), showing that these two drugs had an antagonistic action in these cells, with a CI
greater than 1 for all pairs of combinations. For SH-SY5Y cells, this combination was very
promising, since the combination of 0.17 μM DOX with 100 μM ATOR was the only one
that did not show synergism, while all other synergistic pairs showed synergism in this cell
line and an Fa value of 0.74 (Table 2).

Table 2. Fractional effect (Fa) and combination index (CI) values ATOR and DOX combinations for
48 h in MCF-7 and SH-SY5Y cells. CI < 1 synergism, CI = 1 additivity, and CI > 1 antagonism. Fa
values range from 0 (no cellular death) to 1 (complete cellular death).

Dose
DOX
(μM)

Dose ATOR
(μM)

MCF-7 SH-SY5Y

Effect (Fa) CI Effect (Fa) CI

0.17

0.1 0.15985 3.16E20 0.61633 0.38916
1.0 0.19309 2.64E31 0.59243 0.45248

10.0 0.23632 3.52E43 0.68567 0.38837
25.0 0.10102 10.5377 0.73556 0.40282
50.0 0.2349 8.02E43 0.73363 0.60022
100.0 0.28865 1.88E56 0.68255 1.41110

For the combination of DOX with NITRO, for MCF-7 cells, this was the most promising
combination for this cell line, with three synergistic pairs and an Fa value reaching 0.54
(Table 3); for SH-SY5Y cells, this combination was one of the most promising with all pairs
of combinations being synergistic, i.e., with CI < 1 and with almost all Fa values reaching
0.65 (Table 3).

Table 3. Fractional effect (Fa) and CI (combination index) values of NITRO and DOXO combinations
for 48 h in MCF-7 and SH-SY5Y cells. CI < 1 synergism, CI = 1 additivity, and CI > 1 antagonism. Fa
values range from 0 (no cellular death) to 1 (complete cellular death).

Dose DOXO
(μM)

Dose
NITRO (μM)

MCF-7 SH-SY5Y

Effect (Fa) CI Effect (Fa) CI

0.17

0.1 0.26221 1.67662 0.63341 0.35821
1.0 0.26396 1.65830 0.64722 0.33785

10.0 0.25571 1.81996 0.64172 0.36880
25.0 0.53983 0.28529 0.65123 0.38937
50.0 0.37222 0.79532 0.64143 0.46750
100.0 0.42196 0.58248 0.64410 0.58474

For the combination of ATOR with NITRO, in MCF-7 cells, this combination did not
result in any synergism, with CI > 1 for all concentration pairs (Table 4); for SH-SY5Y cells,
this combination resulted in four synergistic pairs, with an Fa value of 0.71 (Table 4).

Lastly, for the combination of DOX with ATOR and with NITRO, in MCF-7 cells,
this combination did not show synergism in any of the combinations tested (Table 5); in
SH-SY5Y cells, this combination was one of the most promising, with all synergistic pairs
showing synergism, i.e., CI < 1 for all combinations tested (Table 5). These results, thus,
demonstrated that NITRO and ATOR may be promising combinations.
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Table 4. Fractional effect (Fa) and CI (combination index) values of ATOR and NITRO combinations
for 48 h in MCF-7 and SH-SY5Y cells. CI < 1 synergism, CI = 1 additivity, and CI > 1 antagonism. Fa
values range from 0 (no cellular death) to 1 (complete cellular death).

Dose ATOR
(μM)

Dose
NITRO (μM)

MCF-7 SH-SY5Y

Effect (Fa) CI Effect (Fa) CI

0.1 100.0 0.38063 1.71E71 0.55072 0.29008
1.0 50.0 0.30337 2.14E57 0.11475 1.24825

10.0 25.0 0.29898 2.68E57 0.32571 1.25105
25.0 10.0 0.22573 2.32E41 0.65215 0.37312
50.0 1.0 0.44593 4.03E85 0.71205 0.45641
100.0 0.1 0.52423 3.16E99 0.7135 0.8988

Table 5. Fractional effect (Fa) and CI (combination index) values of ATOR, NITRO, and DOX
combinations for 48 h in MCF-7 and SH-SY5Y cells. CI < 1 synergism, CI = 1 additivity, and CI > 1
antagonism. Fa values range from 0 (no cellular death) to 1 (complete cellular death).

Dose
ATOR
(μM)

Dose
NITRO

(μM)

Dose
DOX
(μM)

MCF-7 SH-SY5Y

Effect (Fa) CI Effect (Fa) CI

0.1 100.0

0.17

0.44234 1.89E82 0.67706 0.52120
1.0 50.0 0.48526 5.62E90 0.68137 0.40941
10.0 25.0 0.47763 2.68E90 0.71715 0.37664
25.0 10.0 0.49533 7.79E93 0.73526 0.42406
50.0 1.0 0.58165 1.8E109 0.73081 0.61436

100.0 0.1 0.57114 5.0E107 0.73571 0.96965

Figures 14 and 15 show the Fa–CI plots of the combinations in the MCF-7 and SH-SY5Y
cell lines, respectively.

Figure 14. Fa–CI plot of combinations in MCF-7 cell line. Only the NIT + DOX combination (green)
had CI values in this graph range of CI (0–2).

The dose reduction index (DRI) was also calculated; this index refers to the percentage
of dose reduction for each drug within the combination that can be reduced to generate a
specific effect as a result of the synergy. A DRI > 1 indicates a favorable dose reduction,
while a DRI < 1 represents an unfavorable dose reduction, and a DRI = 1 shows no
corresponding dose reduction. It is also necessary to mention that DRI is associated with
CI, but it is only the CI values that effectively verify the synergism or antagonism of drug
combinations. It should then be considered that, once the dose of a drug is reduced, the
toxicity of this drug will eventually decrease [27].
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Figure 15. Fa–CI plot of combinations in SH-SY5Y cell line. Combinations: ATOR + NIT (blue), ATOR + DOX
(red), NIT + DOX (green), and ATOR + NIT + DOX (pink).

Figures 16 and 17 show the Fa–DRI plots of the combinations in the MCF-7 and
SH-SY5Y cell lines, respectively.

 
(A) (B) 

 

(C) (D) 

Figure 16. Fa–DRI plot of combinations in MCF-7 cell line. Combinations: ATOR + DOX (A),
NIT + DOX (B), ATOR + NIT (C), and ATOR + NIT + DOX (D).
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Figure 17. Fa–DRI plot of combinations in SH-SY5Y cell line. Combinations: ATOR + DOX (A),
NIT + DOX (B), ATOR + NIT (C), and ATOR + NIT + DOX (D).

For MCF-7 cells, the combinations of DOX with ATOR and ATOR with NIT showed a
DRI < 1 (Figure 16A,C), which indicates that there should be no dose reduction, i.e., these
combinations show an unfavorable dose reduction. In contrast, the combinations of DOX
with NIT and of DOX with ATOR and NIT (Figure 16B,D) had a DRI > 1, which shows that
these combinations can benefit from favorable dose reduction.

For SH-SY5Y cells, for all combinations tested, a DRI > 1 was evidenced (Figure 17),
which highlights that all these combinations in this cell line can benefit from a favorable
dose reduction.

Through this synergy analysis, we demonstrated that the two repurposed drugs
tested in this study can synergistically decrease cell viability when combined with DOX
for SH-SY5Y cells. Our results revealed more synergistic pairs for SH-SY5Y compared
to MCF-7 cells, with almost all the combinations tested resulting in synergistic pairs for
the lowest concentrations. For MCF-7 cells, the results evidenced that almost all the
tested combinations did not result in synergistic pairs; hence, ATOR and NITRO cannot
synergistically decrease the cell viability of MCF-7 cells when combined with DOX.

Although the exact mechanism of its antiproliferative effects is currently unknown,
atorvastatin both modifies the cell cycle and induces suppression of growth or apoptosis
of malignant cells. Furthermore, the lipophilic nature of atorvastatin allows it to easily
cross the cell membrane and induce these effects. Indeed, a previous study reported that
ATOR treatment at concentrations of up to 80 μM caused a decrease in the viability of
MCF-7 cells after 24 h and 48 h [12]. These results are in concordance with our results in
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which cell viability decreases were also observed for MCF-7 cells. The other repurposed
drug, NTRO, is a synthetic antibiotic that has potential toxic effects attributable to the nitro
group (NO2) attached to the furan ring. The nitro group gives this molecule a toxicophoric
function, which acts as an electron acceptor, thus inhibiting enzymes involved in pyruvate
metabolism, an essential pathway of cellular metabolism [11].

As explained above, SH-SY5Y cells are neuronal cells. These kinds of cells are known
to be more sensitive to cytotoxic effects than breast cells. Indeed, this study is innovative be-
cause there are few reports about these drugs in these types of cells. Future studies focused
on the molecular mechanisms underlying the differences between these cells regarding the
obtained responses in this study are very important. Nevertheless, this study revealed the
potential of drug combination and repurposing in the context of cancer treatment.

4. Conclusions

We concluded that ATOR had inhibitory effects on the viability of both tumor cell
lines tested, MCF-7 and SH-SY5Y, and that NITRO showed inhibitory effects on the growth
and viability of MCF-7 cells, while, in SH-SY5Y cells, this repurposed drug did not show
any cytotoxic effects. Regarding the combination of DOX, the reference drug used in
breast cancer, with the repurposed drugs, it is possible to conclude that, for all tested
combinations, there was a reduction in cell viability and, consequently, an increase in cell
death. Thus, DOX was able to potentiate ATOR and NITRO in both cells tested. Concerning
the combination of ATOR with NITRO, it is possible to see that both drugs were able to
potentiate each other, but that NITRO showed a greater potentiation on ATOR for MCF-7
cells; on the other hand, for human neuroblastoma cells (SH-SY5Y), the opposite occurred,
i.e., ATOR showed a higher potentiation on NITRO, since it had no inhibitory effect on
these cells when isolated and, when combined with ATOR, showed quite high cytotoxic
effects. Through synergism, it was possible to conclude that the combinations of DOX
with the repurposed drugs were more advantageous in SH-SY5Y cells than in MCF-7
cells, since, for all tested combinations, synergism was always evidenced for almost all
studied combination pairs. This new drug combination model opens the door to a new
pharmacological interaction between different reused drugs combined with each other or
combined again but with a reference drug in oncology.
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Abstract: Apigenin is a flavone widely present in different fruits and vegetables and has been
suggested to possess neuroprotective effects against some neurological disorders. In this study, we
systematically reviewed preclinical studies that investigated the effects of apigenin on learning and
memory, locomotion activity, anxiety-like behaviour, depressive-like behaviour and sensorimotor
and motor coordination in rats and mice with impaired memory and behaviour. We searched
SCOPUS, Web of Science, PubMed and Google Scholar for relevant articles. A total of 34 studies
were included in this review. The included studies revealed that apigenin enhanced learning and
memory and locomotion activity, exhibited anxiolytic effects, attenuated depressive-like behaviour
and improved sensorimotor and motor coordination in animals with cognitive impairment and
neurobehavioural deficit. Some of the molecular and biochemical mechanisms of apigenin include
activation of the ERK/CREB/BDNF signalling pathway; modulation of neurotransmitter levels and
monoaminergic, cholinergic, dopaminergic and serotonergic systems; inhibition of pro-inflammatory
cytokine production; and attenuation of oxidative neuronal damage. These results revealed the
necessity for further research using established doses and short or long durations to ascertain
effective and safe doses of apigenin. These results also point to the need for a clinical experiment to
ascertain the therapeutic effect of apigenin.

Keywords: cognitive dysfunction; neurobehavioural function; neurodegenerative diseases; neuroin-
flammation; anxiety; depression; learning and memory; sensorimotor function; locomotion

1. Introduction

Neurological disorders are diseases that affect the nervous system, ranging from
common migraine to severe brain, spine and nerve diseases [1]. Some common neurologi-
cal diseases include dementia, stroke, Parkinson’s disease, lateral amyotrophic sclerosis
epilepsy and multiple-system atrophy. Neurological diseases have been identified as the
leading cause of mortality and disability among adults. These diseases have become a major
health burden, especially among aged individuals, as they affect millions of people across
the world and the cost of treatment is high [2]. The high incidence rate of neurological
diseases has been linked to an increase in the age of the population, as this disease is mostly
common in adults [3,4]. Apart from other pathological characteristics, some neurological
disorders, especially neurodegenerative diseases, are accompanied by cognitive and neu-
robehavioural changes which affect quality of life [5,6]. Neuronal degeneration leads to
cognitive decline and neurobehavioural impairment and has been identified in patients
with AD, PD, epilepsy, stroke and MS [7]. Cognitive decline is usually characterized by
impaired working memory, learning abilities, executive function and attention memory,
while neurobehavioural dysfunction is commonly accompanied by anxiety, depression and
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loss of motor function and coordination, which are attributed to the loss and death of spe-
cific neurons such as cholinergic, dopaminergic and motor neurons in the central nervous
system [8]. Several therapeutic strategies have been developed to treat the symptoms and
mitigate the progression of these impairments to improve quality of life.

In the last few years, the impact of flavonoids on neurological function has been
studied extensively. This class of polyphenols has shown potent neuroprotective effects
against some neurodegenerative diseases in different experimental models. Apigenin is
a flavone-kind of flavonoid present in fruits, teas and vegetables. It is a potent antioxi-
dant and has been shown to exhibit anti-inflammatory, antitumorigenic and antimicrobial
activities [9]. Its ability to cross the blood–brain barrier is important as it contributes to
its pharmacological activity against neurological disorders [10]. Kim et al. [10] reported
that apigenin exhibited a neuroprotective effect against peripheral nerve degeneration.
Some studies have also established that apigenin confers antidepressant activity, which is
mediated by its effect on α-adrenergic, dopaminergic and serotonergic receptors [11–14].
Apigenin improved serotonin, dopamine and epinephrine levels, which were altered in
depressive animals [15,16]. Apigenin further regulates the cAMP-CREB-BDNF signalling
pathway and N-methyl-D-aspartate (NMDA) receptors, which play important roles in
neuronal survival, synaptic plasticity, cognitive function and mood behaviour [15]. Some
experimental evidence and expert reviews have shown the pharmacological activities of
apigenin, especially against some neurological diseases [17,18]. However, no systematic
review has assessed the effect of apigenin on cognitive dysfunction and neurobehavioural
deficit in preclinical models. This study aims to systematically review preclinical investiga-
tions that explored the cognitive-enhancing effects of apigenin and identify research gaps
for further studies where needed. In this study, we explored different paradigms, including
learning and memory, sensorimotor function and motor coordination, locomotion activity,
anxiety-like behaviour and depressive-like behaviour, to assess the effect of apigenin on
cognitive impairment and neurobehavioural deficit. We also highlighted some possible
biochemical and molecular mechanisms of its therapeutic actions.

2. Materials and Methods

A search was conducted in four different databases (SCOPUS, Google Scholar, PubMed
and Web of Science) to identify relevant studies that reported the effect of apigenin on
cognitive and neurobehavioural function in preclinical experiments without limitations to
regions/location or language using the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines. The following search terms were used: “Api-
genin AND (memor* OR cogniti* OR *behav* OR neuroinflammati* OR neurodegenerat*
OR Alzheim* OR Parkinso*)”. Interventional studies must list the authority that provided
approval and the corresponding ethical approval code.

2.1. Study Selection

The selection of studies for inclusion in this review was based on the following
criteria: (1) that they are preclinical studies or animal studies that used mice or rats;
(2) studies that used any dosage of apigenin administered for any duration versus a
control group treated with stress or any chemical capable of inducing memory deficit
or neurobehavioural dysfunction; and (3) that they measured outcomes that focused on
memory and learning (Morris Water Maze, Barnes maze, Y-maze, T-maze, novel object
recognition, passive avoidance test, inhibitory avoidance), anxiety-like behaviour (elevated
plus maze, dark–light model of anxiety), depressive-like behaviour (forced swimming test,
sucrose preference test, splash test, tail suspension test, sucrose splash test), sensorimotor
and motor coordination (rotarod activity, grip strength, catalepsy, SG mount, sensorimotor
test) and locomotion activity (open field test, locomotion activity). Articles that reported
plant extracts containing apigenin were not included. Also, articles involving the use of
other models such as Drosophila melanogaster, Caenorhabditis elegans and cell cultures were
excluded from this study. Review articles, theses and conference papers that reported the
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role of apigenin on cognitive function were also excluded. Studies that reported the use of
apigenin in mixtures with other compounds or bioactive constituents were also excluded.
Studies that focused on the effect of apigenin on biochemical markers associated with
cognitive and neurobehavioural function not indicating relevant behavioural paradigms
were also excluded. Two investigators thoroughly reviewed the titles and abstracts of
the articles for eligibility for inclusion in the study. Disagreement in the evaluation of
eligibility for inclusion was planned to be resolved based on consensus. However, no case
of disagreement emerged during the evaluation for eligibility for inclusion.

2.2. Data Extraction

One of the authors extracted data from the included studies while the other author
checked and confirmed the extracted data. The following information was extracted from
the included studies: (1) subjects; (2) dosage and route of administration; (3) duration of
experiment; (4) study description; and (5) type of outcome measured. To examine the effect
of apigenin using different cognitive and neurobehavioural paradigms, we categorized
the measured outcome identified in the included studies into the following: learning
and memory; anxiety-like behaviour, depressive-like behaviour; sensorimotor and motor
coordination; and locomotion activity.

3. Results

3.1. Study Characteristics

As shown in Figure 1, 461 studies were identified from PubMed, Scopus, Web of
Science and Google Scholar. However, 32 studies were included in the systematic re-
view after screening with the eligibility criteria. These studies specifically address the
effect of apigenin on cognitive function and behavioural outcomes in preclinical models.
The hypothesis was associated with the effect of apigenin on cognitive and behavioural
impairment compared to the disease group. All the included studies were performed
either in mice or rats, some induced with rotenone, streptozotocin, corticosterone, chronic
or mild stress, high-fat diet or fructose, lipopolysaccharide, scopolamine, methotrexate,
pentylenetetrazole and acetonitrile (Table 1). The lowest dose of apigenin in the included
studies was 2 mg/kg, while 351 mg/kg was the highest. Most studies used 10, 20, 40, 50
and 100 mg/kg. Also, different administration routes were used, including intragastric,
intraperitoneal and oral routes, as shown in Table 1. Most of the studies used male subjects,
except two studies that reported female animals. All the studies included mice or rats
(Sprague Dawley or Wistar strains). The duration of the experiments in the included studies
ranged from 4 days to 22 months. Twenty-two (22) cognitive and behavioural outcomes
were identified in all the included studies. These include the Morris Water Maze, Barnes
test, open field test, forced swimming test, splash test, rotarod test, catalepsy, elevated plus
maze, Y-maze, T-maze, novel object recognition test, sucrose preference test, tail suspension
test, grip strength test, passive avoidance test, locomotor activity test, inhibitory avoid-
ance test, shuttle avoidance test, dark–light model of anxiety, pentobarbital sleeping and
sensorimotor test (Table 1).

3.2. Learning and Memory

In the learning and memory paradigm, eight different cognitive tests were identified
in the included studies (Table 2). Of the 32 included studies, only 24 reported the effect of
apigenin on learning and memory. Out of these 24 studies, 12 were on the Morris Water
Maze, 1 on the Barnes test, 3 studies were on the Y-maze, 2 studies on the T-maze, 2 studies
reported novel recognition tests, 3 studies reported passive avoidance tests, while 1 study
reported the inhibitory avoidance test. All the studies showed that apigenin improved
learning and memory, except for two studies.
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Figure 1. Flow diagram of article selection (based on Page et al. [19]).
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Table 2. Effect of apigenin on learning and memory.

Study
Behavioural
Paradigm

Results

Chen et al. [20] Morris Water Maze - Reduced escape latency
- Improved learning and memory

Chesworth et al. [21] Barnes maze

- High primary latency in mice (apigenin did not have any effect on
primary latency)

- Apigenin did not affect path length
- Apigenin had no effect on error acquired during acquisition
- Apigenin did not improve spatial memory in GFAP-IL6 transgenic mice

Ahmedy et al. [26] Morris Water Maze
Y-maze

- Apigenin improved time spent in the quadrant
- Improved spontaneous alternation performance
- Improved ability to retrieve spatial memory and form short term memories

Hashemi et al. [27] Morris Water Maze
Y-maze

- Reduced first entry to the target quadrant
- Increased number of crossing into the platform region
- Increased time spent in target region
- Increased percentage of alternative behaviour
- Restored reference memory impairment
- Restored working memory deficit induced by KA

Jameie et al. [28] Morris Water Maze - Increased elapsed time in the target quadrant

Kim et al. [29]

Morris Water Maze
Tmaze
Novel object
recognition

- Reduced latency to reach hidden platform
- Increased time spent in the target quadrant
- Increased exploration of new and old routes
- Increased exploration for novel objects
- Improved spatial cognitive ability
- Improved scopolamine-induced recognition deficit

Mao et al. [30] Morris Water Maze
- Reduced escape latency
- Significantly reduced mean path length
- Increased time spent in target quadrant

Liu et al. [34] Morris Water Maze

- Significantly reduced escape latency
- Significantly increased staying time to cross the first quadrant
- Significantly increased time to cross the platform.
- Improved learning and memory capabilities

Patil et al. [36] Passive avoidance test - Increased step-through latency

Popovic et al. [10] Passive avoidance test - Apigenin delayed forgetting of passive avoidance response

Salgueiro et al. [37]
Inhibitory avoidance
Passive avoidance
performance

- Apigenin slightly induced increase in number of crossings
- No significant effect on performance of test session rearing responses
- Apigenin did not show significant effect on passive avoidance performance

Sharma et al. [38] T-maze - Increased percentage of spontaneous alternation (T-maze)

Taha et al. [39]
Novel object
recognition
Morris Water Maze

- Apigenin increased discrimination index
- Significantly increased preference index
- Improved learning ability by reducing escape latency time

Tu et al. [40] Morris Water Maze - Attenuated memory acquisition deficit

Yadav et al. [42] Morris Water Maze - Restored long-term memory deficit via reduction in escape latency and
increase in time spent in target quadrant
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Table 2. Cont.

Study
Behavioural
Paradigm

Results

Zhao et al. [46] Morris Water Maze

- Exhibited significant effect on escape latency and recovered spatial
learning deficit

- In the probe trail, apigenin increased time spent in the target quadrant
- Increased number of crossings, thereby improving spatial

memory capability

Zhao et al. [47] Morris Water Maze
- Reduced escape latency
- Increased time spent in target quadrant and number of crossings of

the platform

Nikbakht et al. [31] Y-maze - Improved spatial working memory

From the Morris Water Maze tests, eight studies showed that apigenin reduced escape
latency [20,30], improved the time spent in the target quadrant [26–28,30], reduced first
entry to the target quadrant and increased the number of crossings into the platform
region [27]. Only one study reported the effect of apigenin on spatial memory using the
Barnes test. The study showed that apigenin did not affect primary latency or error acquired
during acquisition and did not improve spatial memory. Three studies also revealed that
apigenin improved spatial working memory in animals using the Y-maze test. In these
studies, apigenin restored impaired reference memory and working memory deficit by
increasing the percentage of alternating behaviour in the test animals [26,27,31]. Two
studies also reported that apigenin improved cognitive function using the T-maze test.
In these two studies, apigenin increased the exploration of new routes and objects [29]
and the percentage of spontaneous alternation [29]. Two studies that reported novel
recognition tests showed that apigenin improved scopolamine-induced recognition deficit
and methotrexate-induced recognition impairment.

The results from the passive avoidance test reported in two studies showed that
apigenin improved retention deficit by increasing step-through latency [36] and delayed
forgetting of passive avoidance response [10], while one study showed no effect on passive
avoidance performance [37]. One study also revealed that apigenin did not significantly
affect inhibitory avoidance activity.

3.3. Locomotor Activity

Two neurobehavioural paradigms were identified in the included studies, locomotor
test and open field, as presented in Table 3. A total of 10 studies reported the effect of
apigenin on locomotion using open field tests and locomotion tests. In the open field test,
apigenin improved locomotor activity [32,35,37,42,44]. However, apigenin did not signifi-
cantly affect locomotor activity in three studies, as shown by the effect on crossing [22,36],
grooming and rearing [33].

3.4. Depressive-like Behaviour

Our findings revealed that seven studies reported the effect of apigenin on depression-
like behaviour using the forced swimming test, as shown in Table 4. All the studies showed
that apigenin improved immobility time in the forced swimming test. Six studies reported
the use of a sucrose preference test to assess the effect of apigenin on depression-like
behaviour in the intervention studies, Table 4. The results from these studies revealed that
apigenin improved sucrose preference and consumption, and grooming time, and alleviated
anhedonic-like behaviour in depressive mice. The tail suspension test was reported in
four studies, which revealed that apigenin reduced the duration of immobility time. The
splash test was also reported in one study (Table 4). The splash test revealed that apigenin
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improved grooming activity and locomotion in streptozotocin-induced depressive-like
behaviour in a mouse model via an improvement in grooming activity.

Table 3. Effect of apigenin on locomotor behaviour.

Study
Behavioural
Paradigm

Results

Bijani et al. [22] Open field test - Apigenin showed no effect on the
alteration in locomotion

Li et al. [32] Open field test - Improved locomotor activity

Li et al. [33] Open field test - Apigenin did not show significant effect
on crossing, grooming or rearing

Patel and Singh [35] Open field test - Increased locomotor activity

Patil et al. [36] Locomotor activity - Apigenin did not show any effect on
locomotor activity.

Salgueiro et al. [37] Open field test - No significant effect on performance of
test session rearing responses

Yadav et al. [42] Open field test - Improved locomotion and
rearing activity

Zanoli et al. [44] Open field test
- Reduced number of crossings

and rearings
- Reduced locomotor behaviour

Zhang et al. [15] Open field test
- Reduced immobility time
- Increased total moving distance and

reduced immobility time

Zhao et al. [45] Open field test - Reduced total distance of motion via
reduction in autonomic activity

3.5. Anxiety-like Behaviour Test

Of the five studies that reported the effect of apigenin on anxiety-like behaviour, four
studies each reported the impact of the intervention using the elevated plus maze paradigm
(Table 5). The four studies showed that apigenin attenuated anxiety-like behaviour by
reducing the anxiety index and increasing the time spent in open arms and the number of
entries into open arms. One study used the dark–light model of anxiety to examine the
effect of apigenin on anxiety-like behaviour (Table 5). The results showed that apigenin did
not exhibit an antianxiolytic effect as it did not alter the latency to the first crossing, and
not did it show an effect on the time spent in the light compartment.

3.6. Sensorimotor Behaviour and Coordination Activity

Four studies reported the impact of apigenin on motor behaviour and performance
using the rotarod test (Table 6). All the studies revealed that apigenin improved rotarod
performance and enhanced muscle coordination by delaying the fall time. Two studies
reported the use of the grip strength test to assess the effect of apigenin on motor coor-
dination and muscular performance. The results showed that apigenin ameliorated the
reduction in grip strength performance and improved motor coordination [23,35]. Only one
study examined the effect of apigenin on motor coordination using the catalepsy test. The
result from this study showed that apigenin reversed the change in cataleptic behaviour
and postural instability in streptozotocin-induced depression-like behaviour in rats. Other
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sensorimotor function and behavioural paradigms that revealed the effect of apigenin on
muscular coordination include the pole test, spontaneous activity in the cylinder and the
challenging beam transversal procedure (Table 6). These tests were reported in a study
by Yarim et al. [43], and the results revealed that apigenin reduced total steps but did not
show any effect on step errors or error per step. Furthermore, apigenin reduced pole test
scores, increased hindlimb and forelimb test scores and improved rearing and grooming in
a Parkinson’s mouse model.

Table 4. Effect of apigenin on depressive-like behaviour.

Study Behavioural Paradigm Results

Bijani et al. [22] Forced swimming test
Splash test

- Apigenin improved immobility time in FST
- Apigenin improved grooming activity in splash test

Amin et al. [25] Forced swimming test - Improved mobility time in forced swimming test

Li et al. [32] Sucrose preference test - Improved sucrose consumption and prevented elicited anhedonia
and antidepressant-like symptoms

Li et al. [33] Tail suspension test
Sucrose preference test

- Reduced immobility duration
- Increased percentage sucrose consumption

Olayinka et al. [11]
Sucrose splash test
Forced swim test
Tail suspension test

- Significantly increased duration of grooming
- Alleviated anhedonic-like behaviour in depressive mice via

increase in grooming time
- Reduced the duration of immobility

Sharma et al. [38] Tail suspension test
Forced swimming test - Significant reduction in the duration of immobility time

Weng et al. [41] Sucrose preference test
Forced swimming test

- Apigenin improved sucrose preference in mice
- Reduced immobility time in mice

Yadav et al. [42] Forced swim test - Markedly reduced immobility time

Yi et al. [16] Forced swimming test
Sucrose preference test

- Apigenin at 10 and 20 mg/kg reduced immobility time
- Attenuated CMS-induced deficit in sucrose intake by increasing

levels of sucrose consumption

Zhang et al. [15] Sucrose preference test
Tail suspension test

- Significantly reversed reduction in sucrose consumption in rats
- Reduced immobility time

Table 5. Effect of apigenin on anxiety-like behaviours.

Study Behavioural Paradigm Results

Amin et al. [25] Elevated plus maze - Increased time spent in open arms, and also
increased number entries into open arms

Olayinka et al. [11] Elevated plus maze - Increased frequency of open arm entry
- Increased duration of mice in the open arm

Patil et al. [36] Elevated plus maze - Decreased transfer latency (EPM)

Sharma et al. [38] Elevated plus maze - Markedly reduced anxiety index

Zanoli et al. [44] Dark–light model of anxiety - Did not alter latency to the first crossing nor time
spent in the light compartment.
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Table 6. Effect of apigenin on sensorimotor function and motor coordination.

Study Behavioural Paradigm Results

Anusha and Sumathi [23]
Rotarod activity
Grip strength
Catalepsy

- Apigenin improved muscle grip strength but did
not produce a significant effect on grip strength
performance

- Reversed change in cataleptic behaviour
- Reversed postural instability

Anusha et al. [24] Rotarod
- Apigenin improved muscle coordination by

delaying fall time Improved grip strength
performance

Patel and Singh [35]
Rotarod
Grip strength test
SG mount

- Ameliorated reduction in rotarod activity
- Ameliorated reduction in grip strength

performance (motor coordination)
- Significantly attenuated increased climbing and

get off time

Patil et al. [36] Rotarod
- Apigenin improved rotarod performance in aged

mice at higher doses (20 mg); lower doses did not
show any effect

Yadav et al. [42] Grip strength test - Improved grip strength force

Yarim et al. [43]

Sensorimotor test

- Challenging beam traversal
procedure

- Spontaneous activity in the cylinder
procedure

- Pole test

- Apigenin reduced total steps
- Did not show any effect on step errors or errors

per step
- Reduced forelimb steps
- Increased forelimb and hindlimb steps
- Increased rearing number and grooming time

4. Discussion

To the best of our knowledge, this is the first systematic review on the effect of apigenin
on cognitive and neurobehavioural outcomes in preclinical studies. Our findings revealed
that apigenin exhibited cognitive-enhancing effects and improved neurobehavioural func-
tion in stress-induced animals. The studies included in this systematic review showed
that apigenin improved cognitive function and neurobehaviour in impaired or stressed
animals. In this study, we identified the effects of apigenin on different cognitive and neu-
robehavioural paradigms: learning and memory, locomotor activity, anxiety-like behaviour,
depression-like behaviour and sensorimotor function.

The memory and learning paradigm revealed that apigenin exhibited nootropic effects.
A significant improvement in memory and learning abilities was observed in impaired
rats. Apigenin improved spatial and long-term memory, short-term and spatial work-
ing memory, recognition memory and learning abilities. However, one study reported
that apigenin did not improve cognitive function in a chronic neuroinflammatory mouse
model induced with glial fibrillary acidic protein-interleukin-6 (GFAP-IL-6), as revealed
by the Barnes maze test [21]. The authors suggested that though other studies estab-
lished that apigenin improved memory function in different models, in the context of their
study, which involved chronic neuroinflammation, no improvement in cognitive function
was observed.

Moreover, the study only employed the Barnes maze and did not explore other learn-
ing and memory paradigms. The molecular mechanisms of apigenin’s effect on learning
and memory have been linked to synaptic transduction of the ERK/CREB/BDNF signalling
pathway in the cortical cholinergic system. cAMP response element binding protein (CREB)-
mediated transcription genes are essential for learning and memory. CREB also mediates

187



Biomedicines 2024, 12, 178

the activity of glucagon-like peptide-1 (GLP-1), which in turn activates the CREB-regulated
BDNF promoter [48]. Impaired ERK/CREB/BDNF signalling pathway and an inhibition
of CaMK-II/PKC/PKA-ERK-CREB signalling lead to cognitive deficit and disruption of
long-term potentiation in the hippocampus [49]. Furthermore, depletion of CREB and with-
drawal of BDNF lead to a drastic reduction in synaptic markers in the hippocampus, which
may impair long-term potentiation [50,51]. Hence, the learning and memory-enhancing
effect of apigenin could be linked to its influence on CREB-BDNF signalling. Apigenin
improved BDNF levels and enhanced ERK1/2 and CREB expression [21,51]. Apigenin also
improved GLP-1 expression [51]. The memory-enhancing effects of apigenin were also
attributed to the attenuation of oxidative stress, inhibition of apoptosis, antiamyloidegonic
effects and activation of BDNF.TrkB signalling pathways [29]. Treatment with apigenin
reduced Bax/Bcl-2 ratio, caspase-3 and PARP expression, hence inhibiting neuronal apop-
tosis and degeneration. The influence of apigenin on these signalling pathways explains
the observed memory-enhancing effects.

Apigenin improved locomotion behaviour in stressed animals, as shown through
three major neurobehavioural paradigms. The open field test was commonly used in all
the identified studies. Two studies that reported open field tests showed that apigenin
had no effect on locomotion in rats with behavioural deficits. Moreover, one of the studies
revealed that apigenin did not affect locomotion. In contrast, seven other studies involv-
ing open field tests, including one that used the locomotion test, showed that apigenin
improved locomotion.

Our findings also showed that apigenin markedly reduced depressive-like behaviour
in preclinical studies, as shown by the results of the forced swimming test, sucrose prefer-
ence test and tail suspension test from 10 included studies. Depressive-like behaviour is
associated with low monoamine levels due to high monoamine oxidase activity [17,25,52].
The improvement in immobility time exhibited by apigenin in animals with depressive-
like behaviour could be due to increased monoamine and serotonin levels. Hence, the
mechanism of action of apigenin could be linked to the modulation of monoaminergic
systems [25]. Apigenin is a potent inhibitor of monoamine oxidase [11,17]. Results from
the included studies revealed apigenin as an effective natural antidepressant comparable to
synthetic compounds. Some findings also attributed the antidepressant effect of apigenin
to the modulation of some neurochemicals and proteins in the brain. Yi, Li, Li, Pan, Xu and
Kong [16] suggested that the antidepressive effect of apigenin could be associated with mul-
tiple biochemical mechanisms, including modulation of brain monoamine, serotonin and
dopamine levels; normalization of HPA axis alterations; and downregulation of the cAMP
pathway. The antidepressive effect of apigenin has also been linked with its interaction with
the serotonergic pathway, increasing serotonin levels and BDNF expression. Other studies
also showed that apigenin exhibited antidepressive effects via increased phosphorylation of
CREB and elevated levels of BDNF [38,41]. After oral treatment with apigenin, changes in
the levels of serotonin and high BDNF expression were observed, and these are suggested
to activate the PKA-CREB signalling pathways. Experimental investigations have also
shown a link between the pathophysiology of depression and neuroinflammation. The
production of pro-inflammatory cytokines contributes to the development of depression,
and antidepressants have been identified as a potent inhibitor of the production of neuroin-
flammatory biomarkers such as cytokines. The antidepressant effect of apigenin is partly
due to its anti-neuroinflammatory effects [32,33]. Apigenin inhibited cytokine production,
iNos and COX-2 expression, and NF-kB activation in lipopolysaccharide depressive-like
mice. Apigenin also inhibited NLRP3 inflammasome activation through the upregulation
of PPAR-γ [33].

The results from the included studies showed that apigenin could be an effective
alternative approach for the treatment of anxiety. There are indications that anxiety is
linked to alterations in the monoaminergic system [53]. The extensive period spent in
the open arms in the elevated plus maze test could be due to increased monoamine
levels in the brain [54]. Amin, Ibrahim, Rizwan-ul-Hasan, Khaliq, Gabr, Muhammad,
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Khan, Sidhom, Tikmani, Shawky, Ahmad and Abidi [25] reported that apigenin reduced
anxiety-like symptoms in rodents, and this was attributed to the modulation of brain
monoamine levels and interactions with serotonin receptors. Furthermore, inflammatory
processes are triggered by anxiety, which is caused by high levels of pro-inflammatory
cytokines such as IL-6, IL-1β and TNF-α. This is due to the impact of these cytokines on
neurotransmitters related to the anxiety response. Apigenin also inhibited proinflammatory
cytokine production, which could be associated with its anxiolytic effect [11,36]. The role
of oxidative stress and inflammatory-related transcription factors in the development of
anxiety-like disorders has also been established [55,56]. Sharma, Sharma and Singh [38] also
reported that apigenin exhibited anxiolytic effects via modulation of CREB phosphorylation
and elevated BDNF levels.

The results from the sensorimotor tests presented in the included studies revealed that
apigenin improved motor coordination and prevented loss of muscle control. In Parkinson’s
disease and amyotrophic lateral sclerosis models, apigenin improved grip strength and
rotarod activity, hence improving sensorimotor function [35,42,43]. Impaired motor coordi-
nation and balance in Parkinson’s disease is linked to alterations in some neurotransmitters
such as dopamine, glutamate and γ-amino butyric acid (GABA) [35,57,58]. Oxidative stress
and neuroinflammatory processes also contribute to motor neuron degeneration, which
is important for motor coordination and sensorimotor function [35,42,43]. The identified
studies showed that apigenin improved sensorimotor function and motor coordination by
improving antioxidant defence and the inhibition of neuroinflammation, hence attenuating
dopaminergic degeneration and, ultimately, motor neuron degeneration (Figure 2).

Figure 2. Biochemical and molecular mechanisms of apigenin against cognitive and neurobehavioural
deficit.

5. Conclusions

Apigenin is a less toxic flavone widely present in many fruits and vegetables. This
systematic review of preclinical trials adds to existing individual studies suggesting that api-
genin can improve cognitive and neurobehavioural function. Apigenin improved learning
and memory, locomotion activity, sensorimotor and motor coordination and depressive-
like and anxiety-like behaviour. The learning and memory-enhancing effects of apigenin
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could be attributed to the modulation of BDNF levels and expression of ERL1/1 and
CREB. Apigenin improved ERK/CREB/BDNF signalling which, in turn, contributed to
long-term potentiation and memory function. Apigenin also attenuated hippocampal
cholinergic deficit and improved acetylcholine levels, which are important for cholinergic
neurotransmission and required for memory function. In addition, the antidepressive and
antianxiolytic effects of apigenin are related to the inhibition of inflammatory markers (TNF-
α, IL-6, IL-1β, iNOS and COX-2) and NF-kB activation; the modulation of monoamine,
dopamine and serotonin levels; the normalization of HPA axis alterations; and downregu-
lation of the cAMP pathway. Apigenin also improved sensorimotor function and motor
coordination via attenuation of motor and dopaminergic degeneration; modulation of
dopamine, glutamate and γ-amino butyric acid (GABA); and inhibition of ROS production
and neuroinflammation.

These results show very good potential for exploring apigenin in clinical studies.
Further studies can employ clinical experiments in different populations using short- and
long-term trials to examine the effect of apigenin on cognitive and neurobehavioural
disorders. Furthermore, different delivery systems can also be examined to establish
therapeutic efficacy and minimize challenges associated with absorption, distribution and
metabolism. Also, different doses of apigenin can be further explored to ascertain the safety
levels around its use in treatment and its consumption through food substances.
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Abstract: Mercury (Hg) is a non-essential trace metal with unique neurochemical properties and
harmful effects on the central nervous system. In this study, we present a comprehensive review
and meta-analysis of peer-reviewed research encompassing five crucial clinical matrices: hair, whole
blood, plasma, red blood cells (RBCs), and urine. We assess the disparities in Hg levels between
gender- and age-matched neurotypical children (controls) and children diagnosed with autism spec-
trum disorder (ASD) (cases). After applying rigorous selection criteria, we incorporated a total of
60 case-control studies into our meta-analysis. These studies comprised 25 investigations of Hg levels
in hair (controls/cases: 1134/1361), 15 in whole blood (controls/cases: 1019/1345), 6 in plasma (con-
trols/cases: 224/263), 5 in RBCs (controls/cases: 215/293), and 9 in urine (controls/cases: 399/623).
This meta-analysis did not include the data of ASD children who received chelation therapy. Our
meta-analysis revealed no statistically significant differences in Hg levels in hair and urine between
ASD cases and controls. In whole blood, plasma, and RBCs, Hg levels were significantly higher
in ASD cases compared to their neurotypical counterparts. This indicates that ASD children could
exhibit reduced detoxification capacity for Hg and impaired mechanisms for Hg excretion from their
bodies. This underscores the detrimental role of Hg in ASD and underscores the critical importance of
monitoring Hg levels in ASD children, particularly in early childhood. These findings emphasize the
pressing need for global initiatives aimed at minimizing Hg exposure, thus highlighting the critical
intersection of human–environment interaction and neurodevelopment health.

Keywords: mercury (Hg); autism spectrum disorder (ASD); clinical matrices; comprehensive meta-analysis

1. Introduction

Autism spectrum disorder (ASD) is a disturbance associated with brain develop-
ment that causes problems in social interaction and communication, along with restricted
and/or repetitive behaviors or interests [1,2]. Terminologically, in 2022, the World Health
Organization (WHO) published the latest International Classification of Disease and
Related Problems-11th Revision (ICD-11), and the official name of autism is ASD [3].
Additionally, according to the European Autism Information System (EAIS), the official
name/observation ASD should be used [4].

The incidence of ASD has risen to such an extent that it has become known as the
“ASD epidemic” in scientific literature [5]. According to the latest WHO report, one in
every 100 children receives a diagnosis of ASD [6]. In the United States (US), one out of
every 36 children carries a confirmed ASD diagnosis [7]. Notably, ASD is considerably
more prevalent in boys, with a nearly fourfold higher incidence compared to girls [8,9].
Symptoms of ASD typically manifest within the first year of life, becoming most conspicu-
ous between 18 and 24 months [10,11]. Currently, no prenatal biomarker for ASD exists,
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and regrettably, ASD remains without a cure. However, with appropriate treatments, it is a
condition that can be effectively managed [12–14].

It is widely accepted that the etiology of ASD is multifactorial, with various contribut-
ing factors [15,16]. In addition to genetic, epigenetic, and certain environmental factors,
there is a growing suspicion that non-essential trace metals, particularly those with neu-
rotoxic properties, could play a crucial role in the etiology of ASD. It is known that Hg is
not the only toxic metal associated with ASD. Other metals related to ASD are aluminum
(Al), antimony (Sb), arsenic (As), beryllium (Be), cadmium (Cd), chromium (Cr), lead (Pb),
and nickel (Ni) [17,18]. Non-essential trace elements have no known function in the human
body and can be toxic even in low levels. Non-essential trace elements include heavy
metals and metalloids such as aluminum Al, As, Cd, Hg, Pb, Sb, tin (Sn), uranium (U), and
vanadium (V). Their toxicity is related to their ability to damage vital organs such as the
brain, kidney, liver, and others. Long-term exposure to non-essential elements can lead to
physical (e.g., chronic pain, changes in blood pressure, changes in blood composition, etc.)
and psychological (e.g., anxiety, passivity, etc.) disorders, neurodegenerative diseases, and
cancer [19]. Exposure to trace metals commences in utero, as the placental barrier often
proves insufficient in preventing their transport to the developing fetus [20]. Furthermore,
during the initial year of life, the immature blood–brain barrier leaves infants vulnerable to
the effects of non-essential trace metals [21,22]. As a result, trace metals can disrupt critical
biochemical processes essential for sustaining life [23]. However, the etiology of ASD is still
unclear. Environmental factors that could prenatally influence the onset of ASD include
immune abnormalities, zinc deficiency, abnormal melatonin synthesis, maternal diabetes,
stress, toxins, and parental age. Postnatal environmental factors include stress, immune
abnormalities, and toxic metal. There is extensive evidence of the connection between
many prenatal environmental factors and increased development of ASD [24].

The hazardous, non-essential/toxic trace metal Hg has garnered notable attention
due to its potent neurotoxic properties and specific neurobiochemistry within the human
body. According to its role in the body, Hg is classified as a non-essential toxic element,
while it is considered a heavy metal according to its physical and chemical properties [25].
The WHO classifies Hg as one of the 10 priority environmental pollutants [26]. Industrial
development has led to a nearly threefold increase in Hg emissions into the environment,
with atmospheric Hg levels rising by nearly 1.5% annually [27].

Hg exists in various forms, including elemental (Hg0), inorganic (Hg2+), and organic
(alkyl Hg) forms [28]. While elemental Hg can be ingested orally with minimal adverse
effects, it becomes toxic when chemically converted into the Hg2+ species [26,29]. Further
bioconversion into alkyl Hg results in a highly toxic compound with a strong affinity for
lipid-rich organs, specifically the brain [30]. Organic forms of Hg (such as methylmercury,
MeHg and ethylmercury, EtHg) are notably more toxic than inorganic forms [31,32].

Even at relatively low levels, Hg can be deleterious, primarily to young children [33,34].
Hg easily crosses both the placental and blood–brain barriers, accumulating in the central
nervous system, particularly in the cerebral cortex and cerebellum. MeHg and EtHg are
fat-soluble and have a high affinity for thiol groups, allowing them to easily penetrate
the placental and the blood–brain barrier [35]. Within cells, Hg binds to mitochondria,
the endoplasmic reticulum, and the Golgi apparatus, disrupting their essential biochem-
ical functions [36]. The buildup of Hg in brain structures results in neuroinflammation,
oxidative stress, and elevated levels of autoantibodies against brain proteins and other
components [37,38]. Chronic childhood Hg poisoning, known as acrodynia or “pink dis-
ease”, resulting from exposure to Hg chloride-containing tooth powder, underscores the
vulnerability of children to Hg compared to adults [39,40]. Moreover, offspring of acrodynia
survivors face a higher risk of developing ASD, with an earlier incidence rate of one in
22 compared to the general child population’s one in 160 [39].
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During pregnancy, the main sources of Hg exposure stem from maternal consumption
of seafood and the number of dental Hg amalgam fillings [41,42]. Seafood consumption
poses a common and potentially hazardous route, primarily due to the ingestion of MeHg
through contaminated fish, shellfish, and sea mammals [43]. According to the Food and
Drug Administration (FDA), pregnant women, women of childbearing age, and young
children are advised to avoid shark, swordfish, mackerel, and tilefish, due to their higher
Hg concentrations [44]. In contrast, Hg exposure from dental fillings remains relatively
constant over time, with dental Hg amalgam fillings largely being replaced by composite
fillings [31]. Airborne Hg exposure, primarily resulting from industrial waste, such as coal
burning and mining activities, cannot be ruled out [45,46].

Children have been exposed to Hg later in life through thimerosal, a compound
containing EtHg used in some vaccines, and anti-Rho(D) immune globulins for Rh-negative
mothers during pregnancy [47,48]. Thimerosal, with approximately 50% of its weight
consisting of Hg, has been used as a preservative in numerous vaccines since the 1930s to
prevent microbial growth [2,49]. Due to substantial public concern and controversy, the
FDA proposed the removal of thimerosal from vaccines between 1999 and 2001 [5]. The
CDC, following several multi-year studies, declared that “exposure to thimerosal during
pregnancy and in young children was not associated with an increased risk of ASD” [7].
It is worth noting that the incidence of ASD continued to rise even after the removal
or reduction of thimerosal from many vaccines in the USA, Europe, and certain Asian
countries [7]. Consequently, due to controversy, thimerosal was removed from anti-Rho(D)
immune globulins [48]. Presently, the scientific community places substantial focus on the
environmental Hg exposure of pregnant women, nursing mothers, and young children,
suggesting that environmental triggers could play a more important role in the Hg-ASD
link than vaccinations themselves. Kern et al.’s [50] review of 91 papers from 1999 to 2016
found that 74% of these papers identified environmental Hg exposure as a critical risk
factor for ASD.

Many animal studies have attempted to determine the neurological mechanisms link-
ing Hg and ASD. Experiments on monkeys show that Hg levels in the brain increase after
exposure, and that it is necessary to evaluate the effects of its presence on neurological
structures. After administering organic Hg to monkeys, the half-life of Hg in the brain
varied considerably in different brain regions. In the thalamus, Hg levels remained the
same, and in the pituitary gland, they doubled six months after exposure. Stereologic
and autometallographic studies showed that the persistence of Hg in the brain was ac-
companied by a significant increase in the number of microglia, while the number of
astrocytes decreased [51]. An active neuroinflammatory process was detected in the brains
of ASD patients, including a marked activation of microglia. Hg-mediated modulation
of cytokine production (IL-6, TNF-α) could have an adverse impact on ASD patients,
leading to autoimmune brain response, IgG accumulation in brain, and CD4+ T cell infiltra-
tion [21]. It is also shown that some cognitive and sensory deficits can be associated with
Tryptophan–Kynurenine metabolic system in the human brain [52].

On the other hand, the scientific community’s attention has shifted. The focus is not
only on how Hg enters the body, but also on the mechanisms of its removal. This shift is
particularly vital in the context of ASD children. Numerous investigations have indicated
that this sensitive population group exhibits diminished capabilities in eliminating Hg from
their bodies [21,49]. Several important factors have been identified, including heightened
levels of oxidized glutathione, the far-reaching consequences of oxidative stress, increased
use of oral antibiotics (especially during the first year, which disrupts the gut flora and
leads to Hg methylation), alterations in cell cycles, epigenetic modifications (such as histone
alterations, DNA methylation, and microRNA expression), as well as antagonistic effects on
essential trace elements and changes in the expression of metallothioneins, among others.
Further in-depth information on these detrimental effects of Hg on multiple biochemical
processes can be found in existing literature [48,53].
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The present systematic review and comprehensive meta-analysis aim to examine
potential aspects of Hg contributing to ASD in children, investigating Hg levels in different
biological materials (hair, whole blood, red blood cells, plasma, and urine), and shed light
on the role of Hg levels in the context of this neurodevelopmental condition. To achieve
that, we categorize, summarize, and discuss the published research papers on this topic.

2. Materials and Methods

The basis for this review and meta-analysis corresponds to the “Preferred Reporting
Items for Systematic Reviews and Meta-Analyzes: the PRISMA Statement” [54]. The
PRISMA statement was originally proposed in 2009. However, we have utilized the
updated PRISMA 2020 statement, which supersedes the 2009 version and incorporates new
reporting guidelines that reflect methodological advances in the identification, selection,
appraisal, and synthesis of studies.

The main objective of the PRISMA 2020 statement is to ensure that users of review
receive a transparent, comprehensive, and accurate account of the rationale for conducting
the review, the methodology used, and the findings obtained [55]. It also includes a
27-item checklist, an expanded checklist with detailed reporting recommendations for
each item, a PRISMA 2020 abstract checklist, and revised flowcharts for both original and
updated reviews.

Prior to commencing the present study, the authors prepared a research protocol.

2.1. Information Sources

First, we searched four databases: SCOPUS, PubMed, ScienceDirect, and Google
Scholar. However, as the publications in these databases overlap considerably, we concen-
trated on two of the most representative databases, SCOPUS and PubMed.

2.2. Search Strategy

Our major objective in this study was to identify all research that examined Hg levels
in hair, whole blood, plasma, RBCs, and urine of neurotypical children (controls) and ASD
children (cases). We conducted our literature search from 1985 to the present. To do this, we
used a comprehensive search strategy with mesh terms such as “autism”, “autistic”, “child”,
“preschool”, “school”, “heavy metals”, “toxic metals”, “mercury”, “Hg”, “hair”, “blood”,
“plasma”, “red blood cells”, and “urine”. The authors in our search utilized a total of
1462 ASD-related keywords, with 29 being used most frequently. A graphical representation
of these data, illustrating the network visualization and relationships between the observed
keywords, can be found in Figure 1A,B (created with VOSviewer 1.6.19 software, copyright
(c) 2009–2023 Nees Jan van Eck and Ludo Waltman Centre for Science and Technology
Studies of Leiden University, Leiden, The Netherlands).

Additionally, we meticulously reviewed the reference lists of retrieved results. Our
inclusion criteria encompassed original, case-control research studies that reported Hg
levels in the specified clinical matrices of both cases and controls. Exclusion criteria were
studies with adults, studies in which the diagnosis of ASD was not confirmed, studies
with cases and controls that were not from the same residence, studies with age- and sex-
mismatched cases and controls, studies that reported additional pathologies besides ASD,
non-English language studies, studies with insufficient numerical data, and studies with
extremely abnormal Hg values. Studies that refer to sufficient numerical data include results
where the mean ± standard deviation (SD) or standard error (SE), or some other numerical
value from which the SD can be calculated, is accurately reported. In fact, there are many
studies that report only the mean without the SD or SE, or studies in which only graphs
without numerical values are shown. In our meta-analysis, we set the criterion of using
only complete data, i.e., mean values and SDs, that represent sufficient numerical data for
us. Further exclusion factors are delineated in Figure 2. For the meta-analysis, we examined
original full-length research articles spanning the following timeframes: 1985–2023 for
hair (μg/g), 2004–2023 for whole blood (μg/L), 2011–2020 for plasma (μg/L), 2010–2017
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for RBCs (μg/L), and 2003–2020 for urine Hg levels (μg/g creatinine). These timeframes
were selected to ensure consistency in analytical procedures. Most authors employed
inductively coupled plasma mass spectrometry (ICP-MS) to determine Hg concentrations
in clinical matrices, while a smaller number utilized atomic absorption spectroscopy (AAS).
Two papers used inductively coupled plasma optical plasma spectrometry (ICP-OES),
one paper employed the Hg vaporimeter, and one paper utilized atomic fluorescence
spectroscopy (AFS).

Figure 1. (A) Comprehensive network visualization of 1462 ASD-related keywords in scholarly
literature; (B) focused network visualization of the 29 most commonly used ASD-related keywords
in scholarly literature.

2.3. Study Selection and Data Extraction

A graphical representation of the selection process can be found in Figure 2. Two
trained researchers (A.S. and S.P.) independently extracted the following data from each
study: author(s) and year of publication, country of origin, sample size (controls/cases), age
(controls/cases), gender (number of girls/boys in both groups), type of clinical matrices
studied, analytical technique used, and Hg level (mean ± SD, given for controls and
cases). In cases where results were reported as mean ± SEM, the SEM (standard error of
the mean) was converted to SD using the appropriate formula. Similarly, when authors
reported results as an interquartile range (IQR), we converted the IQR to SD [56]. Our
inclusion criteria only considered papers in which the results were reported as numerical
values. After the selection and data extraction process, the final list of studies was compiled
through consensus.
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Figure 2. PRISMA flow diagram illustrating the literature search, study identification, inclusion, and
exclusion Process. Abbreviation: n (number of studies).
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2.4. Quality Assessment

Quality assessment of the enrolled studies was carried out using the Newcastle–
Ottawa Scale (NOS) according to [57]. The quality assessment was based on the modified
criteria of [58]. The possible scores ranged from 1 to 7, and studies that scored 7 were
considered to be of the highest quality, with the lowest risk of bias. Studies that scored less
than 7 were considered to be of lower quality, with a higher risk of bias.

We implemented a quality assessment procedure to take account of defects in various
parameters. The deficiencies, such as a small sample size, the country of participants’
origin, absence of genderi nformation, age data, and method of analysis, were each scored
as one “pointless”. ICP-MS was deemed the most representative analytical methodology,
with all others receiving a score of one “unusable”. Finally, the number of points assigned
to each study for each clinical matrix was determined, and a mean value for the entire
meta-analysis was calculated. A detailed description of the quality assessment procedure
can be found.

2.5. Statistical Analysis

The heterogeneity of the selected studies was evaluated using the I-squared (I2) and the
associated Cochran’s Q test [59]. An I2 value exceeding 75% was considered indicative of a
high level of heterogeneity, and to account for the limited power of the Q test in detecting
heterogeneity, a significance level of p < 0.1 was used. In cases where heterogeneity
exceeded 70%, pooled estimates were analyzed using the random effects model. We opted
for the random effects model for all analyses, as we anticipated that the true effect sizes
would vary among studies. Additionally, τ-squared (τ2), as per [60], was used to assess
heterogeneity. A τ2 value close to 0 suggested low heterogeneity, while a τ2 value greater
than 1 indicated substantial heterogeneity [61].

Effect sizes were calculated as mean differences in Hg levels in clinical materials (hair,
whole blood, plasma, RBCs, and urine), and then converted to Hedges’s g, with adjustments
to account for the influence of small sample sizes [62]. We also calculated 95% confidence
intervals (CIs) to measure statistical variance in the pooled effect sizes. In addition, we
determined the relative weight of each study to gain insight into the contribution of each
study to the overall results of our meta-analysis. This was particularly important for
studies categorized as outliers or those with a high risk of bias. The standard residual
was also estimated to illustrate the unaccounted-for residual variability between studies.
Significance was set at a two-sided p value of less than 0.05.

Statistical analysis was performed using Comprehensive Meta-Analysis software
(v. 3.0, Biostat Inc., Frederick, MD, USA). Additionally, as previously mentioned, we em-
ployed VOSviewer 1.6.19 software to create network data maps for visualization and explo-
ration.

2.6. Publication Bias

Publication bias is the selective publication of research studies, where studies with
positive results are more likely to be published than studies with negative results. To avoid
publication bias in the selection of publications for this meta-analysis, we included all
studies that met the specified criteria, regardless of whether their outcome was positive
or negative. We also performed appropriate statistical tests to mathematically calculate
the publication bias. Although combining the data from independent studies using meta-
analytical methods can improve statistical precision, it cannot altogether prevent bias.
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To assess publication bias, we conducted Egger’s regression test [63] and Begg and
Mazumdar’s rank correlation test [64]. For each type of clinical matrix, publication bias was
visually represented using funnel plots. We also utilized the fail-safe method to determine
the number of missing studies required to potentially improve the quality of the meta-
analysis. However, these results are not presented in this context, given the fact that we did
not find a statistically significant publication bias in any of the materials we examined.

3. Results

3.1. Study Selection and Identification

The process of study selection and identification is summarized in Figure 2. Our
initial literature search across two primary databases, SCOPUS and PubMed, yielded a
total of 9091 records. After removing 596 duplicate records, we further refined the selection
based on title and abstract, resulting in the exclusion of 6525 records with irrelevant topics.
The remaining 1374 reports were subjected to a detailed search for retrieval. Of these,
1129 reports were not retrievable, and the remaining 245 reports underwent eligibility
screening. Within these 245 reports, 122 lacked the necessary data, 16 reports lacked control
data, 43 reports were reviews, and 2 reports contained extremely abnormal data, all of
which were excluded (total excluded, n = 183 reports). This process led to a final selection
of 62 studies for inclusion in the analysis. After a final check, two additional studies with
abnormal data were also excluded. Consequently, the meta-analysis included a total of
60 studies. The total number of control participants across all studies was 2991, while the
total number of cases was 3892. This resulted in a cumulative total of 6883 participants
considered for the meta-analysis.

3.2. Study Characteristics

Table 1 provides an overview of the characteristics of the studies incorporated into the
meta-analysis. For the analysis of Hg level in hair, a total of 25 studies were
included [65–89], encompassinf various geographic regions. Specifically, there were 7
studies conducted in Europe [70,71,74,76,80,85,88], 5 in North America [73,79,83,86,87], 9 in
Asia [65–67,72,77,78,81,82,84], and 4 in Africa [68,69,75,89]. The meta-analysis of Hg lev-
els in whole blood comprised 15 studies [78,86,90–103], with 2 conducted in Europe [85,92],
5 in North America [91,95,96,98,99], 1 in Central America [97], 5 in Asia [77,91,93,100,101],
and 2 in Africa [94,102]. For plasma Hg levels, 6 studies were incorporated into the meta-
analysis [62,92,103–106], with 2 originating from Europe [92,106], 2 from Asia [62,105], and 2
from Africa [103,104]. In the case of RBCs, the meta-analysis consisted of 5 studies [37,90,107–109],
of which 2 were from North America [90,108] and 3 from Asia [37,107,109]. Finally, the
analysis of urine Hg values included 9 studies [67,76,78,85,90,110–113], with 3 from Eu-
rope [76,85,111], 3 from North America [90,112,113], 2 from Asia [67,78], and 1 from
Africa [110]. These studies collectively contributed to our analysis of Hg levels in var-
ious clinical matrices and were drawn from diverse geographic regions worldwide.
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3.3. Quality Assessment

The quality scores assigned to the studies enrolled in the meta-analysis ranged from 1
to 7, with an average score of 6.17. The quality scores differed slightly across the different
clinical matrices. Specifically, the quality score for hair studies averaged 6.20, for whole
blood studies it was 6.47, for plasma studies it was 6.00, for RBCs studies it was 5.60, and
for urine studies it was 6.56 (Table 2). Scores of 5 and 6 were assigned to specific studies,
and they generally reflected certain criteria. A score of 5 was typically assigned when
participant gender and age were not represented, when numerical data (such as standard
deviation or error) were missing, and when ICP-MS was not used as the analytical method.
A score of 6 was assigned to studies that did not report either participant gender or age but
provided all necessary numerical data required for the meta-analysis. These scores did not
imply that the selected studies were of lower quality but rather indicated that they did not
fully meet the criteria established for this meta-analysis.

Table 2. Quality assessment of included studies in the meta-analysis: Hg levels in ASD cases (based
on the Newcastle–Ottawa Scale).

Study Selection Comparability Outcome Score

Represen-
tativeness

Size
Non

Respondents
Exposure

Determination
Design/

Analysis
Determination
of Outcome

Statist.
Test

For Sample
Type

Average

Hair

Al-Ayadhi, 2005 [65] a a b a a b a 5
Aljumaili et al., 2021 [66] a a b a a b a 5
Blaurock-Bush et al., 2011 [67] a a a a a b a 6
Mohamed et al., 2015 [68] a a a a a a a 7
Ouisselsat et al., 2023 [69] a a a a a a a 7
Skalny et al., 2017 [70] a a b a a a a 6
Tinkov et al., 2019 [71] a a b a a a a 6
Zhai et al., 2019 [72] a a a a a a a 7
Adams et al., 2006 [73] a a a a a a a 7
De Palma et al., 2012 [74] a a a a a a a 7
El-Baz et al., 2010 [75] a a a a a a a 7
Gil-Hernandez et al., 2020 [76] a a c a a b a 4
Ip et al., 2004 [77] a a a a a b a 6
Nabgha-e-Amen et al., 2020 [78] a a a a a b a 6
Wecker et al., 1985 [79] a a a a a b a 6
Skalny et al., 2017 [80] a a c a a a a 5
Hodgson et al., 2014 [81] a a a a a a a 7
Lakshmi and Geetha., 2011 [82] a a c a a a a 5
Holmes et al., 2003 [83] a a a a a a a 7
Fido and Al-Saad, 2005 [84] a a b a a a a 6
Albizzati et al., 2012 [85] a a a a a a a 7
Kern et al., 2007 [86] a a a a a a a 7
Adams et al., 2008 [87] a a a a a b a 6
Majewska et al., 2010 [88] a a a a a b a 6
Elsheshtawy et al., 2011 [89] a a a a a a a 7 6.20

Whole blood

Adams et al., 2013 [90] a a a a a a a 7
Li et al., 2018 [91] a a a a a b a 6
Macedoni-Lukšić et al., 2015 [92] a a a a a b a 6
Zhao et al., 2023 [93] a a a a a a a 7
Yassa, 2014 [94] a a a a a a a 7
Stamova et al., 2011 [95] a a a a a b a 6
Hertz-Picciotto et al., 2010 [96] a a b a a a a 6
Ip et al., 2004 [77] a a a a a a a 7
Rahbar et al., 2013 [97] a a a a a a a 7
Yau et al., 2014 [98] a a b a a a a 6
McKean et al., 2015 [99] a a a a a a a 7
Albizzati et al., 2012 [85] a a a a a a a 7
Mostafa and Al-Ayadhi, 2015 [100] a a a a a b a 6
Mostafa et al., 2016 [101] a a a a a b a 6
Mostafa and Refai., 2007 [102] a a a a a b a 6 6.47

Plasma

Chehbani et al., 2020 [103] a a a a a b a 6
Khaled et al., 2016 [104] a a a a a b a 6
Qin et al., 2018 [62] a a a a a b a 6
Zhang et al., 2022 [105] a a a a a a a 7
Vergani et al., 2011 [106] a a b a a a a 6
Macedoni-Lukšić et al., 2015 [92] a a a a b b a 5 6.00
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Table 2. Cont.

Study Selection Comparability Outcome Score

Represen-
tativeness

Size
Non

Respondents
Exposure

Determination
Design/

Analysis
Determination
of Outcome

Statist.
Test

For Sample
Type

Average

RBCs

El-Ansary et al., 2017 [37] a a b a a b a 5
Alabdali et al., 2014 [107] a a b a a b a 5
Geier et al., 2010 [108] a a a a a a a 7
Adams et al., 2013 [90] a a a a a a a 7
El-Ansary., 2016 [109] a a c a a b a 4 5.60

Urine

Adams et al., 2013 [90] a a a a a a a 7
Blaurock-Bush et al., 2011 [67] a a a a a a a 7
Metwally et al., 2015 [110] a a a a a a a 7
Wright et al., 2012 [111] a a a a a a a 7
Woods et al., 2010 [112] a a b a a a a 6
Bradstreet et al., 2003 [113] a a a a a a a 7
Albizzati et al., 2012 [85] a a a a a a a 7
Nabgha-e-Amen et al., 2020 [78] a a a a a a a 7
Gil-Hernandez et al., 2020 [76] a a c a a b a 4 6.56

6.17

Selection: (1) Sample representativeness: a, truly representative of the average of the target population; b, rea-
sonably representative of the average of the target population; c, selected group of users. (2) Sample size: a,
satisfactory; b, unsatisfactory. (3) Nonrespondents: a, the comparability between the characteristics of the respon-
dents and the nonrespondents is given, and the response rate is satisfactory; b, the response rate is not satisfactory,
or the comparability between the respondents and the nonrespondents is not satisfactory; c, no description of
response rate or the characteristics of the respondents and the nonrespondents. (4) Exposure determination: a,
validated measurement instrument; b, measurement instrument not validated, but the instrument is available
or described; c, no description of the measurement instrument. Comparability: (1) Comparability of subjects
based on design or analysis: a, the study controls for the main factor; b, the study controls for each additional
factor. Outcome: (1) Determination of outcome: a, independent blind assessment; b, record linkage; c, self-report.
(2) Statistical test: a, the statistical test used to analyze the data is clearly described and appropriate, and the
measure of association is stated, including confidence intervals and probability level (p-value); b, the statistical
test is inappropriate, not described, or incomplete. Calculation: a = 1; b = from the maximum 7, 1 is subtracted;
c = from the maximum 7, 2 is subtracted. Quality assessment was modified based on criteria as described by [58].

3.4. Meta-Analysis of Hg Levels in Hair

This portion of the analysis included 25 studies with a combined sample size of
1134 controls and 1361 cases. Among these studies, four reported age ranges for controls
and cases, one study did not specify age, and the remaining 20 studies had mean ages
of 5.64 years for controls and 5.72 years for cases. While four studies did not report the
gender of participants, two studies only reported gender for cases, and the other 19 studies
provided gender data for both controls and cases. Among these 19 studies, there were
481 girls and 623 boys in the control group, and 222 girls and 626 boys in the case group.
Analytical techniques for Hg concentration assessment varied, with 16 studies using ICP-
MS, eight studies using AAS, and one study using AFS.

The mean hair Hg levels showed considerable variation, ranging from 0.0077 ±
0.0039 μg/g [71] to 13.00 ± 12.68 μg/g [76] for controls, and from 0.127 ± 0.049 μg/g [70]
to 8.26 ± 10.57 μg/g [76] for ASD cases. Out of the 25 studies, nine reported significantly
higher Hg levels in the hair of cases compared to controls, eight reported significantly
lower levels in cases, and eight reported no significant differences between the two groups.

Pooling of the data using the random effects model revealed no significant differences
between cases and controls, with Hedges’s g = −0.432 (95% CI: −0.980, 0.115) and p = 0.122.
Individual study effect sizes ranged from −47.909 (95% CI: −54.806, −41.012, p = 0.000)
in the study by [88] to 1.548 (95% CI: 1.150, 1.945, p = 0.000) in the study by [83]. Relative
weights and standard residuals for each study are presented in Figure 3. Relative weights
ranged from 0.55% [88] to 4.36% [69], and standard residuals ranged from −12.65 [88]
to 8.85 [89]. High heterogeneity was observed with I2 = 97.170%, Q(24) = 847.959, and
τ2 = 1.772, p = 0.000, indicating substantial variation in the true mean effects between stud-
ies.
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Figure 3. Forest plot for random-effects meta-analysis: variations in hair Hg levels between control
children and cases. The size of each square corresponds to the study’s weight. The diamond symbol
represents the overall pooled effect size for the studies included in the meta-analysis. Abbreviation:
CI (Confidence Interval).

Publication bias was assessed using funnel plots, which indicated no significant
publication bias. Egger’s regression test showed t25 = 1.027, p = 0.157, and Begg and
Mazumdar rank correlation demonstrated Kendall’s τ = −0.120, p = 0.200 (Figure 4).

Figure 4. Funnel plots for publication bias assessment in studies comparing hair Hg levels in controls
and cases. The plot displays the effect size (Hedges’s g) of the studies against their precision (inverse
of SE). Observed studies are represented by circles, while the diamond symbol illustrates the overall
pooled effect size based on these observed studies. Egger’s regression test: t25 = 1.027; p = 0.157; Begg
and Mazumdar rank correlation: Kendall’s τ = −0.120, p = 0.200.
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In summary, we did not provide evidence of higher Hg levels in the hair of ASD
children compared to neurotypical children (p = 0.122).

3.5. Meta-Analysis of Hg Levels in Whole Blood

The meta-analysis of Hg levels in whole blood included 15 studies with a total sample
size of 1019 neurotypical children and 1345 ASD children (Table 1). In two studies, age
ranges were reported for both controls and cases; in one study, ages ranged from 2 to
5 years in both groups, and in another study, they ranged from 2.3 to 4.7 years for controls
and 2.6 to 4.0 years for cases. For the remaining 11 studies, the mean age was 7.15 years for
controls and 7.40 years for cases.

One study did not provide information about gender, while the other 14 studies
reported that the control group consisted of 219 girls and 806 boys, and the case group
included 315 girls and 896 boys. The analytical techniques used varied, with nine studies
using ICP-MS and six studies using AAS (Table 1).

The mean Hg levels in whole blood varied markedly. In controls, they ranged
from 0.00 ± 0.00 μg/L [94] to 19.53 ± 5.65 μg/L [77]. In cases, the levels ranged from
0.19 ± 0.62 μg/L [100] to 55.59 ± 52.56 μg/L [91]. Seven studies reported significantly
higher Hg levels in the whole blood of cases than in controls, three reported levels signifi-
cantly lower than in controls, while five studies did not find significant differences between
the two groups.

The forest plot of pooled data under the random effects model (Figure 5) showed
significant differences between cases and controls, with Hedges’s g = −0.813 (95% CI:
−1.307, −0.318) and p = 0.001. Effect sizes in individual studies ranged from −10.438 (95%
CI: −12.017, −8.859, p = 0.000) in the study by [94] to 0.532 (95% CI: 0.251, 0.813, p = 0.000)
in the study by [100]. The relative weights and standard residuals for each study are also
displayed in Figure 5. Relative weights ranged from 4.14% [94] to 7.07% [96], and standard
residuals ranged from −7.92 [94] to 1.46 [100]. High heterogeneity was observed, with
I2 = 96.654%, Q(14) = 418.462, and τ2 = 0.891, indicating substantial variation in the true
mean effects between studies.

Figure 5. Forest plot for random-effects meta-analysis of differences in whole blood Hg levels
between control children and cases. The size of each square corresponds to the study’s weight,
with the diamond symbol representing the pooled total effect size for the studies included in the
meta-analysis. Abbreviation: CI (Confidence Interval).
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Publication bias was assessed using funnel plots, which indicated no significant
publication bias. Egger’s regression test showed t15 = 1.621, p = 0.064, and Begg and
Mazumdar rank correlation demonstrated Kendall’s τ = −0.276, p = 0.076 (Figure 6).

Figure 6. Funnel plots for assessing publication bias in observed studies comparing Hg levels in
whole blood between control and case groups. The plot displays the effect size (Hedges’s g) of
individual studies against their precision (inverse of SE). Observed studies are represented by circles,
with the diamond symbol indicating the pooled overall effect size based on these observed studies.
Egger’s regression test: t15 = 1.621, p = 0.064; Begg and Mazumdar rank correlation: Kendall’s
τ = −0.276, p =0.076.

In conclusion, the pooled effect size indicates significantly higher Hg levels in whole
blood among ASD cases compared to controls (p = 0.001).

3.6. Meta-Analysis of Hg Levels in Plasma

The meta-analysis of plasma Hg levels in controls and cases involved six studies with
a combined sample size of 224 neurotypical children and 263 ASD children (Table 1). In
one study, the mean age was not reported for females and was 2–6 years for males. In the
remaining five studies, the mean age was 5.63 years for controls and 5.19 years for cases.
The control group consisted of 83 girls and 141 boys, while the case group included 55 girls
and 208 boys. Analytical techniques varied across studies, with one study using ICP-MS,
two studies using ICP-OES, and three studies using AAS.

The mean Hg levels in plasma ranged from 0.00 ± 0.00 μg/L [106] to 12.08± 4.05μg/L [104]
in the control group, and from 0.81 ± 0.22 μg/L [105] to 32.90 ± 16.40 μg/L [104] in the case
group. Three studies reported significantly higher plasma Hg levels in cases than in controls, one
study found significantly lower levels, and two studies reported no significant differences.

The forest plot of pooled data under the random-effects model is depicted in Figure 7.
The results show significant differences between the two groups, with Hedges’s g = −1.161
(95% CI: −2.247, −0.075) and p = 0.036. Effect sizes in individual studies ranged from
−2.878 (95% CI: −3.535, −2.222, p < 0.001) in the study by [62] to −0.090 (95% CI: −0.402,
2.222, p = 0.571) in the study by [103], indicating high heterogeneity in plasma. The relative
weights and standard residuals for each study are also shown in Figure 7. Relative weights
ranged from 16.28% [106] to 17.19% [103], and standard residuals ranged from −1.37 [62]
to 1.51 [104]. The heterogeneity was I2 = 96.256%, Q(5) = 133.562, and τ2 = 1.761, p = 0.000,
indicating high heterogeneity in reporting Hg levels in plasma.
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Figure 7. Forest plot for random-effects meta-analysis, depicting variations in plasma Hg levels
between control children and cases. The size of each square corresponds to the study’s weight, and
the diamond symbol represents the pooled total effect size based on the studies included in the
meta-analysis. Abbreviation: CI (Confidence Interval).

Funnel plots (Figure 8) were used to assess publication bias, which revealed no
significant publication bias. Egger’s regression test showed t5 = 1.655, p = 0.087, and Begg
and Mazumdar rank correlation demonstrated Kendall’s τ = −0.467, p = 0.094.

Figure 8. Funnel plots for evaluating publication bias in observed studies comparing Hg levels in the
plasma of control and case Groups. The figure illustrates the effect size (Hedges’s g) of the studies
against their precision (inverse of SE). Observed studies are represented by circles, and the diamond
symbol represents the pooled overall effect size based on the observed studies. Egger’s regression
test: t6 = 1.655, p = 0.087; Begg and Mazumdar rank correlation: Kendall’s τ = −0.467, p = 0.094.

In summary, the pooled effect size indicates significantly higher plasma Hg levels in
cases compared to controls (p = 0.036).

3.7. Meta-Analysis of Hg Levels in RBCs

The meta-analysis of Hg levels in RBCs involved five studies with a total sample size
of 215 neurotypical children and 293 ASD children (Table 1). The mean age in the studies
was 8.76 years for controls and 7.74 years for cases. Two studies did not report the gender
distribution [37,109], and one study [107] reported the control group’s gender, but had an
all-boys ASD group. The remaining control group consisted of 24 girls and 119 boys, while
the case group included 11 girls and 207 boys. Analytical techniques used included ICP-MS
in one study, AAS in three studies, and an Hg vaporimeter in one study.
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Mean Hg levels in RBCs varied from 1.30 ± 0.20 μg/L [90] to 10.70 ± 4.30 μg/L [108]
in the control group and from 1.20 ± 0.81 μg/L [90] to 22.20 ± 12.10 μg/L [108] in the case
group. Four studies reported significantly higher Hg levels in the RBCs of cases compared
to controls, while one study did not find significant differences.

The forest plot of pooled data under the random-effects model (Figure 9) indicated
significant differences between cases and controls, with Hedges’s g = −1.354 (95% CI:
−2.197, −0.512) and p = 0.002. Effect sizes in individual studies ranged from −2.736
(95% CI: −3.589, −1.882, p = 0.000) in the study by [37] to −0.099 (95% CI: −0.295, 0.493,
p = 0.622) in the study by [90], showing high heterogeneity among RBCs. The relative
weights and standard residuals for each study are also displayed in Figure 9. Relative
weights ranged from 20.74% [90] to 21.03% [108]. The heterogeneity was high, with
I2 = 93.974%, Q(4) = 66.383, and τ2 = 0.851, p = 0.000.

Figure 9. Forest plot for random-effects meta-analysis, depicting variations in Hg levels in red blood
cells (RBCs) between control children and cases. Each square’s size corresponds to the study’s weight,
and the diamond symbol represents the aggregated total effect size for the studies included in the
meta-analysis. Abbreviation: CI (Confidence Interval).

Publication bias was assessed using funnel plots, which revealed no significant publi-
cation bias. Egger’s regression test showed t5 = 0.901, p = 0.217, and Begg and Mazumdar
rank correlation demonstrated Kendall’s τ = −0.200, p = 0.312 (Figure 10).

Figure 10. Funnel plots for assessing publication bias in observed studies comparing Hg levels in red
blood cells (RBCs) of control and case groups. The figure illustrates the effect size (Hedges’s g) of
the studies relative to their precision (inverse of SE). Circles represent individual observed studies,
while the diamond symbol indicates the overall effect size derived from the observed studies. Egger’s
regression test: t5 = 0.901, p = 0.217; Begg and Mazumdar rank correlation: Kendall’s τ = −0.200,
p = 0.312.
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In conclusion, the pooled effect size indicates significantly higher levels of Hg in RBCs
in cases compared to controls (p = 0.002).

3.8. Meta-Analysis of Hg Levels in Urine

The meta-analysis of urine Hg levels included nine studies with a total sample size
of 399 neurotypical children and 623 ASD children (Table 1). In one study [78], the mean
age ranged from 3 to 11 years for both groups, while in another study [76], the age was
not specified. In the other seven studies, the mean age was 8.50 years for the controls and
7.53 years for the cases. The control group consisted of 76 girls and 233 boys, and the case
group included 95 girls and 474 boys. The [112] study used only boys in their experiment,
and the gender structure was not specified in the study by [76]. In eight studies, ICP-MS
was used, and one study used AAS as the analytical technique.

Mean Hg levels in urine ranged from 0.29 ± 0.53 μg/g creatinine [112] to 5.40 ± 5.07 μg/g
creatinine [111] in the control group and from 0.36 ± 0.62 μg/g creatinine [112] to
11.30 ± 6.63 μg/g creatinine [110] in the case group. Four studies reported significantly
higher urine Hg levels in cases compared to controls, one study reported significantly lower
levels, and four studies did not find significant differences.

The forest plot of pooled data under the random-effects model is depicted in Figure 11.
The results showed significant differences between the two groups, with Hedges’s g = −0.471
(95% CI: −0.981, 0.040) and p = 0.071. Effect sizes in individual studies ranged from −0.333
(95% CI: −0.813, 0.147, p = 0.173) in the study by [113] to −2.092 (95% CI: −2.521, −1.663,
p = 0.000) in the study by [110]. The relative weights and standard residuals for each
study are shown in Figure 11. Relative weights ranged from 10.26% [85] to 12.61% [78].
Heterogeneity was present, with I2 = 92.204%, Q(8) = 102.612, and τ2 = 0.557, indicating a
high degree of variation among studies. Compared with hair, whole blood, plasma, and
RBCs, the least heterogeneity was obtained for studies reporting Hg levels in urine.

Figure 11. Forest plot for random-effects meta-analysis. Variations in urine Hg levels between control
children and cases are presented. The size of each square corresponds to the study’s weight, while
the diamond symbol represents the combined overall effect size for the studies included in the
meta-analysis. Abbreviation: CI (Confidence Interval).

Funnel plots were used to assess publication bias (Figure 12), and they indicated no
significant publication bias in urine samples. Egger’s regression test showed t9 = 0.246,
p = 0.406, and Begg and Mazumdar rank correlation demonstrated Kendall’s τ = 0.000,
p = 0.500.
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Figure 12. Funnel plots for the evaluation of publication bias in the examined studies, comparing Hg
levels in the urine of control and case groups. The figure displays the effect size (Hedges’s g) of the
individual studies in relation to their precision (inverse of the standard error). Each circle represents
an observed study, and the diamond symbol represents the combined overall effect size calculated
based on the observed studies. Egger’s regression test: t9 = 0.246, p = 0.406; Begg and Mazumdar
rank correlation: Kendall’s τ = 0.000, p = 0.500.

In summary, the pooled effect size did not show significantly higher urine Hg levels
in cases compared to controls (p = 0.071).

Overall, this meta-analysis revealed significantly higher Hg values in cases compared
to controls in whole blood, plasma, and RBCs, with high heterogeneity observed. At the
same time, no significant differences were found in hair and urine Hg levels between
neurotypical children and ASD children. The analysis of publication bias for hair, blood,
plasma, RBCs, and urine did not indicate statistically significant publication bias in any of
the studies analyzed.

4. Discussion

In this section, we will not provide a detailed discussion of the studies enrolled in
the meta-analysis, as presented in Table 1. Studies that provided specific data, such as Hg
levels in clinical matrices of cases and controls sorted by gender, age, residence, and other
demographic characteristics, will be discussed in more detail.

4.1. Hg in Hair

Scalp hair is considered a suitable sample for assessing Hg levels in ASD children.
It is collected noninvasively, reflects long-term Hg exposure, and is a primary sample in
evaluating the link between Hg and ASD [78,114]. However, it is important to collect and
prepare hair samples appropriately to avoid potential contamination in the pre-analytical
phase. Scalp hair grows at a rate of approximately 1.5 cm per month, and can provide
insights into Hg exposure over time [115].
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The 1999–2000 NHANES study reported a mean hair Hg value of 0.12 μg/g for healthy
neurotypical USA children (n = 838, aged 1 to 5 years) [116]. Their study also highlighted
that hair can contain significantly higher Hg levels compared to blood, making it a suitable
sample for environmental science. When assessing hair from children with ASD, it is
essential to consider the age of the children, as younger children with ASD could exhibit
different Hg levels than older children with ASD. Majewska et al. [88] pointed out that
younger children with ASD had lower Hg levels than older children with ASD. This
discrepancy might be attributed to increased Hg exposure or variations in detoxification
mechanisms over time. Nevertheless, it is crucial to explore these variables’ dynamics as
children with ASD grow, depending on their Hg exposure and detoxification mechanisms.

Several studies reported significantly lower Hg levels in the hair of ASD cases com-
pared to controls, and the specifics can be found in Table 1. A meta-analysis conducted
by Saghazadeh and Rezaei [117], involving 1092 cases and 973 controls, did not establish
a link between Hg and ASD in hair samples. However, it reported substantially higher
hair Hg levels in ASD cases from developing countries compared to those from developed
countries. These findings of unaltered levels of Hg in hair were consistent with the data we
obtained in this meta-analysis of 1361 cases and 1134 controls. It is important to note that
studies with exceptionally high Hg levels in hair, such as the one by Fido and Al-Saad [84],
were excluded from our analysis.

To date, limited research has explored differences in hair Hg levels in ASD cases and
neurotypical controls based on demographic and clinical factors. Adams et al. [73] found
no significant differences in hair Hg levels for age groups 3–15 years and 3–6 years in
the USA. In contrast, Zhai et al. [72] found significantly different hair Hg levels between
female cases and female controls, but not between male cases and male controls in China.
Geier et al. [53] reported a significant correlation between increasing ASD severity and
higher hair Hg levels. However, research findings vary, as Lakshmi Priya and Geetha [82]
did not find a significant association between ASD symptom severity and hair Hg levels.
Fiore et al. [118] also reported no significant correlation between hair Hg levels and ASD
symptom severity in participants from Catania, Southern Italy. Given these discrepancies,
further extensive research is needed to better understand Hg levels in ASD children from
different countries, accounting for demographic and clinical factors.

4.2. Hg in Whole Blood and Its Parts (Plasma/Serum and RBCs)

Whole blood and RBCs provide long-term information on Hg levels, particularly
RBCs, which have a lifespan of approximately 120 days [31]. In contrast, plasma offers
only short-term information on Hg exposure, making it less crucial as a clinical matrix in
ASD [119]. Therefore, it is imperative to conduct comprehensive studies on the Hg status
in the blood, hair, and urine of pregnant women, lactating women, and young children to
gain in-depth insights into prenatal and early postnatal Hg exposure, potentially during
the period when ASD begins to develop [41]. For instance, a study by Ryu et al. [120] found
a connection between prenatal and early childhood Hg exposure and ASD behavior at age
5 by analyzing Hg levels from early pregnancy to age 3 in a longitudinal cohort study of
458 mother–child pairs.

Most studies have reported higher Hg values in whole blood, plasma, and RBCs of
ASD cases compared to matched controls, particularly in children older than 3 years. For
instance, Baj et al. [48] indicated higher serum Hg levels in 78.3% of children with ASD.
Geier et al. [108] reported a twofold increase in Hg levels in RBCs of cases compared to
gender- and age-matched controls. Nevertheless, a few studies have reported the opposite
pattern, where Hg levels were lower in cases compared to controls (Table 1).

In addition to quantifying total Hg and Hg-species in whole blood and its derivatives,
it is crucial to assess essential trace elements, primarily zinc (Zn) and selenium (Se). Some
studies have indicated a deficiency of these two elements in ASD cases with elevated Hg
profiles. For instance, Babaknejad et al. [121] reported a deficiency of Zn in ASD cases
compared to controls, while El-Ansary et al. [37] found protective effects of Se in ASD
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cases with high Hg levels in RBCs. It is interesting to note that an occupational study by
Chen et al. [122] with participants from an Hg-contaminated region reported significantly
higher serum and urine Hg levels in the exposed population. McDowell et al. [116] found
higher Hg levels in older women, women who consumed more seafood, and women of
different ethnicities.

While a previous meta-analysis by Jafari et al. [35] reported significantly lower Hg
levels in hair for cases compared to controls, they also reported higher Hg levels in whole
blood and RBCs for ASD cases compared to controls. Shiani et al. [123] reported significantly
higher Hg levels in 952 cases compared to 650 controls in their meta-analysis, which
included 13 studies. These results corroborate previous findings of higher Hg levels in ASD
cases compared to controls, but the current meta-analysis enrolled a substantially larger
number of participants and samples, including plasma samples.

4.3. Hg in Urine

Urine reflects the short-term status of Hg exposure, and is easily accessible without
invasive procedures [31,114,124]. Urine Hg excretion is particularly important in ASD
cases receiving chelation therapy, such as dimercaptosuccinic acid (DMSA), which has been
reported to lead to increased urine Hg excretion [113,125].

To date, three meta-analyses of urine Hg levels between cases and controls have
been conducted. Jafari et al. [35] included eight studies (491 cases and 417 controls)
and reported no significant differences in urine Hg levels between cases and controls.
They also found no significant difference in urine Hg levels between cases in the US and
certain other continents. Saghazadeh and Rezaei [117] similarly reported no significant
differences between ASD cases and controls in terms of urine Hg levels. In contrast, Shiani
et al. [122] conducted a meta-analysis involving seven studies (466 cases and 325 controls),
and reported that children with ASD had significantly lower urine Hg levels compared to
controls. Our meta-analysis observed no variations in urine Hg levels between cases and
controls, consistent with the findings of Jafari et al. [35] and Saghazadeh and Rezaei [117],
but on a larger sample.

As with hair and blood, there is limited knowledge about urine Hg levels in cases
and controls concerning age, gender, and other demographic factors. We identified only
one study that reported significantly lower urine Hg levels in children aged 2 to 4 years
(n = 16, median value of 0.77 μg/L) compared to age-matched controls (n = 16, median
value of 0.97 μg/L) [105]. In the comparison of urine Hg levels between children aged 4 to
6 years, no statistically significant differences in Hg levels were observed. This scarcity of
data highlights the need for additional research in this direction to better understand the
variations in urine Hg levels among different demographic groups.

In addition to measuring Hg levels in urine, several studies have focused on quantify-
ing porphyrins in urine (pre-coproporphyrin, coproporphyrin, etc.), which could serve as
specific biomarkers for Hg profiles in the body [38]. Porphyrins are heterocyclic compounds
required for heme formation, an essential component of hemoglobin [48]. Many studies
have reported significant increases in urine porphyrin levels in ASD cases compared to
controls [35,77,104,112,126–129]. For instance, Geier and Geier [125] noted that children
with ASD had 83% higher levels of urine coproporphyrin. Additionally, Geier et al. [130]
established a link between high urinary porphyrin levels and ASD severity, although
one study did not support this relationship [131]. This area warrants further research to
enhance our understanding of urinary Hg and porphyrin levels in relation to ASD. In our
meta-analysis, we did not include studies of children with ASD who underwent chelation
therapy and subsequently had urinary Hg levels measured, which is actually evidence of
the presence of a toxic metal in the organs.
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4.4. Are Hg Levels in the Teeth a Promising Link to ASD?

Compared to other biological materials, deciduous teeth are perhaps the most promis-
ing clinical matrices for examining the link between Hg and ASD. Unfortunately, only
two studies have been published on this topic to date, making it impossible to conduct
a meta-analysis [41,112]. For a comprehensive understanding of the role of Hg in ASD,
it is important to analyze tooth enamel rather than the entire tooth or dentin, because
deciduous teeth’s enamel begins to develop in utero, and concludes between 3 months
and 1 year after birth. This provides insight into prenatal and early postnatal exposure,
a critical period when ASD begins to develop [112]. Of note, the Hg levels recorded by
Adams et al. [41] for neurotypical children corresponded to levels found in brain tissue
from monkeys subjected to thimerosal, simulating the US childhood vaccination schedule,
emphasizing the importance of deciduous teeth, particularly enamel, in understanding
the role of Hg in ASD. Hg levels ranging from 260 to over 600 ng/g have been reported
in Minamata disease [41]. Further research in this area is needed to explore the potential
relationship between Hg exposure through deciduous teeth and ASD.

4.5. Advantages and Limitations of Study Design and Further Directions

Although systematic review can provide useful overviews of the current state of knowl-
edge on a topic if they are conducted with rigorous and clear methods, meta-analysis has
some limitations. Although strict criteria were used to appropriately include individuals
and exclude papers with very high levels of Hg in clinical matrices, the current study also
had some limitations. We were unable to separate participants by gender, age, or residence,
as the dimensionality required for reliable meta-analysis was lost. We have generalized
results despite differences in primary research, combined different types of studies, and the
summary effect may ignore important differences between studies, including the temporal
relationship between exposure and outcome. In addition, it is possible that older children
with ASD show more mouth behavior than healthy controls, leading to increased Hg levels
in their biological tissues. There are not enough studies for nails and teeth, disease severity,
and geographical region for ASD, and the measurement of total Hg but not inorganic or
organic forms separately.

One of the primary challenges in elucidating the etiological role of Hg in ASD is the
lack of access to the most authoritative clinical matrices to either confirm or refute a causal
relationship. This primarily pertains to the inability to collect brain tissue from children
with ASD due to the impracticality of surgical or biopsy procedures. The situation is further
complicated by the fact that the exact timing of ASD onset remains unknown; symptoms
emerge at varying ages.

For all the positive and negative aspects of the meta-analysis, we did our best to
strictly follow all the rules of the PRISMA protocol to generate an appropriate study design
to avoid heterogeneity, bias, and subjectivity. We are aware that this is not completely
possible, but we hope that with this study, we have contributed to a better understanding
of the relationship between Hg and ASD.

To address these limitations and further advance our understanding of the potential
link between Hg and ASD, future investigations should consider the following:

Comprehensive Hg Analysis: Future studies should focus on detailed Hg analysis,
including speciation and quantification (MeHg, EtHg, etc.), across a substantial number
of participants diagnosed with ASD. These studies should ensure that participants are
rigorously matched by factors such as gender, age, residence, diet, socio-economic status,
and other uniform characteristics with neurotypical children.

Non-Invasive Clinical Matrices: To overcome the challenges of collecting brain tissue,
researchers should emphasize non-invasive clinical matrices, such as hair, urine, and
deciduous teeth, or less invasive clinical matrices (whole blood).
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5. Conclusions

The present study provides valuable insights into Hg exposure and its potential link
to ASD. Patients with ASD had higher whole blood, RBCs, and plasma levels of Hg, while
Hg levels in hair and urine were unchanged. The findings support the hypothesis about the
role of Hg as an environmental factor in the etiology of ASD. In addition, the findings of this
study suggest that ASD children could have impaired excretory mechanisms for removing
Hg from their bodies. Our results suggest that we must consider alternative explanations,
such as different environmental exposure and increased deposition of Hg in other body
tissues, which could lead to decreased excretion. We stress the promising avenue of
investigating Hg levels in offering timely insights into MeHg and other Hg species’ impact
on ASD. Furthermore, we emphasize the urgency of international collaboration to curtail
environmental Hg exposure, amenable to non-invasive collection, offering timely insights
into MeHg and other Hg species’ impact on ASD, highlighting the vital role of human–
environment interaction in shaping future generations’ health. Through ongoing research
and exploration, we aspire to unveil the intricate connection, if any, between Hg exposure
and ASD.

Finally, we strongly recommended future research studies to examine the level of
Hg in other biological materials, such as nail and deciduous teeth enamel, amenable to
non-invasive collection, offering timely insights into MeHg and other Hg species’ impact
on ASD.

Additional research is needed to shed light on the reliable reduction of Hg levels in
the bodies of children with ASD and, thereby, reduce or prevent harmful effects.
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