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Preface

Translational research is required to uncover the underlying pathomechanisms of neurological
and psychiatric disorders, search for new biomarkers, and develop novel therapeutics. Complex
polygenic, multifactorial, and heterogeneous mechanisms have been elucidated using in vivo and in
vitro preclinical models. Advanced disease models have recently revealed an intriguing interaction
between sex/gender and aging in the pathogenesis and clinical manifestations of neuropsychiatric
disorders. Despite these advances, much work remains to be carried out to fully understand the
underlying pathology of these conditions and to develop treatments that can significantly improve
the lives of those who suffer from them. The current challenge in the field of neurological and
psychiatric disorders is the development of disease-modifying, effective treatments for these complex
and long-term debilitating conditions with a high malady burden.

The first edition of this research topic, entitled ‘Emerging Translational Research in Neurological
and Psychiatric Diseases: From In Vitro to In Vivo Models’, emphasizes the importance of
translational research in bridging the gap between basic research and clinical applications.
Furthermore, it provides a venue for researchers to share their findings and progress in translational
research in this field. This new collection includes 25 papers that provide insights into the most
recent advances in translational research as well as potential new treatment avenues. These papers
cover a wide range of topics, including developing novel preclinical models, using in vitro and in

vivo methods, and employing qualitative and quantitative research techniques.

Masaru Tanaka and Lydia Giménez-Llort
Editors
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1. Introduction

Revealing the underlying pathomechanisms of neurological and psychiatric disorders,
searching for new biomarkers, and developing novel therapeutics all require translational
research [1]. In vivo and in vitro models have been instrumental in elucidating complex
polygenic, multifactorial, and heterogeneous mechanisms [2]. In recent years, advanced
preclinical models have revealed the intriguing interaction of sex/gender and aging with
the pathogenesis and clinical manifestations of neuropsychiatric disorders [3-5]. However,
despite these advancements, a great deal of work remains to be undertaken to fully com-
prehend the underlying pathology of these conditions and to elaborate treatments that can
significantly improve the lives of those who suffer from them. The current challenge in the
field of neurological and psychiatric disorders is the development of disease-modifying,
effective treatments for these complex and long-lasting debilitating conditions with a high
burden of malady.

The first edition of this research topic, entitled ‘Emerging Translational Research in
Neurological and Psychiatric Diseases: From In Vitro to In Vivo Models’, reinforces the
notion that translational research plays a critical role in bridging the gap between basic
research and clinical applications. In addition, it provides a platform for investigators
to share their findings and advancements in translational research in this field. This new
collection gathers 25 papers offering insights into the latest advancements in translational
research and potential new avenues for treatments. These papers address a range of topics,
including engineering novel preclinical models, utilizing in vitro and in vivo methods, and
applying qualitative and quantitative research techniques.

2. Topic Articles
2.1. Neurological Disorders and Therapies
2.1.1. Pathophysiology

Understanding the pathogenesis of Alzheimer’s disease (AD) and elaborating suitable
preclinical models are vital for research [6,7]. Castillo-Mariqueo et al. devise a behavioral
observation method to study gait and exploratory activity during AD progression and aging,
adding motor symptoms to the classical cognitive perspective. Their work demonstrates
pronounced functional impairment in 3x Tg-AD mice, underscoring the model’s applica-
tive potential in AD research and therapeutic development [8]. This study contributes to
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our understanding of AD’s complexities and potential treatment avenues, aligning with
broader research in this field. Santana-Santana et al. investigate how the marble burying test
outcomes differ between male and female mice, shedding light on potential sex-dependent
variations in behavior relevant to aging and AD. The article also examines how these be-
haviors alter over time, providing insights into the progression of age- and AD-related
behavioral changes in mice [9]. Furthermore, Lam et al. identify age-related disturbances
in retinoids and sex hormones, particularly in the context of AD and Parkinson’s disease
(PD) [10]. The study suggests that these molecules may play a pivotal role in the pathogene-
sis and progression of these debilitating neurological conditions. These insights are valuable
for advancing our knowledge of the mechanisms implicated in AD and PD, and potentially
paving the way for innovative therapeutic approaches [11,12].

It is essential to burgeon novel therapeutic strategies for neurological and cardiovascu-
lar diseases, which are leading causes of morbidity and mortality worldwide. Additionally,
non-invasive brain stimulation techniques have become an integral aspect of clinical research
in mental illnesses [13,14]. Methods such as transcranial magnetic stimulation and transcra-
nial direct current stimulation have been employed in preclinical models to investigate their
potential therapeutic alternatives [15,16]. These techniques offer a unique opportunity to
modulate neural activity in specific brain regions, mimicking the neuromodulatory effects
observed in human studies [17-19]. Non-invasive brain stimulation in preclinical research
allows scientists to explore the neural circuitry involved in neuropsychiatric conditions, pro-
viding valuable insights into the underlying pathology. It also facilitates the assessment of
the safety and efficacy of these techniques before translating them into clinical applications.
Mitretic¢ et al. discuss the potential of stem-cell-based therapies, tissue engineering, and
regenerative medicine in augmenting effective treatments for these diseases, emphasizing
the criticality of interdisciplinary collaboration and the need for an enhanced understanding
of the underlying pathomechanisms of these conditions [20]. Revealing iron metabolism in
AD is crucial due to its significant role in brain function and the development of AD-related
pathologies. Peng et al. review the recent advances made regarding the relationship between
iron and AD, highlighting the importance of iron in the brain for treating AD and discussing
the potential of iron chelators as a therapeutic option for AD [21].

Three papers contribute to our knowledge regarding the pathophysiology of AD and
reveal potential therapeutic targets for the disease. Swingler et al. investigate the role of
microRNA-455 in AD-related memory deficits and anxiety, highlighting potential targets for
therapeutic intervention [22]. Sheikh et al. discuss the aggregation of cystatin C and its effect
on protease activities and the formation of amyloid beta fibrils, which are key pathogenesis
in AD [23]. In an in vitro model of AD, Fernandes et al. investigate the structural and
functional alterations in mitochondria-associated membranes and mitochondria, elucidating
the stress response mechanisms activated by the disease [24]. These papers collectively
provide valuable information regarding the underlying pathology of AD and its potential
therapeutic targets, which could aid in elaborating novel treatments for the condition.

2.1.2. Therapies

Other researchers investigate the therapeutic potential of mesenchymal stem cells
(MSCs) for neurological disorders. Fu et al. demonstrate that xenografts of human umbili-
cal MSCs promote recovery after chronic ischemic stroke in rats [25]. The article highlights
the potential of MSCs in treating chronic stroke and provides insights into the therapeutic
benefits of the xenotransplantation of MSCs. Kassab et al. discuss the role of systemic
filtering organs, particularly the kidney, in aging and rejuvenation from a systems biology
perspective. It provides an overview of the major systemic causes of aging and identifies
that the filtration system represents a clear gap in aging studies to date. The paper con-
cludes by exploring possible rejuvenation avenues that must be developed in the future in
order to address the complex topic of healthy aging [26]. These papers provide valuable
information regarding the therapeutic potential of MSCs in treating neurological diseases
and regenerative medicine, which can aid in elaborating novel therapeutic strategies for
these conditions.
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The common pathogenesis of neurodegeneration, such as inflammation, amyloid
pathology, and microglial dysfunction, are explored in three articles that focus on AD
and PD, two prevalent neurodegenerative diseases [27]. The articles also propose novel
treatments that target these mechanisms. One article by Hsu et al. evaluates the effect of
peiminine on PD by regulating the PINK1/Parkin pathway [28]. Another article by Tsay et al.
assesses the effect of EK100 and Antrodin C on AD by enhancing microglial and perivascular
clearance pathways [29]. A third article by Kuo et al. examines the role of neuron-microglia
contacts in controlling PGE2 tolerance and the effect of inhibiting TLR4-mediated de novo
protein synthesis on neurodegeneration [30]. Bezerra et al. also investigate the possible
role of SerpinAl in modulating transthyretin proteolysis, a process involved in various
neurodegenerative conditions, including AD and familial amyloid polyneuropathy [31].
These papers offer valuable insights into the potential application of new therapeutic
strategies for neurodegenerative diseases, which can facilitate the development of effective
treatments for these conditions.

Bellon et al. investigate the optimization of neurite tracing and the further characteriza-
tion of neuronal-like cells derived from human monocytes [32]. Revealing the mechanisms
underlying the differentiation of human circulating monocytes into neuronal-like cells is cru-
cial for identifying novel therapeutic strategies for neurological conditions, as demonstrated
by this study. The findings contribute to the growing body of research on the potential
of circulating monocytes in human blood to be transdifferentiated into neuronal-like cells,
which could lead to improved outcomes for patients with neurological disorders.

Transcranial alternating current stimulation (tACS) possesses the potential to reduce
the symptoms of AD and improve cognitive function in those who have it. Jeong et al.
examine the effects of tACS on long-term potentiation in transgenic mice with AD, which
is an important process for learning and memory. The advantage of using tACS in this
experiment is that its current can oscillate at a specific frequency and interact with the
intrinsic oscillation of the brain [33]. The article highlights the applicative potential of tACS
in treating AD-related cognitive impairments, which can aid in the development of novel
therapeutic strategies for AD.

Chen et al. investigate the potential role of microRNA-124 in treating retinal va-
soregression in neurodegenerative diseases [34]. The study highlights the significance of
microRNA-124 in regulating microglial polarization, which is implicated in the retinal
vasoregression. The findings contribute to our understanding of the potential of microRNA-
124 in treating retinal vasoregression, aiding in searching novel therapeutic strategies for
these conditions. The article also sheds light on the potential of microglial polarization as a
therapeutic target for neurodegenerative diseases.

In a preclinical model of multiple sclerosis (MS), Quirant-Sanchez et al. investigate the
application of a combined therapy approach involving vitamin D3-tolerogenic dendritic
cells and interferon-f3. The findings suggest that in a preclinical model, this combined treat-
ment can effectively reduce the severity of MS symptoms and improve overall outcomes,
potentially leading to the development of novel MS therapeutic strategies [35]. Thus, it
is evident that the application of preclinical models has been instrumental in propelling
research on MS forward [36]. These investigations have not only deepened our understand-
ing of the intricate pathophysiology implicated in the condition, but have also been key in
identifying potential biomarkers [37,38]. Furthermore, they have opened new avenues for
the discovery of innovative treatments. Thus, the importance of these studies in shaping
the future of MS research is undeniable.

2.2. Pain

Pain and mental illnesses are inextricably linked, and their comorbidities have been
extensively investigated [39—41]. Neurogenic inflammation and neuropeptides have been
implicated in the pathophysiology of various human diseases, including primary headache
disorders and peripheral neuropathy [42]. These articles investigate the potential function
of neurogenic inflammation and neuropeptides in the etiology and progression of a wide
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range of illnesses, from primary headache disorders to peripheral neuropathy [43]. The
article by Spekker et al. discusses the impact of neurogenic inflammation on migraines and
reviews recent findings from translational research on the subject [44]. A better understand-
ing of its role in migraines could have crucial implications for the clinical management
of this neurological condition. Employing the Class | HDAC inhibitor MS-275, Lamoine
et al. provide vital new information regarding the benefits of using this drug to prevent
chronic neuropathy and enhance antiproliferative activity in mice. The study utilizes a
systems biology approach, combining transcriptomic and bioinformatic analyses to identify
the molecular mechanisms underlying the effects of MS-275 [45]. The article highlights
the potential of systems biology approaches in identifying novel therapeutic targets and
elaborating more effective treatments for various diseases.

2.3. Psychiatric Disorders, Pathophysiology, Biomarkers, Therapies

Five articles highlight the significance of revealing the pathomechanisms underlying
various conditions, including autism, sleep disturbance, and metabolic dysfunction, in
searching novel therapeutic strategies. The role of the cerebellum and striatum in autism
spectrum disorders is investigated by Thabault et al. This study is valuable because it
investigates the neurological aspects of autism spectrum disorder, elucidates potential patho-
physiology, and provides a link between clinical observations and preclinical models [46].
Lee et al. investigate the influence of maternal immune activation on male rat offspring.
In this study, maternal immune activation is associated with social behavior deficits and
hypomyelination, a condition characterized by reduced myelin in the brain, according to the
study. These effects are observed in male rat offspring, and the investigation suggests that
they have an autism-like microbiota profile [47]. Abuaish et al. investigate the potential of
fecal transplant and Bifidobacterium treatments in modulating gut Clostridium bacteria and
rescuing social impairment and hippocampal brain-derived neurotrophic factor expression
in a rodent model of autism [48]. The article highlights the significance of understanding
the role of gut microbiota dysbiosis in the pathophysiology of autism and the potential of
microbiota-based interventions in scrutinizing for novel therapeutic strategies for autism.

Sleep is an integral component of energy metabolism, and sleep disturbance has been
implicated in a wide range of metabolic disorders. Wei et al. provide a balanced overview
of adipokines and their role in sleep physiology and sleep disorders with reference to recent
human and preclinical studies [49]. The significance of this review lies in its contribution to
our understanding of the relationship among sleep disturbance, metabolic dysfunction, and
adipokines, which can aid in identifying novel therapeutic strategies for metabolic disorders.
Garro-Martinez et al. investigate the potential role of mTOR expression in the infralimbic
cortex in the pathophysiology of depression [50]. The article highlights the significance of
revealing the mechanisms underlying mTOR expression in the infralimbic cortex and its
potential role in the development of depressive-like behaviors. The findings contribute to
the growing body of research on the potential of mTOR as a therapeutic target for depression,
potentially leading to improved outcomes for individuals with this condition.

3. Conclusions and Future Directions

In vitro- and in vivo-based preclinical research serves as a vital complement to hu-
man studies in understanding neuropsychiatric conditions [51-55]. These models enable
researchers to simulate disease conditions and explore the intricate connections among
genetics, environment, pharmacology, and comorbidities [56-60]. This study provides in-
sights into the pathomechanisms underlying neurological and mental disorders, facilitates
the testing of potential treatments, and evaluates therapeutic efficacy [61]. For instance,
studies in translational research illustrate how preclinical models aid in translating findings
from the lab to clinical applications. Preclinical models have also been crucial in explor-
ing neurological and psychiatric conditions like AD and autism spectrum disorder, and
shedding light on their underlying factors. Furthermore, this approach contributes to the
elaboration of personalized medicine by enabling the application of tailored treatments for
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mental disorders. It also enables the investigation of structural changes in the brain and the
advancement of imaging techniques for clinical use. Preclinical research plays an essential
role in unraveling the complexities of brain illnesses, offering valuable insights and testing
treatments, and paving the way for innovative therapeutics and personalized medicine.

In this multidisciplinary endeavor, neuropharmacological research plays a pivotal
role. The study of how drugs and compounds interact with the intricate neural networks
present in preclinical models provides a deeper understanding of potential therapeutic
agents [62-69]. These insights guide the future development of pharmacological inter-
ventions that can target the specific molecular pathways implicated in neuropsychiatric
conditions. Researchers are exploring novel drug candidates, investigating their safety pro-
files, and assessing their efficacy in mitigating the symptoms of conditions like depression
and anxiety, and the cognitive impairments associated with mental illnesses [70]. Advanced
imaging techniques have significantly aided research on neuropsychiatric disorders. Ac-
cording to neuroimaging research, these conditions are associated with changes in brain
structure and function [71-78]. These imaging methods can aid in the diagnosis of rare
clinical cases and shed light on the underlying pathophysiology of the disorders being
studied. Furthermore, neuropharmacological approach dovetails with the broader scope
of preclinical investigations, facilitating a comprehensive exploration of the genetic, envi-
ronmental, and pharmacological factors that influence mental health [66,68]. It expedites
the identification of potential drug targets and the elaboration of personalized medicine
approaches tailored to individuals” unique neurochemical profiles [79-81].

In summary, we aspire for this subject to act as a pivotal platform for the exploration of
the neural foundations of neurological and psychiatric disorders. Researchers are attempting
to open novel avenues for specialized treatment plans and preventive measures, with the
ultimate aim of improving the quality of life of those suffering from these complex mental
health conditions, by examining behavioral neuroscience from this perspective [82-88]. As
our comprehension of the pathomechanisms underlying neuropsychiatry advances, we
draw nearer to a future in which individuals can receive personalized care and support to
conquer these challenging conditions.

This comprehensive and interdisciplinary approach is echoed in various academic
works and research endeavors, and serves as a valuable resource when hoping to compre-
hend the etiological factors of neuropsychiatric disorders, search for biomarkers, achieve
precision, and master their personalized treatment. Additionally, discussions regarding the
quest for neuropsychiatric biomarkers and endophenotypes are ongoing in academia [89].
Philosophical perspectives on neuropsychiatric topics are also being investigated, thereby
contributing to our philosophical comprehension of psychology [90]. Research in this area
often involves the examination of abstracts and articles, as exemplified by the National
Institutes of Health’s database. This collective effort and interdisciplinary collaboration
underscore the importance of advancing our understanding of mental illnesses and work-
ing towards enhanced treatments and support for affected individuals. We wish to express
our heartfelt appreciation to all of those who contributed to this collection, and extend
our gratitude to the reviewers for their invaluable feedback. We eagerly await future
contributions that will further propel the fields of neurology and psychiatry, recognizing
that your unwavering support and dedication play an indispensable role in shaping the
progress and potential of this rapidly expanding domain.
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Abstract: Gait impairments in Alzheimer’s disease (AD) result from structural and functional
deficiencies that generate limitations in the performance of activities and restrictions in individual’s
biopsychosocial participation. In a translational way, we have used the conceptual framework
proposed by the International Classification of Disability and Health Functioning (ICF) to classify and
describe the functioning and disability on gait and exploratory activity in the 3xTg-AD animal model.
We developed a behavioral observation method that allows us to differentiate qualitative parameters
of psychomotor performance in animals’ gait, similar to the behavioral patterns observed in humans.
The functional psychomotor evaluation allows measuring various dimensions of gait and exploratory
activity at different stages of disease progression in dichotomy with aging. We included male 3xTg-
AD mice and their non-transgenic counterpart (NTg) of 6, 12, and 16 months of age (n = 45). Here,
we present the preliminary results. The 3xTg-AD mice show more significant functional impairment
in gait and exploratory activity quantitative variables. The presence of movement limitations and
muscle weakness mark the functional decline related to the disease severity stages that intensify with
increasing age. Motor performance in 3xTg-AD is accompanied by a series of bizarre behaviors that
interfere with the trajectory, which allows us to infer poor neurological control. Additionally, signs
of physical frailty accompany the functional deterioration of these animals. The use of the ICF as a
conceptual framework allows the functional status to be described, facilitating its interpretation and
application in the rehabilitation of people with AD.

Keywords: translational neuroscience; Alzheimer’s disease; gait; muscular strength; muscular
endurance; motor performance; frailty

1. Introduction

Alzheimer’s disease (AD) is a complex and heterogeneous disorder with a distinctive
clinical presentation [1,2]. Motor and sensory alterations are less frequent but can appear
in intermediate and advanced stages of the disease [3]. Although the main signs of AD are
cognitive impairment, motor disorders such as bradykinesia, rigidity, and gait disorders
are of great importance due to the functional limitations and impairments that they cause
during the disease [4,5]. In this sense, different studies have demonstrated different motor
alterations during the last two decades, particularly those associated with walking and
displacement [6-8]. Thus, gait disorders in AD patients have been described within the
group of alterations known as “frontal gait” and, in particular, gait in AD has been defined
as “cautious gait” [5,9,10]. This gait pattern is similar to that observed in the aging; there
may be decrease in speed, stride length, and postural stability of gait, which is manifested
more specifically in static and dynamic balance, with a widened base of support [11].
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Walking (gait) constitutes a biological activity of the human being [12]. It is complex,
learned, and begins with a voluntary act [13]. The mode of locomotion allows one to
move in a vertical position without getting too tired; it is composed of three essential
phases: support, double support, and swing [14,15]. It implies a dynamic balance, which is
constantly lost and recovered each time a step is performed [9,14]. While the bodyweight
is supported by one leg, the other swings forward to initiate the next support, this action
being fluid, rhythmic, and automatically synchronized [16]. Achieving these steps makes it
possible to reveal different patterns that can determine the healthy state of gait related to
the physical health of individuals and, in particular, of older adults [17,18].

The gait pattern evolves through the different age groups; thus, in adolescents and
young adults, it is characterized by a certain lightness, flexibility, and agility, qualities
that will diminish as the years go by [19-21]. During aging, these parameters will change
around 60 and 70 years of age, where the physiological process causes these changes to
be progressive and of varying severity depending on the degree of alterations that may
occur [20]. Even healthy people over the age of 65 show some decrease in performance
on the timed walking test (TUG) and the 6 min walk test (6MWT) [22]. Lower mobility
test scores in healthy older people have been shown to predict the development of future
mobility limitations [23].

On the other hand, muscle strength is relevant to gait performance [24]. Some studies
have reported that older adults” decreased muscle strength and gait speed were associated
with poor cognition [25,26]. From the early stages of AD, a decrease in muscle strength can
be observed even without loss of muscle mass, progressing to a loss of both in moderate
stages [27]. However, optimal muscle strength and physical activity level are related to
better performance on cognitive and learning tests in older adults with mild to moderate
cognitive impairment who live in nursing homes [28].

In this way, sarcopenia is closely related to dementia, particularly AD, although few
studies examine its prevalence and associated factors [27]. Poor muscle function, but not
reduced lean muscle mass, drives the association of sarcopenia with cognitive decline in
old age [29]. It needs more scientific studies that identify the characteristics of the muscular
structure related to sarcopenia that identifies older adults at risk of cognitive deterioration
in old age.

The present work proposes translating the International Classification of Functioning,
Disability, and Health (ICF) conceptual framework to classify and describe functioning
and disability in gait and exploratory activity in the 3xTg-AD animal model and its non-
transgenic counterpart with normal aging. We developed a method for the characterization
of qualitative parameters of psychomotor performance in the gait pattern of male mice in
different stages of the disease: initial (6 months), advanced beta (12 months), and advanced
beta-tau (16 months) in contrast with normal aging.

2. Materials and Methods
2.1. Animals

A total of forty-five homozygous 3xTg-AD (n = 24) and non-transgenic (NTg, n = 21)
male mice of 6, 12, and 16 months of age in a C57BL/6] background (the transfer is ac-
complished by at least ten cycles of backcrossing) established at the Universitat Autonoma
de Barcelona [30] were used in this study. As previously described, the 3xTg-AD mice
harboring transgenes were genetically modified at the University of California at Irvine [31].
Animals were kept in groups of 3-4 mice per cage (Macrolon, 35 x 35 x 25 cm, Panlab, SL,
Barcelona, Spain) filled with 5 cm of clean wood cuttings (Ecopure, Chips6, Date Sand, UK;
uniform cross-sectional wood granules with 2.8-1.0 mm chip size) and nesting materials
(Kleenex, Art: 08834060, 21 cm x 20 cm, White). In all cases, standard home cages covered
with a metal grid allow the perception of olfactory and auditory stimuli from the rest of
the colony. All animals were kept under standard laboratory conditions of food and water
ad libitum, 20 + 2 °C, 12 h light cycle: dark with lights on at 8:00 a.m. and 50-60% relative
humidity. All procedures followed the Spanish legislation on “Protection of animals used
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Functional Capacity

Disability

for experimental and other scientific purposes” and the EU Directive (2010/63/EU) on this
issue. The study complies with the ARRIVE guidelines developed by the NC3Rs and aims
to reduce the number of animals used [32].

2.2. Experimental Design

A cross-sectional study of 3 cohorts of 3xTg-AD and NTg male mice was carried out.
The first group includes 6-month-old mice of both genotypes, the second 12-month-old,
and the third 16-month-old. They were temporarily included in two batches once they
reached the required study age. The evaluation of the gait and exploratory activity was
carried out in two evaluation days.

2.3. Behavioral Assessments

In a translational approach, the concepts proposed in ICF have been incorporated to
describe the factors that functionally intervene in spontaneous gait and exploratory activity.
They have been included in this way: “Activity” describes the shape and quantification of
the trajectory and displacement. “Body function” allows a description of the movement
pattern and the associated muscular strength. Finally, “Body structure” gives an account of
the state in which muscle groups and joints are found in our object of study. In the same
way, we have included the concepts that account for disability in the assessed tasks, activity
limitations, and body function and structure impairments (see Figure 1).

Behavioral evaluations were performed in two days. During the morning, the tests
were carried out; 30 min were allowed to habituate the animals in the test room before
starting the measurements. The evaluation protocol, bizarre behaviors registered, the
physical phenotype of frailty, gait, and Rotarod used here were recently reported in Castillo-
Mariqueo and Gimenez-Llort’s 2021 study [33]. In addition, videos of gait were taken for
posterior analysis with KINOVEA version 0.8.15 free software.

Decreased activity = ------- -»‘ Disability ‘
Decreased exploratory activity Change in societal/environmental role
Activity limitation - -‘ Functional limitation ‘

Reduced stride length and speed, Prolonged chair rise and stair climb time

increased latency of rearing
Impairment ---—---- -»‘ Impairment ‘
Reduced muscular strength and muscular Reduced velocity of movement, force and
endurance subsequent power output
Muscle pathology == *‘ Muscle pathology ‘

Loss of motor units
Change in fiber type
Muscle fiber atrophy

Reduced neuromuscular activation
Slowed rate of activation

Decrease in the number of nuclei
Homogeneous fibers
Presence of adipose cells

Figure 1. Proposal for a translational approach to motor dysfunction at different levels of disability. The figure details in a

translational way the equivalence of the disability process from the 3xTg-AD mouse model to that expected in humans. It

exemplifies a pathway that links pathology, deficiencies, functional limitations, and disability of gait and exploration (it has
been adapted from Verbrugge and Jette, 1994; and Reid and Fielding, 2012) [34,35].
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2.3.1. Activity—Spontaneous Gait and Exploration

The animals” spontaneous gait and exploratory activity were filmed from the un-
dersurface [36] and a transverse plane that allowed the registration of the legs and the
trajectory during the test. Each mouse was placed in a 27.5 x 9.5 cm transparent housing
box, and gait performance was directly observed for one minute. The KINOVEA 8.15
software was used for the quantification and analysis of the gait trajectory.

Quantitative parameters of gait. The quantitative parameters were measured accord-
ing to the Castillo-Mariqueo and Gimenez-Llort protocol 2021 [33]. Stride length, stride
length variability, speed, and acceleration were included according to the methodology
used by Wang et al. in 2017 [35].

Exploration includes body position, limb support, and moving around. The ex-
ploratory activity was recorded in parallel with spontaneous walking through video analy-
sis and direct observation. For one minute, freezing or movement latency, the latency of
the first rearing, the number of scans on the horizontal axis (corners visited), and scans on
a vertical axis were recorded, taking the hind legs (rearings) as reference. During the tests,
defecation and urination were also recorded.

2.3.2. Body Function—Mobility and Muscular Strength

General mobility includes bizarre gait patterns and freezing. For the discrimination of
bizarre gait patterns, the trajectory of each route was differentiated according to the form of
displacement, being able to be straight, scanning, backward, or circling. Then, the postural
pattern of movement is differentiated: normal, shrink, or stretching. The movements were
visually analyzed through videos and direct observation in the trajectory of the forward
displacement in the transverse and sagittal planes. Their presence or absence was recorded
for each one [33].

Forelimb grip strength-Hanger Test. The muscular strength of the forelimbs was
measured using the hanger test, which is based on the tendency of a mouse to grasp
a bar when suspended by the tail instinctively. We have replicated the methodology
previously described by our group [33,37]. Muscle strength was measured on the second
day of assessment.

2.3.3. Body Structure—Joints and Muscles

Joints to detect kyphosis. Kyphosis was differentiated into postural and structural,
according to the analysis method established in previous research by our laboratory [38].
Kyphosis was measured during spontaneous locomotion and later confirmed in postural
inspection (using joints and thoracic-lumbar structure as references), assigning a score
from 0 to 2, where 0 indicates the absence of kyphosis, 1 indicates postural kyphosis, and
2 indicates structural kyphosis.

Muscles related to sarcopenia. The animals were sacrificed and subjected to necropsy
to extract the quadriceps and triceps surae muscles, and these were subsequently weighed
individually. The “sarcopenia index” [38] was applied to obtain an indirect measure of
sarcopenia as a biological marker of frailty.

Morphological features of quadriceps and triceps surae. A qualitative evaluation
of longitudinal sections of quadriceps and triceps surae stained with hematoxylin and
eosin (H&E) was performed. The muscles were dissected and fixed with 10% formalin
(Sigma-Aldrich, Saint Louis, MO, USA) for 24 h and then embedded in paraffin for further
analysis. Histological sections of 5 um were stained with a standard H&E method. We
used the standard protocol of the Laboratory of Microscopic Anatomy of the Department of
Morphological Sciences of the Autonomous University of Barcelona. Sections were first re-
hydrated by passing them through decreasing concentrations of Ethanol (EtOH) (absolute
and 96°). The sections were incubated in Harris hematoxylin (Merck-Sigma Aldrich,
St. Louis, MO, USA) for 10 min and washed under running water for 5 min. Because
Mayer Hematoxylin was used, a de-differentiation process was needed, with consecutively
Et-OH-HCI (2.5%) and ammonia water (0.3%) solutions. After this, sections were incubated
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in Eosin Y (Merck-Sigma Aldrich) for 5 min, previously acidified with glacial acetic acid.
Finally, the sections were dehydrated by passing them through increasing concentrations
of EtOH and cleared in Xylol, and mounted with DPX (PanReac AppliChem, ITW reagents,
IL, USA). The images were taken with 20X objective on a Nikon Eclipse 80i microscope,
using a digital camera running on the control software ACT-1 (ver2.70) (Nikon Instruments
Inc., Tokyo, JP). Characteristics of location and number of nuclei, fibers” distribution and
shape, and adipose tissue were identified. A generic description and qualifier of intensity
were given with five levels represented by (+) for the quantity graduation.

2.3.4. Motor Performance, Geotaxis, and Hindlimb Clasping

Additionally, motor learning, physical endurance, geotaxis, and hindlimb clasping
were evaluated to show functional impairment related to gait and exploratory activity,
according to the protocol developed by Castillo-Mariqueo, Giménez-Llort, 2021 [33]. In the
present work, we have adopted the protocol combining learning and physical endurance.
Thus, motor learning was evaluated in the constant mode and physical resistance in
the accelerated mode of the Rotarod apparatus (Ugo basile®, Mouse RotaRod NG). We
recorded the number of trials until reaching over 60 s of permanence on the wheel to
measure learning. Subsequently, after 2 min of rest, we carried out a single trial in the
accelerated mode to assess physical endurance.

2.4. Statistics

Statistical analyses were performed using SPSS 15.0 software. Results were expressed
as the mean = standard error of the mean (SEM) for each task and trial. Gait, exploration,
forelimb grip strength, muscles (sarcopenia), motor performance, and geotaxis were ana-
lyzed with one-way ANOVA followed by post hoc Bonferroni. In addition, the effect of
Genotype (G) and Age (A) in each of them was identified. The incidence and prevalence
of body position, general mobility, kyphosis, and hindlimb clasping were analyzed using
the Chi-square test or Fisher’s exact test. Additionally, the relationship between activity
limitation and restriction (presence/absence) with stride length, speed, and cadence was
analyzed with the Point-Biserial Correlation. The horizontal and vertical exploration and
rearing latency were also related to the deficiencies in exploration and gait. The survival
curve of both genotypes was analyzed with the Kaplan-Meier test (Lon Rank). In all cases,
statistical significance was considered at p < 0.05.

3. Results

As shown in Table 1, we have proposed a translational approach for the interpretation
of the results obtained in the measurement of gait and exploratory activity in the 3xTg-AD
mouse model in different stages of the disease and its counterpart NTg of normal aging,
according to the analysis and quantification parameters proposed by ICE.

3.1. Activity—Spontaneous Gait and Exploration

As illustrated in Figure 2, the quantitative parameters of gait show a tendency to
increase stride length in 3xTg-AD animals, although they are not statistically significant
(stride length (cm), NTg 6 months: 4.48 + 0.20; NTg 12 months: 4.24 + 0.95; NTg 16 months:
3.84 & 0.68; 3xTg-AD 6 months: 1.92 & 0.57; 3xTg-AD 12 months: 3.09 & 0.54; 3xTg-
AD 16 months: 4.36 + 0.48). Although the differences between NTg ages do not reach
statistical significance, we can observe that stride length remains relatively stable as age
increases, while in the 3xTg-AD group they present differences between the ages since the
95% confidence interval does not overlap between 6 months, 12 months, and 16 months
(6 months, 1.92 + 0.57 = 2, 49; 12 months, 3.09 — 0.57 = 2.55; 16 months, 3.84 + 0.68 = 4.52).
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Table 1. Proposal to functional analysis to mimics capacities and disabilities from humans in mice.

Translational Functioning and Disability (ICF)

ACTIVITY—Spontaneous gait
and exploration

NTg Mice

3xTg-AD Mice

1. Quantitative parameters of gait
(see Figure 2)

A. Stride length (cm)

B. Variability of stride length (%)
C. Speed (cm/s)

D. Cadence (steps/s)

2. Body position (see Figure 2)

E. Maintaining body position (%)
3. Limb support

F. Base of support (cm)

4. Exploration (see Figure 2)

G. Vertical and horizontal activity (n
episodes)

H. Rearing latency (s)

BODY FUNCTION—mobility
and forelimb grip strength

6 Months

1. General mobility (see Figure 3)
A. Bizarre gait patterns (incidence %)
B. Freezing (movement latency)

C. Freezing—latency movement

2. Forelimb grip strength—Hanger
Test (see Figure 3)

D. Muscular Strength (latency)

E. Muscular Strength (distance)

E. Muscular Endurance (latency)

G. Muscular Endurance (distance)

BODY STRUCTURE—joints
and muscles

1. Joints (see Figure 4)

A. Kyphosis prevalence

2. Muscles (see Figure 4)

B. Quadriceps muscle (weight)

C. Triceps surae muscle (weight)
D. Sarcopenia index—Quadriceps
E. Sarcopenia index—Triceps
Qualifiers:

96-100%—not specified in the ICF for humans.

12 Months

MODERATE

MODERATE
MODERATE
MODERATE

MODERATE
MODERATE

MODERATE

Generic qualifier with the negative scale used to indicate the extent or magnitude of an impairment: NO impairment, (absent)
0-4%; MILD impairment, (slight, low) 5-24%; MODERATE impairment, (medium, fair) 25-49%; SEVERE impairment, (high,
extreme), 50-95%; COMPLETE impairment, (total) 96-100%—not specified in the ICF for humans. Activity limitations are
difficulties an individual may have in executing activities: NO difficulty, (absent) 0—4%; MILD difficulty, (slight, low) 5-24%;
MODERATE difficulty, (medium, fair) 25-49%; SEVERE difficulty, (high, extreme) 50-95%; COMPLETE difficulty, (total)

MODERATE

SEVERE

MODERATE
MODERATE
MODERATE
MODERATE
SEVERE
SEVERE
SEVERE MODERATE

MODERATE

16 Months 6 Months 12 Months 16 Months
MODERATE MODERATE
SEVERE MODERATE MODERATE
SEVERE SEVERE MODERATE
SEVERE MODERATE MODERATE

SEVERE

SEVERE MODERATE
MODERATE
MODERATE
MODERATE

MODERATE MODERATE

SEVERE MODERATE
SEVERE SEVERE
SEVERE SEVERE

MODERATE
MODERATE
MODERATE
MODERATE

Table 1. Outcome measures that link gait and exploration impairments and limitations of male 3xTg-AD mice at different stages of AD
progression to describe the functioning, according to qualifiers of ICE. Translational Functioning and Disability: ACTIVITY—spontaneous
gait and exploration, BODY FUNCTION—mobility and forelimb grip strength, and BODY STRUCTURE—joints and muscles. Absent
(green), Mild (light green), Moderate (yellow), Severe (orange), and Complete (red).
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1. Quantitative parameters of gait
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Figure 2. ACTIVITY: Spontaneous gait and exploration. 1. Quantitative parameters of gait; (A) stride length; (B) variability
of stride length; (C) speed; (D) cadence. 3. Limb support. (F) Base of support. 4. Exploration. (G) Vertical and horizontal
activity; (H) rearing latency. The results are expressed as mean 4= SEM. Statistics: one-way ANOVA, Age effect expressed as (A);
Genotype effect expressed as (G); Genotype and Age interaction effect is expressed as (GxA); * p < 0.05, ** p < 0.01 followed by
post hoc Bonferroni test, * p < 0.05, ** p < 0.01,; differences between NTg vs. 3xTg-AD are expressed (g): # p <0.05, # p <0.01;
differences between age in each group are expressed (a): & p < 0.05, %% p < 0.01. 2. Body position; (E) maintaining body position,
the results are expressed as prevalence (%). Statistics: Fisher’s exact test, Age effect are expressed as (A), Genotype effect are
expressed as (G); Genotype and Age interaction effect are expressed as (GxA); * p < 0.05 and ** p < 0.01.
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On the other hand, in the exploration, the animals differed in their performance in
horizontal and vertical activity (horizontal activity, ANOVA F (5,39) = 2.427, p = 0.050;
vertical activity, ANOVA F (5,39) = 4.600, p = 0.002). Genotype differences can be noted
in each age group with a lower performance in 3xTg-AD animals (horizontal activity:
genotype differences, ANOVA F (1.44) = 9.548, p = 0.004). Likewise, we can evidence a
genotype difference in vertical activity (vertical activity: genotype differences, ANOVA
F (1,44) = 7.209, p = 0.011) and a significant difference at the age of 6 months between
the groups (Bonferroni post hoc: NTg 6 months vs. 3xTg-AD 6 months, p = 0.004). It
was also detected that at an older age in the normal aging group there is a decrease in
vertical activity (Bonferroni post hoc: NTg 6 months vs. NTg 16 months, p = 0.012). In
turn, the genotype per age interaction (GxA) show the decrease in the vertical exploratory
activity of NTg versus 3xTg-AD (GxA, ANOVA, F (2.43) = 8.519, p = 0.001), see Figure 2G
(Exploration). The first time they perform vertical activity (latency of the first rearing) is
also determined by the genotype and its interaction with age, highlighting that the group
of 3xTg-AD mice at the age of 6 months did not register this activity and that in the animals
NTg latency increases with age progressively (rearing latency, ANOVA F (5,39) = 4120,
p = 0.004 post hoc NTg 6 months vs. 3xTg-AD 6 months, p = 0.010; NTg 6 months vs.
NTg 16 months, p = 0.026. Genotype differences, ANOVA F (1.44) = 6.443, p = 0.015, GXA
differences, F (2.43) = 8330 p = 0.001) (see Figure 2H (Eploration)).

3.2. Body Function—Mobility and Muscular Strength

As shown in Figure 3, the animals exhibited a series of bizarre behaviors called
bizarre gait patterns. There is a high incidence of circling in 3xTg-AD animals (3xTg-AD:
6 months 3/6 (50%), 12 months 4/7 (57%), 16 months 3/11 (27%)); despite not being
statistically significant, its presence can modify performance in gait and exploration, which
are described later (see Figure 5). It can also be seen that this behavior appears in NTg
animals with a lower incidence (NTg: 6 months 1/6 (17%), 16 months 2/9 (22%)). Stretching
(NTg: 6 months 1/6 (17%), 12 months 2/6 (33%)—3xTg-AD: 6 months 3/6 (50%), 16 months
1/11 (9%)], and in animals 3xTg-AD 16 months backward movement [1/11 (17%)), see
Figure 3A. In addition, a high incidence of freezing was evidenced in which as age increases,
its incidence decreases regardless of genotype (Fisher exact test, p = 0.032). It is also
appreciated that the time invested in this behavior varies with age, being less at 16 months
without genotype effect and higher at 12 months (ANOVA, F (2.43) = 3.473 p = 0.041), (see
Figure 3B,C).

Additionally, we have detected a correlation between the incidence of these behav-
iors and performance in gait and exploration, as shown in Figure 4. Thus, the vari-
ables stride length, speed, and cadence negatively correlate with the presence of bizarre
gait pattern, causing limitation in the displacement and trajectory of gait (stride length,
Pearson: 12 = (—) 0.294 p < 0.0001. Speed, Pearson: r2 = (—) 0.462 p < 0.0001. Cadence,
Pearson: 12 = (—) 0.348 p < 0.0001), see Figure 4A—C. While the horizontal and vertical
exploration variables correlate negatively, rearing latency does so positively with the
presence of bizarre gait pattern, which leads to a restriction to the performance of these
behaviors (horizontal activity, Pearson 12 = (—) 0.156 p = 0.008. Vertical activity, Pearson:
r2 = (—) 0.118 p = 0.021. Rearing latency, Pearson: r2 = 0.098 p = 0.035) (see Figure 4D-F).
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Figure 3. BODY FUNCTION—mobility and forelimb grip strength. 1. General mobility. (A) Bizarre gait patterns;
(B) incidence of freezing; the results are expressed as incidence (%). Statistics: Fisher’s exact test, Age effect is expressed as
(A); Genotype effect is expressed as (G); Genotype and Age interaction effect is expressed as (GxA); * p < 0.05, ** p < 0.01 and
*** p < 0.001. (C) Freezing—latency movement; 2. Forelimb grip strength—Hanger Test. (D) Muscular Strength—latency;
(E) Muscular Strength—distance; (F) Muscular Endurance—latency; (G) Muscular Endurance—distance, the results are
expressed as mean & SEM. Statistics: one-way ANOVA, Age effect expressed as (A); Genotype effect expressed as (G);
Genotype and Age interaction effect is expressed as (GxA). * p < 0.05, ** p < 0.01, and *** p < 0.001 followed by post hoc
Bonferroni test, * p < 0.05, ** p < 0.01, and *** p < 0.001; differences between NTg vs. 3xTg-AD are expressed (g): # p < 0.05;
differences between age in NTg group are expressed (a

): &&&

19

p <0.001, and for 3xTg-AD group are expressed (a): # p < 0.01.



Biomedicines 2021, 9, 1365

A. Stride length limitations

6 )
g oo “
A L] o
ga o nn.

o

< (]
3 T )
82 -
5 [
2] a -

0 L] =]

Absent  Present Absent  Present Absent  Present
6 months 12 months 16 months
C. Cadence limitations
R2=.0.348 .0001

5 o

4
83 o
o
®
32

o o
1 nq B- . 3 D‘
0 L] o L
Absent  Present Absent  Present Absent  Present
6 months 12 months 16 months

D. Horizontal activity restriction

15|

R?= - 0.156 p=0.008

o
E10]
§ o
g
o5 o
o a
-
1]
0| - L]
Absent  Present
6 months

o
o
o
a
L}
i
ML
z o
Absent  Present Absent  Present
12 months 16 months

F. Latency of rearing restriction

B. Speed limitations

30

N
o

-
o

Speed (cm/s)

B

-

. s L
0f & =0 ==
Absent Present Absent  Present
6 months 12 months

E. Vertical activity restriction

8|
6
€
1)
I
éz UD o
o Om
L} LA
0 v ? up

Absent

Present
16 months

R?=-0.118 p=0.021

Absent  Present

Absent  Present
6 th 12

16 months

R2=0.098 p=0.035
60 ] ([ ] - .
z o
>
240
g o
_g .
20
3 o
= o
g s ©
Absent  Present Absent  Present Absent  Present
6 months 12 months 16 months

Figure 4. Activity limitations and restrictions of gait and exploration. (A) Stride length limitations, (B) speed limitations,
(C) cadence limitations, (D) horizontal activity restriction, (E) vertical activity restriction, and (F) latency of rearing restriction.
The NTg group has been represented by a white square and the 3xTg-AD group by a black square. According to the groups
under study, it has been defined as “present/absent” the behaviors reported as bizarre gait patterns of each animal. The
Point-Biserial Correlation has been applied to determine the relationship between the activity limitation and restriction
(presence/absence) with stride length, speed, and cadence and exploration. Statistics: Pearson r2.
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Muscle strength, on the other hand, was lower in older animals, and the transgenic
genotype at each age was lower than the non-transgenic genotype at all ages (Muscular
strength—latency: ANOVA F (5.39) = 4.385, p = 0.003; Age effect, F (2,43) = 5.702, p = 0.007;
Genotype effect, F (1,44) = 5.895, p = 0.020). In the same way, it can be noted that the distance
reached when the animals move on the bar was less as age increases and the 3xTg-AD mice
were lower than the NTg at 6 and 12 months; otherwise, it occurs at 16 months, but it is not
statistically significant (muscular strength—distance: ANOVA F (5.39) = 9.847, p < 0.0001
post hoc NTg 6 months vs. NTg 16 months p < 0.0001; 3xTg-AD 6 months vs. 3xTg-AD
16 months p = 0.023; 3xTg-AD 6 months vs 3xTg-AD 12 months p = 0.050; NTg 12 months
vs 3xTg-AD 12 months, p = 0.045). Age effect F (2.43) = 17,320 p < 0.0001. Genotype effect
F (1.44) = 11.786 p = 0.001], see Figure 3D,E. At the same time, the muscular endurance
and the distance of displacement was determined by the age of the animals decreasing as
the age increases in both groups (muscular endurance—latency: ANOVA F (5,39) = 3.296,
p = 0.014. Age effect, F (2,43) = 8,154, p = 0.001. Muscular endurance—distance ANOVA F
(5.39) =3.394, p = 0.012. Age effect, F (2.43) = 7.295, p = 0.002) (see Figure 3F,G).

3.3. Body Structure—Joints and Muscles

The most prevalent postural alteration was kyphosis, with structural kyphosis having
the highest incidence in older animals regardless of genotype (Kyphosis prevalence, age
differences Fisher exact test p = 0.025. Structural kyphosis incidence, age differences
p = 0.016), see Figure 5A. This joint deformation was observed at the thoracolumbar level.

At the level of muscle tissue, the quadriceps presented variations in weight, with a
tendency to decrease with age determined by the GxA interaction and a significant decrease
between the 3xTg-AD of 6 months versus 16 months (quadriceps, ANOVA F (5, 39) = 4.314,
p = 0.003, post hoc 3xTg-AD 6 months vs. 3xTg-AD 16 months, p = 0.001. Age effect,
F (2.43) =5.715, p = 0.007. GxA effect, F (2.43) = 4.291, p = 0.021), see Figure 5B. In the
triceps surae muscle, no statistically significant differences were detected; it can be seen
that all groups, regardless of age, seem to maintain a similar weight range, see Figure 5C.
When applying the indirect measure of sarcopenia, the differences in quadriceps were
maintained (sarcopenia Index—quadriceps: ANOVA F (5.39) = 6.705, p < 0.0001, post hoc
3xTg-AD 6 months vs. 3xTg-AD 16 months p < 0.0001. Age effect F (2.43) = 9.693, p < 0.0001.
GxA effect F (2.43) = 5.623, p = 0.007), see Figure 5D. On the other hand, when applying this
method in the triceps sural muscle, it was possible to distinguish a GxXA interaction effect,
where at six months, the 3xTg-AD mice present greater weight and decrease with age, and
in the case of the NTg, this is maintained stable (sarcopenia index—triceps surae: ANOVA
F (5.39) = 4.160 p = 0.004 post hoc 3xTg-AD 6 months vs. 3xTg-AD 16 months p = 0.010.
NTg 16 months vs. 3xTg-AD 16 months p = 0.020. GxA effect, F (2.43) = 3.917 p = 0.028), see
Figure 5E. Figure 6A,B illustrates the morphological characteristics of the quadriceps and
triceps surae. Table 2 depicts the characteristics of the nucleus, fiber, and adipose tissue.
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Figure 5. BODY STRUCTURE—joints and muscles. 1. Joints (Kyphosis), (A) kyphosis prevalence, the results are expressed
as prevalence (%). Statistics: Fisher’s exact test; Age effect is expressed as (A); * p < 0.05. 2. Muscles (sarcopenia),
(B) quadriceps muscle (weight); (C) triceps surae muscle (weight); (D) Sarcopenia index Quadriceps; (E) Sarcopenia index
Triceps surae; the results are expressed as mean =+ SEM. Statistics: one-way ANOVA, Age effect expressed as (A); Genotype
effect expressed as (G); Genotype and Age interaction effect is expressed as (GxA). * p < 0.05, ** p < 0.01 and *** p < 0.001
followed by post-hoc Bonferroni test, * p < 0.05, ** p < 0.01, and *** p < 0.001; differences between NTg vs. 3xTg-AD are
expressed (g): * p < 0.05, differences between age in 3xTg-AD group are expressed (a): ¥ p < 0.01, % p < 0.01, and %% p < 0.001.
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Figure 6. Morphological comparison of muscle tissue in normal and AD-pathological aging. Hematoxylin and eosin-stained

horizontal sections of muscles. (A) Quadriceps muscle; (B) Triceps surae muscle. Representative H&E images of longitudinal
skeletal muscle at 6, 12, and 16 months. Symbols indicate the morphological features, as follows: *—Peripheral nuclei;
o—homogeneous fibre distribution; h—heterogeneous fibre distribution; I—intramuscular adipose tissue; P—peripheral

adipose tissue. The images were taken with 20x objective lens; the scale bar represents 0.32 um.

3.4. Motor Performance, Geotaxis, and Hindlimb Clasping

Motor performance and physical performance were evaluated in other tests to obtain
a complete analysis regarding the psychomotor abilities of the animals. Thus, motor
learning showed an interaction between the genotype factor and GxA, highlighting a low
performance in 3xTg-AD mice at the age of 6 and 16 months, concerning NTg of the same
age (motor learning—latency, ANOVA F (5.39) = 4.995, p = 0.001 post hoc NTg 16 months
vs. 3xTg-AD 16 months p = 0.026. Genotype effect F (1.44) = 7.926, p = 0.008. GxA effect F
(2, 43) = 5.184, p = 0.010. Trials, ANOVA F (5.39) = 3.953, p = 0.005. GxA F (2.43) = 5.454
p = 0.008) (see Figure 7A,B). On the other hand, physical endurance decreases with age,
with 16 months being the age with the lowest performance in both groups, but statistically
significant in 3xTg-AD mice (physical endurance, ANOVA F (5.39) = 5.189, p = 0.001 post
hoc 3xTg-AD 6 months vs. 3xTg-AD 16 months, p = 0.017; 3xTg-AD 12 months vs. 3xTg-AD
16 months, p = 0.006. Age effect F (2.43) = 11.371, p < 0.0001) (see Figure 7C). Geotaxis
did not show statistical differences, but a higher latency was observed in the 3xTg-AD
animals in each age group (see Figure 7D). In the hindlimb clasping test, we can highlight
a significant genotype difference in each age group with a higher incidence of this sign in
each 3xTg-AD mice (hindlimb clasping, Fisher exact test genotype = 0.007).
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Table 2. Morphological features of quadriceps and triceps surae.

Morphological Features NTg Mice SxTg-AD Mice

6 Months 12 Months 16 Months 6Months [ 12Months | 16 Months
Quadriceps
1. Nuclei
Localization Periphe.ral Periphe.ral Periphe.ral Periphe.ral Periphe.ral Periphe;al

nuclei nuclei nuclei nuclei nuclei nuclei
Number ++++ +++ +++ +++ ++ +++
2. Fiber
Distribution Homogeneous Homogeneous Homogeneous Homogeneous | Homogeneous | Homogeneous
3. Adipose tissue
Localization " Intramuscular Intramuscular =~ Intramuscular Intramuscular | Intramuscular Peripheral
Number + + ++ ++ + +
Triceps surae
1. Nuclei
Localization Periphe.ral Periphe.ral Periphe.ral Periphe.ral Periphe.ral Periphe.ral
nuclei nuclei nuclei nuclei nuclei nuclei

Number ++++ +++ +++ +++ ++ +++
2. Fiber
Distribution Homogeneous Homogeneous Heterogeneous Homogeneous | Homogeneous | Heterogeneous
3. Adipose tissue
Localization Intramuscular Peripheral Intramuscular | Intramuscular
Number + ++++ + -+
Qualifier: 75-100% = ++++. 50-75% = +++. 25-50% = ++. 0-25% = +. 0% = -.

Table 2. Morphological features of muscle tissue in 3xTg-AD mice: localization and number of nuclei, fiber distribution, and a number and
localization adipose cells. Qualitative quantifier of intensity: (-) equal to 0%, (+) less to 25%, (++) less to 50%, (+++) less to 75%, and (++++)

less or 100%.

3.5. Survival, Kyphosis, and Frailty Phenotype

Table 3 shows the survival, kyphosis, and frailty phenotype of the mice at each age. For
the survival analysis, we carried out a follow-up from birth to 16-month-old of the siblings
of the sample included in the study, completing a cohort of 115 male mice. Logarithmic
rank analysis shows a significant genotype-dependent difference (x2 (1) = 8.045, p = 0.005)
with a higher mortality rate in NTg mice in each age group (6-month-old: NTg 3/15 (20%);
3xTg-AD 0/15. 12-month-old: NTg 3/9 (33.3%), 3xTg-AD 1/16 (6.2%). 16-month-old:
NTg 20/40 (50%); 3xTg-AD 5/24 (20.8%)). On the other hand, kyphosis presents a higher
incidence as age increases without genotype differences (Kyphosis (absent/present) Fisher
exact test (5) = 10.694, p = 0.052. Age, Fisher exact test (2) = 10.070, p = 0.007. Genotype
n.s). While postural kyphosis does not show significant differences between the groups,
structural kyphosis increases its prevalence at ages 12 and 16 months of age independent of
genotype (Fisher’s exact test (2) = 8.464, p = 0.016). In the same way, body weight increases
with age in the case of 3xTg-AD mice and is maintained in the case of NTg, with 3xTg-AD
mice presenting greater weight at 16-month-old compared to NTg 16-month-old (Age effect,
ANOVA F (2.44) = 3.268, p = 0.049; 3xTg-AD 12-month-old vs 16-month-old, p = 0.037).
Regarding the physical conditions that the animals presented, no differences were detected
in alopecia. On the other hand, body position, palpebral closure, and tail position were
characteristics only present in the older group of 3xTg-AD mice (body position, Fisher’s
exact test (5) = 10.036, p = 0.006. Age effect, Fisher’s exact test (2), p = 0.046. Palpebral
closure, Fisher’s exact test (5) = 7.493, p = 0.037. Tail position, Fisher’s exact test (5) =
7.493, p = 0.037). Piloerection was present in NTg mice at the age of 12 and 16 months in
contrast to 3xTg-AD mice, where its presentation appears at 16 months (Fisher (5) = 10.047,
p =0.027. Age effect, Fisher’s exact test (2) = 8.338, p = 0.010).

24



Biomedicines 2021, 9, 1365

A. Motor learning-latency B. Trials
G**, AxG*
60 4 — J 51 . AxG™ .
50 o* 4 4
40 - 3
30 -
z 21
2 20 -
c £ 1
£ 10 4 Pt
3 =
0 =0
NTg AD | NTg AD | NTg  AD NTg AD | NTg  AD NTg  AD
6 months 12 months 16 months 6 months 12 months 16 months
C. Physical Endurance D. Geotaxis
250 , y 104
as
200 1 a8 8 1
150 A 6 -
= 100 4 T 4
> >
£ 50 € 5] H
® ®
- | 0 - o
NTg AD [ NTg AD | NTg AD NTg AD |[NTg AD |NTg AD
6 months 12 months 16 months 6 months 12 months 16 months

E . Hindlimb clasping

100 - G**
80 -
60
=
o 40 4
o
c
3 20 - |—|
o
E [1
0
NTg AD [NTg AD |NTg AD
6 months 12 months 16 months

Figure 7. Motor performance, geotaxis and hindlimb clasping. (A) Motor learning—Ilatency; (B) trials; (C) physical
endurance; (D) geotaxis; the results are expressed as mean 4 SEM. Statistics: one-way ANOVA, Age effect expressed as (A);
Genotype effect expressed as (G); Genotype and Age interaction effect are expressed as (GxA). * p < 0.05, ** p < 0.01, and
#+ 1 < 0.001 followed by post hoc Bonferroni test, * p < 0.05; differences between age in 3xTg-AD group are expressed (a):
$ 1 <0.01, % p < 0.01.(E) Hindlimb clasping; the results are expressed as prevalence (%). Statistics: Fisher’s exact test; Age
effect is expressed as (A); Genotype effect is expressed as (G); Genotype,* p < 0.05.
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Table 3. Survival, kyphosis, and frailty phenotype.

. NTg Mice 3xTg-AD Mice ..
Conditions 6 Months 12 Months 16 Months 6 Months 12 Months 16 Months Statistics
éﬁi}‘ﬁfvf)l (Caeeral < 329 +2526 | 337 +29.09 353(; /1%60 208 +1.26 | 395+ 9.63 481;; 2245 31 S &&

ys) 3/15 (20%) | 3/9 (33.3%) . 0/15(0%) | 1/16 (6.2%) -

(Mortality ratio) (50%) (20.8%)
;')Kyph“‘s (pretiacell, - 3/6 (50%) | 5/9(6%) | 1/6(7%) | 3/7(43%) | 4/11 (36%) A
Postural - - . 1/6 (17%) = 1/11 (9%) n.s.
Structural = 3/6 (50%) 5/9 (56%) - 3/7 (43%) 3/11 (27%) A*

3. Physical conditions

(animals, %)

Body weight 30g. 30g. 30g. 28g. 33g. 34g. A*at
Alopecia 2/6 (33%) | 4/6 (67%) | 5/9(56%) | 1/6(17%) | 4/7 (57%) | 4/11 (36%) n.s.
Body position - - - - - 5/11 (45%) A%
Palpebral closure - - - - - 4/11 (36%) X
Piloerection - 1/6 (17%) | 2/9 (22%) - = 6/11 (55%) A*
Tail position B} i i - = 4/11 (36%) a¥
Tremor _ 1/6 (17%) - = - 9/11 (82%) A**,G*
Kaplan-Meier, Log Rank: S && p <0.01. X, A: age, ** p < 0.01 * p < 0.05, G: genotype, * p < 0.05. n.s. p > 0.05. ¥ p < 0.05.

Table 3. Prevalence of physical conditions in male 3xTg-AD mice corresponding to the frailty phenotype. The progression of AD disease is
contrasted with normal aging and the survival of the experimental lots included in the research.

Finally, tremor shows differences in genotype and age, presenting a high incidence at
16 months in 16-month-old mice (tremor, Fisher’s exact test (5) = 23.346, p < 0.0001. Age
effect, Fisher’s exact test (2) = 10.170, p = 0.005. Genotype effect, x2 (1) = 6.945, p = 0.012).

4. Discussion

In contrast to the huge literature on the AD-associated hallmark impairment in cogni-
tive domains, gait disorders in Alzheimer’s disease are an emerging field. They result from
structural and functional deficiencies that generate limitations in the performance of activi-
ties and also imply restrictions in the biopsychosocial participation of individuals [39-43].
Evidence suggests that AD has a long preclinical phase, during which its characteristic
pathology accumulates, and the patient’s function diminishes considerably [42,44]. Motor
problems have been described as occurring early in the AD process, rather than being a
feature exclusively related to end-stage AD pathology [45,46].

At the translational level, in animal models, we have recently described alterations in
the trajectory and displacement that interfere with gait and exploratory activity have re-
cently been reported in middle-aged (13-month-old) and old (16-month-old) male C57BL/6
and 3xTg-AD mice, which in the mutant corresponds to ages mimicking advanced and very
advanced stages of the disease [33]. Furthermore, these alterations increase their incidence
in endpoint situations at different ages regardless of the studied genotype [38,47,48]. In this
report, we have expanded the study of functionality and disability described for humans
to provide a translational proposal, which allows us to differentiate dysfunctions, gait
disorders, and exploration in the 3xTg-AD model at different stages of disease progression
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and as compared to C57BL/6 with normal aging. As shown in Figure 1, the functional
limitations that we have detected are equivalent to the difficulties that an older adult
typically faces when carrying out their activities of daily living and that we can consider as
markers of functional health deterioration.

4.1. Activity—Spontaneous Gait and Exploration

Particularly in gait, the variable speed, as in humans [43,49], seems to be the variable
with the highest sensitivity to detect impairments of displacement and locomotion. Further-
more, when bizarre gait patterns (circling, backward movement, stretching) are present,
stride length, speed, and cadence decrease in performance regardless of age and genotype.
On the other hand, 6-month-old 3xTg-AD mice have a shorter stride length that increases
with age. This result may be related to the novelty situation, where we have detected a
higher incidence of freezing (no movement) and higher episodes of bizarre gait patterns
in this group. Furthermore, it has previously been reported that in 3xTg-AD mice aged
from 10 to 14 months, the stride length is greater than that of control mice [49]. The authors
point out that a possible explanation for this difference is the differences between species,
where quadruped locomotion seems to have compensatory mechanisms that intervene
even after injury at the brain level [50], mediating that the kinematic parameters can be
preserved. In contrast, it can be inferred that older animals present a favorable indicator in
their gait performance, and this may be related to survival and individual characteristics.

A study conducted in 3- and 24-month-old male C57BL/6 mice found that aged mice
exhibited significantly lower cadence and decreased stride time variability [50]. They also
reported that aging tended to alter footstep patterns, for which they associated with aging
the alterations that occur in gait [50]. There are also technological devices and software
to make possible the equivalence of some human signatures in mice, highlighting those
related to gait disorders in Parkinson’s disease [41,51-53]. However, studying whole body
gait and posture in rodent models requires specialized methods and remains a challenge if
other motivational or emotional response behavioral factors are integrated, which is the
case of some Alzheimer’s disease models where a noticeable neuropsychiatric-like pattern
is exhibited. In this sense, in the face of novelty situations, 3xTg-AD mice respond with
neophobia and anxiety-like behaviors [54,55], whereas in humans, they have been reported
from initials stages of the disease [56]. Neophobia modifies the exploratory activity as
age increases, accentuating the symptoms [57]. However, we have described that there’s
a relationship between bizarre gait patterns and horizontal and vertical components of
exploratory activity. Thus, bizarre gait patterns limiting locomotion in 3xTg-AD mice do
the same in NTg mice, which tends to increase with age. In 3xTg-AD mice, these behaviors
are mainly related to psychiatric and neurological disorders [30,37,58]. However, bizarre
behaviors can be heterogeneous and have a low incidence in males compared to females,
as described by Baeta-Corral and Giménez-Llort, 2014 [30]. Therefore, in this sex, these
behaviors emerge at early stages and progress with the disease similar to that observed
in the bizarre swimming patterns in the Morris water maze, where we have described
the presence of circling appears at early stages (6 months of age) [59] and worsens with
age [60,61].

4.2. Body Function—Mobility and Muscular Strength

General mobility was interfered with by periods of freezing. We can distinguish that
the 12-month-old animals presented several freezing episodes in both genotypes. At the
age of 6 months, the group of 3xTg-AD mice presented a long freezing behavior, taking
longer to perform the first movement, which can also influence the decrease in exploration
and the quantitative parameters of the gait, similar to what happens in scenarios of social
isolation [33].

At the level of muscle strength, in humans, it has been described that the decrease in
strength in the initial stages of AD does not imply changes at the muscle fiber level [61-64].
However, in intermediate stages, it could be accompanied by a decrease in the number of
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muscle fibers that in advanced stages are reflected in sarcopenia associated with loss of
muscle strength [35,63]. Our results showed that the decrease in muscle strength would
be associated with aging, as occurs with muscular endurance. Nevertheless, at the age of
12 months, there is a drop in grip strength in 3xTg-AD mice. It has also been reported that
at six months, 3xTg-AD mice have a deficit in grip strength [65], but at 16 months, these
results are not reproduced [66]. In isolation, the 3xTg-AD mice show a conserved strength
at the age of 13 months over the mice that lived in groups [33]. These findings may point
to the heterogeneity of aging and the stage of AD in which muscle strength is measured.

4.3. Body Structure—Joints and Muscles

At the same time, postural patterns such as shrinkage and structural changes at the
joint level of the thoracolumbar spine accompany 3xTg-AD mice with a high incidence of
structural kyphosis [33,38,48]. Our results show that both 3xTg-AD and C57BL/6 mice
show an increase in the incidence of structural kyphosis after 12 months of age, which
could explain, from a postural point of view, the decrease in exploration in both groups as
age increases.

As the weight of the quadriceps muscle shows, there is a progressive decrease in
3xTg-AD mice that, unlike the C57BL/6 controls in which it appears to be attenuated, a
higher weight range is preserved even in older animals. In contrast, both groups maintain
a similar weight of triceps muscle at 12 and 16 months of age. A study in C57BL/6] females
reported a progressive weight loss from 15 months in the quadriceps muscle, which is
considerably accentuated at 24 months [66]. Similarly, a decrease in muscle weight over
25 months has been reported in male C57BL/6] mice in the gastrocnemius and soleus
muscle [67].

Furthermore, we have applied an indirect measure of sarcopenia to verify its presence
to investigate these findings further. In the quadriceps muscle, aging is related to sarcopenia,
while in the transgenic group, sarcopenia appears at 16 months. Interestingly, the triceps
surae muscle also indicates sarcopenia in 16-month-old 3xTg-AD mice. Using this measure,
a study conducted in female C57BL/6] mice concluded that sarcopenia would be present
at around 24 months in the quadriceps muscle [68]. However, in male C57BL/6] mice, it
could occur at earlier ages, reporting 20 months as the age of most significant change in the
gastrocnemius muscle [69].

In natural aging models of the C57BL/ 6] strain, it has been reported that the primary
phenotype of sarcopenia is a decrease in muscle mass and a decrease in the cross-sectional
area of muscle fibers [70-72]. The optimal age of study would be 25 months [67,72]. Thus,
we found the fibers are distributed homogeneously, with differences between them, but
maintain a similar distribution. However, a difference is observed in the number of nuclei
in NTg control animals that seems higher than in 3xTg-AD, especially at 12 months. We also
found the presence of adipose cells, which exhibited a different distribution for each muscle
type. Thus, adipose cells were present to a lesser extent in quadriceps, independently
of genotype and age, with an intramuscular predominance. Oppositely, adipose cells
exhibited a peripheral or intramuscular localization according to the genotype and age in
the triceps. Thus, in the NTg control group, adipose cells were found in more peripheral
areas, with a more significant proportion at 16 months.

In contrast, in the 3xTg-AD group, the adipose cells were more intramuscular, and
a higher proportion was found at 12 months. Interestingly, the NTg control mice had a
similar weight at each age, while the weight of 3xTg-AD mice increased with age.

4.4. Motor Performance, Geotaxis, and Hindlimb Clasping

On the other hand, we have measured the animals” motor learning and physical
resistance to obtain a global vision regarding their psychomotor performance. We have
shown that in the advanced stage of the disease, 3xTg-AD mice have a lower-than-expected
performance that is replicated in motor learning and physical endurance. Similarly, in
C57BL/6 control animals, the observed changes are more attenuated due to aging. In the
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case of geotaxis, an increase in turning latency was found in the 3xTg-AD group, which,
although it did not present significant differences, could indicate a poor use of postural
and balance strategies to regain the verticality of their body on the grille in which they are
located. For its part, hindlimb clasping showed a higher incidence in the 3xTg-AD group
without being associated with the stages of disease progression. This particular sign can
indicate the severity of the motor impairment that the mice present [73-75].

4.5. Survival, Kyphosis, and Frailty Phenotype

Finally, we can point out that C57BL/6 control animals have a higher mortality ratio
in all age groups regarding survival, consistent with previous studies [76]. As the frailty
phenotype shows, some signs of deterioration are related to one group or another. In
the case of 3xTg-AD mice, physical and postural conditions appear to be the highest
incidence, and in their NTg counterparts, piloerection and tremor, which in both groups,
were found similarly increased with age. These variables indicate the general state of the
mice without interfering with their functional performance of the gait and exploration that
we have reported.

5. Conclusions

According to the literature, this is the first report that comprehensively presents
the gait disturbances and functional limitations in the exploratory activity of the 3xTg-
AD mouse model and, as compared to C57BL/6 with normal aging, uses a conceptual
model that allows translation to humans. The use of the ICF as a conceptual framework
allows describing the functional state, facilitating its interpretation and application in the
rehabilitation of people with AD.

In summary, the main conclusions are:

(1) The 3xTg-AD mice show more significant functional impairment in gait and ex-
ploratory activity quantitative variables.

(2) The presence of movement limitations and muscle weakness mark the functional
decline related to the disease severity stages that intensify with increasing age.

(8) Motor performance in 3xTg-AD is accompanied by a series of bizarre behaviors that
interfere with the trajectory, which allows us to infer poor neurological control.

(4) Signs of physical frailty accompany the functional deterioration of these animals.

(5) Signs of sarcopenia are present in an advanced stage of AD, with differences in fibre
distribution, number of cell nuclei, and presence of adipose tissue.
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Abstract: The marble burying (MB) test, a classical test based on the natural tendency of rodents to
dig in diverse substrates and to bury small objects, is sensitive to some intrinsic and extrinsic factors.
Here, under emerging neuroethological quantitative and qualitative analysis, the MB performance of
12-month-old male and female 3xTg-AD mice for Alzheimer’s disease and age-matched counterparts
of gold-standard C57BL6 strain with normal aging unveiled sex-dependent signatures. In addition,
three temporal analyses, through the (1) time course of the performance, and (2) a repeated test
schedule, identified the optimal time frames and schedules to detect sex- and genotype-dependent
differences. Besides, a (3) longitudinal design from 12 to 16 months of age monitored the changes
in the performance with aging, worsening in AD-mice, and modulation through the repeated test.
In summary, the present results allow us to conclude that (1) the marble burying test is responsive
to genotype, sex, aging, and its interactions; (2) the male sex was more sensitive to showing the
AD-phenotype; (3) longitudinal assessment shows a reduction in females with AD pathology; (4)
burying remains stable in repeated testing; (5) the time-course of marbles burying is useful; and (6)
burying behavior most likely represents perseverative and/or stereotyped-like behavior rather than
anxiety-like behavior in 3xTg-AD mice.

Keywords: neuroethology; behavioral neuroscience methodology; sexual differences; aging; Alzheimer’s
disease; comorbidities; phobia; anxiety; OCD (obsessive-compulsive symptoms)

1. Introduction

The behavioral and psychological symptoms associated with dementia (BPSD), in-
cluding neuropsychiatric symptoms (NPS) such as anxiety and phobias, paranoia and
delusion, hallucinations, stereotypes, and other disturbances, are comorbidities manifested
in 50-90% of people with Alzheimer’s disease (AD) [1]. These non-cognitive problems
affect their quality of life [2], are an important source of distress for patients and care-
givers [3], and frequently lead to premature institutionalization [4]. Furthermore, recent
studies suggest a distinct distribution of NPS comorbidities among sexes, and therefore
there is a need to characterize these differences, elucidate the underlying pathophysiology,
and identify better treatment targets with a gender perspective [5]. At the translational
level, the modeling of BPSD/NPS in basic and preclinical research of AD under the sex
perspective is also needed to develop better pharmacological and non-pharmacological
preventive/therapeutical interventions that could be effectively translated into clinical
scenarios. In this context, natural species-typical behaviors representing active interaction
with the environment are excellent ethological scenes to reflect the interplay of cognitive
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and non-cognitive disturbances induced by normal and AD-pathological aging. In agree-
ment with this, we have proven the validity of the 3xTg-AD mice to assess the impact
of the disease on naturally occurring executive functions and daily life activities based
on species-typical behaviors when interacting with the environment, such as burying
behavior [6], and nest-building [7,8].

Burying behavior is commonly measured with the marble burying (MB) test [9], a
classical behavioral test employed in rodents that exploit the tendency of these animals to
dig in diverse substrates and to bury small objects, such as glass marbles, in a test cage with
beddings [10]. Initially, this test was pharmacologically validated for its use to measure
anxiety-related behaviors and screening for anxiolytic pharmacological drugs [11,12]. How-
ever, controversy exists regarding its specificity as it is also proposed as modeling meaning-
less repetitive and perseverative behaviors mimicking psychotic and obsessive-compulsive
(OCD) symptoms [13]. Actually, some authors consider that for MB to be regarded as
a reliable screening test for a specific assessment of a neuropsychological construct, the
introduction of methodological changes or better experimental designs is needed [13-15].
Thus, two-zone configuration, repeated trials, and limitations inherent to MB score and
ceiling/floor effects are among the experimental considerations discussed. Additionally,
emerging neuroethological analysis of behavior, which integrates the sequence of behav-
ioral events in an ethogram, may provide a better understanding of the functional role, its
modulation, and underlying mechanisms than classical behavioral analysis.

Marble burying behavior is altered in the 3xTg-AD mice. Specifically, it is enhanced in
12-month-old 3xTg-AD male mice, an age mimicking advanced stages of the disease [16,17],
can be reversed by risperidone, and be modulated by handling [6,18]. In addition, we
have recently proven that at 15-months of age, just 2-3 months of naturalistic isolation,
which occurs when congeners die, is enough to exacerbate this behavior despite social lives
since they were born, modeling the worsening of OCD described in the current COVID-19
scenario [19]. However, there are still various unresolved questions regarding the effect
of sex and age factors on marble burying behavior in normal and AD-pathological aging.
First, as in the case in other fields with rodent experimentation [20], the inclusion of female
mice in MB testing is not the most common choice [21]. The inclusion of females in animal
studies of AD is relevant, even if similar incidence between sexes is found, since risk factors
may differentially affect multiple pathways and evolve into different manifestations of NPS
and comorbidities [5]. Second, how aging and AD-pathological processes affect burying
behavior and the MB profile evolves in a long-term perspective. This is a significant concern
due to the intrinsic nature of AD, in which cognitive and psychiatric symptoms are present
in early stages and worsen over time as the disease progresses [22]. Hence, to increase
the translational value of experimental designs, rather than a transversal comparison of
the performance at different age stages, longitudinal studies allow monitoring oof the
progression of cognitive and non-cognitive deficits through an AD-pathological life-span.

Therefore, the present study aimed to explore further the contribution of sex and aging
in the normal and AD-pathological brain in marble burying behavior. We used middle-
aged 3xTg-AD mice through a longitudinal study including methodological modifications
(two-zone configuration, repeated trials, and time-course counting of marbles buried)
to have a better approach to the possible neuropsychiatric constructs involved in their
alteration, and we compared them with those presented in their non-transgenic (NTg)
counterparts with the gold-standard C57BL/6 strain genetic background.

2. Materials and Methods
2.1. Animals

A total number of forty-six 12-month-old male and female mice, homozygous 3xTg-
AD (males n = 15, females 1 = 8) and non-transgenic (NTg, males 1 = 10, females n = 13)
mice on a C57BL/6 background (after embryonic transfer and backcrossing at least 10 gen-
erations), established in the Universitat Autonoma de Barcelona [23] were used. The
3xTg-AD mice harboring transgenes were genetically engineered at the University of Cali-
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fornia Irvine, as previously described [16]. Animals were maintained in groups of 3—4 mice
per cage (Macrolon, 35 x 35 x 25 cm) filled with 5 cm thick layer of clean woodchips
that were the same used for behavioral testing (Ecopure, Chips6, DateSand, UK; Uniform
cross-cut wood granules with 2.8-1.0 mm chip size) and nesting materials (Kleenex, Art:
08834060, 21 x 20 cm, White). All animals were maintained under standard laboratory
conditions of food and water ad libitum, 22 + 2°C, 12 h light: dark cycle with lights on at
8:00 a.m., and relative humidity 50-60%.

2.2. Experimental Design

As illustred in Figure 1, animals were behaviorally assessed at middle-age (12 months
of age) and re-tested four months later when they reached old age (16 months of age). In
the AD-genotype, these time points correspond to two different advanced stages of the
disease with the progressive development of B A and tau pathologies [17].

Fine-tuning of Marble Burying Test

by Sex, Time frame, Test-Retest and Longitudinal assessment

(Genotype )
C57BL/6

3xTg-AD

Male Female

Age

From 12

to 16

months of age

:
;

Sex-dependent Signatures, Time Frames and Long-term Modulation
Middleto Old age mice — Normal and AD-Pathological Aging

MB2 30’

Marble
burying test

CT 30”| W81 30’

Cornertest

Marble
burying test

12
months
of age

16

months
of age

J

Figure 1. Fine-tuning of the marble burying test by sex, time frame, test-re-test, and longitudinal assessment. Experimental

design: a 3-day battery of behavioral tests consisting of a corner test on day 1, a marble burying test on day 2 (MB1), and a
repeated test on day 3 (MB2).

2.3. Behavioral Assessments

Behavioral assessments in the corner test and marble burying test under dim white
light (20 Ix) were conducted during the light phase of the light: dark cycle (from 10 a.m.
to 1 p.m.). The tests were performed in a counterbalanced manner, by direct observation
by a trained observer, blind to the genotype, and a camera’s support. All procedures
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were in accordance with the Spanish legislation on the “Protection of Animals Used for
Experimental and Other Scientific Purposes” and the EU Directive (2010/63/UE) on this
subject. The protocol CEEAH 3588/ DMAH 9452 was approved the 8th of March 2019
by the Departament de Medi Ambient i Habitatge, Generalitat de Catalunya. The study
complies with the ARRIVE guidelines developed by the NC3Rs and aims to reduce the
number of animals used [24].

Day 1—Corner test (CT) was used to evaluate neophobia. The animal was placed in
the center of a clean standard home cage filled with woodchip shave bedding and observed
for 30 s. We measured the numbers of corners visited (CTc), the latency to perform the
first rearing (CTlatR), and the number of rearings (CTr). The ratio of the number of visited
corners and rearings variables (Ratio CTc/r) was calculated.

Days 2 and 3—Marble burying test (MB1) and re-test (MB2): Nine ceramic marbles
were put in a standard home cage (Macrolon, 35 x 35 x 25 cm®) with a 5 cm thick layer
of clean woodchips. The marbles were placed evenly spaced (three rows of three) in one-
quarter of the cage and allowing the mice to avoid interaction with the marbles. Then, the
mouse was introduced in the zone without marbles facing the wall and left to interact with
the cage freely. A picture of the cage was taken every 5 min to assess the buried marbles’
progress. After 30 min the mice were gently removed from the cage, and the buried marbles
were counted. Marbles were counted as buried when their surface was covered at least 90%
with bedding material. The number of marbles buried was transformed in a percentage
(MBx.y; x, day, y, time of measurement) for further statistical analysis. Twenty-four hours
later, animals repeated the test under the same conditions.

2.4. Statistics

Statistical analyses were performed using SPSS 23.0 software. In the corner test, the
variables recorded were analyzed by a split-plot design with the factors genotype (G), aging
(A), sex (S), according to the experimental design G(2) x A(2) xS(2). ANOVA split-plot de-
signs analyzed the number of marbles buried with the factors time (T), genotype (G), aging
(A), sex (S), and day (D), according to the experimental design T(7) x G(2) xS(2) x A(2) x D(2).
Post-hoc comparisons were run with Bonferroni corrections. Both the F and the degrees of
freedom values were reported when it was possible. Spearman correlations were made
to analyze behavioral correlates between the CT and the MB. Correlation coefficients (r)
are indicated. A p-value < 0.05 was considered as statistically significant. Graphics were
made with GraphPad Prism 6. Abbreviation: sexAgeMBday-minute (i.e, m12MB2.30, male
at 12 months of age, re-test, 30 min).

3. Results
3.1. Corner Test for Neophobia

In the corner test (Figure 2), all the variables were sensitive to the aging factor, as the
longitudinal analysis showed the reduction of the number of crossings (A, F(j 42y = 80.104;
p <0.001), the number of rearings (A, Fj 42) = 24.564; p < 0.001), the crossings/rearings ratio
(A, F1,40) = 23.903; p < 0.001), and, conversely, the enhancement of the latency of rearing
(A, F1,4) = 18.085; p < 0.001). Moreover, the crossings/rearings ratio was also sensitive to
the genotype and aging interaction (G x A, F(y 4y = 18.085; p < 0.001).
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Figure 2. Sex and age effects in the longitudinal assessment in the corner test in mice with normal and AD-pathological
aging. (A) Number of crossings (CTc); (B) Latency of rearing (CTlatR); (C) Number of rearings (CTr); (D) Ratio CTc/CTr
(CTratio); Factorial analysis: G, genotype (NTg, 3xTg-AD mice); A, aging (12, 16 months of age); S, sex (male, female).

*p < 0.05;** p < 0.001.

The post-hoc analysis indicated meaningful differences as described hereinafter (see g,
s, a at each variable in Figure 2). Thus, at 16 months, AD-males and AD-females exhibited
a lower number of crossings (g, F(1, 40) = 4.474; p = 0.040) and higher crossings/rearings
ratio (g, F(1,42) = 4.335; p = 0.043), respectively, than their NTg counterparts. Regarding
sex, NTg-males showed a lower latency of rearing than NTg-females at 16 months of age.
With aging, all the groups manifested a reduction in the number of crossings (NTg-females:
p <0.001; AD-females: p = 0.003; NTg-males: p < 0.001; AD-males: p < 0.001). However,
the rearing behavior only was affected in NTg-females (CTlatR: p = 0.0001; CTr: p = 0.001)
and AD-males (CTlatR: p = 0.048; CTr: p = 0.035). At 16 months, these mice showed both
a delayed elicitation of rearing and a lower number of total rearings. Finally, a reduction
with aging in the ratio of crossings/rearings was also presented in NTg-females (p = 0.001),
AD-males (p = 0.021) and WT-males (p = 0.001). The post-hoc analysis of these results is
also depicted in Table 1.
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Table 1. Post-hoc analysis of genotype, sex, and aging differences in the corner test.

Post-Hoc
Analysis Genotype Sex Aging
CORNER (vs. NTg Mice) (vs. Female Mice) (vs. 12-Month-Old Mice)
TEST
Behay foral 12 mo 16 mo 12 mo 16 mo Each group
variable
fNTg p <0.001
CTe All Males All All f3xTg-AD p =0.003
ns. p=0.040 ns. n.s. mNTg p <0.001
m3xTg-AD p <0.001
fNTg p <0.001
All All All NT f3xTg-AD ns.
CTlatR ns. n.s. ns. p= O.§24 mfng n.s.
m3xTg-AD p=0.048
fNTg p=0.001
CT All All All All f3xTg-AD ns.
T
n.s. n.s. n.s. n.s. mNTg n.s.
m3xTg-AD p=10.035
fNTg p=0.001
CTratio All Females All All f3xTg-AD n.s.
ns. p=0.043 ns. n.s. mNTg p=0.001
m3xTgAD p=0.021

Abbreviations: mo, months-old; CTc, number of crossings; CTlatR, latency of rearing; CTr, number of rearings; CTratio, CTc/CTr ratio;
fNTg, female NTg mice; £3xTg-AD, female 3xTg-AD mice; mNTg, male NTg mice; m3xTg-AD, male 3xTg-AD mice; n.s., p-value value is
not statistically significant.

3.2. Longitudinal Assessment of Marble Burying Test and Repeated Test

The marble burying test (Figure 3) was sensitive to the main factors genotype (G,
F(1,42) = 4.212; p = 0.046) and aging (A, F(y, 42) = 4.325; p = 0.044), while sex effects depended
on the genotype (GxS, F(j, 4y = 12.768; p = 0.001). The time-course analysis indicated that
time (minute) (T, F (2373, 99.681) = 68.644; p < 0.001) was determinant to detect genotype,
sex, and age effects and interactions (TxGXAXS, F(3234,135.830) = 3.442, p = 0.016; TxA,
F(3'234, 135.830) = 3385, p= 0017, T><G><S, F(2‘373, 99.681) = 5589, p= 0003), while re-test 24 h
later reduced the performances of 12-month-old animals in a lower/higher intensity man-
ner depending on the genotype and sex (GXAxSxD, F; 49 = 5.598; p = 0.023). In general,
TxGxAxSxD interactions effects were not statistically significant (F(3 499, 146.951) = 5.400;
p = 0.061).The post-hoc analysis indicated meaningful differences as described hereinafter,
providing evidence that the observation windows are critical (see g, a, s, d at each time
point). The post-hoc analysis of these results is summarized in Table 2.

In the first MB testing, several meaningful differences between genotypes in the test
performance were exhibited. At 12 months of age, post-hoc comparisons showed increased
marble burying in AD-males compared to NTg-males (mMB5: p = 0.010; mMB10: p = 0.013;
mMB15: p = 0.009; mMB20: p = 0.014), but no differences were found between females at
this age.

However, when animals reached 16 months of age, the AD-phenotype was found
up-regulated in males and down-regulated in females compared to their NTg counterparts.
Thus, AD-males showed increased marble burying compared to NTg-males (m16MB1-10:
p =0.016; m16MB1-15: p < 0.001; m16MB1-20: p < 0.001; m16MB-25: p = 0.001), whereas AD-
females buried less marbles than their NTg counterparts (f1l6MB1-15: p = 0.046; f16MB1-20:
p = 0.040; f16MB1-25: p = 0.011; f16MB1-30: p = 0.002).
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Table 2. Post-hoc analysis of genotype, sex, and aging differences in the marble test.

Post-Hoc
Analysis Genotype Sex Aging Repeated
MARBLE (vs. NTg Mice) (vs. Female Mice) (vs. 12 mo) Test(vs. Day 1)
TEST
Behavioral 12 16 12 16 Each Each
variable mo mo mo mo ach group ach group
Day 1 (MB1)
MBL5 Females All 3xTg-AD NTg All All
’ p=0.010 ns. p =0.036 p=0.025 ns. ns.
Females Males All NTg All All
MBL.10 p=0.013 p=0.016 ns. p=0.043 ns. n.s.
Females NTg
MBI.15 Females p =0.046 All p =0.002 All All
' p =0.009 Males ns. 3xTg-AD ns. n.s.
p =0.000 p=0.011
Females NTg
MB1.20 Females p =0.040 All p =0.003 f3xTg-AD All
' p=0.014 Males ns. 3xTg-AD p=0.043 ns.
p =0.000 p =0.003
Females NTg
MBL25 All p=0.011 All p =0.004 3xTg-AD All
’ ns. Males ns. 3xTg-AD p=0.010 n.s.
p=0.001 p =0.003
NTg
MB1.30 All Females All p=0.012 f3xTg-AD All
’ n.s. p =0.002 ns. 3xTg-AD p=0.010 n.s.
p=0.007
Day 2 (MB2)
MB2.5 Males Males 3xTg-AD All All All
' p =0.005 p=0.021 p =0.009 n.s. ns. n.s.
All Males 3xTg-AD All All All
MB2.10 n.s. p=0.024 p=0.045 n.s. ns. n.s.
Males Males All All All All
MB2.15 p =0.006 p =0.008 ns. ns. ns. ns.
Males Males All 3xTg-AD All All
MB2.20 p =0.007 p =0.004 ns. p=0.012 ns. n.s.
Males Males 3xTg-AD All All
MB2.25 p=0.024 p=0.020 Alln.s. p=0.039 n.s. n.s.
All Males All 3xTg-AD All fNTg
MB2.30 ns. p=0.038 ns. p=10.025 ns. p =0.005

Abbreviations: mo, months-old; (MBx.y), MB, Marble test; x, day; y, time (accumulated counts); fNTg, females NTg; n.s., p-value value is
not statistically significant.

Besides, only the female sex exhibited longitudinal differences in the performance of
the test. At 16 months of age, AD-female mice showed a lower percentage of marbles buried
in the test’s final minutes (f12-16MB1-20: p = 0.043; f12-16MB1-25: p = 0.010; f12-16MB1-30:
p = 0.010) compared to their scores at 12 months of age.

Besides, several significant sex differences were found. At 12 months of age, significant
post-hoc differences only appeared at the first five minutes of the test, where AD-males
buried more marbles than AD-females (mf12MB1-5, p = 0.036). No differences were
found between NTg mice at 12 months. Nevertheless, several meaningful differences
were manifested by both AD-mice and NTg-mice at 16 months old. At this age, NTg-
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males buried less marbles than NTg-females early in the test (mf16MB1-5: p = 0.025;
mfl16MB1-10: p = 0.043; mf16MB1-15: p = 0.002; mf16MB1-20: p = 0.003; mf16MB1-25:
p = 0.004; mf16MB1-30: p = 0.012). Conversely, AD-males buried a higher percentage
than AD-females (mf16MB1-15: p = 0.011; mf16MB1-20: p = 0.003; mf16MB1-25: p = 0.003;
mf16MB1-30: p = 0.007).
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Figure 3. Sex, age, time, and day effects in the longitudinal assessment in the marble burying test and repeated test in mice
with normal and AD-pathological aging. (A) Males marble burying test on day 1 (MB1 Day 1) and (B) re-test 24 h later (MB2
Day 2); (C) Females marble burying test on day 1 (MB1 Day 1) and (D) re-test 24 h later (MB2 Day 2); Factorial analysis: G,
genotype (NTg, 3xTg-AD mice); A, aging (12, 16 months of age); S, sex (male, female); T, time (0-30 min); D, day (Day 1,
Day 2). *p <0.05; ** p < 0.01; *** p < 0.001.

In the re-test, 24 h later, 12-month-old AD-males buried more marbles than NTg-males
at several time points of the test (m12MB2-5: p = 0.005; m12MB2-15: p = 0.006; m12MB2-20:
p =0.007; m12MB2-25: p = 0.0024). Conversely, there was an absence of differences between
12-month-old AD-females and NTg-females. When the animals reached 16 months of age,
genotype differences still persisted between AD and NTg males (m16MB2-5: p = 0.021;
m16MB2-10: p = 0.024; m16MB2-15: p = 0.008; m16MB2-20: p = 0.004; m16MB2-25: p = 0.020;
m16MB2-30: p = 0.038), but those observed between females disappeared.

Regarding sex post-hoc differences in the re-test, they were clearly shown in the group
of AD mice at both ages studied. Thus, 12-month-old AD-males buried a higher percentage
of marbles than NTg-males at the beginning of the test (m12MB2.-5: p = 0.009; m12MB2-10:
p =0.0045). Four months later, when they reached 16 months of age, AD-males showed very
similar test and re-test patterns (m16MB2-20: p = 0.012; m16MB2-25: p = 0.0039; m16MB2-30:
p = 0.025). However, at 16 months, differences between NTg-males and NTg-females were
not found.
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Finally, the percentage of marbles buried between the test and the re-test on the first
and the second day of testing in all the time measures for all the groups were compared.
At 12 months of age, no differences were found, while the performance of these animals
at 16 months showed one difference: the NTg-females buried fewer marbles at the end
time point of the second test (f16MB2-30: p = 0.005). Therefore, the time-course analysis is
essential to unveil sex, aging, and re-test differences otherwise under-detected.

3.3. Corner Test and Marble Burying Test Correlations

In calculating these correlations, the variables genotype and sex were taken into
account to generate the tables. The relationship between these tests was analyzed for the
two ages studied. To simplify the analysis, we paid attention mainly to both the percentage
of marbles buried at five and thirty minutes for the first marble test testing (MB1-5 and
MB1-30, respectively).

At 12 months of age, correlations between the CT and the MB tests were only exhibited
by female mice. For NTg-female mice, the number of rearings in the CT was positively
correlated with the percentage of marbles buried at both five and thirty minutes (CTr ©
f12MB1-5, r = 0.716; p = 0.006; CTr © f12MB1-30, r = 0.620; p = 0.024). While for AD-female
mice, the number of rearings in the CT were positively correlated with the percentage of
marbles buried at five minutes (CTr © f12MB1-5, r = 0.835; p = 0.010), the latency of rearing
was inversely correlated also with the percentage of marbles buried at five minutes (CTlatR
© f12MB1-5, r = —0.845; p = 0.008). At 16 months of age, none of the groups exhibited
correlations. Among others, all these results are summarized in Table 3.

Table 3. Corner test and marble burying test Spearman correlation analysis.

CTc CTlatR CTr CTratio
fNTg (n = 13) at 12 moa
Spearman correlation 0.716 **

MBL.> Sig. (2-tailed) ns. ns. 0.006 ns
Spearman correlation Sig. 0.617 *

MBI.10 (2-tailed) ns. ns. 0025 ns
Spearman correlation Sig. 0.697 **

MBIL15 (2-tailed) s s 0.008 e
Spearman correlation Sig. 0.631 *

MB1.20 (2-tailed) n.s. n.s. 0.021 n.s
Spearman correlation Sig.

MB1.25 (2-tailed) n.s. n.s. n.s. n.s.
Spearman correlation Sig. 0.620 *

MBI1.30 (2-tailed) ns. ns. 0024 ns

fNTg at 16 moa
Spearman correlation 0.568 *
MB1.25 Sig. (2-tailed) 0.043 ns ns ns
f3xTg-AD (n = 8)
at 12 moa

Spearman correlation Sig. —0.845 ** 0.0835 **

MBL5 (2-tailed) ns 0.008 0.010 ns

All the other groups
MB1.all Spearman correlation Sig. nes. nes. nes. ns.

(2-tailed)

Only statistically significant correlations are indicated. Abbreviations: fNTg, females NTg; f3xTg-AD, females 3xTg-AD mice; moa, months
of age; (MBx.y) MB, marble test; x, day; y, time (accumulated counts); fNTg Sig., significant; **, correlation significant at the 0.01 level
(2-tailed), *, correlation significant at the 0.05 level (2-tailed).
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4. Discussion

In the present work, we corroborate the previously described higher burying of mar-
bles in 3xTg-AD male mice at 12 months of age [6,18], and we demonstrate the complexity
of factor interplay in the performance of the MB test. For the first time, we show that
the higher performance in 3xT-AD male mice is also observed in the female sex, albeit
statistically significant genotype differences in females are only reached at 16 months.
Moreover, the longitudinal design allows the monitoring of changes in the performance
with worsening of the disease only in AD-female mice, and normal aging in NTg mice, from
12 to 16 months of age, and its modulation through the repeated test. Most importantly,
the time-course analysis provides a tool to discriminate the best temporal windows of
observation depending on these factors.

4.1. New Insight of Burying Behavior in 3xTg-AD Mice

We provide evidence that the higher burying of the AD-male mice than NTg mice
over 30 min [6,19] is a phenomenon sustained throughout the test and could also be
scored since the beginning. For the first time, the inclusion of 3xTg-AD female mice in
MB testing is reported. In contrast, despite AD-females showing higher percentages than
their NTg counterparts at the end of the test, these differences did not reach statistical
significance. Sexual differences were present in the AD-phenotype at the beginning of the
test at 12 months old. However, with aging, these differences were exhibited in the second
half of the test. In both stances, AD-female mice presented the lower percentage of marbles
buried. Although it is known that the estrous cycle can affect burying activity [25-27],
comparative studies between sexes are scarce. Those available do not find differences [28],
and if they do, they are dependent on the menstrual cycle [28]. Therefore, this finding
represents a step forward in the exploration of sex differences in burying behavior.

In addition, for the first time, the longitudinal design showed that pathological aging
influenced MB performance. At 16 months of age, males did not show any significant
difference in performance compared to their assessment at 12 months. In contrast, the
performance of AD-females was lower at 16 months through all the tests, although statis-
tical significance was reached from minute 20, and the performance of NTg-females was
relatively similar at both ages. In normal aging, NTg-males showed significantly lower MB
compared to NTg-females of the same age. Also, the genotype differences between male
mice persisted at this age through the MB test. Therefore, we found a differential influence
of how normal and AD-pathological aging affects MB performance. Firstly, aging has a
differentiated response, whether accompanied by pathology or not, as shown by the fact
that NTg animals do not undergo percentage changes. However, in addition, the aging
of 3xTg-AD mice produced a sex-dependent differential response in their behavior, with
significant differences between 16-month-old AD-females and AD-males in the second half
of the MB test.

Several authors advocate for repeated trials as necessary for using MB as a model
of neophobia/anxiety or OCD [13]. Following these recommendations, at both ages, we
applied two consecutive days of MB testing. When the time-course of the test and re-test
of all groups was compared, the standard pattern was the absence of differences in their
performance at both ages, although NTg-females showed significantly lower performance
at min 30 in the re-test performed at 16 months of age. As can be seen, these variations
are not large enough to generate significant changes concerning their performance on the
previous day. At 16 months of age, the lower performance of NTg-females eliminates
both the genotype and sexual differences with AD-females and NTg-males, respectively.
Moreover, the reduction of the performance of marbles buried in AD-females at 12 months
suggests that aging differences with respect to AD-females at 16 months did not show
up, and caused the temporal amplification of sexual differences at the beginning of the
test regarding AD-males. For the rest, genetic and sexual differences manifested by AD-
males at both ages were still conserved. Although slight variations are exhibited in some
measures, they do not change their manifested behavioral phenotype interpretation.

42



Biomedicines 2021, 9, 994

4.2. Corner Test and Its Relationship with Marble Burying Test in 3xTg-AD Mice

In the present work, we did not find genotype differences in neophobia, contrary to
what occurred on other occasions [6,19]. However, we did observe a reduction in mouse
activity and a slowdown of latency due to aging. This occurs in all variables, although it
does not always occur in all groups in a statistically significant way, although a tendency
can be appreciated.

The relationship between the burrowing percentage in the MB and the CT variables
could be described as inconsistent and poor. To simplify its interpretation, we focused our
attention on the first measure, which should be more sensitive to neophobia, and the last
one, for comparative purposes. If we hypothesize that the higher percentage of buried
marbles is due to anxiety, a clear relationship should be visible between the two tests,
especially for AD-males. However, correlations only appeared in both NTg and AD female
mice. To summarize, these results would be in line with the poor relationship showed
between the MB and other tests for assessing anxiety-like behavior in other studies [29-31].

4.3. Marble Test as a Model of Anxiety-Like or OCD-Like Behavior in 3xTg-AD Mice?

With all of the previously discussed, the modeling of anxiety-like behavior in the
burying behavior of this animal model is certainly questionable. First of all, due to the
utilization of the two-zone configuration, the animals can avoid the marbles, so we can
assume that the interaction with the marbles is, to some extent, voluntary. Then, it would
be expected that AD-mice would show passive avoidance of marbles, which is not the case.
These results would be consistent with those shown by other studies using a two-zone
configuration [11,14,31-34]. Furthermore, in the re-testing, no change would indicate that
habituation to a stressful situation is produced, either assuming two different fight-to-flight
scenarios: a case where the animals were so frightened of the marbles that they buried as a
defensive strategy (AD-mice), or they would avoid their interaction with them (NTg mice).
However, they interact as well, but to a lesser extent. Moreover, although there are no clear
genotype differences in neophobia, measured through CT, differences still appeared in
burying behavior in MB. Finally, correlations between the burying percentages and the
CT variables are scarce and inconsistent. A possible hypothesis to support the anxiety-
like modeling of burying behavior could be that the inherited anxiety trait of these mice
could make their response to marbles resistant to habituation [35,36] and thereby invoking
either active burying or passive avoidance behavior as coping strategies [36—41]. Since
3xTg-AD mice present higher baseline anxiety [23], which produces differentiated anxious
responses depending on the test [18], the previous hypothesis is still possible. Interestingly,
we already reported that other animal models for anxiety, such as the Al receptor knock
out mice, also show reduced habituation [42]. Moreover, in our precedent Gimenez-Llort
and Alveal-Mellado’s work [19], 3xTg-AD mice showed a higher freezing behavior in the
open-field test accompanied with higher amounts of marble burying, contrary to NTg-
mice. Therefore, although the modeling of anxious-like behavior is questionable, with the
methodology employed it is not completely discardable.

It seems pretty clear that regardless of whether they bury more or fewer marbles,
their performance in this test is persistent and stable over time, in concordance with other
studies with repeated MB application [28,31,32,43—45]. This event would support the
current practice of using burying behavior as an indication of OCD-like behavior, although
this approach also has certain validity concerns [13,45,46]. While OCD may be a risk factor
for developing AD [47,48], it is unlikely to be the construct modeled in the 3xTg-AD mice.
Due to the repetitive and perseverative nature of burying activity, this behavior could
represent NPS such as perseverative behavior and/or stereotyped behavior. Both are NPS
usually present in patients with Alzheimer’s and other dementias [49-51]. In addition,
3xTg-AD mice have been shown to present more significant errors due to preserverative
behavioral hopelessness paradigms [52] and attentional tasks [53], and greater presence
of stereotyped behaviors at early stages of the disease [23]. Therefore, it is quite possible
that burying behavior in 3xTg-AD mice reflects perseverative and/or stereotyped-like
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behavior rather than anxiety-like behavior. However, this is not necessarily denying that
anxiety may influence the performance on the marble test, mainly through differentiated
coping strategies.

Far from discussions about which pathology models the test in our animal model,
what remains clear is that the burying behavior is stable and resistant to repetition, re-
gardless of the group or whether the animals show high or low percentages. Therefore
another way of interpreting the results would be to look at them with a neuroethological
perspective, in which burying is an inherent behavior of the animal [13], in this case, sensi-
tive to AD-pathology and with differentiated response depending on sex, aging, and their
interactions. Considering that burying represents the application of digging [13], defined
as the displacement of a substrate mainly using forepaws [54], to a more complex task, it
would be expected that digging was the sensitive behavior to the AD pathology. Thus,
3xTg-AD mice should show a similar profile in other tests involving digging behavior
shown in the MB. Therefore, further research is needed to confirm this hypothesis.

4.4. Integrating Our New Findings into Our Previous Knowledge of The Burying Behavior of
3xTg-AD Mice

The inter-test stability in the burying behavior also has important implications for
supporting the conclusions developed in previous works of our research group with
the 3xTg-AD mice. In Torres-Lista’s previous studies [6,18], chronic administration of
risperidone reduced the number of marbles buried compared to their pre-treatment testing
for both AD-male and NTg-male mice. Moreover, this number was modulated in saline
groups, albeit presenting a different pattern depending on the genotype. In AD-mice,
as happened with risperidone, the number of marbles buried was reduced, whereas for
NTg-males, this number was higher. These changes in the marble activity were attributed
to an effect of the repetitive handling for the administration of the saline compounds. The
results obtained in the present study would support that conclusion since, without the
handling, the animal’s burying behavior should have been unaltered in the resetting. We
attributed the reduction of marble activity in the AD saline group to the anxiolytic effect
of handling [55-57], and the increase in marble activity in NTg-males with an increase in
their emotional state. However, this claim remains unclear partly for our present results
and partly because burying behavior can be enhanced in mice by stressing the animal
through non-pharmacological intervention [58-60]. Thus, it may have been possible that
the repetitive subcutaneous administration of the saline compound acted as a stressor
affecting the inherited burying behavior of each group and thereby either increasing or
decreasing it depending on their inherited pattern.

4.5. Benefits of Implementing the Time-Course of Marble Buried

This is the first time that time-course of marbles buried by 3xTg-AD mice in MB
was studied as a methodological novelty. As we previously explained in the method,
it consisted of counting the number of marbles buried at five minute intervals until the
end of the test. Although we have already commented on their results in the previous
section, we would like to make some remarks to promote its use. First of all, its application
is easy and affordable. It can be done through photography or video, not interfering in
the normal development of the test. Moreover, the intervals can be easily adapted to the
needs of the study, although it would be advisable to include at least one measurement
in the middle of the test. The reason for this is that, at least in our model, differences
usually appear at 10-15 min, and the score at that time does not differ significantly from
the score obtained at 30 min (analysis not shown). To us, the most important reason for
its use is that it gives us valuable information about the behavioral pattern of the animal
throughout the test, helping us to establish a more accurate profile of the animal and the
possible differences between them. This may be especially important in pharmacological
and non-pharmacological interventions as well, as such interventions could modify the
pattern of the animal and not just the final test score. Concerning the latter, time-course
could save many nightmares to researchers using the MB. If we consider only the final
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measurement, we could erroneously conclude that there are significant differences (false
positive) or not (false negative) between the two groups when in fact, throughout the test,
this was not the case. In our experiment, we can see an example of each. As a false positive
in the final measurement, we have that the 16-month-old AD-females burying percentage
is significantly different regarding their score on the previous testing, but only in that score.
While as a false negative, we see that in the last measurement of the re-test, the significant
difference between AD-males and NTg-males at 12 months disappears when there have
been significant differences in all the previous scores. In addition, although the counting
of marbles through the test has existed for a long time [43], its use is not widespread. It is
difficult to find examples of its use in the literature, although they certainly exist [59,61].
As in our experiment, the differences found at the end of the test are usually manifested
from the first measurements and are relatively stable over the time course. Considering
the foregoing, we consider that the advantages of its application far outweigh the costs of
its implementation.

4.6. Methodological Limitations of the Study

Although, in our view, the data support the above discussions, certain methodolog-
ical limitations may influence the degree of certainty of our conclusions. Here, we'll
discuss them to warn the reader regarding the possible impact of these limitations on
interpretability and, consequently, the conclusions drawn.

First, it is necessary to discuss the statistical analysis employed. MB is commonly
analyzed using linear models, such as the f-test and ANOVA. In our case, we have also
employed a split-plot ANOVA. However, as Lazic [15] points out, this type of analysis
may be inadequate because, as the number of marbles is a counted data, it does not
meet the requirements of this type of analysis, leading to 95% confidence intervals that
include impossible values (less than zero or greater than the number of marbles present),
misleading p-values, and impossible predictions. There are other more appropriate (non-
parametric) types of analysis. However, in our case, we decided to use the analysis for
several reasons: 1) to be in line with our previous studies, 2) to use the most commonly
used method in the literature, and 3) the complexity of the experimental design made it
very difficult to use non-parametric analysis techniques.

On the other hand, there are several limitations in ascertaining which construct the
MB test relates to or models. In the case of anxiety, there are more classical tests than the CT
for measuring anxiety-like behavior (e.g., open field, elevated plus maze). We used the CT
because in our previous studies [6], there were correlations concerning the MB. However,
as mentioned above, other studies have explored the relationship between anxiety tests
and the MB and obtained relatively poor results [29-31], so it is unlikely that this would
be any different in our case. In perseverative behavior, we also do not have an alternative
behavior (e.g., grooming) in the MB or another test to validate this hypothesis. However, in
this case, the design relies on the resistance to habituation of the marble test, as is the case
in other experimental tests e.g., [31]. The main intention of this paper is not to conclude
what behavior models the MB in the 3xTg-AD model, although we do hypothesize, based
on the data obtained, that it could be due to the previous points of the discussion.

All in all, it is clear that more research is needed to explore these questions further
and overcome the limitations present in this study.

5. Conclusions

In summary, the present results allow us to conclude that (1) the marble test is respon-
sive to genotype, sex, aging, and its interactions; (2) the male sex was more sensitive to
showing the AD-phenotype; (3) longitudinal study shows a reduction of burying in females
with AD pathology; (4) burying remains stable in repeated testing; (5) the time-course of
marbles buried is a useful methodological modification; and (6) burying behavior in the
MB test most likely represents perseverative and/or stereotyped-like behavior rather than
anxiety-like behavior in 3xTg-AD mice. More research is needed in the 3xTg-AD mice to
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approach further the modeling of perseverative and stereotyped-like behavior in MB and
to be able to verify if the profile shown in the MB test is transferable to other tests that
imply digging behavior.
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Abstract: Neurodegenerative diseases, including Alzheimer’s (AD) and Parkinson’s diseases (PD),
are complex heterogeneous diseases with highly variable patient responses to treatment. Due to
the growing evidence for ageing-related clinical and pathological commonalities between AD and

Analysis Reveals Ageing-Related PD, these diseases have recently been studied in tandem. In this study, we analysed transcriptomic

Perturbations in Retinoids and Sex data from AD and PD patients, and stratified these patients into three subclasses with distinct gene
Hormones in Alzheimer’s and expression and metabolic profiles. Through integrating transcriptomic data with a genome-scale
Parkinson’s Diseases. Biomedicines metabolic model and validating our findings by network exploration and co-analysis using a zebrafish
2021, 9,1310. https://doi.org/ ageing model, we identified retinoids as a key ageing-related feature in all subclasses of AD and PD.
10.3390/biomedicines9101310 We also demonstrated that the dysregulation of androgen metabolism by three different independent

mechanisms is a source of heterogeneity in AD and PD. Taken together, our work highlights the

Academic Editor: Masaru Tanaka need for stratification of AD/PD patients and development of personalised and precision medicine

approaches based on the detailed characterisation of these subclasses.
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iations. Neurodegenerative diseases, including Alzheimer’s (AD) and Parkinson’s diseases
(PD), cause years of a healthy life to be lost. Much previous AD and PD research has
focused on the causative neurotoxicity agents, namely, amyloid  and x-synuclein, respec-
tively. The current front-line therapies for AD and PD are cholinesterase inhibition and

Copyright: © 2021 by the authors. dOPamine repletion, respectively, which are considered gold standards. Unfortunately,
Licensee MDPIL, Basel, Swizzerland, these therapies are not capable of reversing neurodegeneration [1,2], thus necessitating
This article is an open access article potentially lifelong dependence on the drug and risking drug-associated complications.
distributed under the terms and ~ Moreover, AD and PD are complex multifactorial diseases with heterogeneous underlying
conditions of the Creative Commons ~ Molecular mechanisms involved in their progression [3-5]. This variability can explain
Attribution (CC BY) license (https://  the differences in patient response to other treatments such as oestrogen replacement

creativecommons.org/licenses /by / therapy [6,7] and statin treatment [8,9]. Hence, we observed that there are distinct disease
40/).
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classes affecting specific cellular processes. Therefore, there is a need for the development
of personalised treatment regimens.

In this study, we propose a holistic view of the mechanisms underlying the devel-
opment of AD and PD rather than focusing on amyloid 3 and «-synuclein [10]. To date,
complex diseases including liver disorders and certain cancers have been well studied
through the use of metabolic modelling. This enabled the integration of multiple omics
data for stratification of patients, discovery of diagnostic markers, identification of drug
targets, and proposing of personalised or class-specific treatment strategies [11-14]. A
similar approach may be applied for AD and PD since there is already a wealth of data
from AD and PD patients from post-mortem brain tissues and blood transcriptomics.

AD and PD share multiple clinical and pathological similarities, including comor-
bidities [15,16], inverse associations with cancer [17,18], and ageing as a risk factor [19,20].
One type of ageing is telomeric ageing, which is associated with the loss of telomeres,
protein/nucleic acid structures that protect chromosome ends from degradation [21]. The
enzyme telomerase is necessary for the maintenance of telomeres. In adults, telomerase
activity is mostly limited to progenitor tissues such as in the ovaries, testes, and bone
marrow. Loss of telomerase activity leads to telomere shortening, loss of sequences due to
end-replication, and eventual degradation of sequences within coding regions, leading to
telomeric ageing. Considering AD and PD as products of ageing, we can use an ageing
model organism to study its effects on the brain. In our study, we used zebrafish (Danio
rerio) as a model organism since it has been used extensively used to study vertebrate
ageing [22]. For example, a zebrafish ageing model can harbour a nonsense mutation in the
tert gene, which encodes the catalytic subunit of telomerase, and exhibit faster-than-normal
ageing [23,24].

In our study, we first analysed post-mortem brain gene expression data and protein—
protein interaction data from the Genotype-Tissue Expression (GTEx) database [25], Func-
tional Annotation of the Mammalian Genome 5 (FANTOMDb5) database [26-29], Human
Reference Protein Interactome (HuRI) database [30], and Human Protein Atlas (HPA)
(http:/ /www.proteinatlas.org, accessed on 9 March 2021) [31] for characterization of nor-
mal brain tissue (Figure 1A). Secondly, we analysed transcriptomic data from the Religious
Orders Study and Rush Memory Aging Project (ROSMAP) [32-34] with published expres-
sion data from anterior cingulate cortices and dorsolateral prefrontal cortices of PD and
Lewy body dementia patients, hereafter referred to as the Rajkumar dataset [35], and from
putamina, substantiae nigrae, and prefrontal cortices from patients with PD, hereafter
referred to as the Zhang/Zheng dataset [36,37]. On these data, we conducted differen-
tial gene expression and functional analysis, and then constructed biological networks
to further explore coordinated patterns of gene expression. Next, we performed global
metabolic analyses using genome-scale metabolic modelling. Alongside these analyses,
we also leveraged zebrafish tert mutants to test the hypothesis that the identified changes
may be associated with telomeric ageing. Finally, on the basis of our integrative systems
analysis, we defined three distinct disease subclasses within AD and PD and identified
retinoids as a common feature of all three subclasses, being likely to be perturbed through
ageing. We revealed subclass-specific perturbations at three separate processes in the an-
drogen biosynthesis and metabolism pathway, namely, oestradiol metabolism, cholesterol
biosynthesis, and testosterone metabolism.
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Figure 1. Overview and exploratory data analysis. (A) Workflow for the analysis of human AD and
PD samples. (B) AD and PD samples were clustered into k clusters without supervision on the basis of
normalised expression counts. Results are shown for k = 3 and 1000 bootstrap replicates. Colour bars
indicate cluster identity for each sample. For 2 < k < 7, refer to Figure S1. (C) Normalised expression data
from AD, PD, and control samples were projected onto 2-D space using t-distributed stochastic neighbour
embedding (t-SNE). Points are coloured according to cluster assignment by unsupervised clustering. For
further data visualisation, refer to Figure S2.
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2. Materials and Methods
2.1. Data Acquisition and Processing

Gene expression values of protein-coding genes from the ROSMAP dataset were
determined using kallisto (version 0.46.1, Pachter Lab, Berkeley, CA, USA) [38] by aligning
raw RNA sequencing reads to the Homo sapiens genome in Ensembl release 96 [39]. Raw
single-cell RNA sequencing reads from ROSMAP were converted to counts in Cell Ranger
(version 4.0, 10x Genomics, Pleasanton, CA, USA, https://support.10xgenomics.com/
single-cell-gene-expression/software/pipelines/latest/installation; accessed on 24 July
2020), and aligned to the Cell Ranger Homo sapiens reference transcriptome version 2020-
A. Single-cell expression values were compiled into pseudo-bulk expression profiles for
each sample.

Expression values of protein-coding genes from brain samples of the ROSMAP
dataset [32-34], GTEx database version 8 [25], FANTOMS5 database [26-28] via Regu-
latory Circuits Network Compendium 1.0 [29], HPA database [31], Rajkumar dataset [35],
and Zhang/Zheng dataset [36,37] were then combined. Genes from GTEx and FANTOM5
brain samples were filtered such that only genes whose products are known to partici-
pate in a protein—protein interaction described in the HuRI database [30] were included.
Expression values were scaled and TMM normalised per sample, Pareto scaled per gene,
and batch effects removed with the removeBatchEffect function from the limma (version
3.42.0, The Walter and Eliza Hall Institute of Medical Research, Parkville, Australia) [40] R
package. After quality control and normalisation, a total of 64,794 genes and 2055 samples
resulted. As the data also included samples from patients with neurological conditions
other than AD or PD, we then removed those samples and finally accepted 1572 samples
corresponding to AD, PD, or control for further analysis.

Projections onto 2-D space by PCA, t-SNE [41], and UMAP [42] methods were gen-
erated on data after missing value imputation with data diffusion [43]. t-SNE projections
were generated with perplexity 20 and 1000 iterations. All other parameters were kept
default. PCA and UMAP projections were generated using all default parameters.

2.2. Transcriptome Analysis

Using normalised, imputed expression values, AD and PD samples were then ar-
ranged into clusters without supervision using ConsensusClusterPlus (version 1.50.0,
University of North Carolina at Chapel Hill, Chapel Hill, NC, USA) [44] with maxK =20
and rep = 1000. All other parameters were kept default. Clustering by k = 3 clusters was
selected for downstream analysis. A fourth cluster containing only control samples was
artificially added to the analysis.

For differential gene expression analysis, normalised, non-imputed counts were used.
Genes were removed if expression values were missing in 40% or more of samples or
were zero in all samples. Differential expression was then performed using DESeq2
(version 1.26.0, European Molecular Biology Laboratory, Heidelberg, Germany) [45] with
uniform size factors and all other parameters set to default. Genes with a Benjamini—
Hochberg adjusted p-value at or below a cut-off of 1 x 107'0 were determined significantly
differentially expressed genes.

Gene set enrichment analysis was performed using piano (version 2.2.0, Chalmers
University of Technology, Goteborg, Sweden) [46] using all default parameters. GO term
lists were obtained from Ensembl Biomart (https://www.ensembl.org/biomart/martview,
accessed on 9 March 2021) and were used as gene set collections. Enrichment of GO terms
was determined by analysing GO terms of genes differentially expressed genes detected by
DESeq?2 as well as the parents of those GO terms. GO terms with an adjusted p-value at
or below 0.05 for distinct-directional and /or mixed-directional methods were determined
statistically significant.
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2.3. Metabolic Analysis

For each cluster, consensus gene expression values were determined by taking the
arithmetic mean of normalised expression counts across all samples within each cluster.

A reference GEM was created by modifying the gene associations of all reactions
within the adipocyte-specific GEM iAdipocytes1850 [47] to match those within the generic
human GEM HMR3 [48]. The resulting GEM was designated iBrain2845. Cluster-specific
GEMs were reconstructed using the RAVEN Toolbox (version 2.0, Chalmers University
of Technology, Goteborg, Sweden) [49] tINIT algorithm [50,51], with iBrain2845 as the
reference GEM.

FBA was conducted on each cluster-specific GEM using the solveLP function from
the RAVEN Toolbox with previously reported constraints [52] and defining ATP synthesis
(iBrain2845: HMR_6916) as the objective function. All constraints were applied with
the exception of the following reaction IDs, which were excluded: EX_ac|e] (iBrain2845:
HMR_9086) and EX_etoh[e] (iBrain2845: HMR_9099).

Reporter metabolite analysis was conducted using the reporterMetabolites function [53]
from the RAVEN Toolbox, using iBrain2845 as the reference model.

2.4. Network Analysis

To generate gene networks, we took normalised, non-imputed expression values
from AD and PD samples. Control samples and samples from blood were excluded.
One network was generated each for AD and PD. For the AD network, all male samples
were included, and 171 female samples were chosen at random and included. For the
PD network, all samples were included. Genes with any missing values were dropped.
Genes with the 15% lowest expression or 15% lowest variance were disregarded from
further analysis. Spearman correlations were calculated for each pair of genes, and the
top 1% of significant correlations were used to generate gene co-expression networks.
Random Erd&s-Rényi models were created for the AD and PD networks, with the same
numbers of nodes and edges to act as null networks, and compared against their re-
spective networks in terms of centrality distributions. Community analyses were per-
formed through the Leiden algorithm [54] by optimising CPMVertexPartition, after a
resolution scan of 10,000 points between 103 and 10. The scan showed global maxima
at resolutions = 0.077526 and 0.089074 for AD and PD networks, respectively, which were
used for optimisation. Enrichment analysis was performed on modules with >30 nodes
using enrichr (https://maayanlab.cloud/Enrichr, accessed on 5 March 2021) [55,56] using
GO Biological Process, KEGG, and Online Mendelian Inheritance in Man libraries and was
explored using Revigo (http:/ /revigo.irb.hr, accessed on 5 March 2021) [57].

2.5. Zebrafish Data Acquisition and Analysis

The tert mutant zebrafish line (tert"343%) was obtained from Miguel Godhino Fer-
reira [24]. Fish maintenance, RNA isolation, processing, and sequencing were conducted
as described previously [58].

From 1 = 5 wild-type (tert*/*), n = 5 heterozygous mutant (tert*/ ), and n = 3 homozy-
gous mutant (fert ™/ ~), expression values were determined from RNA sequencing reads
using kallisto by aligning to the Danio rerio genome in Ensembl release 96 [39]. Expres-
sion values were generated for each extracted tissue as well as ‘psuedo-whole animal’,
containing combined values across all tissues.

A reference zebrafish GEM was manually curated by modifying the existing Ze-
braGEM2 model and was designated ZebraGEM2.1.

Differential expression analysis, gene set enrichment analysis, GEM reconstruction,
FBA, and reporter metabolite analysis were conducted on tert—/~ and fert*/~ animals
against a tert*/* reference using DESeq2, piano, and RAVEN Toolbox 2.0 with default pa-
rameters. Reporter metabolite analysis was conducted with ZebraGEM2.1 as the
reference GEM.
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FBA was attempted as described for the human GEMs with the exception that the
following metabolic constraints were excluded: r1391, HMR_0482 (ZebraGEM2.1: G3PDm),
EX_ile_L[e] (ZebraGEM2.1: EX_ile_e), EX_val_Ll[e] (ZebraGEM2.1: EX_val_e), EX_lys_L[e]
(ZebraGEM2.1: EX_lys_e), EX_phe_L[e] (ZebraGEM2.1: EX_phe_e), GLCtlr, EX_thr_L[e]
(ZebraGEM2.1: EX_thr_e), EX_met_L[e] (ZebraGEM2.1: EX_met__L_e), EX_arg_L[e] (Ze-
braGEM2.1: EX_arg_e), EX_his_L[e] (ZebraGEM2.1: EX_his__L_e), EX_leu_L[e] (ZebraGEM2.1:
EX_leu_e), and EX_o2[e] (ZebraGEM2.1: EX_02_e). The objective function was defined as
ATP synthesis (ZebraGEM2.1: ATPS4m). FBA results for zebrafish are not presented.

2.6. Data and Code Accessibility

All original computer code, models, and author-curated data files have been released
under a Creative Commons Attribution ShareAlike 4.0 International Licence (https://
creativecommons.org/licenses /by-sa/4.0/; accessed on 29 March 2021) and are freely
available for download from <https://github.com/SimonLammmm/ad-pd-retinoid>;
accessed on 29 March 2021.

Zebrafish tert mutant sequencing data have been deposited in the NCBI Gene Expres-
sion Omnibus (GEO) and are accessible through GEO Series accession numbers GSE102426,
GSE102429, GSE102431, and GSE102434.

2.7. Ethics Statement

Zebrafish were housed in the fish facility of the Leibniz Institute on Aging—Fritz
Lipmann Institute (FLI) under standard conditions and a 14 h light and 10 h dark cycle. All
animal procedures were performed in accordance with the German animal welfare guide-
lines and approved by the Landesamt fiir Verbraucherschutz Thiiringen (TLV), Germany.

3. Results
3.1. Stratification of Patients Revealed Three Distinct Disease Classes

We retrieved gene expression and protein—protein interaction data from GTEx, FAN-
TOMS, HuRI, HPA, and ROSMAP databases and integrated these data with the published
datasets by Rajkumar and Zhang/Zheng. After performing quality control and normalisa-
tion (as outlined in the Materials and Methods), we included a total of 629 AD samples,
54 PD samples, and 889 control samples in the analysis (Table 1). To reveal transcrip-
tomic differences between AD/PD samples compared to healthy controls, we identified
differentially expressed genes (DEGs) and performed gene set enrichment (GSE) analyses.
However, since AD and PD are complex diseases with no single cure, it is likely that
multiple gene expression profiling exist, manifesting in numerous disease classes requiring
distinct treatment strategies. We therefore used unsupervised clustering to elucidate these
expression profiles and stratify the AD and PD patients on the basis of the underlying
molecular mechanisms involved in the disease occurrence.

Table 1. Summary of expression data sources.

Source AD Samples PD Samples Control Samples
GTEx/FANTOM5 0 0 67
HPA 0 0 52
Rajkumar 0 14 13
ROSMAP 629 0 704
Zhang/Zheng 0 40 53
Total 629 54 889

Expression data from AD and PD samples were obtained from the Genotype-Tissue Expression (GTEx) database,
Functional Annotation of the Mammalian Genome 5 (FANTOMS5) database, Human Protein Atlas (HPA), Religious
Orders Study and Rush Memory Aging Project (ROSMAP), Rajkumar dataset, and Zhang/Zheng dataset.

Following unsupervised clustering with ConsensusClusterPlus [44], we separated

AD and PD samples into three clusters (Figures 1B and S1). Clusters 1 and 2 contained
samples from Zhang/Zheng and Rajkumar datasets, respectively, in addition to sam-
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ples in the ROSMAP dataset, and consisted of 127 and 186 samples from female donors,
respectively, and 73 and 95 samples from male donors, respectively. Cluster 2 also con-
tained 14 samples with sex not recorded. Cluster 3 contained only ROSMAP samples and
consisted of 114 female and 74 male samples. Clusters did not form firmly along lines
of sex, age, or brain tissues or brain subregion (Figure S2). Samples from non-diseased
individuals were artificially added as a fourth, control cluster, consisting of 495 female
samples, 262 male samples, 13 samples with sex not recorded, and 119 samples derived
from aggregate sources.

By differential expression analysis using DESeq2 [45], we then characterised the
distinct transcriptomic profiles within our disease clusters (Figure 2A). Cluster 1 showed
mixed up- and downregulation of genes compared to control, whereas cluster 2 showed
more downregulation and cluster 3 showed vast downregulation of genes compared
to control.

To infer the functional differences between the subclasses, we performed GSE analysis
using piano [46] (Figure 2B, Supplementary Data S1). Globally, DEGs in any cluster 1-3
were enriched in upregulated Gene Ontology (GO) terms for immune response, olfaction,
retinoid function, and apoptosis, but downregulated for copper ion transport and telomere
organisation, compared to the control cluster. Considering individual clusters, cluster 1
DEGs were enriched in upregulated GO terms associated with immune signalling, cell
signalling, and visual perception. We also found downregulation of GO terms associated
with olfactory signalling and cytoskeleton. DEGs in cluster 2 were found to be enriched
in downregulated GO terms associated with the cytoskeleton, organ development, cell
differentiation, retinoid metabolism and response, DNA damage repair, inflammatory
response, telomere maintenance, unfolded protein response, and acetylcholine biosynthesis
and binding. On the other hand, we did not find any significantly enriched upregulated GO
terms. In cluster 3, we found that DEGs were enriched in upregulated GO terms associated
with neuron function, olfaction, cell motility, and immune system. DEGs in cluster 3 were
found to be enriched in downregulated GO terms associated with DNA damage response,
ageing, and retinoid metabolism and response.

The difference in expression profiles illustrate highly heterogeneous transcriptomics
in AD and PD and that there are notable commonalities and differences between the
subclasses of AD or PD samples. Interestingly, we found retinoid metabolism or function
to be a common altered GO term in all subclasses. This was upregulated in cluster 1 but
downregulated in clusters 2 and 3. We therefore observed that retinoid dysregulation
appears to be a common ageing-related hallmark in AD and PD.

A Cluster 1 vs cantrol Cluster 2 vs control Cluster 3 vs control

1e-253 1e-253
]
s le-185 1e-185
&
8
g le-117 1e-117
=
<
1e-49 1e-49

-30 20 -10 0 10
logy, fold change

Figure 2. Cont.

55



Biomedicines 2021, 9, 1310

integral component of plasma membrane  EE E . ————
immune system process  p—

viral process p—
negative regulation of apoptotic process p—

inflammatory response  p—
signaling receptor binding  p——
positive regulation of gene expression  p—
cytokine-mediated signaling pathway s
positive regulation of ERK1 and ERK2.. gy
visual perception pmm
T cell receptor signaling pathway g
serine-type endopeptidase activity
protein ubiquitination .
sensory perception of smell  E—
synapse E——
cytoplasmic vesicle
cell projection =

monocarboxylic acid metabolic process =
DNA binding
metal ion binding [

0 200 400 600 800 1000120014001600

protein dimerization activity I
immune system process IE—
cytoskeleton EE——
G protein-coupled receptor signaling.. n—
catalytic activity, acting on a protein =
apoptotic process I
animal organ development I
RNA binding n—
transmembrane signaling receptor activity I
ATP binding n——
drug binding EEE—
regulation of cellular macromolecule. . I
gene expression I
anatomical structure development I ———
immune response I
hydrolase activity I ——
transferase activity I
small molecule binding I ———
transcription by RNA polymerase ||
metal ion binding

0 500 1000 1500 2000 2500 3000

G protein-coupled receptor signaling. .
sensory perception of smell gy
keratinocyte differentiation gy
intermediate filament
adaptive immune response g
defense response to bacterium g
endopeptidase activity
T cell receptor complex
leukocyte degranulation
neutrophil activation involved in. . E—m
defense response EE——
primary metabolic process ' ———
biological adhesion ——
programmed cell death ' E————
establishment of protein localization T
transition metal ion binding  E———
apoptotic process E——
protein dimerization activity ————
drug binding ——————
transcription by RNA polymerase ||/

|0)UOD SA | JBISNID

GO terms
100UOD SA Z JaISn|D

|ONUOD SA € JAISN|D

0 500 1000 1500 2000 2500

Number of genes

Figure 2. Transcriptomic and functional characterisation of AD and PD subclasses. Differentially
expressed gene (DEG) analysis and gene set enrichment (GSE) analysis were performed for AD and
PD and control samples for each disease cluster, using the control cluster as reference. (A) DEG results.
Significant DEGs were determined as those with a Benjamini-Hochberg adjusted p-value at or below
a cut-off of 1 x 1071%. Upregulated significant DEGs are coloured red. Downregulated significant
DEGs are coloured blue. Non-significant DEGs are coloured grey. (B) Selected significantly enriched
GO terms by number of genes as determined by GSE analysis. Red bars indicate upregulated GO
terms. Blue bars indicate downregulated GO terms. For full data, refer to Supplementary Data S1.
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3.2. Metabolic Analysis Revealed Retinoids and Sex Hormones as Significantly Dysregulated in
AD and PD

On the basis of clustering and GSE analysis, we identified distinct expression profiles,
but these alone could not offer insights into metabolic activities of brain in AD and PD. To
determine metabolic changes in the clusters compared to controls, we performed constraint-
based genome-scale metabolic modelling. We reconstructed a brain-specific genome-
scale metabolic model (GEM) based on the well-studied HMR2.0 [47] reference GEM by
overlaying transcriptomic data from each cluster and applying brain-specific constraints
as described previously [52] using the tINIT algorithm [50,51] within the RAVEN Toolbox
2.0 [49]. We generated a brain-specific GEM (iBrain2845) (Supplementary File S1) and
used it as the reference GEM for reconstruction of cluster-specific GEMs in turn. We
constructed the resulting context-specific iADPD series GEMs iADPD1, iADPD2, iADPD3,
and iADPDControl, corresponding to cluster 1, cluster 2, cluster 3, and the control cluster,
respectively (Supplementary File S2).

We conducted flux balance analysis (FBA) by defining maximisation of ATP synthesis
as the objective function. iADPD1 and iADPD2 both showed upregulation of fluxes in
reactions involved in cholesterol biosynthesis and downregulation in O-glycan metabolism,
with reaction flux changes being more pronounced in iADPD?2 than in iADPD1 (Table 2,
Supplementary Data 52). We found that the fluxes in ;(ADPD1 were uniquely upregulated
in oestrogen metabolism and the Kandustch-Russell pathway. iADPD2 was uniquely
upregulated in cholesterol metabolism, whereas iADPD3 uniquely displayed roughly
equal parts upregulation and downregulation in several pathways, including aminoacyl-
tRNA biosynthesis; androgen metabolism; arginine and proline metabolism; cholesterol
biosynthesis; galactose metabolism; glycine, serine, and threonine metabolism; and N-
glycan metabolism.

Table 2. Flux balance analysis of iADPD1, iADPD2, and iADPD3 versus iADPDControl.

Subsystem iADPD1 iADPD2 iADPD3

Acyl-CoA hydrolysis —0.001 0.001 0.000
Alanine, aspartate, and glutamate metabolism —0.148 0.014 0.000
Aminoacyl-tRNA biosynthesis 4.698 4.698 0.000

Androgen metabolism —1.426 —0.399 —0.001
Arachidonic acid metabolism —0.098 0.010 0.000
Arginine and proline metabolism —0.182 —0.327 0.000

Beta oxidation of branched-chain fatty acids (mitochondrial) ~ —0.049 —0.049 —0.049

Beta oxidation of di-unsaturated fatty acids

(n-6) (mitochondrial) —0.636 0.002 —0.001
Beta oxidation of odd-chain fatty acids (mitochondrial) 0.001 —0.002 —0.002
Beta 0x1dat1.on of Poly—unsafturated fatty 0.709 0.024 0.000
acids (mitochondrial)
Beta oxidation of unsaturated fatty acids
(n-7) (mitochondrial) —0.016 0.001 —0.003
Beta oxidation of unsaturated fatty acids
(n-9) (mitochondrial) 0.011 0.000 0.007
Carnitine shuttle (cytosolic) 0.012 0.000 —0.001
Carnitine shuttle (mitochondrial) 0.003 0.000 0.002
Cholesterol biosynthesis 1 (Bloch pathway) 0.076 —0.983 0.001
Cholesterol biosynthesis 2 2.501 4.472 0.000
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Table 2. Cont.

Subsystem iADPD1 iADPD2 iADPD3

Cholesterol biosynthesis 3 (Kandustch-Russell pathway) 1.699 0.000 0.000
Cholesterol metabolism 0.067 4.482 0.000
Estrogen metabolism 2.085 0.000 0.000
Fatty acid activation (endoplasmic reticular) 0.000 0.000 0.000
Fatty acid biosynthesis (even-chain) 0.000 0.000 0.000
Fatty acid desaturation (even-chain) 0.785 0.000 0.000
Fatty acid elongation (odd-chain) —0.042 —0.024 0.000
Formation and hydrolysis of cholesterol esters —0.382 0.004 0.000
Fructose and mannose metabolism —0.211 —0.007 0.000
Galactose metabolism —0.008 0.035 0.000
Glycine, serine, and threonine metabolism 0.276 0.557 0.000
Glycolysis/gluconeogenesis -0.213 0.022 0.033
Histidine metabolism 0.000 0.000 0.000
Leukotriene metabolism —0.032 0.000 0.000
Lysine metabolism 0.000 0.000 0.000
N-glycan metabolism —0.784 0.016 0.000
Nitrogen metabolism 0.000 0.000 0.000
Nucleotide metabolism 0.027 —0.028 0.000
O-glycan metabolism —2.346 —4.738 0.000
Pentose phosphate pathway 0.127 0.000 0.000
Propanoate metabolism —0.116 0.020 0.091
Protein degradation 0.000 0.000 0.000
Purine metabolism 0.112 —0.013 0.000

Pyrimidine metabolism —0.071 —0.010 —0.001

Pyruvate metabolism —0.183 —0.004 —0.077
Starch and sucrose metabolism 0.000 0.000 0.000
Steroid metabolism —0.097 —0.295 0.003
Terpenoid backbone biosynthesis 0.398 0.187 0.020
Valine, leucine, and isoleucine degradation 0.127 0.000 0.000

Flux balance analysis was performed for each iADPD-series GEM, and the predicted fluxes for the three disease
cluster GEMs were compared against the predicted fluxes for the control cluster GEM. Reactions are grouped
by subsystem and flux difference values are expressed as mean flux difference between disease clusters and the
control cluster across all changed reactions within a subsystem. For full results, refer to Supplementary Data S2.

In particular, we observed increased positive fluxes through reactions HMR_2055
and HMR_2059 in iADPD1, which convert oestrone to 2-hydroxyoestrone and then to 2-
methoxyoestrone (Figure 3). In iADPDControl, these reactions carried zero flux. In iADPD2,
we observed increased positive fluxes through HMR_1457 and HMR_1533, which produce
geranyl pyrophosphate and lathosterol, respectively. Both of these molecules are precursors
to cholesterol, and while we did not see a proportionate increase in the production of other
molecules along the pathway (namely, farnesyl pyrophosphate and squalene), we did
observe a general increase in fluxes through the androgen biosynthesis and metabolism
pathway. Finally, we observed that iADPD3 displayed a decreased production of testos-
terone from 4-androstene-3,17-dione via HMR_1974, despite an increase in production of
4-androstene-3,17-dione via HMR_1971.
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Figure 3. Metabolic characterisation of AD and PD subclasses. Flux balance analysis (FBA) was performed on iADPD1-3

genome-scale metabolic models (GEMs), and flux values were compared with those of iADPDControl. Key metabolites

and reactions within the androgen metabolism pathway are shown and key dysregulations are displayed as coloured
arrows: red indicates increased flux compared to iADPDControl; blue indicates decreased flux compared to iADPDControl.

Dysregulations associated to each GEM are shown in coloured boxes. The dashed line indicates multiple reactions are
involved. Human Metabolic Reactions (HMR) identifiers are shown for androgen metabolism reactions with dysregulated

fluxes. For full data, refer to Supplementary Data S2.

Taken together, the obtained results indicate the existence of three distinct metabolic
dysregulation profiles in AD and PD, with dysregulation being most pronounced in cluster
2 patients and least pronounced in cluster 3 patients. Furthermore, we found that all
three clusters show dysregulations in or around sex hormone biosynthesis and metabolism,
which might explain the heterogeneity in responses to sex hormone replacement therapy
in AD and PD patients as extensively reported previously [6,59-61]. We also confirmed
that dysregulations through sex hormone pathways in the iADPD series GEMs were not
due to differences in relative frequencies between sexes in the main clusters 1-3 (Fisher’s
exact test, p = 0.4700).

In addition to metabolic inference and FBA, we performed reporter metabolite analy-
sis [53] by overlaying DEG analysis results onto the reference GEM to identify hotspots of
metabolism (Table 3, Supplementary Data S3). In short, we uniquely identified oestrone as
a reporter metabolite in cluster 1, and lipids such as acylglycerol and dolichol in cluster
2. No notable reporter metabolites were identified as significantly changed in cluster 3
only. In common to all clusters 1-3, retinoids, and sex hormones such as androsterone
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and pregnanediol were identified as significantly changed reporter metabolites, which are
generally in line with GSE and FBA results.

Table 3. Reporter metabolite analysis of AD and PD subclasses.

Reporter Metabolite Z-Score p-Value
Cluster 1
02 6.111 495 x 10~ 10
Estrone 5.4557 244 x10°8
Retinoate 5.3943 344 x 1078
NADP+ 5.3667 401 %1078
Arachidonate 5.2822 638 x 1078
2-Hydroxyestradiol-17beta 5.0999 1.70 x 1077
Linoleate 5.0622 2,07 x 1077
10-HETE 5.0454 226 x 1077
11,12,15-THETA 5.0454 2.26 x 1077
11,14,15-Theta 5.0454 2.26 x 1077
Cluster 2
1-Acylglycerol-3P-LD-PC pool 43322 7.38 x 107°
Acyl-CoA-LD-PI pool 4.143 1.71 x 1075
Phosphatidate-CL pool 4.0973 2.09 x 1072
Thymidine 3.5852 0.00016843
Uridine 3.5852 0.00016843
Prostaglandin D2 3.2144 0.00065348
G10596 3.1354 0.0008581
G10597 3.1354 0.0008581
D-Myo-inositol-1,4,5-trisphosphate 2.9988 0.0013552
Dolichyl-phosphate 2.9655 0.001511
Cluster 3
D-Myo-inositol-1,4,5-trisphosphate 2.6543 0.0039734
13-cis-Retinal 2.6537 0.0039806
Heparan sulfate, precursor 9 2.5915 0.0047772
sn-Glycerol-3-phosphate 2.578 0.0049682
DHAP 2.5353 0.0056173
Porphobilinogen 2.4987 0.0062333
ATP 24838 0.0064998
L-Glutamate 5-semialdehyde 2.4576 0.006994
Prostaglandin D2 2.451 0.0071221
ribose 2.4133 0.0079045

Reporter metabolite analysis was performed for each AD/PD subclass by overlaying differential expression
results onto iBrain2845. Top 10 unique reporter metabolites by p-value for each cluster compared to the control
cluster are shown. For full results, refer to Supplementary Data S3.

3.3. Network Analysis Supported Retinoid and Androgen Dysrequlation and Suggests
Transcriptomic Similarity between AD and PD

To further explore the gene expression patterns shown across AD and PD patients,
we took expression data and constructed a weighted gene co-expression network for
each group (Spearman p > 0.9, FDR < 107%; see the Materials and Methods section).
Each network was compared against equivalent randomly generated networks acting
as null models. After quality control, the AD network contained 4861 nodes (genes)
and ~397,000 edges (significant correlations), and the PD network contained 5857 nodes
and ~394,000 edges (Figure 4A,B, Table 4). A community analysis to identify modules
of highly co-expressed genes [54] highlighted 9 and 15 communities with significant
functional enrichment in AD and PD, respectively.

In the AD network, gene module C3 was enriched for genes involved with neuron
and synapse development, similar to patient cluster 3; C4 for genes involved with mRNA
splicing, similar to patient cluster 2; and C5 for genes involved with the mitochondrial
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®AD 3
®PD

electron transport chain (Figure 4C, Supplementary Data S4). C1 and C2 were the gene
modules with the largest number of genes. C1 was enriched for gene expression quality
control genes and development and morphogenesis genes, mirroring patient cluster 2,
whereas C2 contained cytoskeleton-related genes, similar to patient cluster 1.

In the PD network, C1 was enriched for genes involved with retinoid metabolism,
glucuronidation, and cytokine signalling. Since androgens are major targets of glucuronida-
tion [62], these results are in line with our main findings. Further, C2 contained DNA
damage response and gene regulation genes, similar to patient cluster 2; C3 contained
nuclear protein regulation genes; and C4 contained mRNA splicing genes, again similar to
patient cluster 2.

Further, the two networks share a large number of enriched terms in common, and
there is high similarity between the major gene modules, highlighting the similarity be-
tween AD and PD. In addition to this, enrichment analysis for KEGG terms was unable
to assign “Alzheimer disease” and “Parkinson disease” to the correct gene modules from
the respective networks, and additional neurological disease terms such as “Huntington
disease” and “amyotrophic lateral sclerosis” were also identified by the analysis, further
suggesting the transcriptomic similarity between neurological diseases. We found that
AD C1 and PD C2 were frequently annotated with these disease terms, and these gene
modules are also highly similar. Therefore, this gene module could constitute a core set of
dysregulated genes in neurodegeneration.

Taken together, the network analysis supports our GSE findings. The functional conse-
quences of differential expression in the patient clusters could be explained by differential
modulation of gene modules identified in our network analysis together with dysregulation
of a core set of genes implicated in both AD and PD.
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Table 4. AD and PD network properties.

Nodes  Eiges  Diametor AT Doy Gt Coeded it
AD 4861 396,985 11 3.004 0.034 0.443 No -
PD 5857 394,405 18 3.598 0.023 0.397 No -
Random AD 4861 396,985 3 1.970 0.034 0.034 Yes 114
Random PD 5857 394,405 3 2.021 0.023 0.023 Yes 89

Gene co-expression networks were generated for AD and PD samples. AD, PD, and random networks are shown.

3.4. Zebrafish Transcriptomic and Metabolic Investigations Suggest an Association between Brain
Ageing and Retinoid Dysregulation

To further validate our findings regarding the differences between clusters of human
AD and PD samples, we analysed transcriptomic data from tert mutant zebrafish and
reconstructed tissue-specific GEMs (Figure 5A). To ascertain that these effects of ageing
were limited to the brain, we analysed the brain, liver, muscle, and skin of zebrafish as well
as the whole animal.

We first repeated DEG and GSE analyses in the ferf mutants using brain transcriptomic
data. We found significant enrichment of GO terms associated with retinoid metabolism as
well as eye development and light sensing, in which retinoids act as signalling molecules [63]
(Figures 5B and S3, Supplementary Data S5). To further support our findings, we then
reconstructed mutant- and genotype-specific GEMs by overlaying zebrafish tert mutant
transcriptomic data onto a modified generic ZebraGEM2 GEM [64]. We designated the
modified GEM ZebraGEM?2.1 (Supplementary File S3) and used it as the reference GEM. We
also generated zebrafish organ-specific GEMs and provided them to the interested reader
(Supplementary File S4).

We then repeated reporter metabolite analysis using the transcriptomic data from
zebrafish tissue-specific GEMs and found that retinoids were identified as significant
reporter metabolites in tert*/ ~ zebrafish (p = 0.045) but not in tert—/~, where evidence was
marginal (p = 0.084) (Figure 5C, Table 5, Supplementary Data S6). We also observed this
result in the skin of tert”/~ mutants, where evidence was significant (p = 0.017). This result
can be explained due to the susceptibility of skin as an organ to photoageing, for which
topical application of retinol is a widely used treatment [65]. However, we did not find
evidence for significant changes in pregnanediol, and androsterone was significant only
in the skin of tert~/~ zebrafish (p = 0.017). This would suggest that either change in sex
hormones are not ageing-related with regards AD and PD, or the changes were outside the
scope of the zebrafish model that we used.

Taken together, these results indicated that ageing can largely explain alterations in
retinoid metabolism in the brain but not alterations in sex hormone metabolism. These
results also suggest that ageing has a differential effect on different organs, implying that
metabolic changes due to ageing in the brain are associated with neurological disorders.
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tertt/ — (lower panels), using tert/* as a reference. Methods and colour keys are as in Figure 2. For muscle, liver, skin, and

pseudo-whole animal analyses, refer to Figure S3. For full data, refer to Supplementary Data S5. (C) Reporter metabolite
analysis of zebrafish samples. DEG data were overlaid on ZebraGEM2.1 to determine reporter metabolites. Shown are

reporter metabolites with p < 0.1 within the retinoic acid metabolic pathway. Red numbers indicate p-values in tert =/~

compared to tert*/*. Blue numbers indicate p-values in tert"/~ compared to tert'/*. Green numbers indicate p-values in
tert=/~ compared to tert*/ ~. Tissues are indicated with icons. For full data, refer to Supplementary Data S6.
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Table 5. Reporter metabolite analysis of zebrafish tert mutants.

Reporter Metabolite Z-Score p-Value
tert =/~
H+ 3911 460 x 1075
H20 3.0672 0.0010804
L-Lysine 2.8564 0.0021424
Biocyt ¢ 2.8564 0.0021424
Ubiquinone 2.5742 0.0050241
Nicotinamide adenine dinucleotide—reduced 2.3946 0.0083183
Phosphate 2.0562 0.019883
Superoxide anion 2.0365 0.020851
Sodium 1.9228 0.027254
TRNA (Glu) 1.8752 0.030381
Thiosulfate 1.7684 0.038493
Selenate 1.7684 0.038493
Reduced glutathione 1.7184 0.042862
ADP 1.6716 0.047305
L-Lysine 1.6625 0.04821
Benzol[a]pyrene-4,5-oxide 1.6042 0.054333
Formaldehyde 1.5955 0.055302
L-Glutamate 1.4622 0.071837
(1R,2S)-Naphthalene epoxide 1.4518 0.073276
Aflatoxin Bl exo-8,9-epozide 1.4518 0.073276
tert*/ =
H+ 4.9585 355 x 1077
Ubiquinol 3.9938 3.25 x 1072
H20 3.2078 0.00066883
Nicotinamide adenine dinucleotide—reduced 3.029 0.0012268
Superoxide anion 2.0908 0.018274
L-Lactate 2.0752 0.018983
02 1.9958 0.022976
Lnlncgcoa c 1.9628 0.024834
Succinate 1.9449 0.025895
Ferricytochrome ¢ 1.8352 0.033237
Phosphatidylinositol-3,4,5-trisphosphate 1.7494 0.040109
9-cis-Retinoic acid 1.7 0.044567
[(Gal)2 (GlcNAc)4 (LFuc)1 (Man)3 (Asn)1’] 1.6672 0.047739
O-Phospho-L-serine 1.6601 0.048451
[(Gle)3 (GlcNAC)2 (Man)9 (Asn)1’] 1.6276 0.051802
Protein serine 1.6078 0.053937
[(GlcNAc)1 (Ser/Thr)1’] 1.6078 0.053937
Geranyl diphosphate 1.5912 0.055785
CTP 1.5625 0.059088
[(Gal)2 (GlcNAc)4 (LFuc)1 (Man)3 (Neu5Ac)2 (Asn)1’] 1.5367 0.062179

Reporter metabolite analysis was performed for the brains of zebrafish tert mutant by overlaying differential
expression results onto ZebraGEM?2.1. Top 20 unique reporter metabolites by p-value for each cluster compared to
wild-type tert*/* zebrafish are shown. For full results, refer to Supplementary Data S6.

4. Discussion

In this work, we integrated gene expression data across diverse sources into context-
specific GEMs and sought to identify and characterise disease subclasses of AD and PD. We
used unsupervised clustering to identify AD/PD subclasses and employed DEG and GSE
analysis to functionally characterise them. We used network exploration, constraint-based
metabolic modelling, and reporter metabolite analysis to characterise flux and metabolic
perturbations within basal metabolic functions and pathways. We then leveraged expres-
sion data from zebrafish ageing mutants to validate our findings that these perturbations
might be explained by ageing. Our analysis concluded with the identification and char-
acterisation of three AD/PD subclasses, each with distinct functional characteristics and
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metabolic profiles. All three subclasses showed depletion of retinoids by an ageing-related
mechanism as a common characteristic.

We believe that a combined analysis that integrates AD and PD data is necessary to
elucidate common attributes between the two diseases. However, we realised that such an
analysis will likely obscure AD- and PD-specific factors, such as amyloid 3 and x-synuclein,
but should aid the discovery of any factors in common. Since AD and PD share numerous
risk factors and comorbidities such as old age, diabetes, and cancer risk, we believe that
an AD/PD combined analysis can identify factors in common to both diseases and prove
valuable for the identification of treatment strategies that might be effective in the treatment
of both diseases.

GSE analysis highlighted significant changes related to retinoid function or visual
system function, in which retinol and retinal act as signalling molecules [63], in all clusters
(Figure 2, Supplementary Data S1). Together with the identification of multiple retinol
derivatives as significant reporter metabolites in iBrain2845 (Table 3, Supplementary Data S3),
we hypothesised that retinoids are a commonly dysregulated class of molecules in both AD
and PD, and that this may be due to an ageing mechanism. Indeed, in our investigation
with zebrafish telomerase mutants, we again found alterations in retinoid and visual
system function in GSE analysis (Figures 5B and S3, Supplementary Data S5) and reporter
metabolite analysis (Figure 5C, Table 5, Supplementary Data S6).

Retinoids were identified as a reporter metabolite in all three clusters of patients
in this study. Further, our zebrafish analysis highlighted the importance of retinoids in
ageing of the brain and the skin (Figure 5C, Table 5, Supplementary Data S6). Retinol, its
derivatives, and its analogues are already used as topical anti-ageing therapies for aged
skin [65], and there is a growing body of evidence suggesting its efficacy for the treatment
of AD [66-69]. We add to the body of evidence with this in silico investigation involving
zebrafish telomerase mutants, suggesting that the source of retinoid depletion in AD and
PD is ageing-related. Interestingly, regarding our finding for skin ageing in zebrafish,
lipid biomarkers have been proposed in a recent skin sebum metabolomics study in PD
patients [70]. This could be interpreted as co-ageing in brain and skin tissues, possibly
allowing for cheap, non-invasive prognostic testing for PD.

In addition to retinoids, we found evidence for subclass-specific dysregulation
within the androgen metabolism pathway in each of the three clusters in FBA (Table 2,
Supplementary Data 52) and reporter metabolite analysis (Table 3, Supplementary Data S3).
We found that iADPD1 displayed increased oestrone conversion to the less potent [71]
2-methoxyoestrone, iADPD2 displayed increased production of the cholesterol precursor
molecules geranyl pyrophosphate and lathosterol and increased androgen biosynthesis,
and i/ADPD3 displayed decreased conversion of 4-androstene-3,17-dione to testosterone.
However, there was no definitive evidence to suggest an ageing-related basis for these ob-
servations on the basis of our zebrafish study, but this may be due to the diverse functional
roles that sex hormones have, limitations within the ZebraGEM?2.1 model, or absence of an
actual biological link between sex hormones and ageing of the brain. Despite this, given
the widely reported variability in responses to sex hormone replacement therapy in AD
and PD [6,8,60,61], we believe that this observation represents a possible explanation for
the heterogeneity. Our observation regarding the dysregulation of the androgen pathway
at three separate points suggests that dysregulation at other points might also be linked
to AD and PD, thus implying that androgen metabolism dysregulation in general might
be important for the development of AD and PD. Our finding via network community
analysis of a gene module associated with glucuronidation activity points to a possible
therapeutic strategy to combat androgen dysregulation. In our study, the limitation of our
dataset that some samples were aggregate samples or did not record the donor’s sex meant
that we were unable to assess in detail the sex-dependency of our results. However, as
has been extensively studied in the AD model mouse [72-74], this remains an important
question, and more work is needed to elucidate the importance of sex hormones and
glucuronidation regarding AD and PD.
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Identification of subclasses is desirable to address the heterogeneity in disease with
regards transcriptomic profile and treatment response, but patients must be stratified
in order to be diagnosed with the correct disease subclass and therefore administer the
appropriate treatment. To this end, we used GSE analysis to functionally characterise the
AD/PD subclasses (Figure 2, Supplementary Data S1). Cluster 2, which was associated
with a decreased immune and stress response, appeared to be most severe disease sub-
class, whereas cluster 3, which was associated with an increased sensory perception of
smell, reduced haemostasis, and reduced immune and DNA damage response, seemed
to be the least severe. Meanwhile, cluster 1 was associated with an increased immune
and inflammatory responses and reduced sensory perception of smell. The functional
terms are supported by community analysis of our AD and PD gene co-expression net-
works, which identified gene modules that roughly align with the GSE results (Figure 4,
Supplementary Data S4). The proposed severity ratings are supported by FBA findings,
which show iADPD?2 as having the highest total flux dysregulation compared to control,
and iADPD3 as having the least (Table 2, Supplementary Data S2). Although we did not
attempt to characterise for stratifying and diagnosing patients in our study, our findings
clearly show that such stratification is possible.

In this work, we leveraged samples from zebrafish telomerase mutants and insights
from the ZebraGEM?2.1 metabolic model. These models were utilised in order to test the
hypothesis that the observations we made in the human subjects could be explained by
telomeric ageing in a way where we could control the ‘dosage’ of ageing, i.e., tert*/~ and
tert~/~ mutants. However, it is important to acknowledge the limitations of such models.
Although zebrafish are a widely used model organism to study vertebrate ageing [22],
most neurons of the brain do not divide and are therefore not likely to be subject to the
direct effects of telomeric ageing. Therefore, we cannot conclude that the dysregulations
we observed in AD and PD were caused by ageing of neurons per se, but rather correla-
tions exist between telomeric ageing in zebrafish and AD and PD in humans, and these
correlations may act via an indirect mechanism affecting multiple systems of the ageing
organism. Due to these limitations, more data and more studies are required to support
the link between ageing and neuronal degeneration in AD and PD. The basic requirement
of such studies would be brain tissue from donors of a wide range of ages. In our study,
we utilised datasets containing aggregated samples, where age cannot be assigned, and
samples from age-matched donors, meaning that younger donors were poorly represented
in our data, making it unsuitable for an ageing analysis.

In conclusion, we report three distinct subclasses of AD and PD. The first subclass
was identified as being associated with increased immune response, inflammatory re-
sponse, and reduced sensory perception of smell, according to GSE results. We observed
that this subclass exhibited increased oestradiol turnover, according to FBA results.
The second subclass was linked with increased cholesterol biosynthesis and general in-
creased flux through the androgen biosynthesis and metabolism pathway. This subclass
was characterised by reduced immune response. The third subclass was characterised
by enrichment of GO terms indicating increased sensory perception of smell, reduced
haemostasis, and reduced immune and DNA damage response. This subclass also ex-
hibited reduced testosterone biosynthesis from androstenedione, as determined by FBA.
All subclasses exhibited dysregulation within the retinoid metabolism pathway. For all
subclasses of AD and PD, more investigation is required to verify the effectiveness of
these stratification methods and to aid prediction of effective precision therapies. To
our knowledge, this is the first meta-analysis at this scale highlighting the potential
significance of retinoids, oestradiol, and testosterone in AD and PD by studying the
two diseases in combination. We observed that the existence of disease subclasses de-
mands precision or personalised medicine and explains the heterogeneity in AD and PD
response to single-factor treatments.
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Abstract: From the first success in cultivation of cells in vitro, it became clear that developing cell
and/or tissue specific cultures would open a myriad of new opportunities for medical research.
Expertise in various in vitro models has been developing over decades, so nowadays we benefit
from highly specific in vitro systems imitating every organ of the human body. Moreover, obtaining
sufficient number of standardized cells allows for cell transplantation approach with the goal of
improving the regeneration of injured/disease affected tissue. However, different cell types bring
different needs and place various types of hurdles on the path of regenerative neurology and
regenerative cardiology. In this review, written by European experts gathered in Cost European
action dedicated to neurology and cardiology-Bioneca, we present the experience acquired by working
on two rather different organs: the brain and the heart. When taken into account that diseases of
these two organs, mostly ischemic in their nature (stroke and heart infarction), bring by far the
largest burden of the medical systems around Europe, it is not surprising that in vitro models of
nervous and heart muscle tissue were in the focus of biomedical research in the last decades. In this
review we describe and discuss hurdles which still impair further progress of regenerative neurology
and cardiology and we detect those ones which are common to both fields and some, which are
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field-specific. With the goal to elucidate strategies which might be shared between regenerative
neurology and cardiology we discuss methodological solutions which can help each of the fields to
accelerate their development.

Keywords: stem cells; regenerative neuroscience; brain regeneration; neurology; cardiology; myocar-
dial regeneration; clinical trials

1. Introduction

Regenerative medicine aims at replacing human cells, tissues or organs damaged by
disease or aging and restoring their normal functions. Among some of the most promising
approaches in regenerative medicine are stem cell-based therapies, which may provide
unparalleled possibilities in the treatment of various conditions, including brain and heart
diseases [1]. The therapeutic effect, i.e., restoration of function in the damaged tissue, is
attained through direct cell replacement, stimulation of endogenous regeneration/repair
systems, establishment of a supportive environment for the remaining cells, or a combi-
nation of these mechanisms [2]. Besides the progenitor cells from the affected nervous or
cardiac muscle tissue, stem cells of most diverse origins have also proved to be candidates
with great potential for translation towards clinical trials. Human embryonic stem cells
(hESCs) show the highest differentiation potential, yet their use is hampered by numerous
ethical controversies, and alternative sources are sought for [3]. Multipotency of mesenchy-
mal stem cells (MSCs), their presence in almost all adult tissues, the fact that they are
usually easily accessible and that they can be differentiated into neural and myocardial
lineages makes them very appealing in cell-based therapies [4,5]. Lately, great expectations
have also been placed on induced pluripotent stem cells (iPSCs) generated from somatic
cells that have undergone genetic reprogramming resulting in pluripotency. Most of cell
types are easily obtainable and expanded, usually with no need for immunosuppression
following transplantation [6]. Over the past two decades a large number of trials have been
conducted, and many are currently underway, including those related to demyelinating
diseases and spinal cord injuries, amyotrophic lateral sclerosis, stroke, Parkinson’s disease,
macular degeneration, as well as acute myocardial infarction, ischemic cardiomyopathy,
refractory angina and many others [1]. Although different clinical trials in the fields of
neurology and cardiology have reported promising benefits of stem cell-based therapies,
many challenges still remain.

This review outlines various types of stem cells that are currently available in neu-
rological and cardiovascular regenerative medicine and reports current state of the art in
attempts to introduce those procedures in every day practice. Moreover, we analyse the
signalling pathways and mechanisms of their action and examine the outcomes that have
been reached with their application. In addition, we discuss the use of novel biomaterials
as support for 2D and 3D cell growth, as well as the emerging role of exosomes and their
cargos in tissue regeneration. Finally, an overview of the main obstacles, some shared
between these two fields, and some field-specific, which we have yet to overcome are given.

2. Induced Pluripotent Stem Cells-Flying Start to Boosting In Vitro Models of the
Nervous System and the Heart

The pioneer studies of Yamanaka and his group yielded protocols for obtaining
induced pluripotent stem cells (iPSCs), thus providing the opportunity of dedifferentiating
any cell to pluripotent state and, equally important, to obtain autologous, patient-specific
cells [7,8]. IPSCs are generated from somatic cells, which have been reprogrammed to
acquire pluripotency and have the unique capabilities of self-renewal, proliferation, and
differentiation [9]. Since iPSCs can give rise to virtually any cellular lineage, an important
application of iPSC technology is the in vitro differentiation of specialized cells, like neurons
and cardiomyocytes (Figure 1). This can then be used for investigation of a specific tissue,
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including both fully differentiated cells and their precursors. Such an approach paved the
way for promising advances in patient-specific disease modelling, drug screening, and
cell-based therapies without the risk of immune rejection [9-12].
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Figure 1. The circle of stem cells-based technology: from cell isolation to application.

3. iPSC-Derived Cardiomyocytes

The course of cardiomyocytes differentiation is validated using molecular markers for
different stages of development, as well as investigating their beating capacity, electrophys-
iology and metabolism [13-15]. Most importantly, we developed methods to differentiate
iPSC in cardiomyocytes, with the goal to generate a mixed population of cardiac cells,
as ventricular-, atrial- and pacemaker-like cardiomyocytes [16]. That protocol consists
of two major steps: firstly, growth factors (e.g., activin A, BMP2) or small molecules
(e.g., CHIR99021) activate the Wnt signalling, allowing the mesoderm (Nkx2.5+, Gata4+,
Mespl+) induction [14,17-19]. Secondly, small molecules (e.g., dorsomorphin) or Wnt
inhibitors (e.g., INR-1, IWP-2) are used to enhance the cardiac lineage specification and
differentiation (cTnT+, Myh6+, Tnni3+) [17,19,20]. Under these conditions, ventricular-like
cardiomyocytes (Hey2+, Mlc2v+) are predominant than other cardiac cell types [14,21-23].
However, depending on the research aim, there are also methods to purify and isolate an
atrial-like cell population (Kcnj3+, Kenjb+, Cacnald+), for example using retinoic acid or
BMP antagonist (e.g., Noggin, Gremlin 2), by upregulating atrial-specific genes. [14,23-27].
On the other hand, the pacemaker-like cardiomyocytes are still difficult to obtain in vitro.
So far, the inhibition of neuregulinl /ErbB signalling seems the most efficient way to
enrich the sinoatrial node cells population (Hcn4+, Tbx3+, Tbx18+), and only recently it
has been hypothesized that modulating the Wnt signalling through Nodal inhibition may
promote the pacemaker cells fate [28-30].

4. Specific Requirements for In Vitro Heart Muscle Model

The iPSC-derived cardiomyocytes correspond to the foetal-like state concerning their
functional and physiological characteristics [31]. A very specific challenge is to obtain
more mature cardiomyocytes, and several methods are currently available [32]. Com-
pared to immature counterparts, these adult-like cardiomyocytes metabolise fatty acids,
display a high mitochondrial mass, well-arranged sarcomeres, and higher contraction
force. Therefore, cardiomyocytes maturation can be achieved by poviding fatty acids to
the culture medium [33], using mechanical and electrical stimulation [34] or developing
a 3D cellular model [21]. Interestingly, iPSCs obtained from cardiac sources suggest an
improved differentiation capacity in vitro and possibly a higher degree of maturation of
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cardiomyocytes. In this regard, the epigenetic memory of somatic cell source may play
a fundamental role [35,36]. When the current state of the art is taken in account, the
most promising approach is cultivating cardiomyocytes in 3D form (Figure 2). It comes
very close to heart’s unique cytoarchitectural arrangement and to an even higher level
of similarity to the original tissue, with the ultimate goal to establish a heart-on-a-chip
model [21,37]. This scaffold-based approach can mimic the patient-specific anatomical mi-
crostructure and composition of the human heart and vessels as well as generate responsive
constructs to study intact tissue-level cardiovascular physiology. The interaction between
cells and the cardiovascular extracellular niche and matrix constituents leads to activation
of physiological underlying mechanisms and responsiveness to mechanical, electrical and
pharmacological cues. Thus, multicellular microtissue may prove useful for many cell-
based applications, like cardiotoxicity assessment and modelling myocardial infarction in a
dish [38]. However, comparing structural, mechanical, and biological properties of these
structures head-to-head with perfused intact tissues like myocardial and vascular slices
and wedges is still warranted.

Various tissues — Stem cells

v

Disease-affected tissue

2~

[ 3D heart model Brain organoids ] —_— ‘ Advanced in vitro tests

Common advantages:
Immunomodulatory effects
Promotion of revascularization
Promotion of cell survival

Common obstacles:
Low level of functional integration of transplant in the host (better in brain than in heart)
Low level of transplant survival
Heterogenous effects which are hard to predict for individual cases

Figure 2. Current options offered by stem cell-based technology for regenerative cardiology
and neurology.

Another critical cell subtype of the cardiovascular system is those forming the organ-
otypic vasculature [39]. The generation of these endothelial cells should also rely on
organ-specific differentiation protocols, where functional readouts can validate the efficacy
and quality of the production. Their specific function comprises barrier-forming contin-
uous layers, a specific vasoactive and growth factor secretion profile and thrombogenic
properties [39,40]. Most importantly, being more than a passive conduit, prevascularisation
by these endothelial cells can support the long-term survival and instruct the contractility
and other functions of adjacent cardiomyocytes within the in vitro generated multicellular
constructs. To establish vascularisation, pluripotent stem cell-derived endothelial cells
show a remarkable capacity to self-organise into functional microvasculature, like cardiac
capillaries, thereby providing sufficient perfusion throughout the cell constructs with a
substantial thickness [41].

5. iPSC-Derived Neurons

The human brain is comprised of a combination of distinct cellular subtypes with a
diverse range of specialized functions such as electrical communication, axonal ensheating
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and metabolic coupling [42]. These include, but are not limited to neurons, which are the
primary functional cells of the brain classified via their associated neurotransmitters, and
glial cells, such as astrocytes, microglia and oligodendrocytes, which are all critical for
maintaining homeostasis and working function in the CNS [43]. iPSCs can be differentiated
into several of these specialized cellular subtypes with functional characteristics that are
representative of those found in the brain, such as dopaminergic neurons, cortical neurons
and the aforementioned neuroglia [44].

The in vitro neuroectodermal induction of iPSCs, initiated via the dual SMAD inhibi-
tion method, results in the efficient generation of neural rosettes comprised of neuronal stem
cells (NSCs) (Sox1+, Nestin+) that represent a cross-section of the neural tube (Figure 1).
These NSCs can then be passaged, producing neural progenitor cells (NPCs) which can
be stably maintained in culture [45]. A neuronal differentiation medium can then be ap-
plied to NPCs, which can be plated and further differentiated into more mature neuronal
(Map2+, TH+, SLC18A3+) and glial cultures, including astrocytes (AQP4+, s1003+) and
oligodendrocytes (NG2, Olig1/2, NBP) [46,47].

Neuronal differentiation of iPSCs provides patient-specific cells of neural lineage,
opening possibilities for developing therapeutics, analysing drugs, and studying the un-
derlying mechanisms of neurological pathologies. This is done by differentiating iPSCs
into NSCs in a 2D setting which includes primitive and neural rosette-type NSCs [48,49].
Conventional 2D in vitro neural models have enabled vast knowledge enhancements re-
garding brain cellular subtypes, such as adhesive and migratory cellular attachment sites,
formation of spontaneous networks, cell type-specific resting membrane potentials and
mechanisms underlying axonal guidance [50].

On the other hand, neural differentiation of iPSCs can also be undertaken in a 3D
settings. This can involve the generation of neurospheres, floating 3D NSC cultures that
have been widely utilized for in-depth NPC analysis and more closely resemble the in vivo
setting than 2D cultures [51,52].

Other 3D methods can utlilize artificial scaffolding or extra-cellular matrix (ECM) ma-
terials that are continuously under optimization to recapitulate the anatomical organisation
of the brain [53,54]. 3D neural culture models involving cell growth using a hydrogel matrix
or synthetic scaffolds are highly desirable, offering systems with intricate and easily calcu-
lable architecture with specific functional characteristics. Even though the reproducibility
of these 3D models is a current challenge, newer methods that involve laser fabrication and
bioprinting offer promising avenues for producing accurate and reproducible 3D in vitro
neural cultures. Therefore, iPSCs have been, and will continue to be, utilized for advanced
microstructured 3D scaffolds for in vitro disease modelling and for the study of neuronal
functionc [55-58].

Persistent advances in the methodology used to obtain in vitro brain tissue from iPSCs
led to the development of 3D brain-organoids from embryoid bodies [59]. These organoids
have been demonstrated to consist of several distinctive brain regions and heterogenous
tissue that can mimic the sophisticated architecture of the central nervous system [60,61].
It is worth noting, however, that as the complexity of these 3D cultures improves, so
does their variability and heterogeneity. Therefore, improved methods of high content
analysis will be required to determine the phenotypic characteristics of these cultures with
multidimensional readouts [62].

There are many issues being investigated concerning the source, quality, stability,
safety and scalability of human iPSC and derivative cell production for a variety of uses.
Concerning the somatic cell source, pre-existing mutations acquired during the lifetime
of the donor are more frequent in skin samples than in bone marrow. This means that
very early life stage sources, for example those from umbilical cord blood banks, exhibit
these potentially adverse events to a much lesser degree [63—66]. However, during the
reprogramming, maintenance and scaling-up of iPSC cultures further mutations, including
chromosomal rearrangements, can happen. These need to be monitored, especially in case
of further clinical use [67-69]. The process of adaptation to the in vitro culture conditions
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favours some chromosomal rearrangements occurring more frequently [70]. Development
of culture conditions occurrence, as well as advanced quality control methods, are an
important direction of stem cell banking and the key towards clinical applicability. Major
public and private entities have created human pluripotent stem cell banks with many cell
lines originating from patients of different ethnic groups, yet many of them have not been
consented for industrial use, and most of them have not been optimized for clinical grade
applications—these are all potential hurdles to overcome if clinical applications are to be
considered. The distribution of existing cell lines among ethnic groups is unbalanced, but
since more nations are developing their own stem cell banks, we are gradually overcoming
this ambiguity.

6. Specific Requirements for the In Vitro Nervous Tissue Model

While the heart muscle is a rather uniformly structured tissue, generally independent
of the microanatomic region, nervous tissue brings inherent complexity stemming from the
existence of various regions with a variety of cell subtypes and a multitude of functions.
Thus, when cultivating cells of the nervous system in vitro, one can distuingish many types
of cultures, existing in a range from mixed spontaneously differentiated and heterogenous
cultures to those ones in which selection of one subtype of cells is preferred (e.g., motoric
neurons, cholinergic neurons, mixed glia-neuronal cultures, astroyctes, sensoric nerons, etc).
Sometimes those experiments even include chimeric interspecies cultures [71]. Another
important question which brings this complexity to the next level is whether the nervous
system can, if at all, be investigated focusing only on one specific cell type or region, e.g., the
cerebral cortex. This is a crucial point to consider since the main function of the nervous
system is to achieve a well coordinated interaction between its various regions through
receiving and transmission of electrical and chemical signals.

Thus, since the physiology of the brain is rather different than that of the heart
muscle, it is crucial to address all the advantages and limitations prior to starting any
further development. Two dimensional cultures of nervous tissue brought numerous
pioneering discoveries on cellular level, but their value in understanding higher order
cellular coordination is very limited. Thus, even more than in the heart muscle, 3D cultures
of nervous tissue are required for all the research aiming to elucidate physiological and
pathological events occurring in interaction between cells.

7. Brain Organoids

While stem cells platforms based on 2D culture are being successfully used for mod-
eling of human development and disease at cellular and molecular levels, they lack the
conditions imitating spatial and temporal signaling as well as the interactions of the cells
in their natural niche. These limitations of in vitro culture might be resolved by the appli-
cation of biomimetic 3D solutions, especially by combining microenvironmental bioengi-
neering with the intrinsic capacity of pluripotent stem cells to build up 3D structures [72].
This intrinsic ability of pluripotent stem cells to self-organize under 3D in vitro culture con-
ditions into highly structured tissue patterns, opened the era of “brain organoids” [60,73].
Yoshiki Sasai and colleagues were the first to obtain highly patterned neural structures
resembling muti-layered brain cortex in vitro from human pluripotent stem cells, using
SFEBq (serum-free floating culture of EB-like aggregates with quick re-aggregation) pro-
tocol [73]. Further developments from the Jourgen Knoblich group brought advanced
brain-like 3D in vitro structures with identified regions of cerebral cortex, retina, meninges
and chordoid plexus. These 3D structures all exhibit the major stages of prenatal human
brain development with functional nervous tissue cell types and cortical layer architecture,
thus offering an unprecedented model for investigating human neurodevelopmental and
neurodegenerative diseases [74]. Multimodal Single-Cell Analysis (single cell RT-qPCR
and functional-microfluidic linked single cell RT-qPCR) of cerebral organoids cultured
for more than nine months revealed a high level of neuronal and glial cell diversity as
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well as confirmed their functionality with identified cell-type specific responsiveness to
neurotransmitters and spontaneous action potential activity [75].

Brain organoid systems appeared feasible to model early human neurodevelopment
and its pathology, however they have anatomical and functional limitations which are
impairing their use for studying the later developmental stages due to the lack of the cor-
rect neuronal network connectivity and vascularization. Much work in the field has been
addressed towards overcoming these limitations with two parallel, but interdependent, di-
rections: the first is focused on developing new protocols for generating replicas of multiple
brain regions (development of “directed”, region specific organoids), while the second is
based on constricting regulatory control of the system through bioengineering approaches.

Apart from diseases modeling, brain organoid technology can be personalized for
diagnostic or therapeutic purposes if patient-specific hiPSC are applied (Figure 2) [76,77].
Whole brain (cerebral) patient-derived organoids were used to model microcephaly, macro-
cephaly (Sandhoff disease), periventricular heteroplasia, schizophrenia, Alzheimer Disease
and other neural disorders [76,78,79]. Brain region specific organoids, e.g., forebrain
to study autism spectrum disorders, or midbrain to study sporadic or idiopathic form
of Parkinson’s Disease have been already obtained [80,81]. In addition, those methods
are combined with a gene-editing approach with the goal to obtain “healthy/repaired”
organoids by producing isogenic CRISPER/CAS9 engineered patient—derived iPSCs, as
was shown for Sandhoff disease [82].

8. Sources of Cells for Transplantation into Nervous and Heart Tissue

Cellular therapy refers to the use of cells as medical product to treat human disorders
for which other modalities of therapy either does not exist (e.g., stroke) or they are not
efficient (e.g., ALS, heart decompensation). Thus, stem cell therapy has a high measurable
potential in the treatment of brain and heart diseases through cell replacement and stim-
ulation of the endogenous repair systems. Stem cells of diverse origins (embryonic stem
cells, mesenchymal stem cells, induced pluripotent etc.) are all viable candidates with great
potential for translation. Here we focus on two most often used stem cell types for the
diseases of the brain an the heart: neural and mesenchymal stem cells.

Neural stem cells are a pluripotent cell population, expressing markers nestin and
Nop2 [83], and are, thus, already inclined towards differentiation into neurons and glia.
Process of forming adult cells of the nervous system, neurogenesis is a process in which
neurons are generated through the division of neuronal precursors cells (NPCs) and their
differentiation into neuron-specific progenitors. NPCs subsequently, over various stages
of precursors, develop into fully functional and mature neurons which integrate into,
and modify, existing neuronal networks. In gliogenesis, NPCs differentiate into glial
progenitors, which differentiate into astrocytes, oligodendrocytes and ependymal cells.

Mesenchymal stem cells (MSC) are defined as a heterogeneous subset of stromal cells
that can be easily isolated from many adult tissues and possess multilineage potential,
i.e., ability to differentiate into cells of the mesodermal linage, such as adipocytes, osteocytes,
chondrocytes, and myocytes [84]. Actually, the multilineage potential od MSCs allows them
to differentiate into neuron-like cells, which exibit molecular and cellular characteristics of
neurons. MSCs can give rise to derivatives of both ectodermal and mesodermal lineages.
For example, MSCs derived from dental ligament can easily be differentiated into neurons
and cardiomyocytes, opening up possibilites in treatment of neuromuscular diseases by
tackling different aspects of such a complex pathophysiology [85-89].

9. Extracellular Vesicles—Desired Cellular Product on a Way towards Clinical Application

Extracellular vesicles (EVs) represent a modality for intercellular communication by
acting as plasma membrane enclosed containers for a wide array of signalling molecules
and ensuring transfer of biological information over long distances throughout the organ-
ism [90,91]. EVs are secreted by all types of cells and their molecular cargo reflects origin
and physiological (or pathological) state of the producing cell [92-94]. This dichotomy
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is most apparent in the central nervous system (CNS), where EVs are involved in the
propagation and spread of several neurodegenerative diseases [94,95]. At the same time,
EVs isolated from different types of, healthy” cells can act as effective suppressors of
pathological processes [93,96-98]. Since these particles bring therapeutic potential, it is
important to develop methods for their effective labelling and follow up. Direct labelling
is the simplest and most preferable method for the experiments addressing the effects of
external EVs, whereas precise monitoring of behaviour and fate of cell-specific EVs within
heterogeneous and 3D cultures requires more sophisticated indirect labelling techniques.
We refer the readers to excellent and comprehensive reviews that provide an in depth cov-
erage of the topic [99-101]. Direct EV labelling is most often performed with lipophilic dyes
by inserting lipid-anchored fluorophores into the EV membranes. Many commercial dyes
such as PKH26, PKH67, Dil, DiD, Dir have been developed and extensively used for EV
labelling and tracking in vitro by fluorescence imaging. However, lipophilic fluorophores
have several important limitations. First of all, most EV preparations isolated from different
sources such as serum, or cell culture supernatants, are contaminated with lipoproteins
that can also incorporate lipophilic dyes, thus leading to misinterpretation of EV uptake
experiments [102]. Some lipophilic dyes also tend to aggregate, forming nanoparticles with
similar size to the EVs (100 nm), that also can be taken up by the cells [102]. In addition,
PKH dyes can increase EV size by enhancing clustering and aggregation [103]. These
limitations can be, at least partially, overcome with the use of recently introduced Mem
lipophilic dyes that did not aggregate or change the size of EVs [104]. In conclusion, al-
though simple and straightforward, direct EV labelling with lipophilic dyes has important
limitations and therefore requires careful interpretation to avoid misleading results. Indi-
rect labelling can be achieved by CFSE (carboxyfluorescein diacetate succinimidyl ester)
fluorescent dye. It is activated by esterases and covalently binds to free amines inside the
cells, or vesicles. Interestingly, after indirect labelling of cells, CFSE-positive EVs were
detected only in the pellets after 10,000 g centrifugation (corresponding to microvesicular
fraction originating from plasma membrane) indicating that indirect CFSE labelling may
help to distinguish between microvesicular and exosomal fractions [105]. However, large
concentrations of CFSE could be necessary to obtain vesicles with sufficient fluorescence
and such high dye concentrations can be detrimental to the EV-producing cells [106]. An-
other promising study recently used hydrophobic insertion of maleimide (Mal) into the EV
membranes [107]. Other strategies are focused on RNA imaging using chemical dyes such
as Alexa Fluor 488-labeled siRNA, or Cy5-siRNA, or other membrane permeable dyes that
are selective for RNA that do not require conjugation, such as including E36, Styryl-TO and
SYTORNAselect [108].

When coming to the topic of application of EVs, the major advantage they possess
is that they can easily cross the blood brain barrier (BBB) and enter into the brain [109].
However, pharmacokinetic studies in vivo have shown that EVs can be very quickly re-
moved from the bloodstream, with a majority of them being = entrapped in the liver
and the lungs [110]. Accordingly, several groups investigated alternative delivery via
minimally invasive intranasal route [111,112]. The EVs secreted by mouse macrophages
were permeabilized, loaded with antioxidant enzyme catalase and applied intranasally
to 6-hydroxydopamine (6-OHDA) mice [113]. Study demonstrates that EVs associated
with microglia cells reduced their inflammatory activity and improved the apomorfin
test results [113]. Another study compared how EVs stained with lipophilic dyes, or la-
belled with gold nanoparticles, distribute in the CNS after intranasal application [114].
Gold nanoparticles-marked EVs allow live observation of particle distribution in the brain
by using accurate computer tomography methods. Interestingly, another study demon-
strated similar distribution patterns of EVs labelled by both methods [9,114]. More im-
portantly, EVs selectively accumulated in the affected areas of the brain. For example,
after intranasal application to the 6-OHDA-treated mice (PD model), exosomes selectively
accumulated in the damaged striatum areas even up to 96 h [114]. These findings confirm
the potential of EVs as a therapeutic tool against various diseases and disorders of the CNS.
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10. Cell Transplantation for Heart Ischemia

Heart failure and its direct consequences represent the leading cause of death world-
wide [115]. Although heart transplantation developed substantially in the last decades,
there are not enough donors which would satisfy the existing needs. Moreover, heart
transplantation is a very complex and expensive procedure that afterwards require life-
long immunosuppression. The mechanism by which transplantation of stem cells into the
infarcted heart leads to health improvement is not yet completely understood. The most
straightforward expectation would be that transplanted stem cells form new myocardial
cells with the capability to contract. However, preclinical and clinical trials revealed at
least two obstacles in this theoretically simple approach: first, transplanted cells survive
very briefly, so differentiation into myocardial cells is not sufficient. Second, if maturation
occurs, coupling with the host myocardium is not successful. As a result, arrhythmia is a
very common side effect of such an approach [116].

Preclinical studies focusing on acute infarction, e.g., with interventions within 4 weeks
after the incident, reported beneficial effects [117]. On the other hand, studies which
were aiming to improve condition several months after the ischemic incident were not so
successful [118]. With that being said, recently, the attention has shifted from the potential
of transplanted stem cell to differentiate into cardiomyocytes towards secreting factors
that improve the condition of damaged myocardium [119]. Reported mechanisms include
immune modulation which promotes endogenous cardiac repair [120]. Additionally, it
has been shown that stem cells transplanted into the heart secrete cytokines, with rather
significant anti-apoptotic effect. One of the most positive effects observed after myocardial
infarction is achieved by IL-10, which improves survival and function of myocardial
muscle [121].

There are many clinical trials which assessed the efficiency of stem cells for acute
myocardial infarction. However, their results are rather heterogenous. Those which focused
on myocardial contractility and ventricular remodeling did not find statistically significant
improvement. However, significant improvements were found when a longer follow-
up was taken into account, ranging from one to three years [122,123]. Most importantly,
ejection fraction was regularly improved and even ventricular remodeling was shifted in a
positive direction.

Even after the transplanted cells disappear, beneficial effects can be followed for
months and years. Thus reduced inflammation and stimulated vascularization can be
detected for a long period, reaching up to few years [124]. Thus, it became clear that,
unlike pharmacologic and surgical approaches, cell therapy can stimulate endogenous
tissue regeneration to reverse worsening cardiac dysfunction. Some of the most commonly
reported benefits of stem cells based clinical trials are listed in the Table 1.

Table 1. Overview of pathological entities and reported beneficial effects of cells.

Diagnoses Requirements from Cells

Reduces myocardial necrosis, promotes myogenesis
[119-121,124]
Prevents apoptosis
Diabetic Cardiomyopathy Reduces myocardial fibrosis
Improves overall cardiac function [125,126]
Stimulates cell attachment and migration
Source of biochemical factors [127]

Ischemic heart disease

Cardiac Tissue Engineering

Stroke Reduce damage, improve recovery [128-137]
Amyotrophic lateral sclerosis Support survival of motoric neurons [138,139]
Multiple sclerosis Immunomodulation and decrease in demyelination [140]
Parkinson disease Production of dopamine, reduces symptoms [141]

Opposes anti-regenerative action of glial scar and

Spinal cord damage promotes axon growth [142]
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11. Specific Requirements for Further Improvement of Cell-Based Therapy of
Heart Diseases

Future developments needed to boost cell-based therapy of heart diseases include
nanotechnologies and bioengineered platforms, where stem cells are preconditioned to
resist their implantation into a highly stressed myocardial tissue. Basically this approach
consists of the development of bioactive membranes made of two integrated materials:
(a) one nanofiber matrix made out of self-assembling peptides with molecule-release
capacity (for growth factors such as VEGF and FGF), and (b) contained in a microscale
elastomeric scaffold that provides the mechanical framework (elastic, loading) that will
match the cardiac tissue mechanics. Both are essential to promote local angiogenesis in a
necrotic affected tissue as well as its regeneration.

In many congenital heart diseases neonatal ventricles demonstrate a number of in-
trinsic pathologic modifications, including relative immaturity of the extra-cellular matrix,
inappropriately low transcription factor expression and increased myocyte apoptosis, this
should open the way for the evaluation of treatments associating tissue engineering with
cells implants. The main mechanisms by which cell transplantation and tissue engineering
can bring functional benefits in myocardial diseases is the combination of cells and scaf-
folds, which limit the spread of the pathologic area, preventing excessive remodeling and
dilatation of the ventricle [143-146].

Emerging biomimetic technologies include 3D printing and additive manufactur-
ing [147]. For heart healing applications, 3D-printed porous poly-caprolactone (PCL)
elastomeric scaffolds represent a promising material functionalized with bio-additives
such as stem cells, exosomes and angiogenic growth factors. Cardiopatch and Cardiowrap
ventricular support bioprostheses were able to integrate in the damaged myocardium and
the adjacent healthy heart, becoming artificial extracellular matrix that offers adequate
cell niches for the homing of stem cells. These approaches contribute to the generation of
Bioartificial Myocardium, offering posibility that the need for heart transplantation in the
future will be reduced [127,148].

12. Cell Transplantation for Diseases of the Nervous System

The limited neurogenesis capacity in the brain makes neurological conditions dif-
ficult to treat. That’s why cell transplantation approach is intensively being tested for
neurological diseases.

Post-ischemic acute brain injury typically peaks within 24 h of the insult, and reaches
its highest point within 48 h [149]. Due to this quick onset and short duration of acute brain
injury, potential neuroprotective therapies need to be administered early, i.e., within 3-6 h of
the onset. This has proven to be challenging in the clinical practice. Any treatment outside
of the 48 h window will offer limited neuroprotection, and could instead be mainly restora-
tive, targeting angiogenesis, vasculogenesis, neurogenesis, and synaptogenesis [128,150].
Finding a therapeutic approach that would delay the progressive secondary neurodegen-
eration will also benefit stroke survivors. To date, most cell transplantation studies have
been conducted on animals during acute phase of post-ischemic injury, leaving chronic
time points understudied. It has already been shown that in addition to anti-inflammatory,
anti-oxidative and anti-apoptotic effects, transplanted cells also secrete various factors
acting neurotrophically exhibiting neuroregenerative effects [130,151].

Upon optimized dose regime and the route of administration, the use of stem cells
shows benefits in both the acute and subacute phase, as well as in the chronic phase of
cerebral ischemia [131,132]. Similar has been observed in other diseases with neuroinflam-
matory componente, like amytrophic lateral sclerosis or multiple sclerosis. Since a higher
degree of neuroinflammation is present in the acute and subacute phase of cerebral ischemia,
in these phases it is necessary to use higher doses (10-1200 million cells) and to choose
less invasive ways of stem cell application, such as intravenous, intra-arterial, intranasal
and intraperitoneal [131,133,134]. In these phases, various stem cells have shown positive
effects so far. In the acute phase (1-3 days after stroke): mesenchymal stem cells (MSCs) and
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human mononuclear cells (MNCs), human embryonic stem cells (hESCs), human neural
stem cells (hNSCs), and multipotent adult progenitor cells (MAPC) were used [131,152,153].
In the subacute phase (7 days after stroke): autologous CD34+ stem/progenitor cells and
bone marrow stem cells (BMSCs) were used [131,154]. In the chronic phase (weeks, months,
years) after stroke the smaller doses of stem cells were used (1-5 million cells), albeit with
more invasive application methods (intracerebral and intraventricular) in order to allow
greater bioavailability of injected cells near the affected brain region [128,155].

In the last two decades more than 70 clinical trials with stem cells for brain diseases
have been successfully finished, but no definitive efficacy trials have been concluded. As
such, there is currently still no approved cell therapy for neurological diseases. When
talking about stroke, as the most common disease of the brain, various approaches have
been taken thus far. Not entering into details of various type of stem cells and routes of
cell delivery, all trials of Phase 1 and 2 reported safety and visibility. It is interesting to
mention that one of the very first trials performed in 2005 in South Korea with 30 patients
with cerebral infarct, who received IV infusion of autologous MSCs, reported a significant
reduction in mortality within five years of stroke incidence compared to patients who
did not receive MSC transplantation [135]. In clinical settings, the recipients of allogeneic
MSCs demonstrated long-lasting or transient neurological improvement. Additionally,
allogeneic MSCs infusion was associated with a short term decrease in circulating T cells
and inflammatory cytokines [136]. The implantation of SB623 to the sites surrounding
the subcortical stroke region was safe and accompanied by improvements in neurological
recovery in 12 patients in a 2-year study [137]. At this stage, clinically confirmed beneficial
effects were shown by CTXO0E03 cells (hNSCs), administered one month after cerebral
ischemia (a single intracerebral dose of up to 20 million cells), and SB623 (allogeneic MSCs),
administered several times with 2.5, 5, and 10 million cells for a period of 6-60 months after
stroke [129,131]. As the systemic inflammatory response is a major pathological component
in secondary post-ischemic cell death [156], including some specific types of death, like
necroptosis [157], stem cell transplantation should to be the therapy of choice to reduce
neuroinflammatory effects and help stroke outcomes. Considerable numbers of clinical
trials with stem cell therapy for stroke are currently underway. Clinical trials should include
patient’s co-morbidities which also can affect the efficacy and effectiveness of cell therapy.

MSCs are a population of cells which can be safely harvested from patients. Due to
their low immunogenicity and reported benefits, they are already being recognized as
approved therapeutic product in some countries [158]. Additionally, MSCs are capable of
migrating towards lesioned areas upon receiving attraction signals by certain chemokines,
suggesting their potential use as vehicles for therapeutic agent’s delivery [159]. Therefore,
as therapeutic agents, MSCs have multiple modes of action, including cell replacement,
immunologic and metabolic properties; showing a pleiotropic activity that modify the
tissues response to injuries and activate restorative mechanisms that improve organ func-
tion. Intense interchange of active cellular products between MSCs and resident cells have
been proven, demonstrating the potential of MSCs secretome to achieve various paracrine
effects, including immunomodulation [160]. Moreover, organelle interchange has been
proven, including vesicular traffic (exosomes, microvesicles, etc), where, in addition to the
vesicular cargo, MSCs inject membrane (carrying protein membrane complexes, receptors,
ion channels, etc.) into host cells [161].

MSCs from the bone marrow had been widely used in clinical trials for neurological
diseases. They were demonstrated to be safe but their effects were not always consistent,
as preclinical studies suggested. This may be due to poor survival in disease environments
and/or because inappropriate therapeutic dosage and route of delivery or inconsistent trial
design [162-165].

In some studies, ALS patients treated with MSCs displayed a slight and transient
decline in disease progression [138] Interestingly, postmortem evaluation of ALS patients
treated with MSCs showed that a more significant number of motor neurons were preserved
at the location in the spinal cord where the cells were administered, compared to other
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spinal sites [139]. Some of the most commonly reported benefits of stem cells based clinical
trials are listed in the Table 1.

13. Specific Requirements for Further Improvement of Cell-Based Therapy of Brain Diseases

More than 300 papers have been published in the last 20 years reporting transplan-
tation of cells in animal models and more than 70 clinical trials have been conducted in
humans with neurological diseases with some common breakthroughs and some common
obstacles. First of all, dogma that transplanted cells need to integrate and survive for a
longer period is not only seen as obsolete, but in some cases is even overly stressed. There-
fore, one needs to focus on cell products which are, nevertheless, being secreted in large
quantities by many cell types. In addition, modification of these products can be achieved
by genetic modifications of the stem cells [166]. Secreted growth factors, short sequences
of RNA in various forms and still yet to be discovered components, often packed in the
form of extracellular vesicles, obviously have a very strong and beneficial influence. So, it
became clear that we need to focus on recognizing those beneficial products, to discover
mechanism by which they improve regeneration, and then on methods how to deliver them
in sufficient quantities. Apart from direct transplantation, intravascular delivery, based
on positive results, deserves our attention [167]. Moreover many methodological gaps in
clinical translation must be recognized. Well-designed, biomarker oriented endpoints and
comparative trials are needed to address specific issues such as type of cells, cell doses,
responsive phenotypes and time window of efficacy.

When thinking about side effects of cellular therapy, it is important to notice that
transplantation of stem cells into brain tissue very rarely brings any significant obstacles
from that side. Probably the most well defined are those linked to dyskinesia, mostly
observed in transplantation to patients suffering from Parkinson’s disease. However,
methods to predict which patients are more prone to those side effects have been already
developed. It is interesting to notice that no serious effects coming from uncontrolled
electrical activity (e.g., partial or generalized seizures) of such cells have been reported.
On the other hand, common obstacles observed are a limited period of activity of such
cells, with very time-limited secretion of needed molecules. Thus, the main focus is in
securing longer and more substantial effects of the secretome.

14. Conclusions Remarks

In this review we gathered experience from the last few decades dealing with attempts
to treat diseases of the heart and the brain (primarily ischemic in its nature) by using stem
cells and their products (Figure 2). When we make a general overview of what has been
achieved with these replacement strategies, i.e., the approach in which transplanted cells
will replace lost ones in the host tissue, results are rather limited. Nevertheless, replacement
therapy seems to be very promising in the case where a very specific subpopulation of
neurons, in limited regions, are involved. This can be seen in positive, albeit transient,
results in clinical trials including patients with Parkinson’s disease [141]. In all other cases,
especially in brain ischemia (stroke) and myocardial infarction, transplanted cells can still
hardly replace what has been lost. It is very interesting to notice that we expected probably
much more from this approach in the heart tissue, which is, in theory, much less complex,
than the neural one. However, cells which succeeded to survive in the cardiac muscle
for a longer period, could hardly coordinate their activity with the rest of the healthy
muscle and, most interestingly, often cause problematic arrhythmias. It is important to
notice that arrhythmias in the heart muscle are a much more common problem of stem
cell transplantation than uncontrolled electric activity of the transplant in the brain. In the
same time, several decades of stem cells - based attempts to treat those diseases brought a
huge progress in understanding of complexity of the tissue affected by pathological process.
Although the ultimate goal is to discover and launch new drugs and/or procedures for
human diseases, fragments of knowledge which we are collecting are without doubts
constantly improving medicine.
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When we take a look into the effects transplanted cells achieved with their secretome, and
considering the experience in treating both the heart and the brain, this strategy emerges as
a promising one. This idea has been boosted even further by the discovery of several types
of extracellular vesicles which carry short sequences of RNA, peptides, growth factors, etc.
In both organs, products of transplanted cells clearly influence inflammation and, in most of
the cases, decrease damage with measurable effects. This is the case with neurodegenerative
diseases such as ALS [168] or Alzheimer’s disease [169]. One of the probably most surprising
observations, again seen in both the heart and the brain, is that those effects are often more
pronounced in chronic than in acute phases. Thus, overall survival and improvement in major
parameters demonstrate statistically significant differences when patients are followed after
6, 12 or 48 months [122,123,137]. How is this possible if majority of cells disappear within
a few weeks after transplantation? We can think of two possible explanations: first, those
cells which remain, although in small numbers, are naturally selected as those which succeed
to achieve substantial positive effects. So here we obviously have an example of supreme
quality ruling over quantity. Another element adding to this explanation might be that a
combination of positive effects achieved by all cells, before they disappear within a few weeks
after transplantation, triggers a positive chain of events which requires a lot of time to pass
the threshold which is then recognized as a positive therapeutic effect. Another common
point where research into the brain and the heart yielded mutual benefits for both fields is
a piece of knowledge about the need for standardization of products secreted by stem cells.
Standardization is not only needed in order to cause more comparable results, but also to better
define routes of delivery. When this will be achieved, and many efforts are currently being
undertaken in that direction, one can imagine repetitive injection of solutions with extracellular
vesicles, which will improve regeneration of either neural or cardiac muscle tissue. This
review could not cover all parts of this complex field, so, for example, here we did not take in
consideration numerous options of genetic engineering, which offers advantages of genetically
modified cells. In addition, bioengineering field based on biomaterials is progressing even
faster than stem cells. By taking all this in consideration, one of the factors which slow down the
progress is complexity of all these elements which requires truly multidisciplinary approach. A
very wide and multidimensional perspective is needed in order to pass the threshold of success
in clinical trials. To conclude, the major advice we can get from the experience collected thus far
is that more standardized methods of transplantation, either with well defined populations of
cells or with extracellular vesicles are needed. In addition, transplanted cells need time to bring
positive effects. Clinical trials need to plan prolongued follow up of the patients and, whenever
possible, account for repeated therapeutic procedures based on cells and/or their products.
When such a protocol enters routine practice, we will be witnessing the final confirmation of
the value of regenerative medicine in the treatment of major human diseases.
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Abstract: Iron is an essential trace metal for almost all organisms, including human; however,
oxidative stress can easily be caused when iron is in excess, producing toxicity to the human body
due to its capability to be both an electron donor and an electron acceptor. Although there is a strict
regulation mechanism for iron homeostasis in the human body and brain, it is usually inevitably
disturbed by genetic and environmental factors, or disordered with aging, which leads to iron
metabolism diseases, including many neurodegenerative diseases such as Alzheimer’s disease (AD).
AD is one of the most common degenerative diseases of the central nervous system (CNS) threatening
human health. However, the precise pathogenesis of AD is still unclear, which seriously restricts the
design of interventions and treatment drugs based on the pathogenesis of AD. Many studies have
observed abnormal iron accumulation in different regions of the AD brain, resulting in cognitive,
memory, motor and other nerve damages. Understanding the metabolic balance mechanism of
iron in the brain is crucial for the treatment of AD, which would provide new cures for the disease.
This paper reviews the recent progress in the relationship between iron and AD from the aspects
of iron absorption in intestinal cells, storage and regulation of iron in cells and organs, especially
for the regulation of iron homeostasis in the human brain and prospects the future directions for
AD treatments.

Keywords: Alzheimer’s disease; iron homeostasis disorder; iron homeostasis regulators; 3-amyloid;
tau; APP; central nervous system; oxidative stress; pathogenesis; genetic intervention

1. Introduction

The transition metal element iron is the second most abundant metal element in the
earth’s crust behind, aluminum. It is also an essential trace element and an important
component of metalloprotein for human body [1,2]. Due to its unique chemical reaction
characteristics, it plays an important role in maintaining normal physiological function and
metabolism, such as oxygen transport, DNA synthesis, iron sulfur cluster synthesis, neu-
rotransmitter synthesis and electron transfer in respiratory chain [3-5]. The adult human
body contains 3-5 g of iron [2]. In the normal metabolism of the human body, iron ions
are absorbed into the blood through the small intestine and transported to the parts of the
body requiring iron. Although the body strictly regulates the regulation of iron metabolism,
changes with age, genetics and the environment will lead to iron metabolism disorders [6].
The disorder of iron metabolism in the body will catalyze the formation of reactive oxygen
species (ROS) through Fenton and other chemical reactions, attack DNA, protein and
lipid molecules, and lead to cell damage [7,8]. In recent years, more and more research
teams on the pathogenesis of Alzheimer’s disease (AD) have shown that the oxidative
stress induced by iron metabolism disorder and the production of ROS are related to the
pathological process of AD [7,9]. Alzheimer’s disease is an age-related neurodegenerative
disease with clinical symptoms of memory decline, cognitive impairment and learning
impairment [10-12]. With the increasing human life span, the incidence rate of AD is also
increasing, and has become one of the most important fatal diseases [5,13,14]. The patho-
logical features of AD in the brain are the extracellular deposition of Af proteins forming

Int. ]. Mol. Sci. 2021, 22, 12442. https:/ /doi.org/10.3390/ijms222212442

https:/ /www.mdpi.com/journal/ijms
93



Int. J. Mol. Sci. 2021, 22, 12442

insoluble senile plaques and the intracellular accumulation of hyperphosphorylated tau
proteins forming neurofibrillary tangles (NFTs), which result in a large degree of neuronal
cell death [11,15,16]. Thus far, the main causes and pathogenesis of AD have not been fully
clarified. Many research teams have found that there is regional deposition of iron in the
brain of AD patients [17-19]; treatment with an iron chelator can effectively alleviate the
symptoms of AD [9], suggesting that iron metabolism disorder has a close relationship
with AD.

This paper reviews the relevant research progress in the field of iron and AD in re-
cent years, focusing on the oxidative stresses induced by normal iron metabolism and its
metabolic disorders, especially for abnormal expression of the iron transporters, transferrin
receptors, divalent metal transporters, and their relationships with the AD pathological
mark proteins, such as Ap and tau proteins. Relevant contemporary AD treatment mea-
sures have also been discussed and prospected. The iron homeostasis on AD provides a
theoretical basis for the prevention and treatment of neurodegenerative diseases and an
effective drug screening target.

2. Physiological Function and Metabolic Process of Systemic Iron
2.1. Physiological Function of System Iron

Iron is an essential trace metal element and an important component of metallopro-
tein [2]. Due to its unique chemical reaction characteristics, iron plays an important role
in oxygen transport, DNA synthesis and repair, energy generation and enzyme function,
such as the formation of a variety of coordination compounds with organic ligands and
redox reactions by the mutual conversion of divalent iron and trivalent iron [3,6,8,20].

2.2. Metabolic Process of System Iron
2.2.1. System Iron Absorption

As we know, the adult human body contains about 3-5 g of iron [2], for individuals
without blood transfusion, a part of the iron in the system comes from intestinal cells
absorbed from food, and the other part comes from macrophages [6,21]. As shown in
Figure 1, the absorption of iron from food is Fe?*, which is reverted to Fe>* by DCYTB
(duodenal cytochrome-b-like protein); then, the divalent metal transporter 1 (DMT1) on
the surface of the intestinal cell membrane combines the ferrous iron and transports it into
the intestinal epithelial cells [20]. The ferrous iron entering intestinal epithelial cells can be
transported to mitochondria for heme molecule synthesis, or oxidized to ferric iron and
stored in ferritins [22,23]. Excess Fe?* is released into plasma by FPN (ferroportin) which
is located on the basal intestinal cell membrane where it is again oxidated to Fe* by the
same situated hephaestin [24-26].

As shown in Figure 2, Fe?* in plasma can bind to transferrin (TF), which is transported
through blood in the form of TF-Fe complex. The complex then bind to transferrin receptor
1 (TfR1) that highly expressed on the surface of iron demanding cell membrane, and
it enters iron demanding cells through clathrin-mediated endocytosis [27,28]. Fe?* in
endocytic vesicles is reduced to Fe?* by STEAP (six-transmembrane epithelial antigen of
prostate) and released into cells by divalent metal ion transporter DMT1 after separation
in low pH environment of endocytic vesicles [29-32]. In addition, ZIP14 (member of the
Zrt/IRT family) was initially identified as a transporter of Zn. In subsequent studies, it
was found to be involved in the transport of ferrous iron released from endocytic vesicles
into the cytoplasm [1,28,33]. TF and TfR1 separated from Fe3* enter the plasma and are
redistributed to the surface of cell membrane to participate in iron transport and the next
round of iron absorption, respectively [1]. Fe?* in plasma can also combine with citrate,
ATP and ascorbate to form small-molecule complexes [6].

2.2.2. Storage and Loss of System Iron

In the body, iron is mainly stored in liver cells and macrophages. Macrophages
phagocytize the aging red blood cells and release the iron ions inside red blood cells; then,
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the released irons are stored in ferritin proteins in the macrophages [34]. When the body is
in a state of iron demand, macrophages secrete ferritin protein into the serum circulatory
system; therefore, the concentration of ferritin protein in serum can reflect the state of
iron content in the body [35]. Ferritin protein plays an important role in iron storage
and antioxidation in cells [36]. Ferritin protein contains two subunits of H-ferritin and
L-ferritin, which exhibit ferrous oxidase activity and iron storage function, respectively [37].
Fe?* in cells is oxidized by H-ferritin and stored in L-ferritin. Each ferritin protein can
store 4500 iron atoms, which can considerably reduce the cell level of free iron ions and
prevent the damage caused by free-iron-induced oxidative stresses; thus, it has antioxidant
effects [38]. When the concentration of iron in cells decreases, ferritin protein is decomposed
into hemoxanthin by lysosomes. Hemoxanthin and ferritin protein can be detected by
Prussian blue staining [39]. In addition to ferritin protein, iron entering the cell can enter
mitochondria to synthesize heme, as well as the iron sulfur cluster, and participate in the
process of aerobic respiration as a cofactor of mitochondrial respiratory chain protein. It
can also combine with some small molecular substances in the cell, such as citric acid,
ATP, AMP and pyrophosphate to form an intracellular free iron pool [6,8,40]. The amount
of pooled free iron can reflect the change in iron content in cells, which can be detected
by some fluorescence techniques [8]. Increasing the pool content will produce harmful
substances through redox reactions, causing damage to cells, which could even lead to cell
death when it is serious [8,41,42]. Iron entering the blood can also be ingested and utilized
by iron cells and iron storage cells. Most of the iron in the blood is used by red blood cells
to participate in the transport of oxygen. About 20-30% of the iron is stored in the liver
and macrophages, and some iron is involved in the formation of myoglobin, cytochrome
and iron-containing enzymes [8].

@ o _©
@ ':" .:: ... @Fe*
'Y ) .J. [ ] ( ] @ Fe?*

Enterocyte

Holo-transferrin Apo-transferrin

Figure 1. Nonheme iron intestinal absorption and transport by intestinal cells. Food Fe®* is reduced
to Fe?* by DCYTB, which binds to the divalent metal transporter DMT1 on the surface of the intestinal
cell membrane and transported into the intestinal epithelial cells. The Fe?* that enters the intestinal
cells can enter the mitochondria for the synthesis of heme. It can also be oxidized to Fe3* and then
stored in ferritin. The excess Fe?* is released from FPN into the plasma and then oxidized to Fe3*
by hephaestin. Each molecule of Apo-transferrin in the plasma combines with two Fe3* ions to
form Holo-transferrin-Fe. The complex transports iron in the blood to the organs in the body that
require iron.
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Figure 2. Somatic cell absorption and the transport of iron ions. Fe** in plasma can bind to Apo-
transferrin (Tf), which forms a Tf-Fe complex; then, it is transported through the blood to bind to
the transferrin receptor (TfR1) that requires high expression on the surface of iron cell membranes,
which enters the iron-requiring cells through endocytosis mediated by clathrin. In the endocytic
vesicles, Fe3* is reduced to Fe?* by the six-transmembrane epithelial antigen of prostate (STEAP),
After separation in a low-pH environment, Fe?* is released into the cell by the divalent metal ion
transporter DMT1. The iron ions in the cell can enter the mitochondria to participate in the redox
reaction and can also be stored in the ferritin protein. When the body is in a state of iron limiting,
Fe?* can be transported to the outside of the cell through FPN and oxidized by hephaestin to Fe3*,
and combines with Apo-transferrin to form Holo-transferrin.

The normal human body loses about 1-2 mg of iron every day [36,43]. Iron in the
body is mainly excreted from intestinal mucosa, skin cells, sweat and urine [4,30,44].

2.2.3. Regulation of Iron in Cells

Iron regulatory proteins (IRPs) combine with iron regulatory elements (IREs) in the
3or 5 untranslated region of mRNA transcripts of iron-metabolism-related genes to
regulate the iron concentration in cells [43,45,46]. The IRE region contains a loop of 5'-
cagugn-3' folded by 30 nucleotides (in which the hydrogen bond formed between G and C
stabilizes its structure), without pairing to form hydrogen bonds which will destroy this
structure [8,46-48]. As shown in Figure 3, IREs are located at the 3'-UTR and 5'-UTR areas
of TfR1 and DMT1 mRNAs, and ferroportin and ferritin mRNAs, respectively, although the
binding of IRPs to IREs could finely regulate the iron concentration in cells [49]. When the
concentration of iron ions in cells is too high, on the one hand, it will induce conformation
changes in the untranslated region of TfR1 and DMT1 mRNAs, so that IRPs cannot bind
to the IRE region, and those mRNAs are degraded, whereas the expression levels of
ferroportin and ferritin proteins are increased; on the other hand, iron ions can bind to
IRP1, forming iron sulfur clusters in IRP1 that exhibit cytoplasmic aconitase activity. In
contrast, when the concentration of iron ions decreases, the binding ability between IRP
and IRE is enhanced, the expression level of ferroportin and ferritin proteins will decrease,
and the expression level of TfR1 and DMT1 will increase [48,50-52].
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Figure 3. Regulation of iron homeostasis in cells. IREs are located in the 3’-UTR region of TfR1 and DMT1 mRNAs, whereas
they are located in the 5'-UTR region of ferroportin and ferritin mRNAs. The combination of IRP and IRE regulates the iron

ion concentration in the cell. When the iron ion concentration in the cell is too high, it will induce conformation changes in
the untranslated region of mRNAs, making IRPs unable to bind to the IRE region; then, mRNAs of TfR1 and DMT1 are
degraded, and the expression level of ferroportin and ferritin increases. On the other hand, iron ions bind to IRP1, and can

form iron-sulfur clusters in IRP1 that exhibit cytoplasmic aconitase activity. In contrast, when the iron concentration in the

cell decreases, the binding ability of IRP and IRE is enhanced, which leads to a decreased expression of ferroportin and

ferritin proteins, and an increased expression of TfR1 and DMT1.

Iron regulatory proteins IRP1 and IRP2 are intracellular iron sensors. These are two
proteins that are homologous proteins and belong to the iron—sulfur cluster isomerase
family [53]. IRP1 can form a cis-aconitase-type iron sulfur cluster (4Fe-4S), which not
only determines its functional mode, but also serves as an important regulatory site. IRP1
forms an iron sulfur cluster only when cells are rich in iron, in which IRP1 can display
cis-aconitase activity in cytoplasm; however, it reduces the ability of IRP1 to bind to IRE.
Low concentrations of iron in cells induce the depolymerization of iron sulfur clusters in
IRP1 and enhance the ability of IRP1 to bind to IRE, although the mechanism of iron sulfur
cluster depolymerization in IRP1 has not been fully illuminated. In addition, the increase
in NO and H,O, concentration in cells will activate the activity of IRP1 and promote its
binding to IRE [38].

Iron ions and oxygen regulate the synthesis of IRP2 in cells through post-translational
mechanisms. IRP2 has lost the activity of aconitase in the process of evolution. The decrease
in intracellular iron ions and oxygen concentration promote the synthesis of IRP2 and
maintain its stable state. In contrast, the increase in iron ion and oxygen concentration
will accelerate the degradation of IRP2. The N-terminal 73 amino acid sequence of IRP2 is
characteristic of IRP2. This highly conserved 73 amino acids is encoded by a determined
exon and is related to the iron-dependent degradation of IRP2 [8].

2.2.4. Regulation of Iron in the System

Iron ions exported from the intestine are absorbed by the iron-demanding tissues and
organs of the body through blood circulation. The liver is the main organ for the regulation

97



Int. J. Mol. Sci. 2021, 22, 12442

of iron balance, which plays an important role in the regulation of whole-body iron bal-
ances [34]. The liver produces and secretes the hepcidin hormone [25,54], which is a short
polypeptide composed of an 84 amino acid sequence encoded by the HAMP gene and a
25 amino acid sequence hydrolyzed by basic amino acid protein hydrolase [30,34,42,55-58].
When the iron in the body is in a high-concentration state, hepcidin combines with FPN
protein and JAK2 on the intestinal epidermal cell membrane to form a complex, which
is phosphorylated before the endocytosis of FPN. FPN is endocytosed into the cell and
degraded in the lysosome after ubiquitination to reduce the concentration of iron in the
blood [30,46,55,59]. In contrast, when the body is in a state of iron deficiency, hypoxia, in-
flammation and erythrocyte synthesis, the expression of hepcidin decreases. Some studies
have shown that hepcidin can also be produced by other organs and tissue cells, such as the
heart, alveolar macrophages and spleen macrophages [42,60-62]. In addition to the liver,
red blood cells and macrophages participate in the iron metabolism of the body. For exam-
ple, iron in red blood cells participates in the synthesis of hemoglobin, and macrophages can
phagocytize aging red blood cells to release iron; therefore, macrophages could participate
in iron circulation when the body is in a state of low iron concentration [42,63].

2.3. Roles of Microbiota in Iron Homeostasis and Neurodegenerative Diseases

In mammals, iron ions are absorbed mainly through the duodenum, and there is a
strict regulation mechanism for iron ion absorption. Iron ions that are not absorbed into the
duodenum end up in the colon cavity, which is home to a host of microbes called the gut
microbiome. Iron plays an important role in the growth of intestinal micro-organisms be-
cause it plays an important role as a ferritin cofactor in redox reactions, metabolic pathways
and electron transport chains of microorganisms. Therefore, the content of iron ions in the
colonic lumen will affect the composition, growth and living status of intestinal microbes,
and conversely, the changes of intestinal microbes will also affect the health status of the
host [64]. A growing number of studies have shown that the gastrointestinal tract and the
central nervous system interact through the gut-brain axis, including neuronal, immune
and metabolite-mediated pathways. Preclinical and clinical studies have shown that gut
microbiome plays a key role in the gut-brain interaction, and that disturbances in the
composition of gut microbiota are associated with the pathogenesis of neurological dis-
eases, especially the neurodegenerative diseases [65]. Maternal immune activation (MIA)
increases the risk of autism spectrum disorder (ASD) in offspring. Dysregulation of mi-
croorganisms is associated with ASD symptoms. In lipopolysaccharide (LIP) -induced MIA
progenies, MIA progenies exhibited an abnormal brain-gut-microbiome axis compared
with that of the control progenies, which were characterized by social behavioral deficits,
anxiety-like and repetitive behaviors, low myelination, and ASD-like microbiome [66].
Studies have shown a potential link between host microbiome (such as gut and oral bacte-
ria), neuroinflammation, and dementia, which may be caused by bacterial invasion of the
brain due to barrier leakage, toxin and inflammation factor production, or indirectly by
modulating immune responses, and moreover, the composition of microbiota affected the
deposition level of AB in the cerebral cortex of APP/PS1 mice [67], suggesting a critical
role of iron in these processes.

3. Brain Iron Metabolism
3.1. Brain Iron Absorption

The brain is composed of neurons and glia. Ferritin is also the main iron storage
protein in neurons, and neuromelanin has been found to storeiron ions for a long time.
In glial cells, astrocytes and microglia synthesize L-ferritin to store iron ions, and L- and
H-ferritin are expressed in oligodendrocytes [68]. Cells in the CNS are not in direct contact
with nutrients, including iron ions. The blood-brain barrier (BBB) and blood-brain spinal
cord barrier (BBSCB) separate the CNS from the system circulation. BBB is a special
structure, which is composed of auxiliary feet of capillary endothelial cells, peripheral
skin cells and astrocytes, and it strictly regulates the substances entering the CNS [69,70].
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The hydrophobic BBB prevents the hydrophilic holo-TF from entering the nervous system.
Holo-TF must pass across the BBB through the brain capillary endothelial cells. Holo-
TF in the blood circulation binds to the TF receptor TfR1 on the luminal surface of the
brain capillary endothelial cells and enters the cells. The FPN on the abluminal surface
transports ferrous iron out of the capillary endothelial cells, where Fe?* are oxidized to Fe3*
by ceruloplasmin (CP) [71,72]. CP is expressed in astrocytes and promotes the transport
of FPN-exported ferrous iron [24,73]. The binding of iron ions into intercellular fluid and
cerebrospinal fluid is secreted by nerve cells, especially TF, synthesized and secreted by
oligodendrocytes, and choroid plexus cells, which diffuse through brain parenchymal tissue
and bind to the TfR1 receptor on the surface of nerve cell membranes. After releasing iron
ions, apo-TF enters the blood circulation through arachnoid villi [71,74]. FPN is regulated
by hepcidin in the system, although the source of hepcidin in the brain is unknown. It may
enter the brain across the BBB for iron metabolism regulation [68].

3.2. Brain Iron Regulation

The regulation of brain iron homeostasis at the cellular level involves IRPs regulating
the expression of related proteins [9,75,76]. The decrease in the IRP2 expression level will
lead to the imbalance of brain iron, but it has little effect on myelin iron. Mutations in
genes controlling brain iron homeostasis will lead to the disorder of brain iron metabolism
and affect the synthesis of myelin. It is unclear whether hepcidin plays a key role in the
mediation of brain iron metabolism; whether hepcidin is synthesized in the brain or passes
through the BBB after its synthesis in the liver has not been revealed. Recent results show
that inflammation activates microglia and promotes the release of hepcidin by astrocytes in
the model of signal cascade between inflammatory cells; this signal prevents the release
of iron ions in neurons and eventually leads to neuronal death. At the same time, it will
also lead to the release of anti-inflammatory and pro-inflammatory factors. Normal human
microglia are not activated, and there is no intercellular signal cascade [36,72,77].

3.3. Brain Iron Accumulation and Toxicity

Iron ions accumulate in the brain with age [9,78,79]. Iron ions mainly bind to ferritin
protein and substantia nigra [80-82]. The accumulation of iron ions can induce neurotoxic-
ity through different mechanisms. The excessive accumulation of iron ions will increase
the permeability of the BBB, induce inflammation, affect the redistribution of iron ions in
the brain, and then change brain iron metabolism [47]. Iron ions can act as both electron
acceptors and electron donors; therefore, when iron ions accumulate in the brain, they
will produce reactive oxygen free radicals through Fenton and Haber-Weiss chemical
reactions [41,83,84]. Free radicals are highly active substances, which may promote protein
oxidation, membrane lipid peroxidation and nucleic acid modification. When the levels of
ROS exceed the antioxidant capacity of organelles, this will induce oxidative stress and
damage neurons [38,85,86], leading to tissue degradation in severe cases.

Fe* + H,O, — Fe¥* + OH® + OH™ (Fenton)

Fe3+ + 02.7 — Fe2+ + O,
0,*” +H,Op — O, + OH® + OH ™ (Haber-Weiss)

4. Iron Metabolism and AD
4.1. Effect of Iron Metabolism Disorder on AD

AD is the most common cause of dementia, which is characterized by impaired
cognitive function and decreased ability of learning, memory and reasoning [24,87]. It
was originally described by Dr. Alois Alzheimer, a German doctor. Patients with this
kind of disease exhibit strange behavioral symptoms, memory loss and motor loss. Its
histopathological characteristics are amyloid plaques deposited outside the cells, and
the excessive phosphorylation of tau protein related to the cytoskeleton which forms
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neurofibrillary tangles in the cells [88-90]. With the increase in age, iron ions in the
brain tend to accumulate, especially in the cortex, globus pallidus, red nucleus, dentate
nucleus and substantia nigra; however, the related molecular mechanisms are not clear at
present [9,74,79]. The emerging evidence shows that iron with high redox activity is related
to the deposition of amyloid plaques and the formation of nerve fiber tangles, suggesting it
may be one of the main causes of AD [91-94].

The postmortem brain anatomy of AD patients showed that there was more A
deposition and neurofibrillary tangles in the hippocampal region of the patients [95-97].
Moreover, by detecting the level of antioxidant protein in the hippocampus and amygdala,
the level of oxidative stress in these two regions was found to be much higher than other
regions. Moreover, the oxidative stress caused by iron accumulation will enhance the
activity of IRP1, resulting in the enhancement of iron absorption through TfR1 and the
increase in intracellular free iron level by reducing the concentration of ferritin-H and
ferritin-L, which further enhances intracellular oxidative stress [93,98]. Based on magnetic
resonance imaging (MRI) technology [99], it was found that iron accumulation may further
lead to the deposition of A amyloid and the formation of neurofibrillary tangles in the
brain of AD patients. Considerable studies have shown that iron metabolism disorder can
affect Ap misfolding and tau hyperphosphorylation, and the resultant oxidative stress and
metal toxicity of iron ions may lead to AD [100-103].

Even more evidence supports a key role of ROS and RNS (reactive nitrogen species)
in leading to AD, which are toxic and related to the formation of oxidative stress in the
brain of AD patients [104]. The oxidative stress was more obvious with the increase in iron
concentration, and the oxidation of protein, lipid and DNA in Af aggregation area was
more significant [105,106]. The free radicals produced at regions of A3 aggregation will
destroy the adjacent neurons, resulting in a decline in cognitive and memory functions.
The accumulation of tau protein in neurofibrillary tangles is also related to the induction of
heme oxygenase-1 (HO-1). Overexpression of HO-1 can lead to the increase in iron content
and accumulation of tau proteins in the mouse brain. In AD patients or patients with
slight cognitive impairment, the concentration of HO-1 in the hippocampus and frontal
cortex increased [86,107,108]. Increased levels of iron-bound melanin transfer protein were
detected in the serum of AD patients, indicating that there may be abnormal binding
of iron in the brain of AD patients. It was also found that iron ions accumulated in
regions of AP deposition and neurofibrillary tangles formed by hyperphosphorylation
of tau protein, and which were distributed in hippocampus, parietal cortex and motor
cortex [93,106,109-112]. The AB amyloid is a segment of amyloid precursor protein (APP)
cleaved by secretory enzymes [113]. APP is a transmembrane protein mainly expressed in
the nervous system. At present, the physiological function of APP is not fully understood,
and it may play a role in brain development, memory and synaptic plasticity [114]. In nerve
cells, the concentration of iron ions regulates expression of the APP gene. The mechanism
is shown in Figure 4. There is a loop ring formed by 11 bases in the 5-UTR region of
APP mRNA, which is called IRE. IRPs combine with IRE to regulate the synthesis of APP.
High concentrations of iron in cells will combine with IRP1 to form iron sulfur clusters;
at the same time, high concentrations of iron will also induce conformational changes in
the IRE region of APP mRNA, increasing the expression of APP. In contrast, when the
cell iron concentration is at a low level, IRP1 will bind to IRE and the expression of APP
will decrease [97,106,115]. Under the action of different secretory enzymes in nerve cells,
APP can undergo two different cleaving pathways, including the amyloidosis pathway
and non-amyloidosis pathway. In the normal physiological state, APP is cleaved through
the non-amyloidosis pathway, in which APP is firstly cleaved by « secretory enzyme,
producing a segment called sARPP«; then, the fragments undergo 3 and y secretase
cleavage to form non-toxic fragments of P3, AB14 and AB17_49,/42, respectively. The high
concentrations of iron in cells promote the cleaving of APP through amyloidosis pathway,
in which APP undergoes 3 and y secretases cleavage to form AB1_49 and Afq_4 fragments.
The APq_4 fragment is precipitated by Ile41, and the three histidines at its N-terminal
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can combine with Fe?* to induce oxidative stress, resulting in AB; 4 damage to cells at
deposition [93,106,109-111,115].
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Figure 4. High concentrations of iron in neurons induce A formation. The 5'-UTR region of APP mRNA has an 11-base
loop called IRE. The combination of IRPs and IRE regulates the synthesis of APP. The high concentration of iron in the
cell will combine with IRP1 to form iron-sulfur clusters, and make IRP1 lose the ability to bind to IRE. At the same time,
high concentrations of iron will also induce conformational changes in the IRE region of APP mRNA, which increases the
expression of APP; in contrast, when the iron concentration in the cell is at a low level, IRP1 will bind to the IRE of APP
mRNA, resulting in the decreased production of AP4. ABq_4 aggregates to form amyloid plaques.

In addition, the deposition of AB1_4, can induce the hyperphosphorylation of tau
protein, although the specific mechanism is not clear. At the same time, it can also lead
to the disorder of energy metabolism, the activation of immune cells and the disorder of
normal function of nerve cells, resulting in cell damage and death [50]. NFTs formed by
the hyperphosphorylation of tau proteins and the combination of cytoskeleton mean that
the cells are unable to maintain their normal structure. Many neurons in AD patients are
affected by NFTs. A large number of NFTs were found in the hippocampus of patients with
AD, and the hippocampus participates in the processing of experience and precedes the
storage of permanent memory. In the early stages of AD, the clinical manifestations are
the decline of learning ability, the ability to form new memory and the memory storage
ability. At the same time, the basal forebrain, which provides the innervation activity
of cholinergic neurons for the cortex, will also be affected, resulting in the reduction in
cholinergic neurotransmitters. Generally, cholinergic enzyme inhibitors can be used to treat
the reduction in cholinergic neurotransmitters. A Canadian butylcholinesterase inhibitor
exhibited good performance for the treatment of AD symptoms. In clinical treatment, it
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has been shown that this drug is suitable for the improvement of mild and moderate AD
symptoms [116].

4.2. Relationship between Iron-Homeostasis-Related Proteins and AD

Oxidative stress can lead to neuronal damage; it has been observed that the disorder
of iron metabolism and the expressional change in iron regulatory proteins in the iron
metabolism pathway could lead to the accumulation of iron ions in the brain and induce
oxidative stress, resulting in the damage of neurons [107]. Many experimental results have
showed that iron accumulation in the brain of AD patients is one of the sources of brain
oxidative stress, and this has a close relationship with the disorder of brain iron metabolism
and some key iron homeostasis regulators, such as ferritin protein, transferrin protein,
FPN, etc. [100].

4.2.1. Apolipoprotein E and AD

Apolipoprotein E (ApoE) is involved in the transport of cholesterol and other sub-
stances from the brain to the blood, including the discharge of A protein from the brain
to the blood. ApoE has three different conformations, which are encoded by ApoE2, ApoE3
and ApoE4 genes [117]. These three conformations are due to the differences in amino acid
composition, resulting in differences in the structure, binding properties and multiple func-
tions of lipoproteins. Among the three conformations, ApoE4 can lead to AD [18,118-122].
It can be seen from the extant literature that high concentrations of iron in cells will induce
oxidative stress and cause damage to lipids, proteins and nucleic acids. Among them, lipid
peroxidation will induce the production of 4-hydroxynonenal (4-HNE) molecules with
high activity and neurotoxicity. It can combine with cysteine residues, lysine residues and
histidine residues to reduce its damage to other molecules. Compared with ApoE2 and
ApoE3, ApoE4 lacks cysteine amino acid and cannot clear HNE, resulting in the oxidative
modification of proteins in neurons and neuronal death, increasing the risk of AD [123,124].

4.2.2. Ferroptosis and AD

Ferroptosis is an iron-dependent programmed cell death, which can lead to many
diseases [125]. Ferroptosis was first described by Dixon in 2012, and is characterized by
the accumulation of lipid reactive oxygen species. The experimental results show that
GPX4 knockout mice exhibit neuronal necrosis, which will become more serious due to
the lack of vitamin E (iron death inhibitor) in food. In contrast, inhibiting iron death
can effectively improve the symptoms of AD. GPX4 is an anti-peroxidase that inhibits
lipid peroxidation [101,126]. Moreover, lipid peroxidation products and 4-HNE in the AD
brain have been significantly increased, indicating that ferroptosis will increase the risk of
AD [127-129]. Iron induces oxidative stress, directly affecting lipids, DNA and proteins.
Lipid peroxidation and iron metabolism disorder and accumulation in AD brain are also
necessary conditions for ferroptosis [130]. In addition, iron ions interact with A and Tau
to induce ROS, which also leads to ferroptosis [101,129].

4.2.3. Iron Homeostasis Key Regulators and AD

Through the utilization of Western blot technology, researchers have found that in
comparison with ferritin protein in the normal brain, the expression levels of ferritin protein
in the brains of AD patients were increased significantly, including L-ferritin and H-ferritin
proteins [36]. The ELISA results showed that the concentrations of H-ferritin and L-ferritin
in the hippocampus of AD patients were three times higher than those in normal human
brains. Moreover, the increases in H-ferritin and L-ferritin protein concentrations were not
consistent with the increase in iron concentration, which was about 50% of the increase
in iron concentration. Compared with the normal brain, the expression levels of ferrous
oxidase CP increased significantly [131]. Results obtained from immunohistochemical
experiments showed that the expression levels of transferrin proteins in the AD brains
were also found to be increased compared with those in the normal brain [100].
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However, by using Weston blot technology, it was found that the expression levels of
DMT1 and FPN decreased in the AD brains compared with those of normal human brains.
Due to the abnormal expression of genes related to iron metabolism, iron accumulates in
AD brain and induces oxidative stress, which may damage brain neurons [36,131].

4.2.4. Furin and AD

Furin is associated with iron and A metabolism [132]. Low concentrations of iron
enhance furin enzyme activity, whereas high concentrations of iron reduce furin enzyme
activity. Furin can enhance the activity of « secretory enzymes, and high concentrations
of iron in cells reduce furin enzyme activity, leading to the amyloidosis pathway of APP
cleaving. Recent experimental results also showed that the expression levels of furin mRNA
in the brain of AD patients are lower than those of normal human brains [9,110,133].

5. Strategies for Treating AD
5.1. Iron Chelation in the Treatment of AD

Iron chelation strategy is the most direct method for limiting and redistributing iron
in the system. At present, the most commonly used chelating agents are deferoxamine,
deferrone and ferrite [2,134,135]. Deferoxamine is a chelating agent, recently found to
exhibit good clinical manifestations. Although these chelating agents can improve the
symptoms of AD caused by iron excess to a certain extent, they can also have toxic effects
on the human body, such as allergic reactions, liver and kidney failure, etc. [1,136].

5.2. Regulating Iron Metabolism Pathway Proteins to Improve AD Symptoms

Fursultiamine is a small molecular substance called thiamine tetrahydrofuran disul-
fide, which can bind to cys326 amino acid residues of brain FPN and protect hepcidin from
the endocytosis of FPN, thus improving the efflux of brain iron through this ferrous trans-
porter. However, fursultiamine has limited functions in the body, because it can be quickly
converted to ammonium sulfate, resulting in reduced iron contents in the body [137].

The anti-ferroportin antibody 1y2928057 was successfully tested in vitro, and it has also
been tested for its potential to effectively reduce iron concentrations in vivo by interfering
with the potential regulatory mechanism of hepcidin. The specific mechanism is to regulate
the BMP6 (bone morphogenetic protein 6)-SMAD signal pathway and prevent the binding
of BMP6 to its receptor BMP6R [1,138]. Another way is to block the phosphorylation
of SAMD with doxomorphine, so as to reduce the production of hepcidin induced by
BMP6R [139]. The body has its own regulatory mechanism; therefore, the treatment of FPN
or hepcidin interference is a great challenge, which is not conducive to long-term treatment.

Similar to glutathione peroxidase, ebselene, a drug containing selenium, also exhibits
antioxidant effects. This drug can inhibit the absorption of iron ions through DMT1;
however, it can cause cardiomyopathy [140]. Recent studies have shown that pyrazole
derivatives and benzyl isothiourea have inhibitory effects on DMT1 both in vitro and
in vivo [141].

5.3. Antioxidant Therapy Improves AD Symptoms

Brain iron excess induces oxidative stress through Fenton chemical reactions, which
cause damage to protein, lipid and DNA [7], and lead to ryanodine-receptor-mediated cal-
cium release under the stress, resulting in neurotoxicity [105]. Small molecular substances
have been designed for ROS scavenging at fixed sites. These kinds of antioxidants enter
the mitochondrial matrix driven by the mitochondrial intimal potential to scavenge active
free radicals in the matrix [142]. In addition, antioxidants in food, such as tea polyphenols,
can effectively improve AD symptoms through scavenging oxygen free radicals, chelating
iron ions and their anti-inflammatory effects [143-145]. Other native neuroprotective com-
pounds or species include resveratrol, curcumin, pinocembrin, caffeine, the combination
of Panax ginseng, ginkgo biloba, crocus sativus [146-150]. The anti-inflammatory and
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antioxidant properties of catechins in tea have been reported in vivo and in vitro, with
potential for the prevention of AD symptoms [151].

Acetylcholinesterase inhibitors (AChEIs) have also been found to exhibit antioxidant
effects. In 2010, Sinem et al. showed that ACHEISs can reduce the levels of lipid oxidation,
blood markers and nitric oxide in AD patients [152]. ACHEI is the main drug for the
treatment of AD, but it also has certain limitations [153].

6. Conclusions and Prospect

Iron is a rich metal element in the earth’s crust. The unique redox properties of
iron allow for efficient electron transfer, which is beneficial to many diverse biological
reactions [154]. However, when iron metabolism in the body is unbalanced, such reactive
properties of iron may also promote the generation of ROS, which will lead to the excessive
accumulation of iron ions in the body [155,156]. As a result, there are fine regulatory
mechanisms for iron absorption, storage and distribution in organisms. The excessive
accumulation of iron induces oxidative stress reactions, which, in large doses, can be
damaging to intracellular systems, including the tissues and organs of the body. Moreover,
iron plays an important role in the formation of a myelin sheath in the brain and aerobic
respiration in mitochondria. When brain iron metabolism is disordered, iron will be
enriched in different regions of the brain, and the enriched iron will cause oxidative stress,
mediate APP undergoing the amyloidosis pathway, and finally lead to the development of
AD. In AD, oxidative stress caused by brain iron accumulation promotes the deposition of
amyloid protein and the hyperphosphorylation of tau, which causes damage to neurons,
resulting in declines in motor, cognitive and memory functions, etc. [133]. Although using
iron-chelating strategies has achieved some positive results for improving the symptoms
of AD, there is still much research needed in order to translate the research into practice for
the clinical treatment of AD.

Nevertheless, there have been few studies on iron-reducing strategies in AD patients
through genetic methods, and excessive emphasis has been put on the amyloid-reducing
strategies, which have been disappointing thus far. Given that more and more iron-
chelating compounds have potential disease-improving effects, as well as the availability
of biomarkers of iron load in MRI and cerebrospinal fluid, there is considerable room for
exploring this type of treatment to avoid its side effects as far as possible. In addition,
genetic studies on the regulation of some key genes in iron homeostasis in model animals
have shown potential for more effective and precise treatment [14,157].

Furthermore, AD is characterized by the progressive dysfunction and death of thecortical
and hippocampal neurons; the main hypothetical mechanisms are the hyperphos-phorylation
of tau protein to form NFTs and the deposition of Af protein to form SPs [158,159]. However,
a large number of clinical trials of drugs based on these two hypotheses all over the world
have ended in failure; there is currently no effective treatment method. In addition, these
two assumptions are facing increasing challenges [160,161]. In fact, the involvement of
iron in the pathogenesis of AD has been widely accepted. Iron not only aggravates the
accumulation of toxic A and hyperphosphorylated tau, but also directly induces neuronal
oxidative damage [162]. Considering the particularity and importance of iron role in the
process of ferroptosis, it is essential to uncover how does ferroptosis play in the molecular
pathophysiology of AD in the future research, which may provide new insights into the
disease [163,164] and new ideas for the treatment [101]. Combing with the recent finding
of a potential link among iron, host microbiome and AD, therefore, by deeply studying the
mechanism of iron metabolism in the body and brain, it is expected to find new effective
targets and therapeutic measures to improve or cure the disease.
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Abstract: The complete molecular mechanisms underlying the pathophysiology of Alzheimer’s
disease (AD) remain to be elucidated. Recently, microRNA-455-3p has been identified as a circulating
biomarker of early AD, with increased expression in post-mortem brain tissue of AD patients.
MicroRNA-455-3p also directly targets and down-regulates APP, with the overexpression of miR-
455-3p suppressing its toxic effects. Here, we show that miR-455-3p expression decreases with age in
the brains of wild-type mice. We generated a miR-455 null mouse utilising CRISPR-Cas9 to explore
its function further. Loss of miR-455 resulted in increased weight gain, potentially indicative of
metabolic disturbances. Furthermore, performance on the novel object recognition task diminished
significantly in miR-455 null mice (p = 0.004), indicating deficits in recognition memory. A slight
increase in anxiety was also captured on the open field test. BACE1 and TAU were identified as
new direct targets for miR-455-3p, with overexpression of miR-455-3p leading to a reduction in the
expression of APP, BACE1 and TAU in neuroblastoma cells. In the hippocampus of miR-455 null
mice at 14 months of age, the levels of protein for APP, BACE1 and TAU were all increased. Such
findings reinforce the involvement of miR-455 in AD progression and demonstrate its action on
cognitive performance.

Keywords: Alzheimer’s disease; microRNA; miR-455; knockout; APP; TAU; BACE1; novel object
recognition; memory; anxiety

1. Introduction

There are approximately 50 million people worldwide currently living with demen-
tia, and this figure is predicted to rise considerably over the next three decades [1,2].
Alzheimer’s disease (AD) is the most common form of dementia accounting for approx-
imately two thirds of dementia cases [3]. The progressive and debilitating nature of the
disease make it a major cause of disability and mortality in later life, with no disease
modifying treatment currently available [4]. The classic hallmarks of AD consist of cog-
nitive decline and the presence of amyloid plaques and neurofibrillary tangles (NFT) [5].
According to the amyloid hypothesis [6], pathological conditions lead to altered/increased
metabolism of the amyloid precursor protein (APP), under the actions of the 3-secretase,
BACE1 and vy-secretases, presenilin 1 and 2 (PSEN1 and PSEN2). APP cleavage leads
to the production and aggregation of the amyloid (3 peptide (Af) and the formation of
amyloid plaques, resulting in neurotoxicity and eventual death of the neuron [7,8]. On
the other hand, the TAU (microtubule-associated protein tau) hypothesis [9] emphasises
the importance of aberrant TAU phosphorylation and subsequent NFT formation, which
undermines microtubule integrity resulting in structural and transport deficits in the neu-
rons [10,11]. Further processes such as neuroinflammation have also been proposed to
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explain the mechanistic basis of the disease, with proinflammatory cytokines elevated in
the brains and serum of AD patients [12,13]. Mitochondrial dysfunction and oxidative
stress (increased production of reactive oxygen species) are also seen [14]. AD is likely
attributable to a combination of processes, adding to its complexity, and as a result, the
overall molecular pathogenesis remains poorly understood.

Small non-coding RNAs known as microRNAs (miRNAs) are important regulators
of gene expression in human cells [15]. MicroRNAs are transcribed as primary transcripts
(pri-miRNA) and processed to short stem-loop structures (pre-miRNA) in the nucleus. The
pre-miRNA is then processed by the ribonuclease, DICER, forming two complementary
short RNA molecules one of which (the guide strand) is integrated into the RNA-induced
silencing complex (RISC), the other of which (the passenger strand) is degraded. After
integration into RISC, miRNAs base pair with their complementary mRNA targets, usually
in the 3'UTR [16] to degrade mRNA or repress translation. A number of miRNAs have
been shown to have roles in regulating AD associated proteins, targeting processes that
contribute to 3-amyloid production (e.g., BACE1 and APP), TAU phosphorylation and
mitochondrial dysfunction (reviewed in [17,18]). MicroRNAs and their target genes act
in regulatory networks which are disrupted in disease [19]. Key miRNAs may act as
biomarkers of pathology or even be targets for therapeutic intervention [18].

MicroRNA-455 is genomically located in an intron of the collagen type XXVII alpha
1 chain gene (COL27A1) and has previously been implicated in cartilage biology [20], with
roles in the TGFf signalling pathway [20,21]. A number of studies have shown miR-
455 to be dysregulated in a variety of pathologies including cancers and cardiovascular
disease [22]. Recently, microRNA-455-3p was identified as a circulating biomarker in early
AD [23] with levels of miR-455-3p upregulated in patients with mild cognitive impairment
(MCI) and AD. Furthermore, miR-455-3p expression is increased in the post-mortem
brain tissue and cells derived from AD patients when compared to healthy controls, [24].
MicroRNA-455-3p has also been shown to directly target and down-regulate APP, with
the overexpression of miR-455 suppressing APP toxicity [25] providing a mechanistic
explanation for its increased expression in AD.

In order to determine the function of miR-455 in vivo, we utilised a miR-455 null
mouse, constructed using CrispR/Cas9. Behavioural tests of cognition and in vitro molecu-
lar analyses were employed to further delineate miR-455 function within the brain.

2. Results
2.1. MicroRNA-455-3p Expression Decreases with Age and Is Absent in the Null Mouse Model

The miR-455 null mouse was made by the Genome Editing Unit, University of Manch-
ester, UK. Microinjection of one-day single cell C57/BL6 mouse embryos used in vitro tran-
scribed sgRNA and recombinant Cas9 protein (https:/ /sites.manchester.ac.uk/genome-
editing-unit/publications/, accessed on 15 October 2021). Sequencing of genomic DNA
from founder mice revealed a number of deletions within the targeted pre-miR-455 locus.
One of these was identified as a 35-base deletion, removing part of both miR-455-5p and
miR-455-3p mature sequences, as well as the intervening hairpin sequence (Figure 1A).
This mouse was bred with a wild-type C57/BL6 and heterozygote offspring bred together
to give homozygous null mice; these were maintained alongside wild-type littermates as
parallel colonies. Deletion was confirmed by sequencing of genomic DNA.

Expression of miR-455 was absent in all tissues tested, with Figure 1B showing expres-
sion in the brain at 3 months of age. At 14 months of age, miR-455 null mice were signifi-
cantly larger than the wild-type comparators (Figure 1C). Expression of miR-455-3p in the
brain decreased across 3 weeks to 12 months of age in wild-type mice (p = 0.04, Figure 1D).
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Figure 1. The miR-455 null mouse and the expression of miR-455-3p across age. (A) Deletion of miR-
455 in mice. Sequencing of miR-455 null founder mouse shows a 35-base deletion, deleting both miR-
455-5p and miR-455-3p mature sequences, as well as the intervening hairpin sequence. (B) Expression
of miR-455-3p in 3-month-old mouse brain tissue. RNA was extracted from brain tissue and qRT-PCR
performed; the miR-455 null mouse shows complete loss of miR-455-3p expression. (C) MiR-455
null mice show increased weight gain with age. Mice were weighed each month and showed that at
14 months of age, miR-455 null mice (1 = 13) were significantly heavier than wild-type litter mates
(n=11). (D) MiR-455 expression decreases with age in wild-type mice. RNA was extracted from
brain tissue at 3 weeks and 12 months of age and qRT-PCR performed (1 = 3). Mean + SEM.

2.2. Recognition Memory Is Impaired in miR-455 Null Mice

We compared wild-type with miR-455 null mice at 14 months of age in both novel
object recognition and the open field test. In object recognition, miR-455 null mice showed
significantly impaired recognition memory compared to wild-type controls (p = 0.004,
Figure 2A). In the open field test, miR-455 null mice displayed a slight increase in anxiety
overall spending less time in the centre of the arena (p = 0.09, Figure 2B), with no alteration
in motor function (Figure 2C).

2.3. BACE1 and TAU Are Direct Targets of miR-455-3p

APP has previously been identified as a direct target for miR-455-3p [25]. Here, we
also identified BACEI and TAU as other targets. Expression of luciferase controlled by the
3'UTR of either the BACET or TAU genes shows that miR-455-3p reduces this expression
and that this is rescued by mutation of the miR-455-3p seed site in each UTR (Figure 3A,B).
Expression of APP, BACE1 and TAU were all decreased after overexpression of miR-455-3p
in SH SY5Y neuroblastoma cells (Figure 3C,D).
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Figure 2. Behavioural studies comparing the miR-455 null mouse vs. wild-type. (A) 14-month-old
miR-455 null (n = 9) mice and wild type mice (1 = 8) were tested for recognition memory using the
novel object recognition test (NOR); miR-455 null mice have significant recognition memory deficit as
indicated by a decreased discrimination index. (B) Anxiety behaviour was tested using the open field
test. MiR-455 null mice display an increase in anxiety with (C) no difference in overall locomotion.
Bars show the mean + SEM.
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Figure 3. miR-455-3p directly targets BACET and TAU. Cells (DF1 fibroblasts) were transfected with
the 3’-untranslated region of BACE1 (A), TAU (B) or the corresponding seed site mutants, cloned
into pmiR-GLO = non-targeting control (NT) or miR-455-3p mimic (miR-455) and incubated for
24 h. Relative light units were normalized to Renilla activity. Bars show the mean &= SEM; n = 4. SH
SY5Y neuroblastoma cells were transfected with miR-455-3p mimic or non-targeting control (NT)
for 48 h prior to measurement of APP (C), BACE1 (D) and TAU (E) by qRT-PCR. Bars show the
mean + SEM, n = 3.

2.4. The Levels of APP, BACE1 and TAU Proteins Are Increased in miR-455 Null
Mouse Hippocampus

Both RNA and proteins were extracted from the hippocampus of wild-type vs. miR-
455 null mice at 14 months of age. The level of both App and Bacel gene expression
were not significantly different between groups (Figure 4A,B), although Tau expression
was significantly increased in the miR-455 null mice (p = 0.046, Figure 4C). However,
Western blot showed a significant increase in APP (p = 0.0013) and BACEL1 (p = 0.0447)
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protein levels in miR-455 null mice compared to wild-type (Figure 4D,E). Although it did
not reach significance, protein levels of TAU were higher in miR-455 null vs. wild type

mice (Figure 4F).

App / 18S rRNA

150kD —»
100kD —»

Wild type  miR455-null

T5KD P = e - -

37KD —> - ———— vy CAPDH

N ©

Relative band intensity
APP/GAPDH

[

0.0013

APP

Wildtype  miR455-null

TEKD b -y - - BACE1

37KD —» w—r———— CAPDH

o

0.0447

Relative band intensity
BACE1/GAPDH
(=
n

0.0

0.00030

Tau/ 185 rRNA

Wildtype  miR455-nul

75kD — Ll e

TAU

37kD — —— vy CAPDH

o

ns

=

Relative band intensity
TAU/GAPDH
o
n

iy
o

Figure 4. Expression of App, Bacel and Tau in the mouse hippocampus. RNA and proteins were
extracted from the hippocampus of wild-type vs. miR-455 null mice at 14 months of age. Levels of
App, Bacel and Tau were measured by gRT-PCR (A-C) and Western blot and densitometric analyses
(D-F). Results are presented as mean & SEM, n = 4 wild type and n = 5 miR-455 null for RNA levels
and n = 3 for both wild type and miR-455 null for protein levels.

3. Discussion

MicroRNA-455 has been described as a circulating biomarker of AD and is increased
in the brains of AD patients [22-24]. Additionally, miR-455-3p has known roles in APP
processing and abrogates the impact of mutant APP in vitro [25]. After revealing a decrease
of miR-455-3p expression in ageing wild type mice, CrispR-Cas9 microinjection was used
to create a miR-455 null mouse in order to determine its function in vivo. Behavioural
assessment revealed deficits in recognition memory and increased anxiety in null mice.
BACET and TAU genes were shown to be direct targets for miR-455-3p. The use of homolo-
gous recombination was precluded because of the proximity of miR-455 to the downstream
exon of the COL27A1 gene. The deletion of 35 bases across the 5p and 3p sequences within
the pre-miRNA hairpin was sufficient to prevent processing and no mature miR-455 was
detected. A second deletion in founder mice was also bred forwards and no difference in
phenotype of these mice has been detected (data not shown).

Expression of miR-455-3p decreased with age in the mouse brain across 12 months
(Figure 1D). The expression of all microRNAs in mouse brain with ageing has previously
been examined using RNA-Seq analysis [26,27], however n numbers were small and the
read number of miR-455 using this technique was too small for analyses. The expres-
sion of a number of microRNAs both increase and decrease in the brain significantly
across age. Roles for miRNAs in the brain are diverse, including modulation of synaptic
plasticity, cognition, inflammation, neuroprotection, lipid metabolism and mitochondrial
function [28,29]. MicroRNA-455 null mice were significantly heavier than their wild-type
counterparts at 14 months of age (Figure 1C) and this divergence starts around 6 months of
age (Supplementary Figure S1). Although the role of obesity as a risk factor for AD remains
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uncertain [30,31] alterations in energy metabolism are now considered a prerequisite in
AD progression [32-35].

Loss of miR-455 influenced recognition memory with null mice performing signif-
icantly worse on the novel object recognition task compared to the wild-type controls
(Figure 2A). A slight increase in anxiety, was also noted Figure 2B). Correlation analyses of
NOR discrimination index with open field percentage time in centre or travelled distance
showed no significant interaction indicating that anxiety did not impact on the NOR output
(see Supplementary Figure S2). Several microRNAs implicated in AD have also been shown
to impact these outcomes, including miR-9 [36], miR-124 [37], miR-101 [38], miR-153 [39],
miR-132/212 [40] and miR-181a [41,42].

MicroRNA-455 has been shown to directly target and downregulate APP [25], sup-
pressing its toxic effects. We extended this to demonstrate that both human BACE1 and TAU
are also direct targets for miR-455-3p (Figure 3A,B) with APP, BACET and TAU expression
suppressed by the overexpression of miR-455-3p (Figure 3C-E). In the miR-455 null mouse
hippocampus, the protein levels of APP, BACE1 and TAU are all increased, though for
APP and BACE], this does not correlate with mRNA levels. In part this may be due to a
small n number, but post-transcriptional mechanisms may also contribute. This clearly
has potential to add to the pathology of AD via the amyloid or Tau axis. Although APP,
BACET and TAU have been implicated in impaired recognition memory [43-46] we have
not demonstrated that this is the mechanism of action of miR-455.

In addition to our current findings, we have preliminary evidence to suggest miR-455
may also target components of the core clock machinery and likely impacts the upon
circadian rhythm (Swingler et al., unpublished observations). This may provide another
link to AD [47].

The main limitations to the current study are the future need to compare the miR-
455 null mouse with a transgenic mouse overexpressing miR-455-3p. A greater suite of
behavioural studies across age would identify the age of onset for the phenotype and
enable targeted molecular studies to address mechanism further.

Altogether, the findings here suggest that miR-455-3p is neuroprotective, with loss of
miR-455 across age leading to increased AD related gene expression and subsequent
cognitive deficits. However, the knowledge that miR-455-3p [22] is increased in AD
complicates this narrative. We hypothesize that the AD associated increase may represent
a futile attempt to control pathology and is ultimately overwhelmed. Increasing research is
warranted to further detail the interaction of miR-455 with brain physiology and pathology.

4. Materials and Methods
4.1. MiR-455 Null Mouse

MiR-455 mice were made using CRISR-Cas9 by the Transgenic Unit, University of
Manchester (https:/ /sites.manchester.ac.uk/genome-editing-unit/, accessed 15 October
2021). Mice were maintained in a controlled environment under the Home Office Code of
Practice (21 +/— 2 °C, humidity 55 +/— 10%, 12-h light/dark cycles (lights on at 07:00 h
and off at 19:00 h), HEPA filtered air) and fed ad libitum on a standard chow diet (RM3-P;
Special Diet Services, Essex, UK) for the duration of the experiments.

4.2. Behavioural Assessment

Behavioural tests were performed as previously described [48,49] on mice aged to
14 months old. Objects and arenas were cleaned with 70% (v/v) ethanol in between each
trial. To evaluate anxiety behaviour and locomotion open field test was performed. Briefly,
mice were placed in a house built 50 cm x 50 cm x 50 cm apparatus illuminated with
low lux (100 lux) lighting and could move freely. Recognition memory was assessed using
novel object recognition task (NOR) [50]. The open field test (Day 1) was used as the
acclimatisation phase for the NOR experiment. On day 2, mice were placed into the same
arena containing two identical objects and allowed to explore for 15 min. The mice were
returned to their cages for a period of 1 h. Animals were again placed into their respective
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arenas for a final time, the arena contained one original object and one novel object, and the
mouse was free to explore either for a 10-min period. Mice were included in the analysis
that explored objects for a period of 10 secs or greater. Videos were analysed for the full the
10-min period and time spent with each object was determined. Discrimination index (DI)
was calculated using the following formula DI = (TN — TF) /(TN + TF) where TN is time
exploring the novel object and TF is time spent exploring the familiar object.

4.3. Overexpression of miR-455-3p

SH SY5Y neuroblastoma cells were plated in 96-well plate wells at a density of
7 x 10* cells/mL in 100 uL and grown to 80-90% confluence. MicroRNA-455-3p mimic (50 nM)
or non-targeting control (50 nM) were transfected in using Lipofectamine 3000 (Thermo
Fisher Scientific, Paisley, UK), according to manufacturer’s instructions for 48 h. Total
RNA was extracted using Trizol (ThermoFisher Scientific, Paisley, UK) according to the
manufacturer’s instructions).

4.4. RNA and Protein Extraction from Mouse Brains

Mice were euthanized and the brains were immediately removed and dissected for
the cerebral cortex, and hippocampus. Brain tissue was snap frozen and ground in lig-
uid nitrogen. Total RNA was extracted from 20 mg tissue using Trizol (ThermoFisher
Scientific, Paisley, UK) according to the manufacturer’s instructions. Protein was ex-
tracted using NE-PER reagents (ThermoFisher Scientific, Paisley, UK) according to the
manufacturer’s instructions.

4.5. Quantitative Real-Time PCR

Complementary DNA was synthesized from 300 ng RNA using SuperScript II reverse
transcriptase (Invitrogen, Paisley, UK) and either random hexamers or miRNA-specific
primers (Applied Biosystems, Paisley, UK) according to the manufacturer’s instructions. 18S
rRNA was used as the housekeeping gene. Complementary DNA was stored at —20 °C. The
relative quantitation of gene expression was performed using an ABI Prism 7700 Sequence
Detection System (Applied Biosystems, Paisley, UK), following the manufacturer’s protocol.

4.6. Luciferase Assay

The 3'UTR of mRNAs containing the predicted binding site of miR-455-3p were sub-
cloned into pmirGLO (Promega, Chilworth, UK), using QuikChange II XL site-directed
mutagenesis kit (Agilent, Stockport, UK) to introduce mutations. Constructs were se-
quence verified (Source Bioscience, Nottingham, UK). DF1 fibroblast cells were seeded
into 96-well plate wells at 5 x 10* cells/mL in 100 L medium overnight and transiently
transfected with 100 ng reporter plasmid, 30nM miR-455-3p mimic (Qiagen, Manchester,
UK) or non-targeting control (AllStars, Qiagen, Manchester, UK) using Lipofectamine
3000 (Thermo Fisher Scientific, Paisley, UK), according to manufacturer’s instructions for
24 h. Cell lysates were assayed for luciferase using the Dual Luciferase Reporter Assay
Kit (Promega, Chilworth, UK), read with an EnVision 2103 Multilabel plate reader (Perkin
Elmer, Beaconsfield, UK). Relative luciferase activity was the ratio of firefly luciferase to
Renilla luciferase activity

4.7. Western Blot

Samples were separated on reducing SDS-PAGE, transferred to PVDF membrane and
probed overnight at 4 °C. Antibodies against APP (A87840), BACE1 (A80396) and TAU
(A98434) were all from antibodies.com (Cambridge, UK). The antibody against GAPDH
(#2118) was from Cell Signalling Technology (London, UK). All antibodies were used at
recommended concentrations and were detected using HRP-conjugated secondary anti-
bodies (DAKO, Stockport, UK), visualised using Pierce™ ECL Western Blotting Substrate
(ThermoFisher Scientific, Paisley, UK), and imaged by ChemiDoc™ MP Imaging System
(BioRad, Watford, UK).
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4.8. Statistical Analysis

Data were normally distributed and therefore analysed using Student’s t-test to com-
pare between two samples, or one-way ANOVA with post hoc Tukey’s test to compare
between multiple samples using GraphPad Prism version 6. The details of all statistical
analyses are shown in Supplementary Table S1.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/1jms23010554/s1.
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Abstract: Cystatin C (CST3) is an endogenous cysteine protease inhibitor, which is implicated in
cerebral amyloid angiopathy (CAA). In CAA, CST3 is found to be aggregated. The purpose of
this study is to investigate whether this aggregation could alter the activity of the protein relevant
to the molecular pathology of CAA. A system of CST3 protein aggregation was established, and
the aggregated protein was characterized. The results showed that CST3 aggregated both at 80 °C
without agitation, and at 37 °C with agitation in a time-dependent manner. However, the levels of
aggregation were high and appeared earlier at 80 °C. Dot-blot immunoassay for oligomers revealed
that CST3 could make oligomeric aggregates at the 37 °C condition. Electron microscopy showed
that CST3 could make short fibrillary aggregates at 37 °C. Cathepsin B activity assay demonstrated
that aggregated CST3 inhibited the enzyme activity less efficiently at pH 5.5. At 7.4 pH, it lost
the inhibitory properties almost completely. In addition, aggregated CST3 did not inhibit AB1.49
fibril formation, rather, it slightly increased it. CST3 immunocytochemistry showed that the protein
was positive both in monomeric and aggregated CST3-treated neuronal culture. However, His6
immunocytochemistry revealed that the internalization of exogenous recombinant CST3 by an
astrocytoma cell culture was higher when the protein was aggregated compared to its monomeric
form. Finally, MTT cell viability assay showed that the aggregated form of CST3 was more toxic
than the monomeric form. Thus, our results suggest that aggregation may result in a loss-of-function
phenotype of CST3, which is toxic and responsible for cellular degeneration.

Keywords: Cystatin C; aggregation; cathepsin activity; Amyloid (3; neurodegeneration

1. Introduction

Cystatin C (CST3) is a cysteine protease inhibitor, which is expressed ubiquitously in
every type of cell [1]. It contains 120 amino acids, and its molecular weight is 13 KDa [1].
CST3 is found to be localized in lysosomes [2,3], where it plays an important role in
controlling the functions of the organelle by regulating the activity of cysteine protease
enzymes including cathepsin B, H, and L [4,5]. It is also localized in the endoplasmic
reticulum and Golgi complex, indicating it as a secreted protein [1,6]. In the extracellular
space, it is believed to neutralize the activities of proteases that are often released or
leaked from the lysosomes of dying or diseased cells [7,8]. The expression of CST3 in
the brain is high [9]. In addition, its CSF concentration is about five times higher than
that of plasma [10]. Such findings indicate its important role in brain homeostasis. In
neuroinflammatory conditions, microglia are demonstrated to secrete cysteine proteases in
the extracellular space [11]. Here, CST3 can inhibit the activities of such cysteine proteases,
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and thereby regulates the neuroinflammatory conditions. Hence, the dysregulation of
such inhibitory effects of CST3 could alter the neuroinflammatory conditions leading to
neurodegeneration.

Proper functioning proteins are required for proper functioning cells, tissues, or organs.
After release from the ribosome, the unfolded polypeptide chain must adopt a proper three-
dimensional structure to perform its function. To perform their functions, sometimes
proteins undergo self-assembly such as dimerization or polymerization or combine with
other proteins to make a functioning complex for the cells. However, in pathological
aggregation, namely, amyloid aggregates, the proteins aggregate in a way that changes
their functions [12]. Such pathological aggregation can be the core component of several
diseases, including neurodegenerative diseases. For example, amyloid (3 (A) peptide and
Tau aggregation are implicated in Alzheimer’s disease, and a-synuclein aggregation is
related to Parkinson’s disease [13,14]. CST3 is also shown to be aggregated in diseases such
as cerebral amyloid angiopathy (CAA), where it is deposited on the vessel walls along with
Ap peptide, leading to brain hemorrhage and stroke [15]. In the case of inherited CAA,
a mutation (L68Q) in CST3 was identified [16]. L68Q mutation increases its aggregation
properties [16,17]. CST3 can bind to A peptide and inhibits its aggregation [18]. It is
possible that aggregated CST3 still can bind to A peptide but loses its amyloid inhibition
properties, resulting in their co-deposition on the vessels. In addition, deposition might
change its protease inhibitory properties and alter the balance of protease activity, which
crucially affect the integrity of the vessel wall [7]. Furthermore, in sporadic CAA cases,
CST3 without any mutation was found to be deposited on the vessel walls along with Af3,
indicating the importance of aggregation for the disease pathology [19].

The misfolding or aggregation of a protein may result in a loss-of-function, or a
gain-of-function phenotype, which could alter the cellular functions crucial for the cell
viability. In a previous study, we showed that CST3 is localized in Bunina bodies, the
inclusion bodies found in the motor neurons of ALS spinal cords [20]. In addition, previous
studies showed that the exogenous administration of CST3 can make Bunina body-like
intracellular aggregates in the motor neurons of ALS model mice [21]. Since it is found in
the inclusion bodies, it is possible that CST3 is aggregated here, and that makes it resistant
to degradation. However, it is not known how such aggregation changes the activity of
the protein. In a study, it is shown that the CST3 dimer, made by domain swapping, loses
its protease inhibitory activity [22]. In CAA or ALS, deposited CST3 could be not only
dimers, but also be higher order aggregates. Hence, it is important to characterize CST3
aggregation in terms of its structural changes, conditions that induce aggregation, and
changes of activities, especially cathepsin inhibitory activity. Such information could be
important for a better understanding of disease pathology such as CAA. Therefore, in this
study, we aimed to investigate whether the aggregation of CST3 could change some of
its activity.

2. Results

Establishment of a system of CST3 aggregation: Recombinant CST3 (1.3 mg/mL) was
incubated at 80 °C without agitation or at 37 °C with agitation. Periodically, CST3 was
withdrawn from the incubated samples and the protein aggregation was measured. The
results are presented in Figure 1. In the case of the 80 °C condition, the aggregation of
protein started from 3 days of incubation and reached a plateau at 6 days (Figure 1A).
When CST3 was incubated at 37 °C with agitation, protein aggregation was not observed
until 12 days. At 19 days, protein aggregation was increased in this condition, however,
that was not as high as at 80 °C without agitation (Figure 1B,C).
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Figure 1. Evaluation of CST3 aggregates: Recombinant CST3 was incubated at 80 °C without agitation or at 37 °C with

agitation for indicated times. Aggregation of CST3 was evaluated using an aggregation assay kit, as described in the
Materials and Methods. The results were expressed as the average 4 SD of an arbitrary fluorescence unit. (A) shows the
fluorescence when CST3 was incubated at 80 °C, and (B) is the fluorescence when CST3 was incubated at 37 °C. (C) shows
the aggregated protein levels at the plateau. Statistical significance is denoted as follows.

Characterization aggregated CST3: For characterization, we performed a dot-blot
immunoassay using an oligomer conformation-specific antibody. The results showed that
the oligomeric CST3 levels were increased in the 37 °C incubation condition compared
to that of the 80 °C condition (Figure 2A). Subsequently, the aggregates made at 37 °C
were evaluated by Western blotting and electron microscopy. The Western blotting
results revealed that CST3 aggregated to several oligomeric species, starting from dimer
(Figure 2B). In this condition, CST3 also adopted a fibrillary structure, which was short
and broad in morphology (Figure 2C).

Effects of CST3 aggregation on cathepsin B activity: Next, we checked if aggregation
changes the function of CST3. Since it is an endogenous cysteine protease inhibitor, we
investigated if aggregation changes its inhibitory effects on the activity of a cysteine
protease cathepsin B. The cathepsin B activity was measured at pH 5.5 and 7.4 to mimic the
conditions of lysosome and extracellular space, respectively. The results showed that the
CST3 monomeric form dose-dependently inhibited cathepsin B activity at both the pH 5.5
and 7.4 conditions (Figure 3A,B). In the case of the CST3 aggregated form, the ability of
inhibition was decreased at pH 5.5 (Figure 3A). Importantly, at pH 7.4, the aggregated
CST3 did not show any inhibitory effects on the cathepsin B activity (Figure 3B).
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Figure 2. Characterization of CST3 aggregates: For characterization, aggregated CST3 was evaluated by dot-blot im-
munoassay. After aggregation, the samples were spotted on a nitrocellulose membrane and blotted with an oligomer
conformation-specific antibody. (A) shows a representative dot-blot immunoassay data. For loading control, the same
membrane was blotted with anti-CST3 IgG. The samples incubated at 37 °C were further evaluated by Western blotting
and electron microscopy. Aggregated and monomer samples were separated using a 15% polyacrylamide gel, transferred
to a PVDF membrane, and blotted with anti-CST3 IgG. Representative Western blotting data is shown in (B). In (C),
electron microscopy photomicrographs of CST3 in monomeric and aggregated forms are shown. Mono = CST3 monomer,
Agg = CST3 aggregated at 37 °C. Scale bar = 200 nm.
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Figure 3. Effects of CST3 aggregation on cathepsin B activity. Cathepsin B activity was measured in the absence or presence
of indicated concentrations of non-aggregated or aggregated CST3 at pH 5.5 and 7.4, as described in the Materials and
Methods. Cathepsin B activities at pH 5.5 and 7.4 are shown in (A,B), respectively. The data of cathepsin B activity presented
here as the average + SD of ‘%calibrator’, where cathepsin B activity of one sample in the absence of CST3 was considered
as such. Statistical significance is denoted as follows: * p < 0.01 vs. corresponding CST3 monomer, and * p < 0.001 vs.
corresponding CST3 monomer conditions.

Effects of CST3 aggregation on AP fibril formation: Previously, it was demonstrated
that CST3 inhibits Af aggregation and protects the neurons from aggregation-induced
toxicity [17]. Hence, we checked if aggregation changes such a function of CST3. The
incubation of a CST3 monomer with Af31_49 decreased its total fibril levels, as revealed by
ThT fluorescence assay. Interestingly, when Af1.49 was incubated with an aggregated form
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of CST3, the total fibril levels were not decreased; rather, they slightly but significantly
increased (Figure 4). We did not detect an appreciable amount of amyloid fibrils when a
CST3 monomer or aggregated forms were incubated alone.
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Figure 4. Effects of CST3 aggregation on A4 fibril formation. A4 (25 tM) was incubated
in the absence or presence of non-aggregated or aggregated CST3 for 48 h, as described in the
Materials and Methods. Amyloid fibrils formed after incubation were measured by ThT fluorescence
assay. Normalized fluorescence emission values are shown here, and the data are presented as
the mean =+ SD of at least three independent experiments. Mono = CST3 monomer, Agg = CST3
aggregated at 37 °C. Statistical significance is denoted as follows: * p < 0.05 vs. AB1.49, ** p < 0.005 vs.
AB140, " p <0.0001 vs. AB1.49 and CST3 monomer condition.

Cellular internalization of CST3: Then, we investigated the cellular internalization of
CST3 by immunocytochemistry. After 4 days of incubation with monomeric or aggregated
protein, the immunocytochemistry of a neuronal cell culture (NMW?7) showed that in both
the monomeric and aggregated condition, CST3 was positive inside the cells (Figure 5A).
In addition, low levels of immunopositive signals were observed in the neuronal cells
without CST3 treatment. Since neuronal cells express CST3, to see the internalization
and accumulation of exogenous His6-tagged recombinant CST3 inside the cells, His6
immunocytochemistry was employed. Here, we used an astrocytoma cell line (CCF-
STTG1) because of the low levels of endogenous CST3 expression [23]. The results showed
that when the cells were incubated with a monomeric form of CST3, His6 was difficult to
detect inside the cells. Conversely, when the cells were incubated with an aggregate CST3,
most of the cells were found to be His6 positive (Figure 5B).

Effects of CST3 aggregation on cell viability: Finally, we checked the effects of CST3
aggregation on the viability of CCF-STTG1 in culture by MTT assay. The result showed
that the aggregated form of CST3 dose-dependently inhibited the viability of CCF-STTG1
cells in culture, whereas the monomeric form of CST3 did not show such effects (Figure 6).
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Figure 5. CST3 internalization in neuronal cell culture. (A) Indicated concentrations of recombinant
CST3 in non-aggregated or aggregated form were added to a mouse neuronal line and cultured
for 4 days. Intracellular CST3 was detected by immunocytochemistry using anti-CST3 IgG (red).
(B) A human astrocyte cell line (CCF-STTG1) culture was incubated with indicated concentrations of
His6-tagged recombinant non-aggregated and aggregated CST3 for 48 h. After culture, the presence
of intracellular CST3 was evaluated by His6 immunocytochemistry (green). Nuclei were stained with
Hoechst (blue) Mono = CST3 monomer; Agg = aggregated CST3 at 37 °C.
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Figure 6. Effects of CST3 aggregation on the viability of a human astrocyte cell line. A human
astrocyte cell line culture was treated with indicated concentrations of non-aggregated and aggregated

128



Int. J. Mol. Sci. 2021, 22, 9682

recombinant CST3 for 48 h. Cell viability after incubation was evaluated by MTT assay, as described
in the Materials and Methods. The data was calculated as %control, where cells cultured without
CST3 were served as such, and expressed as mean + SD of at least three independent experiments.
Mono = CST3 monomer, Agg = CST3 aggregated at 37 °C. Statistical significance is denoted as
follows; * p < 0.05 vs. corresponding aggregated CST3, ** p < 0.005 vs. corresponding aggregated
CST3 condition.

3. Discussion

In this study we demonstrated that after aggregation, CST3 lost its protease inhibitory
activity at physiological pH (7.4) and at pH that is near the lysosomal environment (5.5). It
is known that in cerebral and peripheral arteries, CST3 deficiency can induce aneurysmal
changes [24-27]. Such changes are largely due to the unchecked activities of proteases
such as cathepsins. Consequently, extensive changes of connective tissues and cells of the
vessels are seen. In addition, the precise balance of CST3 and proteases is essential for
vessel remodeling, and polymorphisms in the gene that alter CST3 levels are found to be
associated with pathology such as cerebral small vessel disease [23,28-30]. Aggregated
CST3 has a diminished capability to inhibit cathepsin B activity, indicating its reduced
function. Moreover, aggregated protein, especially immature aggregates, can interact
with cell membranes and make ion channels, leading to the destabilization of the internal
environment of the cells [31]. Taken together, the deposition of such aggregated CST3
in the vessel walls during CAA can play an important role in the pathology by altering
protease activities and cellular viability. In addition to the vessels, these soluble immature
aggregates could also interact with neighboring cells, including neurons and astrocytes.
Such interaction of toxic CST3 aggregates could be an independent reason for cellular
degeneration, as implied by our cell culture studies.

In CAA, CST3 has been shown to be deposited in the vessel wall along with A
peptide [19]. The ratio of A and CST3 in the lesion area is about 100:1 [19]. Hence,
Ap is the primary deposit here, and low level CST3 might try to modulate the course of
deposition. A previous study has demonstrated that CST3 can inhibit A aggregation after
binding with the peptide [17], indicating a protective role in the pathology. Since aggregated
CST3 did not inhibit A fibril formation, rather, slightly increasing its levels, such species
of the protein could lose its protective effects, resulting in an unchecked deposition of A{.
Moreover, a study showed that in the cases of CAA with cerebral hemorrhage, CST3 is
most likely to be co-deposited with A [32], indicating a causal relationship between them.
Ap used to be deposited in the entire vascular wall, whereas CST3 is positive in the outer
media and adventitia layers [32,33]. Similar areas of cathepsins are shown to be positive
in cerebral aneurysms [34]. Thus, it is possible that CST3 is deposited in aggregated form,
resulting in loss of protease inhibitory activity. Then, combining the effects of unchecked
protease activity and A toxicity cause excessive damage to the vessel wall seen in CAA.

A previous study showed that the oligomeric form of CST3 retains the inhibitory
properties of AP aggregation and cathepsin activities [35]. The reason for this discrepancy
with our results could be the difference of the preparation procedure of CST3 oligomers. In
that study, CST3 samples contain some oligomers, which were separated using membrane
filters. Such oligomers were produced by non-domain swapping aggregation and retain
their inhibitory properties. A three-dimensional structure analysis showed that CST3
consists of five anti-parallel 3-sheets wrapped around a long «-helix. 3-sheet 2 and 3 are
connected to each other with hairpin loop1 (L1) and p-sheet f 4 and 5 with hairpin loop2
(L2). The L1, L2, and N terminal amino acids of CST3 align together and form the motif
that inhibits C1 type protease activities [1]. During aggregation by domain swapping, the
CST3 monomer unfolded partially, then combined with another molecule by exchanging
subdomains, resulting in dimer and other higher order aggregates [1,36]. During the
process of oligomerization, the L1 loop present in the canonical CST3 three-dimensional
structure disappears, which results in a loss of C1 protease inhibitory activities [1,22,37].
In our aggregation process, prolonged incubation with agitation at 37 °C could induce a
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partial unfolding and, consequently, aggregation by domain swapping, which results in
loss of cathepsin inhibition properties.

Physical conditions such as heat can alter the aggregation status of protein [38]. At
increased temperature, protein adopts an unfolded conformation before being aggre-
gated [38,39]. It is shown that some proteins are aggregation-prone, even in mild heat
stress conditions [40]. In this study, we found that CST3 can be aggregated during pro-
longed incubation at physiological temperature with sufficient agitation, suggesting that
CST3 could be an aggregation-prone protein [41]. CST3 can also be aggregated at high
temperatures (80 °C). However, it did not adopt an oligomeric structure at this temperature.
Hence, it might adopt an amorphous conformation in this condition [42]. In addition,
80 °C is far above the physiological temperature. Thus, we did not pursue further with
this temperature. At 37 °C, CST3 clearly showed various sizes of oligomeric species. In
addition, some aggregates adopt fibrillary structure, indicating the aggregation-prone
properties of CST3.

In culture conditions, including a neuroblastoma cell culture [43,44], CST3 is demon-
strated to internalize and localize in the lysosome. In those studies, the monomeric form
of CST3 was used to see the internalization. Our study demonstrated that the aggregated
form of CST3 can also be internalized more efficiently than its monomeric form. Although
we did not investigate the process of internalization, the possible mechanism could be
endocytosis, because the size of the aggregates was quite big, as revealed by the electron
microscopy. Most of the proteins associated with neurodegenerative diseases have the
propensity to make fibrillar aggregate. Such fibrils have the ability to infiltrate into the cells
through endocytosis [45]. For endocytosis, several points including membrane properties,
membrane receptor-mediated binding, and the monomeric and fibrillar structures of the
proteins have been proposed to be important [42—46]. Although we did not elucidate the
exact mechanisms, it is possible that aggregated CST3 interacts with cell membranes more
robustly than its monomeric form, causing the endocytic internalization efficient. The inter-
nalized proteins were found to be distributed in a dot-like pattern, indicating its location in
the lysosome. In a previous study, we demonstrated the localization of CST3 in neuronal
lysosomes in culture condition and in human brains (20). Hence, the accumulation of
aggregated CST3 might alter the lysosomal activities, which could be detrimental for the
cells. Indeed, we found that aggregated CST3 is toxic to the cells in culture.

Our study provides an important insight into the functional changes of CST3 after
aggregation. However, some limitations of the study should be noted. First, our study
used an in vitro system to analyze the functional properties of CST3, not animal models
or pathological specimens. Since animal models and pathological conditions are far more
complex than in vitro systems [47], it will be worthwhile to characterize the deposited CST3
in the animal models and pathological conditions such as CAA in respect of structural and
functional changes. Second, our study showed that physiological temperature is enough
to induce aggregation, even stored at cold conditions can induce its aggregation [48].
Hence, some factors might be involved in vivo conditions that keep CST3 in monomeric
form. Identification of such factors could be important for a better understanding of the
pathology of CST3-related diseases such as CAA and the subsequent identification of
potential therapeutic targets for the disease.

4. Conclusions

In conclusion, CST3 aggregated in physiological temperature has altered properties
that reduced its protective effects on protease activities and A3 aggregation. Such altered
properties of CST3 could be important in the pathophysiology of CAA and neurodegenera-
tive diseases such as ALS.
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5. Materials and Methods
5.1. Preparation of Recombinant CST3

To prepare recombinant protein, a bacterial expression vector (CST3-pQE32) was
generated by inserting the entire coding region of CST3 into a pQE32 expression vector
containing His6 tag (Qiagen, Hilden, Germany). Schematic representation of vector genera-
tion is shown in Supplemental Figure S1. To generate the vector, the coding sequence of
CST3 was PCR amplified using Phusion High-Fidelity DNA polymerase (ThermoFisher,
Waltham, MA, USA), where human brain cDNA (Clontech, Mountain View, CA, USA)
was used as a template. In addition to cDNA sequence, forward primer contained a Sphl
and that of reverse primer a HindllII sites at their 5" ends. Then, the PCR product and
pQE32 vector were digested with Sphl and HindIII (New England BioLab, Ipswich, MA,
USA). Digested PCR product ligated with digested pQE32 vector using Ligation High
enzyme kit (Toyobo, Osaka, Japan) to prepare CST3-pQE32 vector. The vector was used
to transform chemically competent Escherichia coli bacteria (JM109; Promega, Madison,
WI, USA). Then, CST3 were expressed in transformed JM109 by 0.4 mM Isopropyl p-D-
1-thiogalactopyranoside (IPTG) and purified by affinity chromatography using Ni-NTA
Superflow columns (Qiagen) according to the manufacturer’s instructions.

5.2. Aggregation of CST3

To induce aggregation, recombinant CST3 monomer dissolved in PBS (pH 7.4)
(1.3 mg/mL) was incubated at 37 °C with vigorous agitation or at 80 °C without agitation
for indicated times.

5.3. Aggregation Assay

Aggregation of the proteins were analyzed using a kit (PROTEOSTAT aggregation
assay, Enzo Life Sciences, Farmingdale, NY, USA) according to the manufacturer’s instruc-
tion. Briefly, 2 pL of diluted PROTEOSTAT detection reagent was dispensed at the bottom
of a well of a 96-well plate. After incubation of the protein at indicated conditions for
indicated times, 98 puL of the protein was taken from the solution and directly added to the
well and incubated at room temperature for 15 min in the dark. Then, the generated signal
was read using a fluorescence microplate reader with excitation and emission wavelengths
at 550 and 600 nm, respectively. Along with the test samples, both positive and negative
controls, as well as blanks (1 x assay buffer alone), were analyzed. The data are presented
as the average + standard deviation (SD) of an arbitrary fluorescence unit.

5.4. Dot-Blot Oligomer Assay

After aggregation, 2.6 ug of the proteins were spotted on a nitrocellulose membrane.
As a negative control, CST3 monomer samples were used. The membrane was incubated
in a blocking solution (2% bovine serum albumin in PBS, 0.5% Tween20) for 1 h. Then, the
membrane was blotted with an oligomer-specific antibody (A11, Invitrogen, Waltham, MA,
USA, rabbit, 1:1000) diluted in blocking solution for 2 h at room temperature. This antibody
specifically reacts with a variety of soluble oligomeric protein aggregates regardless of
their amino acid sequence and does not react with monomer species or insoluble fibrils
of protein/peptide [49]. To detect immunoreactive protein, an infrared dye conjugated
anti-rabbit IgG (Li-COR Biosciences, Lincoln, NE, USA, diluted 5000 times with blocking
solution) was added to the membrane, incubated for 1 h at room temperature, and scanned
with Odyssey infrared dye scanning system (Li-COR), according to the manufacturer’s
instructions. After every incubation, the membrane was washed with a wash buffer (0.5%
Tween20 in PBS), except after blocking. After stripping, the membrane was also blotted
with anti-CST3 antibody (Abcam, Waltham, MA, USA, rabbit, 1:1000), which served as a
loading control.

131



Int. J. Mol. Sci. 2021, 22, 9682

5.5. Electron Microscopy

Electron microscopic analysis of monomeric and aggregated forms of CST3 was
performed as described previously [50]. In a brief, 5 uL of monomeric or aggregated CST3
(1.3 mg/mL) was applied to a carbon coated Formvar grid (Nisshin EM Co., Tokyo, Japan)
and incubated for 1 min. After incubation, 1 drop of 0.5% v/v glutaraldehyde solution
was applied to the grid and incubated again for 1 min. Then, the grid was washed with
a few drops of water and dried. Ten microliters of 2% w/v uranyl acetate solution were
applied to the dried grid and incubated for 2 min. Finally, excess uranyl acetate was soaked
with a paper towel, and the grid was air-dried and examined under an EM-002B electron
microscope (Topcon, Tokyo, Japan).

5.6. Western Blotting

Western blotting was performed as described previously [51]. In a brief, equal volume
of non-reducing Western blotting sample buffer (125 mM Tris HCI, pH 6.8; 20% glycerol;
4% SDS; 0.1% bromophenol blue) was added to monomeric and aggregated CST3, and
incubated at 85 °C for 2 min. Then 2 ug equivalent of monomeric and aggregated proteins
were separated by electrophoresis using 15% polyacrylamide gel. After transfer to a
PVDF membrane, the membrane was incubated with anti-CST3 IgG (rabbit, Abcam). The
Immunoreaction was identified using infrared-fluorophore-conjugated anti-rabbit IgG
(Li-COR, diluted 5000 times with blocking solution), and the signals of Immunoreactive
proteins were detected using an infrared scanner (Li-COR).

5.7. Cathepsin B Assay

Cathepsin B activity was measured, as described previously [20]. In a brief, 75 uL
reaction mixture was prepared by adding cathepsin B (2.5 ug/mL, 10 puL), and indicated
concentrations of aggregated or monomeric CST3 to a reaction buffer (final concentrations:
20 mM L-cysteine and 0.13 mM sodium acetate, pH 5.5 or 7.4), mixed and incubated for
5 min at 37 °C. Then, 20 uL of substrate (Z-Arg-Arg-MCA; 20 uM, Peptide Institute, Osaka,
Japan) was added to the reaction mixtures and incubated for another 1 h at 37 °C. The
enzymatic reaction was terminated with 100 pL of 0.1 M monochloroacetate (pH 4.3), and
the levels of released MCA was measured with a multimode microplate reader (DTX880;
Beckman coulter, Brea, CA, USA), with excitation and emission wavelengths at 370 nm and
465 nm, respectively.

5.8. AP1-49 Peptide Fibril Formation

For fibril formation, 50 uL solution of synthetic AB1.49 peptide (Peptide Institute,
Osaka, Japan) (25 uM) in fibril formation buffer (50 mM phosphate buffer pH 7.5 and
100 mM NaCl) was prepared with or without CST3 monomer or aggregates (1.3 ug). The
reaction mixture was incubated at 37 °C without agitation for 48 h, and then the fibril
formation reaction was terminated by quickly freezing the samples.

5.9. Assessment of Fibril Levels Using ThT Fluorescence

After incubation, the presence of 3-sheet structures in the reaction mixtures were
monitored by means of ThT fluorescence spectroscopy. Samples were diluted tenfold with
glycine (pH 8.5, 50 mM final concentration) and ThT (5 uM final concentration). ThT
fluorescence was measured using a fluorescence spectrophotometer (F2500 spectrofluorom-
eter, Hitachi, Tokyo, Japan), with excitation and emission wavelengths of 446 and 490 nm,
respectively. The normalized florescence intensities of the 3-sheet amyloids were obtained
by subtracting the florescence intensity of buffer alone from that of the sample.

5.10. Cell Culture
5.10.1. CCF-STTG1 Culture

A human astrocytoma cell line (CCF-STTG1) was obtained from American Type
Culture Collection (ATCC, Manassas, VA, USA) and cultured in RPMI-1640 medium
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(ATCC) containing 10% fetal bovine serum (FBS, Gibco, Invitrogen). During stimulations
with aggregated or monomeric CST3, FBS concentration was reduced to 1%.

5.10.2. Culture of a Mouse Neuronal Stem Cell Line and Differentiation to Mature Neurons

Neuronal stem cells were isolated from fetus of a wild-type mouse with MRL back-
ground at 14.5 days of gestation and a neuronal stem cell line (NMW?7) was generated, as
described previously [52]. The cell line shows similar morphological, expressional, and
differentiation potentials as primary mouse neuronal stem cells. NMW?7 was plated in
a tissue culture dish in complete media (high glucose DMEM: F12 ham 1:1, 2% FBS, N2
supplement, bFGF 20 ng/mL, and EGF 20 ng/mL). For differentiation, neurospheres were
generated by culturing the cells in neurosphere medium (high glucose DMEM: F12 ham
1:1, bFGF 20 ng/mL, EGF 20 ng/mL, N2 supplement, and B27 supplement) for 3 days.
Neurospheres containing medium were transferred to poly-L-lysine (PL)-coated dishes,
and an equal amount of differentiation medium (DMEM: F12 ham 1:1, B27) was added
and cultured. When the neurospheres were attached, the medium was removed; fresh
differentiation medium was added and cultured for another 14 days. After differentiation,
indicated concentrations of non-aggregated or aggregated recombinant CST3 was added to
the medium, and the culture was continued for another 4 days.

5.11. (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT) Assay

The toxicity of monomeric and aggregated CST3 was evaluated by an MTT cell
viability assay, as described previously [24]. Briefly, CCF-STTGI cells (3 x 103 /well) were
seeded into wells of a 96-well plate and cultured for 24 h. The cells were treated with the
indicated concentrations of monomeric or aggregated CST3 in 100 uL. DMEM containing
0.5% FBS for 48 h. After incubation, 20 uL of MTT solution (Sigma Aldrich, St. Louis, MO,
USA) (5 mg/mL) was added to the culture medium, and incubation was continued for
3.5h at 37 °C. Then, the medium was removed carefully, MTT solvent (4 mM HCl, 0.1%
Nonidet-P-40 in isopropanol, 150 pL) was added to the wells, and the plate was incubated
at room temperature for 15 min with protection from light. Then, the absorbance was read
at 590 nm. The absorbance of the cells culture without CST3 were used as a control.

5.12. Immunocytochemistry

For immunocytochemistry, cells were cultured in appropriate 8-well chamber slides.
After culture, CCF-STTG1 or NMW?7 cells were fixed with 4% paraformaldehyde in
phosphate-buffered saline (PBS) for 15 min and blocked with 5% normal goat serum
and 0.1% Triton X-100 in PBS for 30 min. Then, anti-His6 IgG (mouse, 1:50; Roche, Basel,
Switzerland) or anti-CST3 IgG (rabbit, 1:200; Abcam) was added to the wells and incubated
overnight at 4 °C. Immunoreactive proteins were detected with Texas Red-conjugated goat
anti-rabbit IgG (1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA) or FITC-conjugated
goat anti-mouse IgG (1:200; Santa Cruz Biotechnology). The fluorescence signals were visu-
alized using a fluorescence microscope equipped with filters for individual fluorophores
(FITC emission filter wavelength 525 nm, Texas red emission filter wavelength 620 nm,
Hoechst emission filter wavelength 460 nm) (ECLIPSE E600, NIKON, Tokyo, Japan).

5.13. Statistical Analysis

Numerical data are expressed as means £ SD of at least three independent experi-
ments. Statistical analysis to compare mean values was performed using one-way ANOVA,
followed by Scheffe’s post hoc test or Student’s T TEST, and p value < 0.05 was considered
as statistically significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22189682 /51, Figure S1: Human CST3 coding sequence and schematic design of CST3
expression vector generation; Table S1: CST3 aggregation assay; Table S2: Cathepsin B inhibition
assay (pH 5.5); Table S3: Cathepsin B inhibition assay (pH 7.4); Table S4: Effects of CST3 aggregation
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on AP1-40 fibril formation; Table S5: Effects of CST3 aggregation on the viability of a human astrocyte
cell line.
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Abstract: Alzheimer’s disease (AD) is characterized by the accumulation of extracellular plaques
composed by amyloid-f (Af) and intracellular neurofibrillary tangles of hyperphosphorylated tau.
AD-related neurodegenerative mechanisms involve early changes of mitochondria-associated en-
doplasmic reticulum (ER) membranes (MAMs) and impairment of cellular events modulated by
these subcellular domains. In this study, we characterized the structural and functional alterations at
MAM, mitochondria, and ER/microsomes in a mouse neuroblastoma cell line (N2A) overexpressing
the human amyloid precursor protein (APP) with the familial Swedish mutation (APPswe). Proteins
levels were determined by Western blot, ER-mitochondria contacts were quantified by transmission
electron microscopy, and Ca?* homeostasis and mitochondria function were analyzed using fluores-
cent probes and Seahorse assays. In this in vitro AD model, we found APP accumulated in MAM and
mitochondria, and altered levels of proteins implicated in ER-mitochondria tethering, Ca* signaling,
mitochondrial dynamics, biogenesis and protein import, as well as in the stress response. Moreover,
we observed a decreased number of close ER-mitochondria contacts, activation of the ER unfolded
protein response, reduced Ca* transfer from ER to mitochondria, and impaired mitochondrial
function. Together, these results demonstrate that several subcellular alterations occur in AD-like
neuronal cells, which supports that the defective ER-mitochondria crosstalk is an important player in
AD physiopathology.

Keywords: Alzheimer’s disease; subcellular fractions; ER-mitochondria contacts; CaZ* signaling;
mitochondrial dysfunction

1. Introduction

Alzheimer’s disease (AD) is the most common age-related neurodegenerative dis-
order affecting more than 47.5 million people worldwide [1]. It is characterized by the
accumulation of extracellular neuritic plaques, mainly composed by amyloid 3 (Af), and
intracellular neurofibrillary tangles mostly formed by hyperphosphorylated tau, as well as
by progressive neuronal loss, particularly in the cerebral cortex and hippocampus, which
leads to cognitive impairment [2,3]. The familial forms of AD (FAD) are caused by several
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mutations, including in the gene that encodes the amyloid precursor protein (APP), whose
cleavage by - and y-secretases originates the A peptide [1]. Furthermore, mutations
in presenilin-1 (PS1) and presenilin-2 (PS2) that are enzymatic active components of y-
secretase complex were also associated with Ap deposition in FAD patients [4]. The major
risk factors for sporadic AD (SAD), the most prevalent form of the disease, are aging and
the presence of the €4 allele of apolipoprotein E (ApoE4) that, among other factors, seem to
affect MAM function [5].

The disruption of MAM has been implicated in AD physiopathology [4], since it
modulates several AD-related features, such as altered lipid and glucose metabolism, aber-
rant Ca®* homeostasis, increased endoplasmic reticulum (ER) stress, and mitochondrial
dysfunction, which occur years before the appearance of the pathological hallmarks of
AD [6-8]. MAM are biochemical and physical contact sites between the ER and mito-
chondria with an intermembrane distance of about 10 to 80 nm [9-11]. This structure that
exhibits the features of a lipid raft is dynamic due to the presence of a set of specialized
proteins, working as an intracellular signaling platform able to determine cell fate. Indeed,
the proteins present in this region regulate numerous cellular processes, such as lipid
homeostasis, Ca2* signaling, apoptosis, redox status, proteostasis including autophagy,
and the ER stress-induced unfolded protein response (UPR), as well as mitochondrial
dynamics and bioenergetics [12-16]. Mitochondria are conserved organelles that play an
important role in neuronal cell fate because they regulate both the energy metabolism
and cell death pathways. Due to their essential role in energy production, among other
things, mitochondrial dysfunction is also considered an early disease feature in vulnerable
neurons of the brains of AD patients [17-19].

The main goal of our study was to investigate the structural alterations at MAM using
an in vitro model of AD, namely the mouse neuroblastoma cell line (N2A) overexpressing
the APP familial Swedish mutation (APPswe). The impact of MAM alterations on several
cellular stress responses as well as in mitochondria functioning was also evaluated, includ-
ing Ca?* transfer from the ER, energetic metabolism and ATP production, dynamics, and
biogenesis concomitantly with the analysis of ER stress-induced UPR.

2. Materials and Methods

In order, to study the structural alterations at MAM and the impact of these on
cellular stress responses and mitochondria function in AD, we used an in vitro cell model.
We isolated MAM, microsomes, and mitochondria fractions from N2A-WT and N2A-
APPswe cell lines and protein levels of ER-mitochondria tethers, Ca?* signaling and stress
response mediators were determined by Western blot (WB). ER-mitochondria contacts were
quantified by transmission electron microscopy, and Ca?* homeostasis and mitochondria
function were analyzed using fluorescent probes and Seahorse assays, respectively.

2.1. Cell Culture

The wild-type mouse neuroblastoma cell line N2A (WT) and the N2A-APPswe cell
line, which stably overexpress human Swedish mutant APP KM670/671NL (APPswe) [20],
were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich, St.
Louis, MO, USA, #D5648) supplemented with 10% (v/v) fetal bovine serum (FBS) (Gibco,
Waltham, MA, USA, #26400-044), 3.7 g/L sodium bicarbonate (Merck, Kenilworth, NJ,
USA, S8761), 1% (v/v) non-essential amino acids (Merck, #M7145), and 1 mM sodium
pyruvate (Merck, #58636), as previously described [21,22]. Cell culture medium was also
supplemented with 1% (v/v) penicillin/streptomycin (Gibco, #15140-122) or 0.4 mg/mL
geneticin (Gibco, #10131027) for WT or APPswe cells, respectively. Both cell lines were
cultured at 37 °C in a humidified 5% CO,-95% air atmosphere.

2.2. Subcellular Fractionation

Purification of microsomes, MAM, and crude mitochondria was performed using modifi-
cations of the protocols previously described by Wieckowski et al. [23] and Williamson et al. [24].
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Cells were harvested and centrifuged at 200 g for 5 min at 4 °C. Homogenization of pellets was
then performed gently with a glass/teflon homogenizer in isolation buffer, pH 7.4, composed
of 250 mM sucrose and 10 mM HEPES for microsomes and MAM isolation, or 225 mM manni-
tol, 75 mM sucrose, 30 mM Tris-HCl, and 0.1 mM EGTA for crude mitochondria isolation,
supplemented with a 1% cocktail of proteases inhibitors (Sigma-Aldrich, #P2714). The
suspension was centrifuged eight times at 600 x g for 5 min at 4 °C to remove cell debris
and nuclei and obtain the total fraction (TF). For microsomes and MAM isolation, the TF
was centrifuged at 10,300 x g for 10 min at 4 °C, resulting in a supernatant (cytosolic and
ER/microsomes fraction) and pellet (MAM fraction). The supernatant was centrifuged at
100,000 g for 60 min at 4 °C in a Beckman ultracentrifuge (Indianapolis, IN, USA, model
L-100 XP, 90 Ti rotor) to pellet the ER/microsomal fraction that was then resuspended in
PBS. For MAM isolation, the pellet resulting from TF centrifugation was resuspended in
1 mL SHM solution (250 mM sucrose and 10 mM HEPES) and centrifuged at 10,300 g
for 10 min at 4 °C. The resulting pellet was resuspended in 600 uL mannitol buffer A
(250 mM mannitol, 0.5 mM EGTA, and 5 mM HEPES, pH 7.4), loaded on top of a 30% (v/v)
Percoll gradient, and centrifuged for 65 min at 95,000 g in a Beckman ultracentrifuge
(Indianapolis, IN, USA, model L-100 XP, SW41 rotor). The upper band (containing the
MAM fraction) was collected, diluted in PBS containing 1 mM PMSE, and centrifuged at
6300x g for 10 min at 4 °C. The supernatant was centrifuged at 100,000 x g for 30 min at
4 °Cin a Beckman centrifuge (Indianapolis, IN, USA, model Avanti J-26 XPI, JA 25.15 rotor),
and the pellet (MAM purified fraction) was resuspended in PBS containing 1 mM PMSF.
To obtain the crude mitochondria fraction, the TF was centrifuged at 7000 x g for 10 min
at 4 °C in a Beckman centrifuge (model Avanti J-26 XPI, JA 25.15 rotor), the pellet was
resuspended in starting buffer (225 mM mannitol, 75 mM sucrose, and 30 mM Tris-HCI, pH
7.4), and centrifuged at 7000 x g for 10 min at 4 °C. This procedure was repeated five times.
The mitochondrial pellet was resuspended in starting buffer, centrifuged at 10,000x g for
10 min at 4 °C in a Beckman centrifuge (model Avanti J-26 XPI, JA 25.15 rotor), and the
resulting pellet (crude mitochondrial fraction) was resuspended in MRB buffer (250 mM
mannitol, 5 mM HEPES, and 0.5 mM EGTA, pH 7.4). Subcellular fractions purity was
analyzed by WB (Supplementary Figure S1).

2.3. Protein Analysis by Western Blot

Protein concentration was determined with the Pierce BCA Protein Assay Kit (Thermo
Fisher, Waltham, MA, USA, #23227). Loading buffer was added to samples that were then
boiled and denatured. Sample proteins (30-50 ng) were separated using 7.5-15% SDS-
PAGE, transferred to a PVDF membrane (Millipore, Burlington, MA, USA), and blocked
in 5% (w/v) BSA Tris-buffered saline containing 0.1% (v/v) Tween-20 (TBS-T). Membranes
were incubated with the primary antibody overnight at 4 °C and afterward they were
washed with TBS-T and incubated with the secondary antibody at room temperature for
1 h. Membranes were developed using ECF substrate (GE Healthcare, Chicago, IL, USA,
#RPNb5785) in ChemiDoc Imaging System (Bio-Rad, Hercules, CA, USA), and quantifica-
tions were performed with the Bio-Rad Image Lab Software 6.1. Primary and secondary
antibodies utilized for WB are summarized in Tables 1 and 2, respectively.
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Table 1. Primary antibodies utilized for Western blot.

Primary

Catalog

Antibody Dilution Species Company Number Location
APP 1:4000 Rabbit  Sigma-Aldrich A8717 St L‘I’J‘JS‘Z MO,
B-Actin 1:10,000  Mouse  Sigma-Aldrich A5316 St L‘I’J“S‘Z MO,
. BD
BiP/GRP78 1:1000 Mouse . 610978 San Jose, CA, USA
Transduction
DRP1 1:1000 Rabbit Cell Signaling 8570 Danvers, MA, USA
. Santa Cruz Santa Cruz, CA,
ERO1«x 1:1000 Mouse Biotechnology sc-100805 USA
FIS-1 1:500 Rabbit Novus NB100-56646  Littleton, CO, USA
Biologicals
Hsp60 1:1000 Mouse BD . 611563 San Jose, CA, USA
Transduction
IREl«x 1:500 Rabbit Cell Signaling 3294 Danvers, MA, USA
MCU 1:1000 Rabbit Cell Signaling 14997 Danvers, MA, USA
. Santa Cruz Santa Cruz, CA,
Min1l 1:1000 Rabbit Biotechnology sc-50330 USA
Santa Cruz Santa Cruz, CA,
Mfn2 1:1000 Mouse Biotechnology sc-100560 USA
. Santa Cruz Santa Cruz, CA,
mtTFA 1:1000 Goat Biotechnology sc-23588 USA
Santa Cruz Santa Cruz, CA,
ND1 1:1000 Goat Biotechnology sc-20493 USA
. Santa Cruz Santa Cruz, CA,
NRF-1 1:1000 Rabbit Biotechnology sc-33771 USA
Santa Cruz Santa Cruz, CA,
PCNA 1:1000 Mouse Biotechnology sc-25280 USA
PERK 1:500 Rabbit Cell Signaling 3192 Danvers, MA, USA
p-DRP1 1:500 Rabbit Cell Signaling 3455 Danvers, MA, USA
. . Santa Cruz Santa Cruz, CA,
SigmalR 1:2000 Goat Biotechnology 5c-22948 USA
) Santa Cruz Santa Cruz, CA,
Tom40 1:1000 Mouse Biotechnology sc-365467 USA
Santa Cruz Santa Cruz, CA,
VDAC1 1:1000 Mouse Biotechnology $¢-390996 USA
Table 2. Secondary antibodies utilized for Western blot.
Secondary R . Catalog .
Antibody Dilution Species Company Number Location
IgG . . Santa Cruz Santa Cruz,
(anti-goat) 1:10,000 Rabbit Biotechnology sc-2771 CA, USA
IgG . . Waltham,
(anti-mouse) 1:10,000 Goat Thermo Fisher 31320 MA, USA
IgG . Chicago, IL,
(anti-rabbit) 1:20,000 Goat GE Healthcare NIF1317 USA
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2.4. Mitochondria Morphology Analysis by Transmission Electron Microscopy (TEM)

WT and APPswe cells were collected and centrifuged at 1008 x g for 5 min to form a
pellet. Cells were fixed with 2.5% (w/v) glutaraldehyde in 0.1 M sodium cacodylate buffer
(pH 7.2) for 2 h. Afterwards, cells were washed in the same buffer and the post-fixation was
performed using 1% (w/v) osmium tetroxide for 1 h. Then, the cell pellets were rinsed two
times with buffer and distilled water and, for contrast enhancement, cells were incubated
in 1% (w/v) aqueous uranyl acetate during 1 h. After washing with water, cell pellets
were embedded in 2% (w/v) molten agar and dehydrated in ethanol (30-100%). Then,
cell pellets were impregnated and included in Epoxy resin (Fluka Analytical, Charlotte,
NC, USA). After polymerization, ultrathin sections were obtained, and observations were
carried out on a FEI-Tecnai G2 Spirit Bio Twin at 100 kV. We analyzed approximately 10
different cells per cell line (n = 3) and MAM was considered when the distance between ER
and mitochondria, which was measured using the Image] program, was <25 nm. At this
distance, Ca2* transfer between both organelles occurs through the IP3R-GRP75-VDAC
axis [10]. The number of ER-mitochondria contacts < 25 nm were obtained dividing the
number of MAM per number of total mitochondria.

2.5. Mitochondria Morphology Analysis by Confocal Microscopy Using MitoTracker Green

For imaging experiments, cells were cultured on 18 mm glass bottom culture 12-
well plate (150,000 cells per well) coated with poly-lysine D and incubated at 37 °C in a
humidified 5% CO,-95% air atmosphere for 24 h. Culture medium was discarded, cells
washed in Krebs solution (140 mM NaCl, 5 mM KCl, 1.5 mM CaCl,, 1 mM MgCl,, 1 mM
NaH,POy, 9.6 mM glucose, 20 mM HEPES; pH 7.4), and loaded with 100 nM MitoTracker
Green probe (Invitrogen, Waltham, MA, USA, #M7514) in Krebs solution for 30 min at 37 °C
in a humidified 5% CO,. Then, cells were washed in Krebs solution and incubated with
15 ug/mL Hoechst 33342 (Molecular Probes) in Krebs solution for 5 min at same conditions.
Cells were washed and live images of the cells (608 WT cells and 498 APPswe cells) were
captured with the Zeiss LSM 710 Confocal Microscope (Carl Zeiss, Jena, Germany) with
63 x oil objective and the fluorescence intensity analyzed using Image] software. The value
of corrected total cell fluorescence (CTCF) was calculated using the following formula:
CTCF = integrated density of selected cell — (area of selected cell x mean fluorescence of
background readings).

2.6. Fluorometric Analysis of Calcium and Mitochondrial Membrane Potential

Intracellular cytosolic Ca?* levels were measured with Fura-2/AM (Invitrogen, #F1221)
and mitochondrial Ca* content was measured with Rhod-2/AM (Invitrogen, #R1244).
Cells were cultured in 48-well plates (75,000 cells per well) in triplicate and incubated
at 37 °C in a humidified 5% CO,-95% air atmosphere. The next day, cells were washed
with solution A (140 mM NaCl, 2.5 mM KCI, 1 mM MgCl,, 20 mM HEPES, 10 mM glu-
cose, and 1.8 mM CaCl,, pH 7.4) and incubated for 30 min with 2 uM Fura-2/AM in
solution A supplemented with 0.1% (w/v) BSA or for 45 min with 10 uM Rhod-2/AM
in solution A at 37 °C. Cells were rinsed with solution B (140 mM NaCl, 2.5 mM KClI,
1 mM MgClp, 20 mM HEPES, and 10 mM glucose, pH 7.4) and Ca?* levels were measured
upon stimulation with 5 uM thapsigargin (Sigma-Aldrich, #79033) or 100 uM histamine
(Sigma-Aldrich, #H7125). The fluorescence signal was measured at 37 °C during 10 min
(10 in 10 sec) at AEx = 340/380 nm and AEm = 510 nm for Fura-2/ AM and AEx = 552 nm
and AEm = 581 nm for Rhod-2/AM using a plate reader (Fluorimeter SpectraMax Gemini
EM, Molecular Devices, San Jose, CA, USA).

Mitochondrial membrane potential (A\pm) was evaluated using the fluorescent probe
TMRE (tetramethylrhodamine ethyl ester perchlorate). Cells were seeded in 96-well plates
(25,000 cells per well) in triplicate and incubated at 37 °C in a humidified 5% CO,-95%
air atmosphere for 24 h. Culture medium was discarded and replaced by fresh medium
containing 4 uM TMRE (Sigma-Aldrich, #87917) and cells were incubated at 37 °C for
30 min. Subsequently, the supernatant was removed, cells were washed using PBS and the
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fluorescence signal (AEx = 544 nm; AEm = 590 nm) was measured at 37 °C using a plate
reader (Fluorimeter SpectraMax Gemini EM, Molecular Devices, San Jose, CA, USA).

The protein content of each well was determined by aspirating the assay buffer,
followed by addition of 10 and 20 pL RIPA buffer (250 mM NaCl, 50 mM Tris, 1% Nonidet
P-40, 0.5% DOC, and 0.1% SDS) for TMRE and Ca?* assays, respectively. The multi-well
plates were placed on a plate shaker at low speed for 10 min and then on ice during 20 min.
Finally, 100 and 200 uL BCA assay mix (Invitrogen, #23227) were added for the TMRE and
Ca2* assays, respectively. After a 30 min incubation period, absorbance was measured
at 562 nm with a Spectrofotometer Spectramax plus 384 (Molecular Devices, San Jose,
CA, USA).

2.7. Activity of Mitochondrial Electron Transport Chain and Glycolysis Measured by the Seahorse
XFe24 Analyzer

Cells were seeded (50,000 cells per well) in cell culture microplates (5 wells per cell
line) provided by the manufacturer and incubated at 37 °C in a humidified 5% CO,-95%
air atmosphere. The next day, cells were washed in unbuffered DMEM (Sigma-Aldrich,
#5030) supplemented with 25 mM glucose, 1 mM sodium pyruvate, 0.58 g/L L-glutamine,
and 1% (v/v) non-essential amino acids for oxygen consumption rate (OCR) assay or in
unbuffered glucose-free DMEM for extracellular acidification rate (ECAR) assay. Cells
were incubated for 1 h at 37 °C in pre-warmed medium with pH adjusted to 7.4 and plates
were loaded into a Seahorse XF24 (Argilent, Santa Clara, CA, USA). OCR was determined
under the following conditions: Basal measurements; after 1 uM oligomycin (Alfa Aesar,
Karlsruhe, Germany, #/60211) addition; upon injection of 1 uM FCCP (Sigma Chemical,
#C2920) and, finally, after a mixture of 2 uM rotenone (Sigma Chemical, #R8875) plus 2 uM
antimycin A (Sigma Chemical, #A8674) was injected. Rotenone (a mitochondrial complex I
inhibitor) and antimycin A (a mitochondrial complex III inhibitor) inhibit mitochondrial
respiration allowing to determine the non-mitochondrial OCR. To calculate the basal
mitochondrial OCR, the non-mitochondrial OCR is subtracted from the OCR obtained
before the addition of oligomycin (inhibits the mitochondrial ATP synthase). To evaluate
the maximal respiratory capacity, we subtracted the non-mitochondrial OCR from the
OCR following carbonyl cyanide-4-(trifluoromethoxy) phenyl hydrazone (FCCP) addition
(disrupts ATP synthesis by dissipating the proton gradient). To obtain the spare respiratory
capacity, we subtracted the basal mitochondrial OCR from the maximal respiratory capacity.
The mitochondrial ATP production was assessed after oligomycin addition, by subtracting
the non-mitochondrial OCR from the OCR value after oligomycin.

In the ECAR assay, after baseline measurements, the following injections were per-
formed to each well under similar conditions: First, 25 mM glucose, then 1 1M oligomycin,
and, finally, an injection of 100 mM 2-deoxyglucose (2DG) provided a non-glycolysis extra-
cellular acidification rate. Cells were first placed in a glucose-free medium and the first
injection consisted in 25 mM glucose. The glycolysis rate was obtained by subtracting
non-glycolysis ECAR from the ECAR post-glucose. Then, oligomycin was added to the
cells to suppress mitochondrial ATP production. The glycolysis capacity was determined
by the difference between the post-oligomycin ECAR and post-2-deoxyglucose baseline
ECAR. After the assays, buffer was aspirated, 30 uL RIPA buffer was added per well, and
protein content was measured using BCA assay mix to determine the protein content per
well. In comparison with the basal rates, the % of change was calculated dividing the
measured value by the average value of baseline readings and normalized to the total
protein content of each well. The OCRs are normalized to the WT cells mean.
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2.8. Statistical Analysis

Statistical analysis was performed using the GraphPad Prisma 8.0.2 software (San
Diego, CA, USA) and presented as mean =+ standard error of the mean (SEM). All exper-
iments were independent assays. Data were tested for Gaussian distribution using the
Shapiro-Wilk test. Differences between the two groups were analyzed using unpaired
t-test and two-way ANOVA with Sidak post hoc correction for grouped analysis. In case of
non-normality distribution, data were analyzed by the Mann-Whitney U-test to compare
two groups and Kruskal-Wallis Dunn’s correction for multiple comparisons. Statistical
significance was considered at p < 0.05.

3. Results
3.1. Alterations of ER-Mitochondria Contacts in APPswe Cells

The direct contact between organelles allows the exchange of signals and metabo-
lites that have a role in cell physiology and stress response [25]. The ER-mitochondria
contacts are dynamic structures, with the distance between the two membranes rang-
ing from 10 to 80 nm [9,10]. The formation of these contacts requires the presence of
tethering proteins inserted in the outer mitochondrial membrane (OMM) that interact
with ER membrane-resident proteins. The Ca?* channel, associated with the inositol
1,4,5-trisphosphate receptor (IP3R) present at ER, interacts with the mitochondrial voltage-
dependent anion channel 1 (VDAC1) through the glucose-regulated protein 75 (GRP75) and
mitofusin 2 (MFN2), present in both ER and mitochondria homo- and hetero-oligomerizes
with the mitochondrial mitofusin 1 (MFN1), to tether both organelles [26-28]. In our
study, the ER-mitochondria tethering proteins MFN1 and MFN2 were analyzed by WB in
microsomes (heterogenous set of vesicles formed from the ER), mitochondria, and MAM
subcellular fractions isolated from WT and APPswe cells. We observed an increase in
MEFNT1 protein levels in MAM fraction (p < 0.0794) in APPswe cells when compared with
WT cells (Figure 1a,b) and, as expected, this protein was not detected in the microsomes.
Furthermore, MFN2 content was significantly decreased in whole-cell extracts and isolated
subcellular fractions (microsomes, mitochondria, and MAM) in the APPswe compared
with WT cells (total fraction: p < 0.0001, microsomes: p < 0.001, mitochondria: p < 0.05,
MAM: p < 0.05) (Figure 1a,c). Since this data suggests alterations in ER-mitochondria
tethering, we analyzed the contact between both organelles using transmission electron
microscopy (TEM) that allows the direct visualization of MAM. Tethers identified in TEM
span from 5 to 80 nm. We observed a mild decrease of ER-mitochondria contacts < 25 nm
(p = 0.0656) (Figure 1d,e) and a significant decrease of mitochondria per cell (p < 0.001)
(Figure 1f) in APPswe when compared with WT cells. Using the MitoTracker Green probe,
we also evaluated the mitochondrial mass/abundance by confocal microscopy. A signif-
icant decrease of approximately 25% (p < 0.0001) in mitochondria fluorescence intensity
was observed in APPswe cells when compared with WT cells (Figure 1g,h). Additionally,
we observed a perinuclear localization of mitochondria in APPswe cells, similarly to what
has been described for other AD models [29,30]. Altogether these observations indicate
a decrease in ER-mitochondria contacts in APPswe cells and, consequently, a possible
reduction in the communication between both organelles that affects cell homeostasis.
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Figure 1. Mitochondria-endoplasmic reticulum (ER) contacts in mouse neuroblastoma cell line (N2A) overexpressing the
APP familial Swedish mutation (APPswe) versus wild-type (WT) cells. (a—c) Representative Western blots and quantification
of the ER-mitochondria tethering proteins mitofusin 1 (MFN1) and mitofusin 2 (MFN2) in total fraction (TF), microsomes
(Micro), mitochondria (Mito), and mitochondrial-associated membranes (MAMs) (n = 5-9). (d,e) Representative electron
micrographs and quantification of ER-mitochondria contacts (MAM) < 25 nm (n = 3). (f) Profile of mitochondria number
per cell (n = 3). (g,h) Representative image of MitoTracker Green (mitochondria, green) and Hoechst (nucleus, yellow)
staining and quantification of corrected total fluorescence intensity (CTCF) of stained cells (1 = 3). Scale bar represents 10 pm.
Mito—mitochondria, ER—endoplasmic reticulum, arrow heads—MAM. All data presented as mean + SEM; p-values
were obtained by using two-way ANOVA with Sidak’s multiple comparisons test for (b,c), unpaired t-test for (f), and
non-parametric independent Mann-Whitney U test in (g). * p < 0.05, *** p < 0.001, and **** p < 0.0001 were considered

significant.

3.2. Impairment of Ca®* Transfer from ER to Mitochondria in APPswe Cells

Mitochondrial metabolism is versatile and capable to adjust to specific physiological or
pathological conditions regulating fundamental cell pathways that range from proliferation
to apoptosis [15]. The functional interaction between mitochondria and ER influences mito-
chondrial Ca?* signaling, which in turn regulates mitochondrial function. Dysregulation of
mitochondrial Ca2* and metabolism have been associated with AD development [19,31,32].
Cytosolic Ca* levels were measured with the Fura-2/AM fluorescent probe following
treatment with thapsigargin (TG), which blocks the ability of the cells to pump Ca®* into
the ER by inhibiting the sarco/endoplasmic reticulum CaZt ATPase (SERCA) and depletes
ER Ca?*. We observed a significant increase in Ca?* flux from ER to cytosol (p < 0.01)
in APPswe cells (Figure 2a,b), suggesting a higher ER Ca?* content in these cells in com-
parison with WT cells. The width of the ER-mitochondria cleft influences Ca?* transfer
through the IP3R-GRP75-VDAC complex, which assembles when the distance between
both organelles is in the range of 10-25 nm [10]. Since our results show a decrease in
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ER-mitochondria contacts < 25 nm in the APPswe cells, we also examined mitochondrial
Ca2* levels using the Rhod-2/AM probe. We observed a statistically significant decrease
(approximately 50%) in Ca2* flux from ER to mitochondria (p = 0.05) in APPswe cells
following treatment with histamine that triggers Ca?* release through IP3R (Figure 2¢,d).
Then, we analyzed the levels of VDACT and mitochondrial Ca2* uniporter (MCU) proteins
by WB. VDACT is a protein present in the OMM involved in ER-mitochondria tethering
by forming a ternary bridging complex with the OMM chaperone GRP75 and IP3R in the
ER, as well as in Ca%* signaling by regulating Ca?* transfer from ER to mitochondria via
IP;R [28,33]. To enter in mitochondrial matrix, CaZ* must cross the MCU located in the
inner mitochondrial membrane (IMM) [34]. A significant increase of VDAC1 content in
mitochondrial (p < 0.05) and MAM (p < 0.05) fractions was observed in APPswe cells when
compared with WT cells (Figure 2e,g). Furthermore, we detected a significant decrease
in MCU levels in APPswe whole-cell extracts (p < 0.01) (Figure 2f,i), which was not ob-
served in the mitochondria fraction. Besides that, we also observed a significant increase of
sigma-1 receptor (Sig-1R) levels in MAM fraction (p < 0.05) (Figure 2f,j), and a significant
decrease of glucose-regulated protein 78 (BiP /GRP78) expression in whole-cell extracts
(p < 0.05) and microsomes (p < 0.01) isolated from APPswe cells (Figure 2e,h). Sig-1R is
a chaperone that resides mainly at MAM, which is involved in the structural integrity
of the MAM and plays a role in the regulation of Ca?* signaling regulation between ER
and mitochondria by coupling to the IP3R. Under ER stress, Sig-1R dissociates from the
co-chaperone BiP/GRP78 and acts as a free chaperone to stabilize IP3Rs, leading to an
increased Ca?* transfer from ER to mitochondria that promote ATP production [34,35].
Despite the alterations in ER Ca?* levels and the increased protein levels of VDAC1 and
Sig-1R observed in APPswe cells, a decrease in Ca?* flux from ER to mitochondria was
found in these cells that can arise from the decrease in ER-mitochondria contacts, as well
as due to changes in mitochondria membrane potential.

3.3. Oxygen and Glucose Fluxes in APPswe Cells

Mitochondria have an essential role in the bioenergetic process and are involved
in amino acid, lipid, and steroid metabolism, Ca%* homeostasis, ATP production via
oxidative phosphorylation (OXPHOS), and apoptosis. Thus, these organelles regulate
cellular fate and mitochondrial dysfunction is one of the most prominent features in AD
that occurs in the early stage of this disease [17,18,36-38]. Because neuronal survival is
dependent on mitochondrial function that, in turn, is affected by Ca?* flux from the ER,
which we showed to be decreased in APPswe cells (Figure 2d), we assessed mitochondrial
function parameters, namely OCR (Figure 3a), ATP production levels, and mitochondrial
membrane potential. We observed that the basal mitochondrial respiration, determined by
monitoring ORC in the absence of any inhibitors, was significantly decreased in APPswe
cells when compared with WT cells. (p < 0.01) (Figure 3b). Additionally, we found that
maximal respiratory capacity, which indicates the maximal oxygen consumption rate
attained by adding the uncoupler FCCP, was significantly decreased in APPswe cells
(p < 0.001) (Figure 3c), showing that mitochondria from mutant cells are already working
at an increased rate. Accordingly, the spare respiratory capacity, described as the amount of
extra ATP that can be produced by OXPHOS in case of a sudden increase in energy demand,
was also significantly decreased in APPswe cells when compared with WT cells (p < 0.001)
(Figure 3d). In the presence of oligomycin, an inhibitor of ATP synthase, mitochondrial
oxygen consumption is due to ATP synthase-independent leakage of protons from the
intermembrane space to the mitochondrial matrix. Under these conditions, we observed a
30% reduction in ATP production (p < 0.05) in APPswe cells (Figure 3e).
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Figure 2. Ca”* transfer from ER to mitochondria in APPswe versus wild-type (WT) N2A cells. (a,c) Representative traces
of cytosolic and mitochondrial Ca?* content evaluated with Fura-2 and Rhod-2 probes, respectively. (b,d) Quantification
of ER Ca?* content after stimulation with 5 uM thapsigargin (TG) in Ca’**-free medium using the Fura-2 probe, and
ER-mitochondria Ca®* transfer after stimulation with 100 uM histamine in Ca®*-free medium using the Rhod-2 probe.
Fura-2 and Rhod-2 results represent the average of five or three independent experiments, respectively, performed in
triplicate. (e—j) Representative Western blots and quantification of protein levels of voltage-dependent anion channel 1
(VDAC1) (n = 5-9), glucose-regulated protein 78 (BiP /GRP78) (n = 5-11), mitochondrial calcium uniporter (MCU) (1 = 4-8),
and sigma-1 receptor (Sig-1R) (n = 4-8) proteins in total fraction (TF), microsomes (Micro), mitochondria (Mito), and
mitochondrial-associated membranes (MAMs). All data presented as mean 4 SEM; p-values were obtained by using
unpaired f-test for (a,c), two-way ANOVA with Sidak’s multiple comparisons test for (g-i), and non-parametric Kruskal-
Wallis with Dunn’s multiple comparisons test for (j). * p < 0.05 and ** p < 0.01 were considered significant.

Since alterations in mitochondrial respiration are associated with changes in mi-
tochondrial membrane potential, we used the TMRE fluorescence probe to assess this
mitochondrial parameter. In line with the OCR data, APPswe cells showed mitochondrial
membrane depolarization when compared with WT cells (p < 0.01) (Figure 3f). Altogether,
these results show that mitochondria are significantly impaired in APPswe cells, which
suggest a suppression in mitochondrial activity. However, this result might be, at least
in part, caused not only by biochemical alterations but by the reduction in mitochondrial
mass/abundance that we observed (Figure 1h).

Our studies demonstrated an impairment of mitochondria function that resulted in a
decline in the production of ATP via OXPHOS; therefore, we measured glycolysis to study
if this pathway could compensate the decrease in ATP synthesis by OXPHOS in APPswe
cells. Glycolysis fluxes can be estimated by measuring the pH of cell culture medium
since lactic acid, the end-product of anaerobic glycolysis, contributes to its acidification.
At the end of the experiments, 2-deoxyglucose (2DG) was added to determine the non-
glycolysis acidification rate (Figure 3g). We detected, in APPswe cells, a 40% reduction
in glycolysis rate determined by the quantification of the extracellular acidification rate
(ECAR) of the surrounding media (p < 0.01) (Figure 3h) and a 30% reduction in glycolytic
capacity, evaluated by the difference between the post-oligomycin ECAR and the post-2-
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deoxyglucose baseline ECAR (p < 0.01) (Figure 3i) when compared with WT cells. These
results suggest that, in this in vitro AD model, cells present an energy deficit resulting from
defects in both mitochondrial respiration and glycolytic pathway.

a b c
15 1.5
2000 Y sk € = *k
£ FCCP Rot+antimicyn wr = @ a2
W = 3 °
§‘5°0 Oligomycin ¥, ¥ rome 2a H - g S i4
o b [}
2 v £2% gt
8 Emau e£% — )
& Ege o' g =
E.'mn :_%0.5 E..._‘_0.5
] - -—
e 3D @ g = £
0.0 - 0.0
— W1 APPswe WT APPswe
d e f
> 15 15 _5
is kK iy * 8 % *%
g3 3 224
= -
aE 10 Fe 10 gs
s E 3 E 283
2 ° =¥
£3 g2 =l 3%
a e 2o e N2
g2 05 & 205 W
e - <= EE,
8= ~ FE
® 00 0.0 0
wT APPswe wT APPswe
g h i
Oligomycin 206 200 fdad
—5150 Glucose v o o, _
¥ = (] > £
5 200 APPswe @ £
5 «2- e § 150
£ 150 ; a E‘ &
22 e 2100
100 SE [— 53
z » S E S E
3 =B > 50
3 [ O g
w o E =
0
i WT APPswe wr APPswe

Figure 3. Mitochondrial function and glycolytic activity in APPswe versus wild-type (WT) N2A cells. (a) Representative
traces of oxygen consumption rate (OCR) evaluated in WT and APPswe cells by sequential addition of 1 1M oligomycin,
1 uM FCCP, and 2 M rotenone (Rot) plus 2 M antimycin A by Seahorse analysis (1 = 4). (b—e) Quantification of basal
mitochondrial respiration, maximal O, consumption, spare respiratory capacity, and ATP production. (f) Quantification of
mitochondrial membrane potential using the tetramethylrhodamine ethyl ester perchlorate (TMRE) fluorescence probe
(n =6). (g) Representative traces of extracellular acidification rate (ECAR) evaluated in WT and APPswe cells (average n = 4)
by sequential addition of 25 mM glucose, 1 M oligomycin and 100 mM 2-deoxyglucose (2DG) by Seahorse analysis. (h,i)
Quantification of glycolysis rate and glycolytic capacity. Experiments were carried out in quintuplicate for (a—e,g—i) and
triplicate for (f). All data presented as mean + SEM; p-values were obtained by using unpaired t-test. * p < 0.05, ** p < 0.01,
and *** p < 0.001 were considered significant.

3.4. Impaired Mitochondrial Dynamics and Biogenesis in APPswe Cells

Mitochondria are dynamic organelles undergoing cycles of fusion (union of two
mitochondria) and fission (division of one mitochondrion into two daughter mitochondria)
to maintain their shape, distribution, and size. A balanced mitochondrial dynamics is
required to ensure a proper mitochondrial function and response to cellular stress [39].
Impaired fusion-fission balance has a key role in mitochondrial dysfunction and can
cause neuronal dysregulation, being associated to several neurological disorders [18]. We
analyzed by WB the levels of proteins involved in fusion, MFN1 and MFN2, and fission,
dynamin-1-like protein (DRP1), and mitochondrial fission 1 (FIS-1). The quantification
analysis in total extracts revealed a statistically significant decrease in MFN2 levels (p < 0.05)
(Figure 4a,d) in the absence of relevant alterations in MFN1, p-DRP1/DRP1 and FIS-1
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(Figure 4a—c,e) in APPswe cells when compared with WT cells, suggesting an impaired
mitochondrial dynamics in APPswe cells.
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Figure 4. Mitochondrial dynamics and biogenesis in APPswe cells versus wild-type (WT) N2A cells. (a—e) Representative
Western blots and quantification of proteins involved in mitochondrial fusion/fission in total fraction: mitofusin 1 (MFN1)
(n = 6), phospho-dynamic-1-like protein (p-DRP1) (n = 6), mitofusin 2 (MEN2) (n = 6), and fission-1 (FIS-1) (n = 5).
(f-i) Representative Western blots and quantification of proteins involved in mitochondrial biogenesis in total fraction:
nuclear respiratory factor 1 (NRF1) (n = 6), NADH-ubiquinone oxidoreductase chain 1 (ND1) (n = 6), and mitochondrial
transcription factor A (mtTFA) (1 = 6). Values were normalized by actin for all proteins, except for p-DRP1 that was
normalized by total DRP1. All data presented as mean 4= SEM; p-values were obtained by using unpaired t-test with Welch’s
correction. * p < 0.05 was considered significant.

Mitochondrial biogenesis is a process by which mitochondria increase their num-
ber/mass [40] contributing to mitochondrial and cellular homeostasis [18,36]. We analyzed
the levels of factors that regulate mitochondrial biogenesis, namely nuclear respiratory
factor 1 (NRF1), which controls nuclear genes that encode the mitochondrial proteins,
NADH-ubiquinone oxidoreductase chain 1 (ND1), which is involved in the transfer of
electrons from NADH to the respiratory chain, and the mitochondrial transcription factor A
(mtTFA), which drives transcription and replication of mitochondrial DNA. The WB results
revealed that the levels of these proteins in total cellular extracts are slightly increased
in APPswe cells when compared with WT cells (Figure 4f-h), but the differences are not
statistically significant. These observations suggest a compensatory mechanism in APPswe
cells to face the decline of mitochondrial function and mass (Figure 1g,h).

3.5. Cellular Stress Responses Are Affected in APPswe Cells

ER is the main compartment involved in protein synthesis and folding as well as Ca?*
signaling, and upon stress activates the UPR to restore proteostasis. The UPR activation
can be triggered by the accumulation of pathogenic misfolded proteins, disruption of
intracellular Ca?* homeostasis, defects in autophagy, oxidative stress, proteasome inhibi-
tion, and metabolic or mitochondrial dysfunctions [41,42]. Protein kinase R-like ER kinase
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(PERK) and inositol-requiring enzyme 1« (IRElx) are ER stress sensors that are inactive
when linked to the chaperone BiP/GRP78 [41]. Upon ER stress, the interaction between
BiP/GRP78 and sensor proteins is inhibited and UPR signaling is initiated [42]. PERK is a
transmembrane kinase located at ER membrane and its activation inhibits protein synthesis.
IREl« is a transmembrane kinase and endoribonuclease that regulates the expression of
genes involved in protein folding, ER-associated degradation (ERAD), protein quality
control, and organelle biogenesis. The ER oxidase 1 (ERO1«) plays an important role in
ER redox potential and its activity is central to maintain cell redox homeostasis, since it
oxidizes the active-site cysteines of protein disulfide isomerase (PDI), an essential enzyme
that is responsible for the addition of disulfide bonds into newly synthesized proteins. This
protein is also involved in Ca** homeostasis and MAM signaling and its downregulation
inhibits mitochondrial Ca2* uptake [43,44]. In the in vitro model of AD used in this study,
human APP with the Swedish mutation is overexpressed and Af is generated [20,45],
which can induce ER stress and consequently activate the ER stress response [46,47]. Using
WB analyses, we observed a significant accumulation of APP in mitochondria (p < 0.0001)
and MAM fractions (p < 0.05) (Figure 5a,b). Due to this evidence, we evaluated UPR
activation measuring by WB the protein levels of PERK, IRElx, and EROlx. A slight
increase in PERK levels were detected in total extracts, microsomes, and MAM subcellular
fractions (Figure 5¢,d) and a significant IRE1x upregulation was found in MAM fraction
(p < 0.05) in APPswe cells (Figure 5c,e). Moreover, the content of ERO1x was significantly
decreased in all subcellular fractions (total fraction: p < 0.0001, microsomes: p < 0.05,
mitochondria: p < 0.0001, MAM: p < 0.0001) obtained from APPswe cells when compared
with WT cells (Figure 5f, g), which could lead to the accumulation of misfolded proteins in
the ER lumen. Finally, APPswe cells presented a significant increase of proliferating cell
nuclear antigen (PCNA) protein levels in all subcellular fractions (total fraction: p < 0.01,
microsomes: p < 0.01, mitochondria: p < 0.05, MAM: p < 0.001) when compared with WT
cells (Figure 5f,h). PCNA is an essential cofactor for DNA replication and repair, thus being
a cell lifespan regulator [48]. Together, these results suggest that protein accumulation
in APPswe cells, as well as Ca?* deregulation and mitochondrial dysfunction, induce
ER stress and activate the UPR, which subsequently upregulates PCNA to maintain cells
viability.

The pore translocase of the outer mitochondrial membrane 40 (TOM40) is essential
for mitochondrial functioning, since it is required for protein transport into mitochondria,
including for the internalization of APP and A [49]. Accumulation of misfolded and
aggregated proteins in the mitochondria matrix activates the mitochondrial UPR, where
the chaperone heat shock protein 60 (Hsp60) plays an essential role to preserve protein
homeostasis [50]. Our WB analyses revealed a significant increase of TOM40 in mitochon-
dria (p < 0.0001) and MAM (p < 0.001) fractions (Figure 5f,i) and of Hsp60 in MAM fraction
(p <0.01) (Figure 5j k) in APPswe cells when compared with WT cells. These results suggest
that there is an increased transport of APP to mitochondria through the TOM complex, and
an accumulation of unfolded /misfolded proteins in this organelle increase the level of the
mitochondrial UPR Hsp60 in MAM fraction.
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Western blot and quantification of amyloid  precursor protein (APP) (n = 4-6) in total fraction (TF), microsomes (Mi-
cro), mitochondria (Mito), and mitochondrial-associated membranes (MAMs). (c—e). Representative Western blots and
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proteins in TF, Micro, and MAM. (f-i). Representative Western blots and quantification of endoplasmic reticulum oxidase 1
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(n

=4-9) proteins in TF, Micro, Mito, and MAM. (j k). Representative Western blot and quantification for the chaperone

heat shock protein 60 (Hsp60) (1 = 4-10) in TE, Micro, Mito, and MAM. All data presented as mean + SEM; p-values were
obtained by using two-way ANOVA with Sidak’s multiple comparisons test for all proteins, except for (h) that was obtained
using non-parametric Kruskal-Wallis with Dunn’s multiple comparisons test. * p < 0.05, ** p < 0.01, *** p < 0.001, and

**#% p < 0.0001 were considered significant.

4. Discussion

It has been described that MAM-related functions are perturbed in several neurode-
generative disorders, such as AD, Parkinson’s disease and amyotrophic lateral sclerosis [4].
In AD, an aberrant Ca%* regulation, increased ER stress, alteration in glucose metabolism,
and mitochondrial dysfunction have been reported. These alterations may, in part, be
attributed to the disruption of the MAM-related functions [6,51,52].

In the present study we characterized the structural and functional alterations in
MAM and mitochondria and their effect on stress response mechanisms, in an in vitro
model of AD, to support the role of MAM in AD and their potential as therapeutic targets
in this disease. Overall, our findings demonstrate: (1) Decreased ER-mitochondria contacts
and alteration of MAM’s composition; (2) changes in ER-mitochondria Ca?* transfer;
(3) alterations in mitochondrial dynamics and function.

First, we analyzed the structural and functional alterations at MAM in APPswe and
WT cells. APPswe cells recapitulate amyloid pathology through increased A3 genera-
tion [20]. ER-mitochondria contacts require the interaction of tethering proteins present in
the ER membrane and OMM, such as MEN1 and MEN2 [27]. In APPswe cells, we observed
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a slight increase of MFN1 protein levels in mitochondria and MAM fractions (Figure 1a,b)
and a decrease of MFN2 levels in all fractions, namely microsomes, mitochondria, and
MAM fractions (Figure 1a,c). Previous studies showed that mitochondrial anomalies,
oxidative stress, inflammation, and cytoskeletal rearrangements contribute to neurodegen-
eration in the hippocampus and cortex of a MFN2 KO mouse model [53,54]. Park et al. also
found a decrease in MFN2 expression in neuro-2a cells expressing the Swedish mutation
of APP [55], and similar observations were also reported in human AD brains [29,56]. A
decrease in the number of ER-mitochondria contacts < 25 nm was observed in APPswe
cells (Figure 1le), which can be associated with the decreased content of MFN2 (Figure 1a,c).
Accordingly, it has been previously found that MFN2 ablation or silencing in mouse em-
bryonic fibroblasts and HeLa cells, respectively, reduce the ER-mitochondria juxtaposition
affecting mitochondrial uptake of Ca?* released by the ER [57,58]. The reduction of ER-
mitochondria contacts was also reported in senescent cells [59]. We also found a decrease
in the number of mitochondria per cell (Figure 1f) and in mitochondrial mass (Figure 1h)
in APPswe cells. Jiang et al. observed that neurons of MFN2 knockout mice present a
decreased number of mitochondria in the axons and dendrites, changes in mitochondrial
morphology, and fragmentation caused by an altered mitochondrial fusion [53]. Possibly,
the decrease of ER-mitochondria contacts is associated with the reduction of Ca2* flux,
since we observed a decrease in mitochondrial Ca?* levels after histamine stimulation
(Figure 2d), despite the accumulation of Ca?* in the ER (Figure 2b). Concerning mitochon-
drial Ca?* content, discrepancies between studies are found in literature, which may be
due to the use of different models of AD (in vitro and in vivo), as well as different in vitro
experimental conditions (different models and incubation period, methodologies used to
determine these parameters, among others). Other authors demonstrate that mitochon-
drial Ca%* overload and, consequently, cell death, is induced by A oligomers [60,61].
Calvo-Rodrigues et al. also reported that A3 aggregates are associated with an increase
in the cytosolic as well as mitochondrial Ca?* levels via MCU in the APP/PS1 transgenic
(Tg) mouse model. The mitochondrial Ca?* overload can induce to the opening of the
mitochondrial permeability transition pore (mPTP) and caspases activation, consequently
leading to cell death. The same authors reported that blocking MCU with Ru360 prevents
the increase of mitochondrial Ca?* levels [31], which is in accordance with a previous study
in MCU knockdown HeLa cells that show an inhibition of mitochondrial Ca?* uptake,
even in the absence of mitochondrial membrane depolarization [62], suggesting that MCU
plays a key role in mitochondrial Ca?* influx. Moreover, human post-mortem AD brains
show a downregulation of genes related to mitochondrial influx Ca?* transporter, MCU,
and its regulatory subunits, and an upregulation of genes involved in mitochondrial Ca?*
efflux pathways, SLC8B1 (encoding NCLX), suggesting an adaptive mechanism to prevent
mitochondrial Ca?* overload [31]. A reduction in mitochondrial Ca2* uptake in M2/~
MEFs in response to IP3-mediated cytosolic Ca?* transients was also reported [57,58]. Fur-
thermore, MCU expression was reduced by about 50% in Mfn2~/~ MEFs as compared
with control cells [63]. However, other authors suggest that MFN2 knockdown increases
ER-mitochondria contacts length and the Ca®* transfer between both organelles [63,64].
In MFN2 knockdown cells, Leal et al. also observed an increase in MEN1 protein expres-
sion [64], which can compensate the MFN2 downregulation in terms of energy production
and cell viability. The efficiency of ER-mitochondria Ca®* transfer depends not only on
the distance between both organelles, but also on the expression level of mitochondrial
Ca?* uptake machinery [15] and the mitochondrial membrane potential [65]. We found an
increase of VDACT1 (in mitochondria and MAM fraction) (Figure 2e,g) and Sig-1R (in MAM
fraction) (Figure 2fj) levels, together with a decrease of MCU (in total extracts) (Figure 2f i)
and BiP/GRP78 levels (in total extracts and microsomes fraction) (Figure 2e,h) in APPswe
cells. VDACT1 regulates ER-mitochondria Ca?* signaling, and A is capable to upregulate
VDACT1 in human neuroblastoma cell line [66]. Its overexpression was also observed in
human post-mortem AD brains and in APP Tg mice in an age-dependent manner [66].
Sig-1R resides at the MAM, forms a Ca?*-sensitive chaperone complex with BiP/GRP78,
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and associates with IP3R. Upon IP3R activation, which decreases Ca®* concentration at
MAM, Sig-1R dissociates from BiP/GRP78 in ER periphery, promoting Ca?* signaling into
mitochondria via IP3R [34,67]. Sig-1R up-regulation was found in APPSwe/Lon mouse
brains before amyloid deposition, while decreased Sig-1R expression was observed in hu-
man post-mortem brain cortical tissue [68]. Sig-1R upregulation can also repress cell death
signals in HEK293 and WT cells under ER stress [69]. Despite the decrease of BiP /GRP78
expression in APPswe cells, we also observed an accumulation of this protein in mitochon-
dria, suggesting that BiP/GRP78 is relocated to the mitochondria (Figure 2e). A previous
study shows the translocation of BiP/GRP78 to the mitochondria under ER stress that can
be involved in UPR signaling between ER and mitochondria, which regulates cellular Ca?*
homeostasis [70]. Simultaneous, decreased BiP/GRP78 and increased in protein ubiquiti-
nation levels was observed in the brains of old rodents suggesting an impairment of ER
stress response [71,72]. A decreased expression of BiP/GRP78 mRNA was also observed
in primary cultures of neurons from mice with a knock-in PS1 mutant allele and in the
brains of FAD and SAD patients [73]. However, other authors suggest that BiP/GRP78
expression is increased in “healthy” neurons from the human AD temporal cortex and
hippocampus, which do not co-localize with neurofibrillary tangles [74]. An increase in
BiP /GRP78 expression levels associated with the accumulation of toxic A peptide was
also observed in 2 month-old 3xTg-AD mice [75] and hippocampal cultures [76]. Under
thapsigargin-induced ER stress BiP/GRP78 is bound to immature and unfolded APP
preventing its translocation to distal compartments, which results in a reduction of A gen-
eration because [3-/y-secretases activity is believed to be located in a distal compartment
of the ER [77,78]. This evidence suggests that BiP/GRP78 can play a neuroprotective role
in the initial phase of AD, but with the progression of the disease its decreased levels can
attenuate the UPR signaling pathway resulting in an accumulation of unfolded proteins,
namely APP. A reduction in the uptake of Ca®* to mitochondria affects their metabolism
contributing to mitochondria dysfunction [15]. Accordingly, we observed a reduction in
mitochondrial respiration (Figure 3a—d) and membrane potential (Figure 3f), resulting
in a decreased OXPHOS ATP production (Figure 3e) in APPswe cells. Mitochondrial
oxygen consumption of APPswe cells is altered either under basal conditions and /or when
challenged by the mitochondrial modulators, suggesting a less efficient electron transport
chain (ETC). Under such conditions, a reduction in mitochondrial membrane potential was
observed, hampering the capacity of APPswe cells to produce ATP, which are in accordance
with previous observations made in other models carrying APP mutations [79].
Previously, a reduction in mitochondrial membrane potential in AD fibroblasts after
thapsigargin-induced Ca?* stress stimulus [80] and the depolarization of the mitochondrial
membrane with FCCP inhibit Ca* uptake were observed [81]. We also found a decrease
in glycolysis rate (Figure 3h) and glycolysis capacity in APPswe cells (Figure 3i). Glucose
withdrawal prevents glycolysis, rendering cells more dependent on OXPHOS to synthetize
ATP. A decrease in glycolysis suggests that APPswe cells are unable to use this pathway to
overcome mitochondrial ATP deficits, representing a mal-adaptive response that worsens
the cellular energetic status. A similar result was also observed in AD cybrid cell lines
that harbor mitochondrial DNA from AD patients platelets [82]. It is described in different
cell models that MFN2 depletion changes the cellular metabolic profile, leading to mito-
chondrial membrane depolarization and decreased cellular oxygen consumption as well
as decreased glucose and pyruvate oxidation [83]. Accordingly, a reduction in glucose
metabolism was also observed in the neocortex of AD patients that has been correlated
with a decreased expression of nuclear and mitochondrial genes that encode proteins of
OXPHOS [84]. As previously stated, mitochondria are dynamic organelles that can change
morphology and distribution due to fission and fusion events. Mitochondrial fission is
regulated by DRP1 and FIS-1 and fusion by MEN1, MFN2, and mitochondrial dynamin
like GTPase (OPA1) [85]. Our results obtained in APPswe cells show an impairment in
mitochondrial dynamics due to an unbalance between fusion and fission, particularly
in MFN2 levels (Figure 4a—e), as well as a slight increase in mitochondrial biogenesis

152



Biomedicines 2021, 9, 881

(Figure 4f-h) that did not reach statistical significance, which could represent an attempt
to improve mitochondrial metabolic capacity reducing the cascade of deleterious events
caused by mitochondrial dysfunction. Accordingly, AD fibroblasts also show defects in
mitochondrial dynamics and bioenergetics, reduced ATP generation, and Ca?* dysregu-
lation [80]. Furthermore, abnormal mitochondrial distribution and fragmentation were
associated to mitochondrial membrane depolarization and decreased ATP production in
M17 cells overexpressing APP [86].

The ER-mitochondria contacts are also involved in the ER stress-mediated cell death
and UPR, because several ER co-factors and chaperones are present at MAM. Moreover,
impairment in the UPR, apoptosis, and misfolded proteins accumulation are common
features of AD [87]. In the early phase of ER stress, the cell adapts to stressful conditions
through the increase of ER-mitochondria connection, which facilitates mitochondrial Ca?*
uptake and ATP production. However, alterations in MAM functional features, such as
Ca”* signaling, induce ER stress and UPR activation, so ER-mitochondria communication
could also regulate stress responses and the UPR at different levels [33]. Besides the
alterations in ER-mitochondria contacts found in our AD cell model, we also observed
that UPR markers are present at MAM and the activation of this stress response occurred
through the increase of PERK and IRE1« protein levels (Figure 5c—e). It was previously
reported that MFN2 interacts directly with PERK to regulate ER stress-mediated pathways,
including UPR, and MFN2 ablation increases PERK activity [88]. PERK is also a member of
the MAM that facilitates signals exchanges through these contacts [89] with its upregulation
being detected in human post-mortem AD brains [42]. Besides its involvement in UPR,
IRE1« stabilizes IP3Rs at MAM controlling mitochondrial Ca?* uptake [90]. Under resting
conditions, IRElx deficiency was shown to trigger mitochondrial and energy metabolism
alterations [90]. We also found a decrease in the levels of EROlx (Figure 5f,g), which
catalyzes disulfide bond formation in ER during protein folding, and loss of its function
leads to misfolded proteins accumulation [44]. This protein also plays a key role in ER
redox homeostasis. Under ER stress conditions, the pro-apoptotic transcription factor
CHOP can activate EROla and promote apoptosis through Ca®* signaling modulation
because ERO1« interacts with IP3R potentiating Ca?* efflux from ER to mitochondria at
MAM [43,91,92]. On the other hand, EROl« silencing inhibits ER Ca2* release [43,44].
Therefore, the decrease of EROlx that we observed can lead to the loss of ER redox
homeostasis increasing ER stress, simultaneously contributing to prevent Ca2* efflux from
ER to mitochondria.

We also observed an increase of PCNA levels in APPswe (Figure 5f,h). This nuclear
protein is essential for regulation of DNA replication, repair, and epigenetic alterations;
however, PCNA has been associated with cellular events through the formation of a
complex with many cytosolic proteins involved in the mitogen-activated protein kinase
(MAPK) and phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) signaling path-
ways demonstrating its involvement in cellular signaling [93]. In mature non-proliferating
neutrophils, PCNA is located in the cytosol where it serves as a binding platform for pro-
caspases inhibiting their activation and apoptosis, thus regulating neutrophil survival [48].
Furthermore, in APPswe Tg mice, proliferation markers, such as PCNA, seem to induce
cell cycle re-entry [94] and its mRNA levels have been found to be increased in brain tissue
from AD patients [95] and in APP human neuroblastoma SH-SY5Y cells [1]. Thus, PCNA
is an essential co-factor for DNA replication and repair and appears to be involved in
pro-survival pathways in response to cellular stress. In the present AD in vitro model, we
also observed an accumulation of PCNA in MAM and mitochondria fractions (Figure 5f),
supporting its involvement in cellular stress response.

Internalization of APP and A peptide by mitochondria was observed in vitro [96,97], in
human post-mortem AD brains [29,98,99], as well as in APP-overexpressing mice [96,99,100].
It is described that Hsp60 and TOM40, associated to TOM23, are responsible for APP and
Ap internalization into mitochondria [96,97,101]. Moreover, accumulation of APP in the
TOM complex affects the mitochondrial import of other proteins and, consequently, impairs
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mitochondrial functions [102]. As observed in hippocampal neurons of ApoE4 female
mice, the increase of the fusion protein MFN1 and TOM40 indicates that the decrease in
mitophagy can lead to the accumulation of mitochondrial proteins, due to the accumulation
of damaged mitochondria [103]. Immunoblot analyses also revealed that Hsp60 binds
to APP and A, and this interaction seems to be increased in the brain of 3xTg-AD mice
and in mitochondria isolated from human AD brain [104]. Furthermore, Hsp60 protein
levels were increased by ~50% and ~35%, in mitochondrial fractions isolated from the
postmortem frontal cortex of SAD and FAD individuals, respectively [104]. In addition,
Hsp60 knockdown attenuates APP and A translocation to mitochondria in the neural cell
line (C17.2) expressing the APP Swedish mutation [101]. In this study, we also observed
an increase in TOM40 (in MAM and mitochondria fractions) (Figure 5f,i) and Hsp60 (in
MAM fraction) (Figure 5j k) in APPswe cells, which can contribute to APP accumulation in
mitochondria resulting in mitochondrial dysfunction, as previously described.

In conclusion, our results suggest that the overexpression of the familial APP Swedish
mutation causes the accumulation of APP in mitochondria and MAM, which can contribute
to the structural and functional changes in these subcellular fractions, affecting the response
to stress and inducing energy deficits. Together, our findings support the idea that the
defective crosstalk between ER and mitochondria, mediated by MAM, plays a key role in
AD physiopathology that may represent a relevant therapeutic target in this disorder.
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4-(trifluoromethoxy) phenyl hydrazone; FIS-1: Mitochondrial fission 1; GRP75: Glucose-regulated
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protein 75; GRP78: Glucose-regulated protein 78; Hsp60: Chaperone heat shock protein 60; IMM:
Inner mitochondrial membrane; IP3R: Inositol 1,4,5-trisphosphate receptor; IRE1ec: Inositol-requiring
enzyme 1o; MAM: Mitochondria-associated membrane; MCU: Mitochondrial Ca2+ uniporter; MEN
1/2: Mitofusin 1/2; MRB: Mitochondria resuspending buffer; mtTFA: Mitochondrial transcription
factor A; N2A: Mouse neuroblastoma cell line; ND1: NADH-ubiquinone oxidoreductase chain 1;
NRF1: Nuclear respiratory factor 1; OCR: Oxygen consumption rate; OMM: Outer mitochondrial
membrane; OXPHOS: Oxidative phosphorylation; PBS: Phosphate-buffered saline; PCNA: Proliferat-
ing cell nuclear antigen; p-DRP1: Phospho- dynamin-1-like protein; PDI: Protein disulfide isomerase;
PERK: Protein kinase R-like ER kinase; PMS: Phenylmethylsulfonyl fluoride; PS 1/2: Presenilin-
1/2; PVDE: Polyvinylidene fluoride; RIPA: Radioimmunoprecipitation assay buffer; SAD: Sporadic
Alzheimer’s disease; SDS-PAGE: Sodium dodecyl sulfate polyacrylamide gel electrophoresis; SERCA:
Sarco/endoplasmic reticulum Ca2+ ATPase; SHM: Sucrose homogenization medium; Sig-1R: Sigma-1
receptor; TBS-T: Tris-buffered saline containing Tween-20; TEM: Transmission electron microscopy;
TF: Total fraction; TG: Thapsigargin; TMRE: Tetramethylrhodamine ethyl ester perchlorate; TOM40:
Outer mitochondrial membrane 40; UPR: Unfolded protein response; VDACI: Mitochondrial voltage-
dependent anion channel 1; WB: Western blot; WT: Wild-type.
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Abstract: Stroke is a leading cause of adult disability. In our previous study, transplantation of human
umbilical mesenchymal stem cells (HUMSCs) in Wharton's jelly in the acute phase of ischemic stroke
promotes recovery in rats. Unfortunately, there is no cure for chronic stroke. Patients with chronic
stroke can only be treated with rehabilitation or supportive interventions. This study aimed to
investigate the potential of xenograft of HUMSCs for treating chronic stroke in rats. Rats were
subjected to 90 min middle cerebral artery occlusion and then reperfusion to mimic ischemic cerebral
stroke. On day 14 following stroke, HUMSCs were transplanted into the damaged cerebral cortex. The
motor function in rats of the Stroke + HUMSCs group exhibited significant improvement compared to
that of the Stroke + Saline group, and the trend persisted until day 56 post stroke. The cerebral cortex
changes were tracked using magnetic resonance imaging, showing that cerebral atrophy was found
starting on day 7 and was reduced significantly in rats receiving HUMSCs compared to that in the
Stroke + Saline group from day 21 to day 56. HUMSCs were found to be existed in the rats’ cerebral
cortex on day 56, with signs of migration. The grafted HUMSCs did not differentiate into neurons or
astrocytes and may release cytokines to improve neuroprotection, decrease inflammation and increase
angiogenesis. Our results demonstrate that xeno-transplantation of HUMSCs has therapeutic benefits
for chronic ischemic stroke. Most importantly, patients do not need to use their own HUMSCs, which
is a gospel thing for clinical patients.

Keywords: chronic stroke; cerebral ischemia; umbilical mesenchymal stem cells; Wharton’s jelly;
xenograft; transplantation; neuroprotection; angiogenesis; neurologic deficit; MRI

1. Introduction

Stroke is among the leading causes of death and disability in adults [1]. In 2019, over
10 million new cases are reported globally, and over 6 million died due to cerebral stroke [2].
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Ischemic stroke incidents comprise nearly 90% of all strokes [1]. The mean survival post
stroke is 6 to 7 years, and indeed more than 85% of patients live past the first year post
stroke, many with years of enduring disability and neuropsychiatric syndrome [3-6]. Once
entering the chronic stage of stroke, the patient’s welfare is affected, and significant family
and societal burdens are experienced. To date, there are no effective drugs or therapies
available for the treatment of chronic stroke; treatment mainly relies on rehabilitation or
supportive treatments to prevent extensive tissue loss and further degeneration. Therefore,
it is particularly important to identify a new approach in treating chronic ischemic stroke.

Mesenchymal stem cells (MSCs) are among the leading restorative therapy candi-
dates [7,8]. As a part of medical waste after delivery, the umbilical cord can be more easily
retrieved than embryos or bone marrow. Based on our previous studies, transplantations
of umbilical mesenchymal stem cells in the Wharton's jelly (HUMSCs) into the striatum,
spinal cord, cerebral cortex, hippocampus, and cerebellum can effectively treat Parkin-
son’s disease, [9,10] spinal cord injury [11], acute stroke [12], epilepsy [13], and cerebellum
atrophy [14]. In addition to central nervous system diseases, we have investigated the feasi-
bility of the HUMSCs transplantation for the treatment of liver fibrosis, peritoneum fibrosis,
pulmonary fibrosis, osteoporosis, and diabetes [15-21]. The results demonstrated that
xenograft of the HUMSCs did not cause immune reaction or rejection in the host. Therefore,
we believe that HUMSCs can be used as transplantation materials for clinical medicine.

In our previously published results, we performed ligation of the middle cerebral
artery for 90 min and reperfusion in rats in order to trace the changes in the cerebral cortex
with continuous MRI imaging. Severe edema was observed in the cerebral cortex on day
1 to day 2 post stroke. The cerebral cortex exhibits severe atrophy on day 14 post stroke.
Therefore, we suspected that it had entered chronic stroke on day 14 after surgery-induced
cerebral ischemia and reperfusion. Furthermore, at 24 h post stroke, i.e., the acute stage
of stroke, transplantation of HUMSCs into the rat’s infarcted region of the cerebral cortex
significantly alleviated the level of atrophy in the injured brain region and improved
its mobility. The results suggested that HUMSCs transplantation can be applied for the
treatment of acute stroke [12]. Currently, there is no cure for chronic stroke. However, on
day 14 post stroke, i.e., the chronic stage of stroke, signs of atrophy were already displayed
in the cerebral cortex. Whether HUMSCs transplantation performed on day 14 post stroke
could still exhibit the treatment effect needs to be further elucidated in this study.

2. Results
2.1. Ischemia—Reperfusion Surgery Causes Cortical Infarction

As shown by MRI images, TTC staining, and Cresyl violet staining, the infarcted
cortex of the rats in the Stroke + Saline group were considerably swollen and edematous
1 day post stroke. These images indicated that an ischemia—reperfusion stroke model was
successfully established in our experiments (Figure 1B).

2.2. HUMSCs Transplantation Improves Motor Function in Rats with Chronic Stroke

The results of the rotarod test showed that administration of saline, or HUMSCs in
the rats’” right cortices of the Normal + Saline and Normal + HUMSCs groups caused
only a minor change in retention time, without statistical significance. The retention
time was significantly reduced to 21-23% of the normal level in the Stroke + Saline and
Stroke + HUMSCs groups 1 day post stroke, indicating the mobility was impaired by
cerebral ischemia. The situation persisted until day 14 post stroke. On day 21 post stroke,
the Stroke + Saline group had a retention time of 27% of the normal level, and the declining
trend remained until day 56 post stroke without showing any improvement. On day 7 after
stem cell transplantation, i.e., day 21 post stroke, the retention time of the Stroke + HUMSCs
group increased to 49%, a significant elevation compared to that in the Stroke + Saline
group. The statistical trend sustained until day 56 post stroke. Although the retention time
in the Stroke + HUMSCs group increased (from day 21 to day 42), it was not as long as the
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time obtained in those of the groups of Normal + Saline and Normal + HUMSCs (p < 0.05)

(Figure 1C and Supplemental Table S1).
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Figure 1. HUMSCs transplantation enhanced motor function in rats with chronic stroke. (A) The
diagram shows the time course for various experiments in this study. Representative MRI, TTC-
stained, and cresyl violet stained images of rat brains are shown on day 1 after stroke, showing
that right cerebral cortices were markedly enlarged (B). The Stroke + HUMSCs group show better
functional recovery in the rotarod test (C) and cylinder test (D) than the Stroke + Saline group.
Normal + Saline n = 11, Normal + HUMSCs n = 11, Stroke + Saline n = 15, Stroke + HUMSCs n = 14.
*, vs. the Normal + Saline group at the same day, p < 0.05. #, vs. the Normal + HUMSCs group at the
same day, p < 0.05. &, vs. the Stroke + Saline group at the same day, p < 0.05.

The quantitative results of the cylinder test showed that the contralateral use of
forelimb of the four groups were approximately 50% prior to the surgery, i.e., under normal
situation. In the Normal + Saline and Normal + HUMSCs groups, even with injections of
saline or HUMSCs into the right cerebral cortex on day 14, contralateral use of forelimb did
not statistically change and maintain until day 56 (Figure 1D and Supplemental Table S2).

On day 1 post stroke, the left forelimb activity was substantially reduced compared to
pre-stroke, with a percentage of 12-14%, indicating that stroke caused impaired left forelimb
activity. The situation remained until day 14 post stroke. On day 21 post stroke, left forelimb
use in the Stroke + Saline group was around 17%, which was significantly lower than those
of Normal + Saline and Normal + HUMSCs groups. The activity was not improved but
sustained until day 56 post stroke (p < 0.05) (Figure 1D and Supplemental Table S2). In
the Stroke + HUMSCs group, the contralateral use elevated to 28.29 + 1.84% on day 7
after transplantation (i.e., day 21 post stroke), which was a significant increase compared
to that in the Stroke + Saline group, but was statistically reduced compared to those in
Normal + Saline and Normal + HUMSCs groups. The trend remained until day 56 post
stroke (p < 0.05) (Figure 1D, Supplemental Table S2 and Supplemental Videos 51-S3).
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2.3. HUMSCs Transplantation Reduces Brain Atrophy in Rats with Chronic Stroke as Assessed
by MRI

The alterations in the infarcted cerebral cortex at different time points were observed
using MRI. The results showed that injections of saline, or HUMSCs in the rats’ right
cortices of the Normal + Saline and Normal + HUMSCs groups did not caused any
significant edema or atrophy. The trend remained until day 56 (Figure 2A,B,E,F, and
Supplemental Tables S3 and S4).
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Figure 2. Cortical edema and atrophy examined by MRI. Brain MRI examination was conducted on
day 1 (0-0®), day 7 (@-0), day 14 (®-0), day 21 (®-0), day 28 (0-0), day 35 (0-0), day 42 (0-0),
day 49 (@-0), and day 56 (@-0). Along the rostral-caudal orientation, coronal slices ( @— ®) and
horizontal slices (®) were taken for monitoring the alterations of brain damages in these rats. MRI
slices of the Normal + Saline (A) and Normal + HUMSCs (B) groups did not find significant edema
or atrophy areas from day 1 to day 56. MRI slices of the Stroke + Saline group (C) and the Stroke
+ HUMSCs group (D) were obtained on day 1 post stroke. White areas in the right cerebral cortex
were seen, indicating severe inflammation and edema occurred in this region (@-®). On day 7 and
day 14, there was a reduction in the white edema cortices, but slight atrophy had appeared in the
right infarcted area when comparing to the left cerebral cortex ( @-®). The volumes of edema (E) and
atrophy (F) in the right cerebral cortex were quantified post stroke. Atrophy of the infarcted cortex
becomes apparent in the Stroke + Saline group but is significantly less severe in the Stroke + HUMSCs
group from day 21 to day 56. The results of brain MRI revealed that HUMSCs transplantation
alleviated cerebral atrophy in rats with chronic stroke. Normal + Saline n = 4, Normal + HUMSCs
n =4, Stroke + Saline n = 4, Stroke + HUMSCs 1 = 4. x, vs. the Normal + Saline group at the same
day, p < 0.05. #, vs. the Normal + HUMSCs group at the same day, p < 0.05. &, vs. the Stroke + Saline
group at the same day, p < 0.05. ¥ indicates the first injection site.
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The Stroke + Saline group displayed a significant white area, suggesting that severe
inflammation and edema were present in the cerebral cortex on day 1. The volume of the
cortical edema decreased on day 7 and day 14. Since day 21, edema of the injured cerebral
cortex markedly reduced, the situation remained until day 56 post stroke. The injured
cerebral cortex of the Stroke + Saline group began showing signs of atrophy on day 7 post
stroke. From day 21 onwards, the volume of atrophy further increased; the trend sustained
until day 56 (Figure 2C,E,F and Supplemental Tables S3 and S4). We postulate that edema
areas switched into atrophy areas without treatment; edema areas of the injured cerebral
cortex markedly reduced at day 21, at the same time, atrophy area in the Stroke + Saline
group was increased. It is a worthy of attention that the right lateral ventricle significantly
enlarged and showed signs of edema from day 21 to day 56 in the Stroke + Saline group.

The Stroke + HUMSCs group had similar patterns of cerebral cortex edema with the
Stroke + Saline group from day 1 to day 14 post stroke. On day 7 after transplantation
(day 21 post stroke), the volume of edema and atrophy in the cerebral cortex showed
no significant changes compared with those in day 14. However, there was a statistical
difference when comparing to that in the Stroke + Saline group at the same time point; the
trend remained until day 56. The edema of the right lateral ventricular was also milder
than that in the Stroke + Saline group (Figure 2D-F and Supplemental Tables S3 and S4).
These results demonstrate that HUMSCs transplantation has a protective role in preventing
the infarct cortex from atrophy post stroke.

2.4. HUMSCs Transplantation Preserves Cerebral Cortex in Rats with Chronic Stroke

We likewise used gross appearance and brain sections with cresyl violet staining
to determine the therapeutic effect of HUMSCs on the infarct cortex of chronic stroke.
On day 56 post stroke, the brains were intact and smooth in the Normal + Saline and
Normal + HUMSCs groups. The gross appearance of the Stroke + Saline group had a
marked indentation at the right cerebral cortex with extensive cortex atrophy. Although
the HUMSCs group had an apparent shrinkage at the right infarcted cerebral cortex, it was
less severe than that in the Stroke + Saline group (Figure 3A).

On day 56, cresyl violet staining showed that both of the right and left cerebral cortices
were intact in the Normal + Saline and Normal + HUMSCs groups. From the coronal brain
sections of the Stroke + Saline group, not only the cerebral cortex had severe atrophy, but the
corpus callosum, basal ganglia, and hippocampus also showed signs of atrophy. In addition,
brain sections showed an enlarged right lateral ventricle on day 56 post stroke. Although
the coronal cerebral sections of the Stroke + HUMSCs group also showed signs of atrophy,
these signs were primarily restricted to the regions of the cerebral cortex (Figure 3B). By
summing all quantitative data from serial brain sections stained by cresyl violet, it showed
that the volume of right cerebral cortex was similar to that of left cerebral cortex in the
Normal + Saline and Normal + HUMSCs groups. The overall volumes of right cerebral
atrophy were 133.88 + 3.90 mm? and 89.69 = 3.72 mm? in the Stroke + Saline and Stroke +
HUMSCs groups, respectively. Moreover, the volume of cerebral atrophy in the Stroke +
HUMSCs group was also remarkably lower than that in the Stroke + Saline group (p < 0.05)
(Figure 3C and Supplemental Table S5).
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Figure 3. HUMSCs transplantation preserved the cerebral cortex in rats with chronic stroke. On
day 56 post stroke, the brains fixed with paraformaldehyde were photographed from a superior
(top panel) and a lateral view (bottom panel). The brain of the Stroke + Saline group exhibited more
severe atrophy in the cortex than that grafted with HUMSCs (A). Subsequently, the brains of four
groups were subjected to serial coronal sections (from bregma +2.52 mm to —5.76 mm) and stained
with cresyl violet to observe alterations in the cerebral cortex. The results showed that the brain
grafted with HUMSCs had more preserved cortices (B). The volume of atrophy in the infarcted cortex
was quantified using the sections stained by cresyl violet, the result indicated the atrophy volume
of the Stroke + HUMSCs group was substantially lower than that of the Stroke + Saline group (C).
Normal + Saline n = 4, Normal + HUMSCs n = 4, Stroke + Saline n = 12, Stroke + HUMSCs n = 14. %,
vs. the Normal + Saline group, p < 0.05. #, vs. the Normal + HUMSCs group, p < 0.05. &, vs. the
Stroke + Saline group, p < 0.05. W is the value of individual experiment.

2.5. HUMSCs Transplantation Helps Neuronal Cell Survival in the Infarcted Brain in Rats with
Chronic Stroke

On day 56 post stroke, coronal brain sections were subjected to anti-NeuN immunohis-
tochemical staining to observe the alterations of neuronal cells localized at the peripheral
regions of the infarcted areas in the cerebral cortex and striatum. The results found that
the neuronal cells in the cerebral cortex and striatum exhibited relatively healthy mor-
phology in the Normal + Saline and Normal + HUMSCs groups (Figure 4A(A1-A4) and
Figure 4B(B1-B4)). Even with injections of saline or HUMSCs into the right cerebral cortex,
the neuronal number in the right cerebral cortex or striatum was not statistically different
from that of the contralateral regions in the Normal + Saline and Normal + HUMSCs
groups (Figure 4E,F and Supplemental Table S6).
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Figure 4. HUMSCs transplantation increased the survival of neuronal cells in the infarcted brain
in rats with chronic stroke. On day 56 post stroke, anti-NeuN immunohistochemical staining was
applied to observe the number of survived neuronal cells. Brain coronal sections at bregma —1.92 mm
are displayed ((A): Normal + Saline group; (B): Normal + HUMSCs group; (C): Stroke + Saline group;
(D): Stroke + HUMSCs group). For high magnification, the peripheral region to the infarcted cerebral
cortex (A2,B2,C2,D2) or striatum (A4,B4,C4,D4) are shown, as well as undamaged contralateral sides
of the cerebral cortex (A1,B1,C1,D1) and striatum (A3,B3,C3,D3). The number of NeuN" cells in
the cerebral cortex (E) and striatum (F) was quantified. The results showed that the neuronal cell
numbers in the cerebral cortex and striatum peripheral to the damaged brain areas were significantly
higher in the Stroke + HUMSCs group than those in the Stroke + Saline group. Normal + Saline 1 = 4,
Normal + HUMSCs n = 4, Stroke + Saline 1 = 9, Stroke + HUMSCs n = 10. *, vs. the ipsilateral region
of Normal + Saline group, p < 0.05. #, vs. ipsilateral region of the Normal + HUMSCs group, p < 0.05.
&, vs. ipsilateral region of the Stroke + Saline group, p < 0.05. #, contra-lateral vs. ipsi-lateral region
in the Stroke + Saline group, p < 0.05. B is the value of individual experiment.

The results showed that the neuronal cells in the cerebral cortex and striatum sur-
rounding the infarcted region exhibited a lighter and relatively loose staining in the
Stroke + Saline group (Figure 4C,(C1-C4)). The neuronal number in the infarction cerebral
cortex (ipsilateral cortex) of the Stroke + Saline group was significantly lower than those in
the Normal + Saline and Normal + HUMSCs groups. Additionally, the number of neuronal
cells in the cerebral cortex surrounding the infarcted region was significantly lower than
the normal contralateral location (p < 0.05). Similarly, the number of neuronal cells in the
damaged striatum also statistically decreased when comparing to the normal contralateral
side of the brain (p < 0.05) (Figure 4E,F and Supplemental Table S6).
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In the cerebral cortex and striatum surrounding the infarcted area of the
Stroke + HUMSCs group, the numbers of neuronal cells were preserved at a higher level
when comparing to those in the ipsilateral regions of Stroke + Saline group (p < 0.05).
Furthermore, no statistical differences were found in the number of neuronal cells when
comparing to the contralateral cerebral cortex and striatum (p > 0.05) (Figure 4D(D1-D4),E,F
and Supplemental Table S6).

2.6. HUMSCs Transplantation Promotes Angiogenesis in the Infarcted Brain in Rats with
Chronic Stroke

On day 56 post stroke, the brains of each group were freshly obtained to observe the
distribution of superficial blood vessels of the brain. The qualitative observations showed
that the blood vessels with small size were apparent in the Normal + Saline and Normal
+ HUMSCs groups. In the Stroke + Saline group, the right hemisphere markedly shrunk,
with fewer blood vessels found on the surface of the injured cerebral cortex. The vessels
with small diameter were observed in the Stroke + HUMSCs group (Figure 5A).
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Figure 5. HUMSCs transplantation promoted angiogenesis in the infarcted brain of the rats with

chronic stroke. On day 56 post stroke, the brains were photographed from a superior view (top panel)
and a lateral view (intermediate panel and high magnification in the bottom panel) to observe the
distribution of superficial blood vessels of the cerebral cortex. More blood vessels are observed on
the surface of the Stroke + HUMSCs group (A). From coronal brain sections at bregma —2.4 mm,
vessels in the contralateral cortex (B1,C1,D1,E1) and ipsilateral cortex (B2,C2,D2,E2) are visualized by
fluorescein isothiocyanate-conjugated dextran amine. Boxed areas in the photographs are magnified
in the bottom row (B1,B2,C1,C2,D1,D2,E1,E2). The total vessel length per mm? (F) and vessel density
(G) in the infarcted region are significantly greater in the cortex of the Stroke + HUMSCs group than
those in the Stroke + Saline group. Normal + Saline 7 = 4, Normal + HUMSCs n = 4, Stroke + Saline
n =4, Stroke + HUMSCs n = 4. x, vs. ipsilateral cortex of the Normal + Saline group, p < 0.05.
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#, vs. ipsilateral cortex of the Normal + HUMSCs group, p < 0.05. &, vs. ipsilateral cortex of the
Stroke + Saline group, p < 0.05. #, contra-lateral vs. ipsi-lateral cortex in the Stroke + Saline group,
p < 0.05. W is the value of individual experiment.

Additionally, brain sections with perfused by FITC-dextran to quantify vascular dis-
tribution near the infarction area. The results showed that blood vessels had a regu-
lar reticular pattern in both the right and left cerebral cortices of the Normal + Saline
and Normal + HUMSCs groups, as well as in the normal left cerebral cortices of the
Stroke + Saline and Stroke +HUMSCs groups (Figure 5B(B1,B2),C(C1,C2),D(D1),E(E1)).
The quantitative results indicated that the total vessel lengths were around 43.56 & 1.73 to
35.09 + 1.78 mm/per mm?, and the vessel density was between 0.25 & 0.01 to 0.22 £ 0.0 in
the normal cerebral cortices of Normal + Saline, Normal + HUMSCs, Stroke + Saline and
Stroke + HUMSCs groups (Figure 5F,G and Supplemental Table S7).

In the brain area surrounding the right damaged cerebral cortex of the Stroke + Saline
group, the reticular distribution of the brain vessels displayed a destructed pattern, with the
total vessel length significantly shortened to 21.25 + 2.79 mm/per mm? and the vessel den-
sity markedly reduced to 0.12 £ 0.02, which were significantly lower than the normal left
contralateral side (Figure 5(D2),EG and Supplemental Table S7). In the Stroke + HUMSCs
group, the number of vessels in the brain area surrounding the right damaged cerebral
cortex was higher than that in the Stroke + Saline group, although not as regular or retic-
ular as under normal conditions. There were also many small, thin blood vessels shown
(Figure 5(E2),F,G and Supplemental Table S7). The quantitative results showed that the total
vessel length and density in the peripheral region surrounding the right damaged cerebral
cortex in the Stroke + HUMSCs group were both statistically increased when comparing
to those in the corresponding region of the Stroke + Saline group (p < 0.05). Furthermore,
the total vessel length and density in the ipsilateral cortex of the Stroke + HUMSCs group
were similar to those in the Normal + Saline and Normal + HUMSCs groups (Figure 5EG
and Supplemental Table S7). It indicated that HUMSCs may promote angiogenesis in the
ischemic cortex of the chronic stroke.

2.7. Engrafted HUMSCs Survive and Migrate in the Infarcted Cortex of Rats with Chronic Stroke

The nucleus of HUMSCs was labeled with bisBenzimide to track their survival and
distribution. On day 56, the fluorescence imaging showed that plenty of blue clusters of cells
were found at bregma +0.3 mm, i.e., the first site for HUMSCs transplantation, in the Stroke
+ HUMSCs group. From bregma +0.6 mm to +0.1 mm, there were still many cells in blue
fluorescence identified (Figure 6A). At the second transplantation site (bregma —5.2 mm) of
the Stroke + HUMSCs group, large clusters of cells could also be found. Similarly, HUMSCs
existed in clusters from bregma —4.9 mm to bregma —5.5 mm (Figure 6B).

Anti-human-specific nuclei antigen immunohistochemical staining was further em-
ployed to investigate HUMSCs distribution in rats with chronic stroke. The results showed
that large clusters of HUMSCs were seen at the first and secondary stem cell transplanta-
tion sites of the cerebral cortex in the Stroke + HUMSCs group (at bregma +0.3 mm and
—5.2 mm). The number of HUMSCs gradually decreased as the distance away from the
implanted sites increased rostrally or caudally (Figure 6C,D). No signal was detected in the
cerebral cortex of the Stroke + Saline group (data not shown).

2.8. HUMSCs Does Not Differentiate into Neurons and Astrocytes in Rats with Chronic Stroke

On day 56 post stroke, rat brains were freshly obtained and examined using human
NeuN and GFAP primers to elucidate whether the HUMSCs grafted had differentiated into
neuronal cells or astrocytes in the cerebral cortex of rats with chronic stroke. The results
showed that genes of human NeuN or GFAP were not detected in the cerebral cortex of the
Stroke + HUMSCs group, indicating HUMSCs may not have differentiated into neuronal
cells or astrocytes. Human glioma cells served as a positive control for human NeuN or
human GFAP (Figure 6E).
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Figure 6. Grafted HUMSCs survived in the infarcted cortex and did not differentiate into neuronal
cells or astrocytes. The nucleus of HUMSCs was labeled with bisBenzimide (blue), and the cells were
transplanted into the rat’s right cerebral cortex on day 14 post stroke. On day 56, phase-contrast
microscopy images of the HUMSCs group are displayed with the section at the first HUMSCs
transplantation position of bregma +0.3 mm and its anterior (+0.6 mm) and posterior coronal sections
(+0.1 mm). The blue clusters of cells were observed at high magnification (A). The second HUMSCs
transplantation position at bregma —5.2 mm and its anterior (bregma —4.9 mm) and posterior
(bregma —5.5 mm) coronal brain sections are shown. At high magnification, clusters of cells labeled
with bisBenzimide were found (B). Inmunostaining for human-specific nucleus antigen demonstrates
the aggregation of HUMSCs around the first (C) and secondary (D) transplantation sites at 56 days
post stroke. The boxed areas in the left column are magnified in the right column. On day 56 post
stroke, the cerebral cortex was subjected to RT-PCR tests to examine whether human NeuN or GFAP
could be detected in all the groups. The results showed that the transplanted HUMSCs did not
differentiate into neuronal cells or astrocytes (E).

3. Discussion

In the present study, on day 14 post stroke, when significant atrophy was identified in
the injured brain region of the SD rats (i.e., the chronic stage of stroke), the infarcted brain
tissues were obviously preserved, and the mobility was markedly improved following
transplantations of HUMSCs.

The questions about the intervention timing, cell dosage, and route of administra-
tion for stem cell therapy on stroke have been in heated discussions [22-26]. HUMSCs
(3 x 105-1 x 107) were intravenously injected into rats on days 1, 7, 30, and 90 post stroke,
and the brain tissue sections were examined on day 140. The results showed that there was
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no statistical difference between all the treatment groups and the control group in terms of
the cerebral injury volume. However, for the group transplanted with >3 x 10° HUMSCs,
though the macroscopic morphology of the cerebral cortex did not exhibit a significant
change, the mobility was significantly improved compared to that in the control group,
suggesting that the amount of HUMSCs transplanted played a crucial role [27]. Another
study also evaluated the beneficial treatment effects of 3 x 107 bone marrow mononuclear
cells (BMMCs) that were injected via the jugular vein of the rats on days 1, 7, 14, or 30
post stroke. The results showed that the groups transplanted with BMMCs on days 14 or
30 exhibited similar behaviors to that of the control group, suggesting that transplantation
performed during the acute phase was superior to the chronic phase [22]. Ishizaka et al.
transplanted bone marrow-derived mesenchymal stem cells (BMMSCs) into rats via the
internal carotid artery on 1, 4, or 7 days post stroke. The results showed that for the group
receiving transplantation on day 7, only a few BMMSCs were found distributed over the
brain, and therefore no apparent sensorimotor function recovery was observed in the rats.
The results indicated that the reservation of the cerebral cortex was much better compared
to that in the control group only in the group receiving transplantation on day 1 [24].
Although the origins of stem cells varied, their results indicated that stem cell transplanta-
tion in the acute phase of stroke can reduce neurological deficits and improve functional
recovery [12,28-35]. In fact, although some cerebral ischemia patients really survived, they
struggled with the impasse of chronic stroke. Currently, there is no cure for chronic stroke.
Therefore, it is a therapeutic imperative to find the treatment for chronic stroke.

Given the aforementioned study results, we suspected the number of the survived
stem cells in the infarcted brain region plays a critical role in recovery. At the chronic stage
of stroke, we suggest that the types or the concentration of the chemotactic factors attracting
the stem cells circulating in the blood to the infarcted brain region have relatively decreased
or recessed compared to those at the acute stroke stage. Therefore, to treat chronic stroke,
direct intra-cerebral transplantation of the stem cells into the brain infarction region might
be a more effective treatment approach. The present study’s results also demonstrated
that a large number of the transplanted HUMSCs survived in the rats’ cerebral cortex
until day 56 post stroke. However, intra-cerebral implantation is an invasive method
which is never recommended to be used in clinical medicine. Therefore, the route of stem
cell transplantation may be modified, such as applying stem cells on the surface of the
cerebral cortex.

Although the stem cells’ types might be different, the treatment mechanisms can be
generally categorized into two directions. First, the transplanted stem cells differentiate into
neuronal cells to replace the injured or dead neurons [36-38]. Secondly, the transplanted
stem cells alter the injured environment via the cytokines secreted. The secreted cytokines
might possess the effects of neuroprotection [12,39—41], neuroregeneration [42,43], angio-
genesis [12,41-44], or immunomodulation [39,45-47], and thereby repair the damaged
tissues or prevent them from further deterioration. From the RT-PCR results of our study; it
is suggested that HUMSCs did not directly differentiate into neurons or astrocytes after
transplantation into the infarcted cortex of the chronic stroke rats. We suggested that
implanted HUMSCs may secrete cytokines to improve neuronal survival, increase angio-
genesis and enhance functional recovery. Interestingly, HUMSCs may release different
cytokines in response to the pathophysiological microenvironments accordingly [11-15,17].
As demonstrated in our previous study, implanted HUMSCs did not differentiate into neu-
rons but released neuroprotective and growth-associated cytokines, including neutrophil-
activating protein-2 (NAP-2), angiopoientin-2, brain-derived neurotrophic factor, CXCL-16,
and platelet-derived growth factor-AA in the infarcted cortex of acute ischemia stroke [12].
Instead of differentiating into neurons, astrocytes, or oligodendrocytes, transplanted HUM-
SCs released neurotrophin-3, NAP-2, basic fibroblast growth factor, glucocorticoid-induced
tumor necrosis factor receptor family, and vascular endothelial growth factor receptor-3 in
the transected spinal cord [11]. Implanted HUMSCs survived in the epileptic hippocampus
and released FGF-6, amphiregulin, glucocorticoid-induced tumor necrosis factors receptor
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(GITR), MIP-3f3, and osteoprotegerin [13]. At the same time, human IL-13, GIF, PAI-1,
FGF-2, and CXCL-4 were significantly increased in the cerebella of SCA1 mice [14]. Further-
more, without differentiating into alveolar epithelial cells or hepatocytes, HUMSCs grafted
into rat fibrotic lung and liver release a considerable amount of human FGF-6 and IGF-1
in lung and human prolactin, leukemia inhibitory factor, and cutaneous T cell-attracting
chemokine in livers [15,17].

The therapeutic effect of stem cell species on stroke have also been investigated. Yu
et al. administered both auto-adipose derived mesenchymal stem cell (auto-ADMSCs) and
allo-ADMSCs in an experimental animal model of stroke to compare their effectiveness.
Their results demonstrated that auto-ADMSCs were more effective than allo-ADMSCs to
promote recovery and reduce the infarct volume of stroke rats. The improved effects of auto-
ADMSCs are likely related to decreased immunological responses, which thereby result in
higher survival rates, longer survival times, a wider migratory space, and a lower amount
of apoptosis [48]. However, divergent opinions have been raised. Gutiérrez-Fernandez
et al. suggested that human AD-MSCs and rat AD-MSCs showed equal efficacy in terms of
functional recovery and decreased ischemic brain damage in rat [49]. Similarly, autologous
and allogeneic cell therapy for ischemic heart disease show a similar improvement in left
ventricular ejection fraction in large animal models of myocardial ischemia [50]. HUMSCs
were used in this study. The HUMSCs are collected from the umbilical cord, which is
generally considered to be a waste after childbirth and can be obtained without invasive
techniques. The amount of HUMSCs collected can be amplified greatly in cultures. More-
over, xeno-transplanted HUMSCs are immunologically compatible in recipients [9-20].
Therefore, HUMSCs can serve as an excellent stem cell source for treatment of the chronic
stroke in clinical medicine.

In this study, our results showed that on day 56 post stroke, HUMSCs transplanted
into the cerebral cortex did not differentiate into neuronal cells or astrocytes. It also showed
that an increased number of neuronal cells was preserved, angiogenesis was facilitated,
and animal behavior was promoted; therefore, we suggest that the HUMSCs ameliorated
and treated chronic stroke by secreting cytokines.

4. Materials and Methods
4.1. Experimental Animals

Sprague Dawley (SD) rats used in the present study were provided by the Laboratory
Animal Center of National Yang-Ming University. Rats were housed in transparent poly-
carbonate (PC) cages (size: 45 x 24 x 20 cm) under a 12/12 h reversed light/dark cycle
(lights on from 8:00 a.m. to 8:00 p.m.) and constant temperature (22 & 2 °C), with bedding
changed weekly. The rats were allowed ad libitum access to food and water.

4.2. Procedures of Middle Cerebral Artery Occlusion (MCAO) and Reperfusion

Male Sprague Dawley rats (weighing 280 to 320 g) were used in this study. The rats
were anesthetized with Zoletil 20-40 mg/kg and Xylazine 5-10 mg/kg (intraperitoneal
injection) and fixed on a stereotaxic frame. We performed MCAO surgery and reperfusion
to induce cerebral infarction by ligating the right middle cerebral artery and bilateral
common carotid arteries, as previously described [12]. Briefly, a curved, 1 cm skin incision
was made vertically by the right orbit, and the temporalis muscle was removed to uncover
the junction of the zygomatic arch and the squamous bone, where a 3 mm? burr hole was
drilled to expose the middle cerebral artery. The artery was ligated with a 10-0 suture while
both common carotid arteries were clamped simultaneously by nontraumatic aneurysm
clips for 90 min, after which the ligature and clips were removed to restore blood flow.
Subsequently, the incision sites were sutured and disinfected, and the rats were placed on a
heating mat until recovery from anesthesia.
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4.3. Isolation and Culture of Human Umbilical Mesenchymal Stem Cells (HUMSCs)

The mesenchymal tissue in Wharton'’s jelly was then diced into cubes 0.5 cm on each
side and centrifuged at 250 g for 5 min. After removal of the supernatant fraction, the
precipitate that contained mesenchymal tissue was washed with serum-free Dulbecco’s
Modified Eagle’s Medium (DMEM) and centrifuged at 250 g for 5 min. After aspiration of
the supernatant fraction, mesenchymal tissue in the precipitate was treated with 0.0125%
type I collagenase solution (Sigma-Aldrich, St. Louis, MO, USA) at 37 °C for 18 h, washed,
and further digested with 0.025% trypsin at 37 °C for 30 min. The treated umbilical tissue
then was cultured until the HUMSCs migration and proliferation. Finally, HUMSCs were
stored in liquid nitrogen for later transplantation. HUMSCs were collected between the
10th and 15th passages for transplantation into rats in this study.

4.4. Transplantation of HUMSCs

HUMSCs were transplanted into the right cerebral cortex in rats suffering a stroke.
Two transplantation sites were targeted with a stereotaxic instrument: first coordinates
for transplantation: AP = —0.3 mm, R/L = +2.2 mm, H = +2.7 mm; second coordinates
for transplantation: AP = —=5.8 mm, R/L = +1.2 mm, H = + 2.5 mm. On day 14 post
stroke, atrophy of the right cerebral cortex was observed. The coordinates were chosen
because the two transplantation sites were located at the outer regions of the shrunken
cortex. An amount of 5 x 10° HUMSCs were drawn into a glass pipette with a tip diameter
of 150-200 um mounted onto a Hamilton syringe (Hamilton, Reno, NV) attached to a
micromanipulator. A total of 5 x 10° HUMSCs were transplanted at each site, and a total
of 10° cells were administered for each rat. For the stroke group, 5 uL. PBS was injected at
each location (Figure 1A).

4.5. BisBenzimide-Treated HUMSCs In Vitro

Cultured HUMSCs were treated with 1 ug/mL bisBenzimide (Sigma B2883) for 48 h
to label the cell nucleus. Subsequently, HUMSCs were treated with trypsin, collected, and
transplanted into the right cerebral cortex at two locations on day 14 post stroke. On day
56 following a stroke, rats were sacrificed and perfused. The brains were obtained and
immersed in 30% sucrose buffer until they sunk to the bottom. Protected from light, the
samples were subjected to serial cryosectioning. Finally, the sections were observed and
photographed using fluorescence microscopy.

4.6. Experimental Groups
There were four groups as follows:

1. Normal + Saline group (1 = 12): The rats did not receive MCAO and reperfusion, just
remove their skulls. On day 14, no treatment was administered except the injection of
normal saline into the rat’s cerebral cortex.

2. Normal + HUMSCs group (1 = 12): The rats did not receive MCAO and reperfusion,
just remove their skulls. On day 14, HUMSCs were transplanted into the rat’s cerebral
cortex.

3. Stroke + Saline group (1 = 26): The rats received MCAO and reperfusion. On day 14
post-MCAOQ, no treatment was administered except the injection of normal saline into
the rat’s cerebral cortex.

4. Stroke + HUMSCs group (n = 26): The rats received MCAO and reperfusion. HUMSCs
were transplanted into the rat’s cerebral cortex on day 14 after MCAO.

The four groups were subjected to various assessments at different time points follow-
ing MCAO (Figure 1A).
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4.7. Infarct Cortex Identification

Rats were deeply anesthetized and decapitated. Coronal sections of the brains were
sliced at 2 mm, immersed in 2% 2,3,5-triphenyltetrazolium chloride (TTC) (T8877; Sigma),
and then fixed with 10% formalin. The infarct area was devoid of red staining.

4.8. Magnetic Resonance Imaging (MRI)

Brain images were acquired using Bruker S300 BioSpec/MedSpec MRI instrument at
the Instrumentation Center, National Taiwan University. Normal brain was normally grey;
brain images with white signals suggest high water/fluid contains, i.e., brain edema.

The four groups (Normal + Saline, Normal + HUMSCs, Stroke + Saline, and Stroke +
HUMSCs groups) were assessed with MRI at nine time points, on days 1, 7, 14, 21, 28, 35,
42,49, and 56, to continuously monitor the changes in brain damages caused by chronic
stroke. Five brain images around bregma +0.48 mm, —0.72 mm, —1.92 mm, —3.12 mm, and
—4.32 mm was chosen and summed for quantification. The MRI images of each group were
quantified using image processing software Image-Pro Plus to quantify the area of cerebral
cortex edema (white areas) in each image. The edema volume of the cerebral cortex was
obtained by summing up white area in right cerebral cortex and multiplying the thickness
of the section (0.6 mm). Subsequently, the atrophy area of the right cerebral cortex was
obtained by subtracting the area of the injured right cerebral cortex from the area of the left
(unaffected) cerebral cortex. The atrophy volume of the cerebral cortex was obtained by
summing up all areas and multiplying the thickness of the section (0.6 mm).

4.9. Behavioral Test

Two behavioral tests were involved in the present study, including the cylinder test
and the rotarod test.

4.10. Cylinder Test

Rats were put in a transparent cylinder (20 cm in diameter x 30 cm in height). A
camera was placed toward the bottom of the cylinder for video recording to observe the
percentages of each forelimb touching the cylinder wall while standing with hindlimbs.
Normal rats generally use each forelimb with a frequency of approximately 50%, suggesting
that usage of right and left forelimb are almost symmetrical. In this study, rats suffering a
stroke in the right cerebral hemisphere caused locomotor deficits of their left bodies. Hence,
the times of touching cylinder wall with left forelimb were divided by the total number
of touches using two forelimbs to obtain the frequency of left forelimb usage. The use of
impaired contralateral forelimb should significantly decrease in rats with stroke, according
to previous studies [12].

4.11. Rotarod Test

Rats were placed on the rotarod with an initial speed of 4 rpm. The speed of the
rotarod gradually accelerated to 40 rpm within 5 min. The time that each rat stayed on the
rod will be recorded to assess its motor coordination and balance [12]. The retention time
of each rat before receiving MCAO was set as a baseline value of 100%. By dividing the
retention time obtained post stroke with the retention time obtained before the stroke, the
ratio of the retention time in percentage was obtained. Stroke causes impairments of rats’
mobility, which is reflected by the reduced duration they stay on the rotarod.

The two behavioral tests of the four groups were performed at 11 time points: 1 day
prior to stroke (—1) and days 1, 4, 7, 14, 21, 28, 35, 42, 49, and 56 post stroke.

4.12. Numbering Brain Cryosections

Rats were anesthetized and perfused transcardially with 4% paraformaldehyde. Frozen
sections were serially sectioned at 30 um in a cryostat and stained with cresyl violet and
immunocytochemistry staining for light microscopy (Supplemental Figure S1).

174



Int. J. Mol. Sci. 2022, 23, 3149

4.13. Cresyl Violet Staining

Brain sections were stained with 1% cresyl violet solution for 5 min, followed by
passing through a series of increasing alcohol concentrations (50%, 70%, 80%, 90%, 95%,
and 100%) for dehydration. Slides were then submerged twice in 100% xylene for 5 min
each. Finally, slides were mounted with a mounting medium (Fisher Scientific SP15-500)
and photographed under an optical microscope. The area of the normal left cerebral cortex
of each section was quantified using the software Image pro-plus. By subtracting the area
of the damaged cerebral cortex of the right hemisphere from the area of the normal left
cerebral cortex and multiplying by 30 um (thickness of the tissue section), the atrophy
volume of the cerebral cortex was obtained. Subsequently, the total atrophy volume of the
entire brain was gained by summing up the volume of all sections stained with cresyl violet.

4.14. Immunohistochemical (IHC) Staining

Brain sections were reacted with primary antibodies of mouse anti-neural nuclei
antigen (NeuN) antibody (Millipore, 1:250), mouse anti-ED1 antibody (Millipore, 1:500),
or mouse anti-human-specific nuclei antigen antibody (Millipore, 1:100) at 4 °C for 12 h.
Subsequently, the secondary antibody of goat anti-mouse IgG-conjugated biotin (Millipore,
1:250) was added and reacted for 1 h at room temperature. Slides were then washed with
0.1 M PBS three times (5 min each), reacted with avidin-biotinylated complex (ABC kit,
Vector) for 1 h, washed three times with 0.1 M PBS (5 min each), and developed with
DAB. After staining, the slides were mounted with a mounting medium (Fisher Scientific
SP15-500) and examined and photographed under an optical microscope.

4.15. Counting the Number of Neuronal Cells

Immunohistochemically stained with anti-NeuN antibody, the number of neuronal
cells per mm? within the cerebral cortex and striatum in right infarcted brain regions of five
brain slides at bregma +0.48 mm, —0.72 mm, —1.92 mm, —3.12 mm, and —4.32 mm was
quantified. Four fields (x20 objective lens) were selected at each brain section. The four
areas along the infarcted cortex were chosen for cell counting for the cerebral cortex and
the four areas below the corpus callosum were chosen for cell counting for the striatum.
Additionally, the numbers of neurons within the normal contralateral regions of the cerebral
cortex and striatum were also quantified to serve as a reference.

4.16. Perfusion of the Experimental Animals with Fluorescein Isothiocyanate-Dextran
(FITC-dextran)

Following anesthesia, the rats were injected with 0.2 mL fluorescein isothiocyanate-
dextran (FITC-dextran; 50 mg/mL, Sigma FD-2000S) through the left ventricle [12]. Two
minutes later, rat brain was obtained and placed in 4% paraformaldehyde fixation solution
for 24 h. For dehydration, the tissues were then submerged in 30% sucrose until the tissue
sunk to the bottom. Subsequently, the brain was covered with cryo-embedding media and
fixed on the cryostat for sectioning under —20 °C. The brain tissues were sectioned into
30 pm-thick slices, enabling observation, and brain vessel distribution was photographed
using fluorescence microscopy.

Five brain sections at bregma +0.48 mm, —0.72 mm, —1.92 mm, —3.12 mm, and
—4.32 mm, labeled with FITC-dextran, were analyzed using Image pro-plus. Along the
edges of the infarcted region in the right cerebral cortex, four fields (x20 objective lens)
were selected at each brain section. The four fields next to the infarcted cortex were
chosen for green fluorescence counting to measure the total length of FITC-dextran* blood
vessels, representing the total length of the blood vessels per mm?. In addition, the
percentage of FITC-dextran® area was quantified to represent the density of blood vessels.
The contralateral cerebral cortex without injury served as a corresponding reference.
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4.17. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Total RNA of the cerebral cortex was extracted using TRIzol® reagent (Invitrogen®
15596018). After quantification using a spectrophotometer, a total of 5 ug RNA was sub-
jected to reverse transcription (Invitrogen®). Subsequently, 2 uL. cDNA was used for PCR
with the following primers:

HUMAN RBFOX3: 310 bp
F: 5'-ATCCAGTGGTCGGCGCAGTCTAC-3'

R: 5-TACGGGTCGGCAGCTGCGTA-3'

Human GFAP: 122 bp
F:5-CTGGAGAGGAAGATTGAGTCGC-3'

R: 5-ACGTCAAGCTCCACATGGACCT-3

Rat GAPDH: 160 bp
F: 5'-CTCTACCCACGGCAAGTTCAAC-3'

R: 5-GGTGAAGACGCCAGTAGACTCCA-3

Human GAPDH: 176 bp
F: 5-TCCTCCACCTTTGACGCT-3'

R: 5-CTTCCTCTTGTGCTCTTG-3'

The temperature setting was as follows: denature for 1 min at 95 °C; annealing
for 1 min at 59 °C; extension for 1 min at 72 °C. After 35 cycles, the PCR products
were analyzed by agarose gel electrophoresis and visualized and photographed with
a UV transilluminator.

4.18. Statistical Analysis

All data are presented as the mean 4+ SEM. Comparisons of the means were performed
using one-way ANOVA. Multiple comparisons were further conducted with Tukey’s test.
p < 0.05 was considered statistically significant.

5. Conclusions

HUMSCs transplanted into the cerebral cortex of rats with chronic stroke did not
differentiate into neurons or astrocytes. Recovery or preservation of the infarcted region in
rats with chronic stroke might be mediated via the cytokines secreted by the transplanted
HUMSCs, which protected the neuronal cells and promoted angiogenesis in the infarcted
region. These results are important for the design of future clinical trials.
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Abstract: Advances in aging studies brought about by heterochronic parabiosis suggest that aging
might be a reversable process that is affected by changes in the systemic milieu of organs and
cells. Given the broadness of such a systemic approach, research to date has mainly questioned the
involvement of “shared organs” versus “circulating factors”. However, in the absence of a clear
understanding of the chronological development of aging and a unified platform to evaluate the
successes claimed by specific rejuvenation methods, current literature on this topic remains scattered.
Herein, aging is assessed from an engineering standpoint to isolate possible aging potentiators via a
juxtaposition between biological and mechanical systems. Such a simplification provides a general
framework for future research in the field and examines the involvement of various factors in aging.
Based on this simplified overview, the kidney as a filtration organ is clearly implicated, for the first
time, with the aging phenomenon, necessitating a re-evaluation of current rejuvenation studies to
untangle the extent of its involvement and its possible role as a potentiator in aging. Based on these
findings, the review concludes with potential translatable and long-term therapeutics for aging while
offering a critical view of rejuvenation methods proposed to date.

Keywords: aging; rejuvenation; kidney; filtration organ; plasma proteomics; heterochronic parabiosis;
metabolic pathways; urine proteomics; metal clearance; aging biomarkers

1. Introduction

Aging literature has shown remarkable advances over the past two decades and has
produced significant milestones that might allow for the first time to view aging as a disease
that is not only treatable but also reversible [1-3]. However, these claims remain to date
under dispute, as sustainable aging reversal methods are yet to be identified, and in the
absence of universally accepted aging biomarkers that successfully isolate healthy aging
from disease phenotypes associated with it, its classification as a disease is premature. Thus,
although aging is still not officially classified as a disease, it is still a prominent risk factor
for a multitude of chronic ones. Admittedly, when it comes to geroscience, it is hard to sum
up, findings in the field using clear and comparable metrics, largely since it is very diverse,
spanning lifestyle factors [4-7], dietary recommendations [8-12], pharmaceutical interven-
tions [13,14], and young blood plasma transfusions [15], in addition to cell reprogramming
agents [16-18]. Additionally, most current literature on the topic ignores the global process
of aging, specifically its primary driver and chronological progression, instead of focus-
ing on specific manifestations of it. However, the biggest challenge in assessing current
findings on aging is the lack of a common quantifier of biological age. To date, most rejuve-
nation studies measure the reversibility of some molecular and genetic markers of certain
aging-associated chronic diseases or parameters, while the use of systemic cellular and
molecular quantifiers of biological aging remains confined to a limited number of studies.
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This might be due to the fact that measures of biological aging are themselves diverse and
continuously advancing, as some rely on assessing circulating C-reactive protein (CRP),
p16INK4a, or telomere attrition, the latter two being also common biomarkers of cellular
senescence [19-23]. The most promising biological aging quantifier, however, seems to be
DNA methylation, which was presented through several aging “clocks,” such as Horvath’s
or Hannum'’s, that helped introduce lifespan predicting ones, such as PhenoAge and Grim-
Age [24,25]. Despite challenges in adopting such methodologies into broader clinical use, as
a definite measure of biological age today, the promise of an accurate and precise biological
age quantifier is undoubtedly closer than ever, which would be the ultimate judge on the
success of any advocated rejuvenation method. Nevertheless, until a unified platform and
parameters in geroscience are set, assessing the value of these largely scattered findings
remains taxing, especially via well-established scientific methods, such as meta-analysis.
More importantly, the effort to bridge these findings to attain a complementary understand-
ing of the systemic phenomenon of aging is becoming increasingly demanding due to the
exponential increase of publications in the field.

There are several excellent reviews that detail the recent advances made in all re-
juvenation strategies, including quantifiers of biological aging, or age metrics, some of
which have already been referenced in the introduction. Therefore, this review attempts
to shine a light on a possible systematic aging factor that has been overlooked thus far.
Moreover, by critically reviewing the latest findings on aging and rejuvenation strategies,
we propose new avenues to address aging and to understand its chronological progression.
In the following sections, we start with a juxtaposition between the aging of biological and
mechanical fluidic entities. This over-simplification primarily aims to provide an overview
of the major systemic causes of aging, in order to break down this phenomenon into main
categories that can be targeted and studied. This primary analysis clearly indicates that
the filtration system presents a clear gap in aging studies to date. Next, hallmarks of
biological aging are discussed, where several milestone publications were able to identify
clear aging phenotypes on molecular, cellular, and organismal levels. Nevertheless, no clear
understanding of aging progression over time, specifically primary causes and downstream
targets, is available to date. Following this analysis and based on the gap in addressing the
role of systemic filtration on aging, the role of the kidney specifically on various known
aging targets is reviewed, namely the role of the kidney in handling metabolic by-products,
metal, circulating aging factors, and plasma clearance. Next, a critical review of present
rejuvenation strategies is provided to assess their long-term significance and practicality.
Finally, we conclude by exploring possible future rejuvenation avenues that need to be
developed to address the complex topic of healthy aging.

2. An Engineering Perspective on Biological Aging

The degradation of physical entities, whether biological or non-biological, over time
can be regarded as one of the fundamental natural laws, specifically the second law of ther-
modynamics. Nevertheless, biological systems are exceptionally resilient due to their built-
in maintenance and renewal capabilities that defy non-biological ones in their complexity
and efficiency. These systems, however, are far from perfect and eventually exhibit systemic
malfunctions that lead to various errors/diseases and finally degrade, leading to death.

However, compared to the vastly diverse and complicated biological systems, me-
chanical fluidic ones are much simpler and rudimentary, which in a topic as complicated
and diverse as aging brings about a much-needed simplicity that can potentially provide a
unified platform to assess and measure this process in a more organized and structured
manner. The aging of mechanical devices can be ascribed to a set of simple parameters,
such as fatigue and stress-induced on moving and load-bearing parts. Additionally, in
fluidic systems, the aging of mechanical parts is due to either external environmental
exposure or internal corrosion due to a buildup of contaminants within the circulating
fluid. These contaminants tend to accumulate over time on internal surfaces, compromising
component integrity and eroding their protective and insulating layers due to undesirable
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chemical reactions, as shown in Figure 1. Therefore, the most important measures to ensure
a long service life of any fluidic system rely on using good quality materials, protecting
against external environmental factors, and maintaining a robust and changeable filtration
system. Notably, the more complex, and sensitive the fluidic device’s components are, the
more sophisticated filtration systems become to ensure a secure and safe operation of all
internal components.

Machine Versus Biological Aging
Central control
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Control System Aging Central Control
Component Attrition J System (hypothalamus)

External | - | Aging Skin
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X
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Figure 1. Causes of aging: Juxtaposition between mechanical fluidic and biological systems.

Based on this analogy, external body parts are obviously susceptible to accelerated
aging due to environmental stress, such as UV light, heat, cold, and possible reactionary
agents [26,27]. On the other hand, moving and load-bearing parts, such as joints, the heart,
muscles, and bones are subject to wear and tear [28,29]. This leaves behind the systemic
cause of aging, where fluid integrity that is largely controlled by the filtration system is
in question. In biological systems, where organ functions are not as clear cut as in their
mechanical counterparts, the single most comparable organ in charge of fluid filtration
is the kidney, which seems to have the highest burden in protecting the entire system
from contamination build-up. Yet, interestingly, the kidney as an organ has never been
considered for its possible role in physiological aging thus far, despite the clear correlation
between the functional decline of the kidney and physiological aging in humans.

Reduced kidney function generally starts in the late thirties, which is concomitant
with the onset of aging, and continues to degrade over the years; nevertheless, it is not
considered an issue from a medical standpoint until the loss of function reaches more
than 50% [30,31]. Furthermore, while the effect of the loss of kidney function beyond
the critical threshold is well documented, there is no account for the effect of reduced
kidney function on the body in general and whether this gradual damage plays a role in
the initiation or acceleration of the biological clock. Kidney disease, or the reduction in its
functionality beyond 50%, is associated with inflammation, oxidative stress, sympathetic—
vagal imbalance, and circadian rhythm, in addition to tissue atrophy, increased protein
catabolism, and the activation of the stress resistance response [32], all of which are directly
related to aging. Additionally, of the limited chronic diseases known to cause premature
biological aging, such as heart failure, obstructive pulmonary disease, rheumatoid arthritis,
and HIV, kidney disease is one of the most common [33-37]. Aging hallmarks of these
diseases include muscle atrophy, vascular disease, and general frailty [32,35,36], which
might be attributed to the sedentary lifestyle that often accompanies chronic diseases.
Nevertheless, these diseases also share cellular markers of aging and senescence, namely
telomere attrition and p16INK4a accumulation [38].
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Of course, correlation alone does not establish causation, especially when considering
the complex nature of the aging process and its interpersonal variations. Therefore, a closer
re-assessment of aging hallmarks and successful “rejuvenation” methods are warranted to
elucidate the possible extent of the kidney’s involvement in aging.

3. Hallmarks of Aging: The Complexity of Cause and Effect

In general, aging hallmarks are consistent on physiological, organ, cellular, and molecu-
lar levels. Several review articles have covered aging hallmarks comprehensively [20,39,40],
therefore, they will not be detailed herein, rather, the association between these hallmarks
will be viewed. Early on, in 2013, Lopez-Otin et al. proposed dividing the hallmarks of
aging into primary hallmarks identified as genomic instability, telomere attrition, epigenetic
alterations, and impaired proteostasis, as the main initiators of the aging process. This is
followed by another set of aging hallmarks as a response, which manifest in deregulated
nutrient sensing, mitochondrial dysfunction, and cellular senescence that eventually lead to
integrative aging hallmarks such as stem cell exhaustion and altered intercellular communi-
cation [39], as shown in Figure 2. This work by Lopez-Otin et al. presents one of the earliest
and most comprehensive reviews on aging, with a rare insight into the possible hierarchical
and chronological sequence of the aging process that has been the cornerstone of many
studies since. The timing of the article also reflects a transitional period in aging research
between the two opposing views that regarded this process either as unidirectional or
reversible. This might be behind the interpretation that the aging process is fundamentally
cellular in nature, and that somatic cell exhaustion is behind the global aging phenomenon
that is exacerbated by stem cell exhaustion at its later stages. While this view holds merit in
some of its details, it has been challenged by rejuvenation research that has been flourishing
at the same time, particularly those pertaining to heterochronic parabiosis, where extra-
cellular factors alone that are devoid of any stem cells were shown to have rejuvenating
effects capable of reversing the hallmarks of cellular and molecular aging [41-43]. In other
words, extracellular factors might be implicated in renewing or maintaining endogenous
cellular repair mechanisms. Thus, experimental evidence that rejuvenation studies provide,
may allow for an overview of the aging process’s hierarchy to discern the root cause of the
phenomenon, and ultimately address the source of the disease itself.

Pathological Development of Aging
Based on Recent Rejuvenation Studies

Pathological Development of Aging

Causes of Damage

Genomic instability
Telomere attrition
Epigenetic alterations

Primary Hallmarks

CellularGenomic
Aging

Cell reprogramming factors
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Antagonistic Hallmarks
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CellularNutrient
Deregulated nutrient sensing Sensing Pathway
Mitochondrial dysfunction
Cellular senescence

Integrative Hallmarks
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Figure 2. The pathology of aging and the causative relationship between its hallmarks. An illustration
of the differences between theoretical assumptions regarding the hierarchical order of the aging
process [39] and the various experimental avenues that show the complex relationship between the
various hallmarks of aging. These include targeting nutrient sensing pathways [6,7,44-47], circulating
factors and young plasma [48-51], senescent cell ablation [52-56] and cell programming factors [57,58].
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4. Circulating Factors of Aging and the Kidney

The most obvious drawback of targeting certain “aging” pathways is indeed the
complexity and subtle role of the variation of these pathways in different cell types and
tissues, which hinders such methods from becoming a widely adaptable and long-term
solution for aging. To be clear, while none of the targeted approaches seem to provide a
solution to the accumulation of contaminants within the bloodstream, in the absence of a
cure for a malfunctioning filtration system, reducing the build-up of metabolic waste with
the adoption of a restricted calorie intake, for example, can understandably decelerate the
aging process, in addition to the various other factors that add up to achieve the effects
observed using such approaches. In this regard, the kidney primarily functions as a purifier
of metabolic by-products and a maintainer of plasma mineral homeostasis; additionally,
it also filters out small to medium size proteins, all of which have been shown to affect
biological aging in one aspect or another.

4.1. Metabolic by-Product Clearance and Kidney-Associated Protein Metabolism

It is known that the estimated glomerular filtration rate (eGFR), which is a measure
of serum creatinine levels, reduces gradually with age, even among healthy people [44].
In fact, according to one study in an Italian population, the prevalence of reported kidney
disease is merely 3.3% in the group with eGFR < 60 mL/min /1.73 m? [45]. Reduced eGFR
is shown to be significantly associated with uric acid, urea, and free ammonia accumulation,
particularly citrulline, glycine, and phenylalanine [46]. Based on recent findings, elevated
levels of serum uric acid alone, or hyperuricemia, has been linked with gout [47], bone and
tissue damage [48], heart disease [49], high blood pressure [50], fatty liver [51], and type
2 diabetes [52], all of which are associated with aging. Therefore, it is worth considering
that aging can be defined as an ailment that grows underneath clinically defined disease
thresholds, much like contaminant levels within the blood stream. Nevertheless, there are
additional metabolic factors involved in reduced kidney function. In a recent study by
Chen et al. (2020), comparative blood and urine metabolomics analysis was conducted
that identified 32 significantly altered compounds between healthy young and elderly
groups [59]. The most noteworthy of which were decreased serum levels of albumin lysyl
and essential amino acids, and increased levels of N-acetyl glycoproteins and lipids. On
the other hand, urine samples of the elderly had elevated levels of trimethylamine N-oxide,
scyllo-inositol, citrate, and ascorbic acid, with decreased levels of amino acids and acetate,
among others. Taking into consideration that this is the first age-associated study that
compares variations between serum and urine, it provides a rare insight into possible
causative factors involved in metabolic changes associated with aging. Nevertheless, the
limited number of participants (33 in each group) emphasizes the importance of conducting
more comprehensive research in this area based on larger groups of participants in different
populations. While there is no doubt that progressive loss of kidney function leads to
changes in protein/amino acid exertion, changes in kidney metabolism itself might be
implicated in the deregulation of vasoactive compounds and hormones leading to health
complications in the elderly [60]. Such changes can be used as possible aging markers, based
on urine samples alone, according to a recent study by Teruya et al. (2020) that identified
55 possible metabolic markers, most of which are highly correlated with creatinine [61].
Additionally, age-related changes in kidney-specific transcriptomics can provide additional
insight on its role in systemic aging [62].

4.2. Urine Metal Concentration and Aging

Although protein metabolism and its by-product clearance have well-founded effects
on aging and age associate diseases in general, the role of mineral homeostasis and the effect
of reduced kidney function is less evident. Nevertheless, based on several studies, urine
metal clearance increases with age systematically, allowing it to be used as a predictor of
biological aging, particularly iron, zinc, and manganese clearance [62,63]. The importance of
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increased metal clearance can be demonstrated by the role that some metals play in various
organic functions, such as hormone production, blood oxygenation, and enzyme formation.

Iron is one of the most important non-organic elements for a biological system. Iron
deficiency has been associated with decreased cognition and functional ability in the
elderly, which might be a downstream effect of reduced blood oxygenation [64] that is by
far the most important role of iron. The prevalence of anemia increases with age, starting
with 17% up to 45% in the nursing home elderly population [65]. On the other hand,
the importance of zinc stems from it being an essential component in various biological
processes, such as genomic repair [66], growth and reproduction [67], protection against
inflammation [68], immunity [69], wound healing, and enzyme synthesis [70], in addition
to its important role in maintaining central nervous system function [71]. Additionally,
the serum zinc/copper ratio is associated with bone mineral density, which implicates the
detrimental effect of reduced serum zinc levels on skeletal health [45]. Finally, when it
comes to manganese, unlike iron and zing, its biological role is limited to trace amounts
for various biological functions including enzyme synthesis [46]. Additionally, since it is
available in most diets, its excess expression in urine is associated with toxic exposure,
which leads to several neurodegenerative diseases [47]. In fact, according to Nwanaji-
Enwerem et al. (2020), manganese can be considered an important phenoage as a 1 ng/mL
increase in its concentration in urine is associated with a 9.93 year increase in biological age
defined by DNA methylation clocks [44].

Most studies on urine metal concentration are presently within the realm of toxicology,
however, given the importance of certain metals in biological function, the effect of aging
on metal clearance and the specific role those various organs play in the process of their
circulation need to be clarified. Presently, based on the limited number of studies on this
topic, metal clearance seems to increase with age, which might enforce and/or propagate
age-related disease progression, without much evidence supporting its role in the onset
of aging.

4.3. Circulating Factors and Plasma Protein Clearance by the Kidney

There have been several extensive studies that undertook the examination of plasma
protein variations with age as a result of the rejuvenating effects observed with hete-
rochronic parabiosis. Nevertheless, studies on urine profile variation in connection with
age are less common outside of the aim of identifying disease phenotypes as a diagnos-
tic tool.

When it comes to plasma protein disparities with aging, one interesting study pre-
sented by Lehallier et al. (2019) was able to identify 1379 proteins that changed with
age [72]. More importantly, the stratification of changes in these protein concentrations
over time provides a rare insight into their association with the aging process itself. The
authors remarked that while some groups of proteins seem to be somewhat stable during
various life-stages and only start to increase exponentially at the onset of older age (>60
years), other “clusters” accelerate exponentially around mid-age (late 3040 years), and
some tend to increase/decrease linearly with age, as shown in Table 1. This remarkable
analysis identifies for the first-time proteins and their associated pathways implicated in the
aging process itself versus those that are a product of an aging system and a manifestation
of its malfunction. Based on this examination, it is obvious that clusters 3,4, 7, 8, and to a
lesser degree 5, represent proteins involved in the aging process. Specifically, clusters 3, 4,
and 7 present proteins that increase/accumulate in the plasma over time, while clusters
5 and 8 decrease with age. Table 1 details the main pathways implicated in these clusters,
outlined in the supplementary data provided by Lehallier et al. [72]. Apart from this im-
portant and rare global view of plasma protein changes, individually, the most significantly
age-associated proteins that are gender-independent can be reduced to, sclerostin (SOST),
growth differentiation factor 15 (GDF15), ADP ribosylation factor interacting protein 2
(ARFIP2), motilin (MLN), pleiotrophin (PTN), and scavenger receptor class f member 2
(SCARF2) that increase with age, while the expression of immunoglobulin superfamily
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DCC subclass member 4 (IGDCC4) and proto-oncogene tyrosine-protein kinase receptor
(RET) decrease over time.

Some of these individual proteins come as a confirmation for the results published by
an earlier study in 2018 by Tanaka et al., which presented another plasma proteomic analy-
sis of aging in healthy humans [73]. This investigation identified 197 proteins in connection
with aging, 20 of which are negatively associated. The top 10 most significantly affected
proteins are GDF15, PTN, a disintegrin and metalloproteinase with thrombospondin motif
5 (ADAMTSS), follitropin (CGA-FSHB), SOST, chordin-like protein 1 (CHRDL1), natriuretic
peptides b (NPPB), EGF-containing fibulin-like extracellular matrix protein 1 (EFEMP1),
macrophage metalloelastase (MMP12), and cathepsin (CTSV). Additionally, these pre-
viously identified circulating plasma factors include the detrimental decrease with age
of: growth differentiation factor 11 (GDF11) [74], oxytocin (OXT) [75], tissue inhibitor
of metalloproteinase 2 (TIMP2) [76], granulocyte-macrophage colony-stimulating factor
(CSF2) [76], growth hormone-releasing hormone (GHRH) [77], apelin (APLN) [78], cadherin
13 (CDH13) [79], extracellular nicotinamide phosphoribosyl transferase (eNAMPT) [80],
and thrombospondin-4 (THBS4) [81], in addition to osteocalcin (OCN) [82]. Circulating fac-
tors that instead increase with age include small cytokines (CCL2, CCL11 and CCL19) [83],
haptoglobin (HP) [83], and -2 microglobulin (B2M) [84]. In this regard, taking into consid-
eration that old blood seems to have a more damaging effect on organs and tissues than
young blood, more emphasis can be dedicated to those that accumulate over time.

When it comes to the general decline in kidney function and its effect on protein
clearance, to date, there is only one comparative proteomic analysis of age-associated
changes in urine, which included urine samples of 52 healthy men aging 19-54 years [85].
The study identified 259 urinary proteins and analyzed their tissue origin and function, out
of which 23 increased and one decreased with age. Although the list of major differentially
expressed proteins in urine does not correspond with major ones detected in plasma,
however, there seems to be a strong correlation between the molecular weight and the
amount of protein clearance with age, which can be associated with increased “leakage”,
as the kidney loses its protein retaining ability [85]. Therefore, an investigation into
plasma protein molecular weight can elucidate this filtration organ’s role in their signature
over time. Table 2 lists major plasma proteins affected by age and their molecular weight.
Interestingly, apart from SCARF?2, all proteins that increase with age within the bloodstream
seem to have a small (< 40 kDa) to medium (40-100 kDa) molecular weight. On the other
hand, while some small and medium molecular weight proteins seem to decrease with
age, large molecular weight plasma proteins (> 100 kDa) that decrease with age include
IGDCC4, RET, and THBS4. Additionally, the tissue origin of urine proteins that significantly
correlate with age can be traced back to the gonads and bones, then the liver, the pancreas,
the kidneys, the spleen, and the soft tissue, followed by the intestines and the larynx, in
descending order [85].
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On the other hand, investigating the possible association of a number of identified
plasma proteins with kidney function may lead to insights into the possible involvement
of renal function in a mechanistic way. However, such inferences can only be confirmed
via direct investigations to verify their causative association with an aging phenotype.
For example, higher serum levels of SOST, one of the proteins that increases with age, is
associated with reduced GFR, body mass index, male gender, and diabetes, in addition to
heritability [86]. Additionally, a chronic heart failure marker, namely GDF15, correlates
with parameters of kidney function [87,88]. Interestingly, 3-2 microglobulin, one of the
most well-established plasma factors of aging that is associated with inflammation [52],
cardiovascular events [53], impaired cognitive function [84], and even tumorigenesis [54],
has been shown to directly correlate with GFR [55]. This cellular metabolic product that is
normally filtered out directly via the glomerulus, accumulates over time in the system as a
function of reduced kidney function, to a point that it can arguably be used as a novel GFR
marker [55]. Another circulating factor that has been heavily studied as an aging marker in
relation with neural degeneration is eotaxin-1 (CCL-11) [56], which belongs to a chemokine
family and is linked to inflammation and allergic reactions [57]. Nevertheless, although
increased levels of cytokines and chemokines in plasma are largely regarded as systemic
senescence parameters of aging, interestingly, according to one in vivo study, cytokine
production increases due to induced bilateral nephrectomy, concomitant with decreased
cytokine clearance [58]. Additionally, according to several studies, levels of cytokines and
chemokines in plasma can be used as markers of kidney disease [89].

Table 2. The molecular weight of plasma proteins that are affected with age.

Plasma Proteins that Increase with

Molecular Plasma Proteins That Decrease Molecular

Age Abbreviation Weight (kda) Ref. with Age Abbreviation Weight (kda) Ref.
Motilin MLN 5.19 [90] Cadherin-13 CDH13 7.57 [91]
Eotaxin CCL11 10.73 [92] Apelin APLN 8.57 [93]
C-CMotif Chemokine 19 CCL19 10.99 [92] Osteocalcin OCN(BGLAP) 10.96 [94]
C-CMotif Chemokine 2 CCL2 11.03 [92] Somatoliberin GHRH 1245 [95]
3-2-Microglobulin B2M 11.73 [96] Oxytocin-Neurophysin 1 OXT 12.72 [97]
. . . Granulocyte-Macrophage
Natriuretic Peptides B NPPB 14.73 [98] Colony-Stimulating Factor CSF2 16.3 [99]
Pleiotrophin PIN 1895 [9230]' Metalloproteinase Inhibitor 2 TIMP2 244 [99]
A Disintegrin And
Metalloproteinase with ADAMTS5 21.7 [98] Growth Differentiation Factor 11 GDFI11 45.1 [100]
Thrombospondin Motifs 5
. [90, Extracellular Nicotinamide
Sclerostin SOST 24.03 98] Phosphoribosyltransferase eNAMPT 55158} [101]
Growth Differentiation Factor 15 GDF15 34.15 [9980], Thrombospondin-4 THBS4 96.03 [102]
q Proto-Oncogene Tyrosine-Protein
Cathepsin L2 CTSV 37.33 [98] Kinase/ReceptorRet RET 124.39 [90]
Adp Ribosylation Factor Immunoglobulin Superfamily Dcc
Interacting Protein 2 ARFIP2 37.86 (%01 Subclass Member 4 IGDCC4 134.23 (%01
Haptoglobin HP 4521 [92]
Chordin-Like Protein 1 CHRDL1 51.18 [98]
Macrophage Metalloelastase MMP12 54.01 [98]
Egf-Containing Fibulin-Like
Extracellular Matrix Protein 1 EFEMP1 54.65 98]
Scavenger Receptor Class F SCARF2 94 [90]

Member 2

In conclusion, the intertwined role of kidney function into the various hallmarks of
aging is clear; however, its causative association with aging requires rigorous investigation
in order to elucidate the exact role of this filtration organ on the aging phenotype.

5. Rejuvenation Strategies: Systemic versus Targeted

From an engineering perspective, systemic factors, as those associated with the working fluid
and its integrity, seem to hold precedence over other rejuvenation methods, based on the aging
analysis presented earlier. Such a view is backed up by several publications on the rejuvenating
effects of young plasma on age-related diseases in animal models [89,103-105]. Nevertheless,
despite their success, these results are yet to be translated into clinical use, as presently their efficacy
hasn’t been demonstrated in the limited number of clinical trials conducted thus far [106,107].
Alternatively, assessments of the main drivers of these positive effects led to the discovery of

189



Int. J. Mol. Sci. 2022, 23, 4338

“circulating rejuvenation factors” in blood plasma [108-110]. Interestingly, investigations from
Berkeley University led by Dr. Conboy’s group demonstrated that without the benefits of “shared
organs” in heterochronic parabiosis animal models, the effect of young plasma in old animals
is different, although still present. In addition, an accelerated aging effect due to old blood is
more pronounced than the rejuvenating effects of young blood [111]. More importantly, a recent
study by the same group demonstrated that replacing half of the plasma of old mice with a
mixture of saline and albumin is sufficient to produce rejuvenating effects that meet, or even
exceed, those observed in heterochronic parabiosis [112]. The importance of such findings cannot
be underestimated, as it outlines the effect of contaminant buildup in the bloodstream on aging and
disease manifestations for the first time. Additionally, it might provide a more translatable clinical
solution to plasma transfer, which is riddled with issues of compeatibility, possible contamination,
and limited resources. What remains to be clarified though is the effect such methods have on the
biological clock itself, and how frequent blood “purification” procedures would be required to
maintain a youthful /healthy status.

Clinical experience from dialysis patients, as well as the few clinical trials that have
tested the concept of plasma exchange with specific components, show that improvements
come in a seesaw fashion that is often exhausting and inflicts organismal fatigue that
may be detrimental to the general system homeostasis [15,112-114]. This brings back into
question the efficacy of highly aggressive intermittent interventions versus a more constant
and stable long-term solution and redirects the discussion towards the possible effect of
“shared organs” in heterochronic parabiosis models. In particular, it is worth addressing
the role of filtration organs such as the kidney, as they are directly implicated in clearing
toxic buildup from the blood stream. As such, would a kidney-specific rejuvenation
scheme be the ultimate answer to a translatable medical solution for aging? It is clear
by now that there is an association between kidney function and some identified plasma
circulating factors that are implicated in aging. Nevertheless, it is also worth evaluating the
increasing body of targeted rejuvenating agents that have shown promising results, with
some managing to turn the aging clock of DNA methylation by 2.5 years [115]; namely, the
nutrient-sensing pathway, cell senescence and a senescence-associated secretory phenotype
(SASP), in addition to epigenetic interventions.

5.1. Targeting Nutrient-Sensing Pathways

Aging and two of the most prominent chronic diseases mostly associated with it,
diabetes and obesity, share the deregulation of nutrient sensing pathways and sporadic
low-grade inflammation. A deregulated metabolism has been shown to be a function of the
activation of high nutrient-sensing pathways, such as insulin and insulin-like growth factor
1 (IGF-1), that in turn target the forkhead box O transcription factor (FOXO) and mechanistic
target of rapamycin (mTOR) complexes. This is accompanied by the downregulation of low
nutrient-sensing ones, such as AMP-activated protein kinase (AMPK) and Sirtuins [116].
The effect of these pathways on cellular aging has been solidified by countless studies that
stretch back to the earliest rejuvenation investigations based on calorie restriction (CR) [8].
In this regard, it has been demonstrated that blocking one of the pathways or gene targets
of IGF-1 or mTOR can be linked with increased energy expenditure, enhanced activity of
brown adipose tissue, and improved mitochondrial oxidative metabolism [117]. In fact,
these effects have been observed previously in dietary restriction with regards to longevity
across all species, which is believed to shift cellular metabolism towards maintenance
instead of reproduction and growth [118]. Additionally, mTOR signaling is a key regulator
of cell cycle arrest and autophagy [119], which is essential in suppressing the accumulation
of senescent cells, making it an interesting target for both senolytic and nutrient-sensing
rejuvenation schemes. Moreover, while insulin and IGF-1 pathways are naturally decreased
in normal, as well as in accelerated aging, their forced inhibition seems to correlate with
longevity and rejuvenation [120].

Other nutrient-sensing pathways have also been investigated heavily in relation to
aging, including those that decrease with age, such as Sirtuins that rely on NAD+, a critical
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coenzyme in metabolism [121]. Pharmacological enhancement of NAD+ supplements has
shown beneficial effects on a range of metabolic diseases, nevertheless, singling out this
pathway has also been linked with increased SASP and tumorigenesis associated with the
accumulation of senescent cells and the inflammatory response, all of which contribute
to aging [122].

To be sure, nutrient-sensing pathways have been the most well-established avenue
thus far when it comes to healthy aging, with several documented clinical trials and data to
back up the advantages and trade-offs associated with it. The most promising pharmaceu-
tical interventions targeting these pathways to date are Rapamycin [123], Metformin [124],
and Resveratrol [125], to name only a few. Nevertheless, it is important to keep in mind
that targeted therapies, especially pharmaceutical interventions that are used continuously,
often come with shortcomings that would eventually limit their benefit. This is not sur-
prising, given the complex and intertwined nature of nutrient signaling pathways with
those of the cell cycle, apoptosis, and autophagy. Rapamycin for example, which is the
most restricted drug within this category, is a known immunosuppressant and used as a
part of the chronic regiment of organ transplant patients, which provides an obvious set of
drawbacks for its continuous use.

On the other hand, while studies on the possible involvement of Metformin in de-
mentia and memory loss are contradictory [126,127], its role in diminishing the absorption
of vitamin B12 resulting in possible nerve damage or anemia, is well documented [128].
Additionally, Metformin is implicated in lactic acidosis and kidney damage, which might
be aggravated by reduced kidney function [129,130]. While these risks are not considered a
major concern for diabetes patients since their condition is already a risk factor for nerve
damage and inflammation, the use of this drug for longevity purposes might be contro-
versial without a proper long-term assessment of its effects. Conversely, Resveratrol is a
natural phenol found in many plants, making it a widely available food supplement that
has been shown to improve health, including renal and cognitive functions [131] rather than
demonstrating tangible effects on the lifespan [125]. More importantly, effective doses used
in aging literature far surpass the daily doses available in the market. Thus, as promising
as these interventions may be, even the most benign of which, such as caloric restriction,
has been found to have conflicting results on different species [132]. Therefore, it is obvious
that systemic rather than targeted therapies can be considered as a more sustainable avenue
towards rejuvenation, bringing the spotlight towards the organs that are mostly involved
in nutrient regulation.

The “filtration” organ that is mostly associated with metabolism is the liver, as it is
responsible for regulating most metabolic pathways including glucose, lipids, and insulin
sensitivity. Therefore, it is not surprising to consider the aging liver, particularly liver
sinusoidal endothelial cells (LSECs), as contributors to biological aging [133]. Additionally,
the liver is linked with the production of methyl compounds, that are involved in DNA
methylation, one of the main hallmarks and quantifiers of biological aging [134]. Neverthe-
less, despite the liver’s central role, only a limited number of studies have been dedicated
to the full elucidation of its exact role in aging. Thus, more studies are warranted to un-
derstand the effect of the liver on aging and rejuvenation. Nonetheless, it is worth noting
that, unlike the kidneys, the liver has unique aging characteristics that mostly manifest
over the age of 60 [90], by which time, biological aging hallmarks are already set in most
populations, which alleviates its direct implication in aging as a causative agent, or limits
it to certain age-associated disease phenotypes. On the other hand, the kidney, the organ
that escorts the body in its aging journey, and is responsible for clearing metabolic waste
from the bloodstream, can also be implicated in metabolism due to its role in vitamin D
synthesis [98], the deficiency of which has been shown to participate in aging, metabolism,
and age-associated diseases [98,100].
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5.2. Senolytic Drugs, the New Pharmacological Focus of Rejuvenation

Although the word senescence is derived from its Latin origin meaning “old”, its
implication in propagating the aging process itself has been, up until recently, controversial.
This controversy is due to the mostly beneficial views towards senescence, particularly with
regards to tissue repair [99], wound healing [95], protection against cancer progression [93],
and embryonic development [91]. Therefore, cell senescence was generally regarded as
a product of aging, induced by telomere attrition, rather than a possible causative agent.
However, a closer examination of the effect of senescent cells on the extracellular milieu, in
particular SASP, elucidated the detrimental effects of this phenomenon on aging tissues
and organs [101]. The state of proliferation arrest that defines senescent cells is recognized
now as a metabolically active state that secrets cytokines, chemokines, proteases, and
growth factors that include among others, interleukins (IL-1p3, IL-6, IL-8), TGFB1, and
WNT16B, which propagate senescence across tissues and organs [101]. Markers associated
with senescence are cyclin-dependent kinase inhibitors pléINma and p21CIP1, which are
implicated in cell-cycle arrest [91,101]. This clear senescence marker identification, and
the advent of animal models lacking p16™K42 in 2001 by two different groups [94,102],
or INK-ATTAC transgenic mice that allow for the elimination of cells over-expressing
p16™K4 ysing a targeted drug [96], permitted a clear demonstration of the major effect
of cellular senescence on biological aging. Based on these findings, it is clear that cellular
senescence is one of the clearest examples of antagonistic pleiotropy [135,136].

A study conducted by Baker et al. (2016) using INK-ATTAC transgenic mice, was
able to show that senescent cell ablation extends the lifespan, delays tumorigenesis, and
attenuates age-related diseases. This method, however, caused partial and tissue-selective
removal of senescent cells, with varying degrees on different organs [96]. In particular,
while this method did not affect the colon and the liver, it had a very noticeable effect on
the kidneys, the heart, and the adipose tissue. More importantly, senescent cells appear to
have specific effects on different organs rather than a uniform systemic role. In this study,
it was shown that it caused a hyper-activation of the local renin-angiotensin-aldosterone
system (RAAS), progenitor cell dysfunction, and cardiac Sur2a downregulation in kidney,
adipose, and heart tissues of old mice, respectively [96]. This variation in SASP mechanistic
action opens speculation on the scope of SASP effect and whether this senescence-associated
secretome can differ from one tissue to another, and more importantly, if such tissue-specific
extracellular vesicles can be traced back in plasma to their original source, thus defining
the extent of specific organ SASP on surrounding tissues, organs, and systems.

Several clinical trials are being performed presently to investigate the therapeutic effect
of senescent cell ablation on specific organs and medical conditions, such as the kidney
(NCT02848131) and osteoarthritis (NCT03513016). Such pharmaceutical interventions
include the use of Dasatinib and Quercetin in a controlled manner and over a short period
of time. Although the results obtained thus far seem to be promising, given the important
role of cell senescence in general physiological functions, such treatment modalities can be
used intermittently to remove the excess accumulation of senescent cells that otherwise
would overwhelm the immune system. Nevertheless, the effectiveness and long-term
benefits of such an approach remains to be determined.

5.3. Cellular Reprogramming and Genetic Rejuvenation

When it comes to addressing the concept of “rejuvenation” as opposed to healthy
aging, cellular reprogramming is the only one to show a significant reversal of cellular aging
hallmarks. Therefore, this promising experimental procedure holds amazing promise for
future applications, including system and organ-specific rejuvenation. In 2007, Yamanaka
factors were identified after the extensive stripping of transcription factors down to four
distinct genes: octamer-binding transcription factor 4 (OCT4), Kruppel-like factor 4 (KLF4),
SRY (sex-determining region Y)-box 2 (5OX2), and proto-oncogene MYC (C-MYC), that
were dubbed OKSM [137]. Concurrently, Yu et al. introduced another set of four reprogram-
ming factors that included OCT3/4, SOX2, NANOG, and LIN-28 [138]. Since then, other
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reprogramming agents were presented including micro-RNAs (miRNA) [139,140] and
long non-coding RNAs (IncRNA) [141] that aid in the partial reprogramming of somatic
cells into different types, otherwise called trans-programming. However, such methods
preserve the methylation profile of the original cell, thereby preserving their cellular age
profile [139,140]. The importance of cell reprogramming, however, extends beyond aging
towards the creation of small organoids that can potentially be harvested and used to treat
certain diseases, where preservation of DNA age and methylation are considered beneficial.

Thus far, the major issue that hinders the development of this rejuvenating interven-
tion in a clinical setting is its unpredictability due to the complete reversal of the somatic
cell into an induced pluripotent stem cell (iPSC) state. Thus, the manner in which these
cells would develop in vivo is highly dependent on extracellular conditions and cannot
be guaranteed to adopt a restorative or a regenerative role if surrounded by disease phe-
notypes. Such inferences can be made based on the numerous studies conducted on stem
cell organ and tissue regeneration [141-143]. However, the most attractive feature of cell
reprogramming is that once differentiated in vitro into specific cell types, cells can retain a
youthful methylation and transcriptomic profile, although this might require additional
treatment to ensure resetting the methylation signature of the cell [144]. However, suc-
cessful methods of reverting cellular aging markers, including their methylation signature,
without the induction of cell de-differentiation, are yet to be accomplished. Regardless,
in vivo partial rejuvenation was effective using short term induction of Yamanaka factors,
which restored DNA damage and ameliorated certain aging hallmarks such as deregulated
histone and senescence-associated genes leading to a 20% increase in the lifespan of these
animal models [145]. This success though does not diminish the possibility of developing
other disease conditions or phenotypes, as more comprehensive research is still needed in
this area to ensure its safety and translatability into clinical applications.

6. Future Outlook and Conclusions

Given the clear differences between a biological system and a mechanical one, any
comparison must consider the inherent complexity of biological components, particularly
when it comes to the diverse roles that each organ plays and the often-overlapping functions
within the system in general. As such, an association of a single organ, such as the kidney,
with the complex phenomenon of aging can only be taken as a percent involvement instead
of an absolute one. Nevertheless, it is obvious, that contaminant build-up in the working
fluid is responsible for significant health issues typically associated with aging. Based on
such evidence, specific studies designed to isolate the effect of reduced kidney function
on aging are warranted, particularly in the absence of such inferences in the field to date.
More importantly, establishing rigorous methods to evaluate the percentage role of specific
organs in aging might help establish organ-specific intervention methods that can make
use of existing therapeutics and rejuvenation techniques in a more translatable manner.

Organ-specific therapeutics, for example, have seen incredible advances over the
past decade, with such methods relying on cell reprogramming techniques to provide
long-term solutions for a set of chronic diseases. The use of organoids to restore the
functionality of some organs, such as the liver, is one of the most promising therapeutic
approaches to date [144,146]; although, there are still many challenges that need to be
addressed [147]. Organoid and stem cell-based kidney-specific therapeutics are already
advancing presently [148,149]. The main challenge that such treatment modalities face is
that they are used as a last resort against severe disease conditions, which entails highly
toxic cellular microenvironments. However, repurposing these techniques to treat reduced
organ function associated with specific age milestones might eventually be more successful
in organ and system maintenance in general.

From a biomedical engineering perspective, future interventions can hold some in-
teresting diagnostic and therapeutic solutions. Such designs are still under investigation,
however, the need for an implantable diagnostic tool to successfully measure and report
the plasma levels of known toxins, hazardous agents, and disease markers, can potentially
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help prevent and resolve disease conditions at their early stages [150]. Particularly since,
once the symptoms of aging associated diseases manifest, existing therapeutics become
increasingly limited. This is particularly important in the context of rejuvenation studies,
as aging tends to take hold before any specific disease phenotype is manifested. Further
advancements in implantable technology can potentially be actively involved, instead of
passively reporting diagnostic data wirelessly [151]. Such devices can potentially remove
toxic components in a selective manner and store them until it reaches saturation, only to be
removed and replaced with another membrane. This additional filtration mechanism could
possibly prevent an extensive list of chronic diseases while providing medical screening
and diagnostic tools. Presently though, advances in medical research are far more advanced
than their counterparts in biomedical engineering, which is fraught with several challenges
and restrictions that hinders their swift development [152]. In particular, implantable de-
vices have to be biocompatible while ensuring an optimum interface with their surrounding
tissue and fluids [153]. Tissue build-up is a common problem that such devices face, which
causes a reduction in the efficacy of sensors and detectors in an exponential manner [154].
Additionally, other engineering concerns include battery lifecycle [155], degradation over
time [151], and information transmissibility [156]. While some of these issues have been
addressed by the advent of several biocompatible and non-toxic implantable materials, the
design of a completely independent long-term implantable device that relies on implantable
in vivo energy-harvesting fuel cells is still challenging. Thus, while future medical solu-
tions can be very promising, present biomedical knowledge can successfully tackle aging
diseases successfully once efforts are directed towards biological systems maintenance
instead of damage control.

In conclusion, we herein attempt to provide a general platform to address aging,
where we stress the importance of having standardized biometrics used in rejuvenation
studies. Such a platform can potentially allow for the assessment and comparison of any
advances made in the field and build upon their success. More importantly, we herein
attempt to shine a light on a rejuvenation avenue that has been largely overlooked. The
new methodology targets the kidney specifically, which has an aging profile that coincides
with overall systemic aging, based on the possible role of filtration organs and contaminant
build up on aging. This hypothesis is further examined by reviewing the involvement of
the kidney in various known aging factors and after listing existing rejuvenation methods,
the possibility of focusing some of these on kidney maintenance becomes very interesting
within the context of systemic rejuvenation. The possible involvement of the kidney in
aging brings about the need for a large body of research to confirm its direct role in this
process. Additionally, once established, numerous rejuvenation methods can be explored
in order to maintain the functionality of the kidney as a filtration system or bring about
diagnostic or other engineering solutions to aid with the filtration process. However, given
that this particular topic has not been explored so far, and in the absence of any direct
findings on the possible involvement of the kidney in aging, this presents a major challenge
or a limitation in the present review, as this hypothesis hinges on the amazing results
presented by Mehdipour et al., (2020), where replacement of plasma with a mixture of
saline and albumin was sufficient to produce the same rejuvenation effects observed in
heterochronic parabiosis. Additionally, the role of the central nervous system, and in
particular the effect of hypothalamus aging on energy homeostasis, hormone balance,
circadian rhythm, nutrient sensing dysfunction, stem cell exhaustion, loss of proteostasis,
and epigenetic alterations was not discussed [157,158], focusing more on major pathways
of rejuvenation studies instead. Thus, it is obvious that several studies are necessary to
elucidate the exact role of filtration on aging, but it is our belief that such an approach is
indeed warranted and merits further exploration.

Author Contributions: All authors contributed equally in this manuscript. All authors have read
and agreed to the published version of the manuscript.

194



Int. J. Mol. Sci. 2022, 23, 4338

Funding: This work is supported by the research funding granted to Satya Prakash from Canadian
Institute of Health Research (CIHR) Fund #201903PJT420512-PS-CFA A-47491.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: Data in Table 1 were reproduced with the approval of Lehallier et al. as shown
in attached document.

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

References

1. Mahmoudi, S.; Xu, L.; Brunet, A. Turning back time with emerging rejuvenation strategies. Nat. Cell Biol. 2019, 21, 32—43.
[CrossRef] [PubMed]

2. Katcher, H.L. Towards an evidence-based model of aging. Curr. Aging Sci. 2015, 8, 46-55. [CrossRef] [PubMed]

3. Campisi, J.; Kapahi, P.; Lithgow, G.J.; Melov, S.; Newman, J.C.; Verdin, E. From discoveries in ageing research to therapeutics for
healthy ageing. Nature 2019, 571, 183-192. [CrossRef] [PubMed]

4. Friedman, S.M. Lifestyle (Medicine) and Healthy Aging. Clin. Geriatr. Med. 2020, 36, 645-653. [CrossRef]

5. Sellami, M.; Bragazzi, N.L.; Slimani, M.; Hayes, L.; Jabbour, G.; De Giorgio, A.; Dugué, B. The effect of exercise on glucoregulatory
hormones: A countermeasure to human aging: Insights from a comprehensive review of the literature. Int. J. Environ. Res. Public
Health 2019, 16, 1709. [CrossRef]

6. Nilsson, M.I; Tarnopolsky, M.A. Mitochondria and aging—The role of exercise as a countermeasure. Biology 2019, 8, 40. [CrossRef]

7. Watanabe, M. Smoking: Additional burden on aging and death. Genes Environ. 2016, 38, 3. [CrossRef]

8. Ottinger, M.A. A Comparative Approach to Metabolic Aspects of Aging: Conserved Mechanisms and Effects of Calorie Restriction
and Environment. Prog. Mol. Biol. Transl. Sci. 2018, 155, 109-127.

9. Broskey, N.T.; Marlatt, K.L.; Most, J.; Erickson, M.L.; Irving, B.A.; Redman, L.M. The Panacea of Human Aging: Calorie Restriction
Versus Exercise. Exerc. Sport Sci. Rev. 2019, 47, 169-175. [CrossRef]

10. Badal, V.D.; Vaccariello, E.D.; Murray, E.R.; Yu, K.E.; Knight, R.; Jeste, D.V.; Nguyen, T.T. The gut microbiome, aging, and
longevity: A systematic review. Nutrients 2020, 12, 3759. [CrossRef]

11. Ottens, E; Franz, A.; Hoppe, T. Build-UPS and break-downs: Metabolism impacts on proteostasis and aging. Cell Death Differ.
2021, 28, 505-521. [CrossRef] [PubMed]

12.  De Cabo, R.; Mattson, M.P. Effects of Intermittent Fasting on Health, Aging, and Disease. N. Engl. ]. Med. 2019, 381, 2541-2551.
[CrossRef] [PubMed]

13. Hillson, O.; Gonzalez, S.; Rallis, C. Prospects of Pharmacological Interventions to Organismal Aging. Biomol. Concepts 2018, 9,
200-215. [CrossRef] [PubMed]

14.  Ros, M.; Carrascosa, ].M. Current nutritional and pharmacological anti-aging interventions. Biochim. Biophys. Acta-Mol. Basis Dis.
2020, 1866, 165612. [CrossRef]

15.  Kheifets, V.; Braithwaite, S.P. Plasma-Based Strategies for Therapeutic Modulation of Brain Aging. Neurotherapeutics 2019, 16,
675-684. [CrossRef]

16. Goya, R.G.; Lehmann, M.; Chiavellini, P.; Canatelli-Mallat, M.; Herefiti, C.B.; Brown, O.A. Rejuvenation by cell reprogramming: A
new horizon in gerontology. Stem Cell Res. Ther. 2018, 9, 349. [CrossRef]

17.  Singh, P.B.; Newman, A.G. Age reprogramming and epigenetic rejuvenation. Epigenetics Chromatin 2018, 11, 73. [CrossRef]

18. Lehmann, M.; Canatelli-Mallat, M.; Chiavellini, P.; Cénsole, G.M.; Gallardo, M.D.; Goya, R.G. Partial Reprogramming As An
Emerging Strategy for Safe Induced Cell Generation and Rejuvenation. Curr. Gene Ther. 2019, 19, 248-254. [CrossRef]

19. Kuo, C.-L,; Pilling, L.C.; Liu, Z.; Atkins, J.L.; Levine, M.E.; Levine, M.; Kuo, C.-L. Genetic associations for two biological age
measures point to distinct aging phenotypes. Aging Cell 2021, 20, €13376. [CrossRef]

20. Guerville, E; De Souto Barreto, P.; Ader, I; Andrieu, S.; Casteilla, L.; Dray, C.; Fazilleau, N.; Guyonnet, S.; Langin, D.; Liblau, R ;
et al. Revisiting the Hallmarks of Aging to Identify Markers of Biological Age. J. Prev. Alzheimer’s Dis. 2020, 7, 56—-64. [CrossRef]

21.  Vandenberk, B.; Brouwers, B.; Hatse, S.; Wildiers, H. P16INK4a: A central player in cellular senescence and a promising aging
biomarker in elderly cancer patients. J. Geriatr. Oncol. 2011, 2, 259-269. [CrossRef]

22.  Mensa, E.; Latini, S.; Ramini, D.; Storci, G.; Bonafe, M.; Olivieri, F. The telomere world and aging: Analytical challenges and
future perspectives. Ageing Res. Rev. 2019, 50, 27-42. [CrossRef] [PubMed]

23. Fasching, C.L. Telomere length measurement as a clinical biomarker of aging and disease. Crit. Rev. Clin. Lab. Sci. 2018, 55,
443-465. [CrossRef] [PubMed]

24.  McCrory, C.; Fiorito, G.; Hernandez, B.; Polidoro, S.; O’Halloran, A.M.; Hever, A.; Ni Cheallaigh, C.; Lu, A.T.; Horvath, S.; Vineis,

P; et al. GrimAge outperforms other epigenetic clocks in the prediction of age-related clinical phenotypes and all-cause mortality.
J. Gerontol. Ser. A 2020, 76, 741-749. [CrossRef]

195



Int. J. Mol. Sci. 2022, 23, 4338

25.
26.
27.
28.
29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.
42.

43.

44,

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

Horvath, S.; Raj, K. DNA methylation-based biomarkers and the epigenetic clock theory of ageing. Nat. Rev. Genet. 2018, 19, 371-384.
[CrossRef]

Krutmann, J.; Bouloc, A.; Sore, G.; Bernard, B.A.; Passeron, T. The skin aging exposome. ]. Dermatol. Sci. 2017, 85, 152-161.
[CrossRef]

Zhang, S.; Duan, E. Fighting against Skin Aging: The Way from Bench to Bedside. Cell Transplant. 2018, 27, 729-738. [CrossRef]
Bonewald, L. Use it or lose it to age: A review of bone and muscle communication. Bone 2019, 120, 212-218. [CrossRef]

Carina, V.; Della Bella, E.; Costa, V.; Bellavia, D.; Veronesi, F.; Cepollaro, S.; Fini, M.; Giavaresi, G. Bone’s Response to Mechanical
Loading in Aging and Osteoporosis: Molecular Mechanisms. Calcif. Tissue Int. 2020, 107, 301-318. [CrossRef]

Sierra, F.; Kohanski, R. Advances in Geroscience; Springer: Berlin/Heidelberg, Germany, 2016.

Alexander, ].W.; Bennett, L.E.; Breen, T.]. Effect of donor age on outcome of kidney transplantation. A two-year analysis of
transplants reported to the United Network for Organ Sharing Registry. Transplantation 1994, 57, 871-876. [CrossRef]
Stenvinkel, P; Larsson, T.E. Chronic Kidney Disease: A Clinical Model of Premature Aging. Am. |. Kidney Dis. 2013, 62, 339-351.
[CrossRef]

Langen, R.C.J.; Gosker, H.R.; Remels, A.H.V.; Schols, A M.W]. Triggers and mechanisms of skeletal muscle wasting in chronic
obstructive pulmonary disease. Int. . Biochem. Cell Biol. 2013, 45, 2245-2256. [CrossRef]

Crowson, C.S,; Liang, K.P; Therneau, T.M.; Kremers, H.M.; Gabriel, S.E. Could accelerated aging explain the excess mortality in
patients with seropositive rheumatoid arthritis? Arthritis Rheum. 2010, 62, 378-382. [CrossRef]

Amann, K; Ritz, E. Cardiovascular abnormalities in ageing and in uraemia—only analogy or shared pathomechanisms? Nephrol.
Dial. Transplant 1998, 13 (Suppl. 7), 6-11. [CrossRef]

Pathai, S.; Lawn, S.D.; Gilbert, C.E.; McGuinness, D.; McGlynn, L.; Weiss, H.A.; Port, ]J.; Christ, T.; Barclay, K.; Wood, R.; et al.
Accelerated biological ageing in HIV-infected individuals in South Africa: A case-control study. AIDS 2013, 27, 2375-2384.
[CrossRef]

Kooman, J.P; Broers, N.J.H.; Usvyat, L.; Thijssen, S.; van der Sande, EM.; Cornelis, T.; Levin, N.W.; Leunissen, K.M.L.; Kotanko, P.
Out of control: Accelerated aging in uremia. Nephrol. Dial. Transplant. 2013, 28, 48-54. [CrossRef]

Kooman, J.P.; Kotanko, P.; Schols, A.M.W.].; Shiels, P.G.; Stenvinkel, P. Chronic kidney disease and premature ageing. Nat. Rev.
Nephrol. 2014, 10, 732-742. [CrossRef]

Lépez-Otin, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. The Hallmarks of Aging. Cell 2013, 153, 1194-1217. [CrossRef]
Aunan, ].R.; Watson, M.M.; Hagland, H.R.; Sereide, K. Molecular and biological hallmarks of ageing. Br. J. Surg. 2016, 103, e29-e46.
[CrossRef]

Yates, D. Blood-derived rejuvenation. Nat. Rev. Neurosci. 2014, 15, 352-353. [CrossRef]

Conboy, LM.; Rando, T.A. Heterochronic parabiosis for the study of the effects of aging on stem cells and their niches. Cell Cycle
2012, 11, 2260-2267. [CrossRef]

Conboy, M.].; Conboy, I.M.; Rando, T.A. Heterochronic parabiosis: Historical perspective and methodological considerations for
studies of aging and longevity. Aging Cell 2013, 12, 525-530. [CrossRef]

Portugal-Nunes, C.; Costa Castanho, T.; Amorim, L.; Silva Moreira, P.; Mariz, J.; Marques, E.; Sousa, N.; Correia Santos, N.;
Almeida Palha, J. Iron status is associated with mood, cognition, and functional ability in older adults: A cross-sectional study.
Nutrients 2020, 12, 3594. [CrossRef]

Ryl, A.; Miazgowski, T.; Szyliriska, A.; Turon-Skrzypinska, A.; Jurewicz, A.; Bohatyrewicz, A.; Rotter, I. Bone health in aging men:
Does zinc and cuprum level matter? Biomolecules 2021, 11, 237. [CrossRef]

Parmalee, N.L.; Aschner, M. Manganese and aging. Neurotoxicology 2016, 56, 262-268. [CrossRef]

Gorell, ].M.; Johnson, C.C.; Rybicki, B.A.; Peterson, E.L.; Kortsha, G.X.; Brown, G.G.; Richardson, R.J. Occupational exposures to
metals as risk factors for Parkinson’s disease. Neurology 1997, 48, 650-658. [CrossRef]

Eriksen, B.O.; Palsson, R.; Ebert, N.; Melsom, T.; van der Giet, M.; Gudnason, V.; Indridasson, O.S.; Inker, L.A.; Jenssen, T.G.; Levey,
AS,; et al. GFR in healthy aging: An individual participant data meta-analysis of iohexol clearance in european population-based
cohorts. J. Am. Soc. Nephrol. 2020, 31, 1602-1615. [CrossRef]

Cirillo, M.; Laurenzi, M.; Mancini, M.; Zanchetti, A.; Lombardi, C.; De Santo, N.G. Low glomerular filtration in the population:
Prevalence, associated disorders, and awareness. Kidney Int. 2006, 70, 800-806. [CrossRef]

Mahbub, M.H.; Yamaguchi, N.; Takahashi, H.; Hase, R.; Yamamoto, H.; Kikuchi, S.; Tanabe, T. Relationship of reduced glomerular
filtration rate with alterations in plasma free amino acids and uric acid evaluated in healthy control and hypertensive subjects.
Sci. Rep. 2019, 9, 10252. [CrossRef]

Gibson, T. Hyperuricemia, gout and the kidney. Curr. Opin. Rheumatol. 2012, 24, 127-131. [CrossRef]

Nashaat, E.H.; Mohamed, M.M.; Aziz, T.M.; Nakhla, M.W. Serum Beta 2-Microglobulin as a Biomarker of Activity in Ulcerative
Colitis. QJM Int. ]. Med. 2020, 113, 10916. [CrossRef]

Shi, F.; Sun, L.; Kaptoge, S. Association of beta-2-microglobulin and cardiovascular events and mortality: A systematic review
and meta-analysis. Atherosclerosis 2021, 320, 70-78. [CrossRef] [PubMed]

Hyung, J.; Hong, J.Y.; Kim, S.; Ryu, J.S.; Huh, J.; Suh, C. Beta-2 microglobulin as a prognostic factor of primary central nervous
system lymphoma. Blood Res. 2019, 54, 285-288. [CrossRef] [PubMed]

Argyropoulos, C.P; Chen, S.S.; Ng, Y.H.; Roumelioti, M.E.; Shaffi, K.; Singh, PP; Tzamaloukas, A.H. Rediscovering Beta-2
microglobulin as a biomarker across the spectrum of kidney diseases. Front. Med. 2017, 4, 73. [CrossRef] [PubMed]

196



Int. J. Mol. Sci. 2022, 23, 4338

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Huber, A K;; Giles, D.A ; Segal, B.M.; Irani, D.N. An emerging role for eotaxins in neurodegenerative disease. Clin. Immunol. 2018,
189, 29-33. [CrossRef] [PubMed]

Jose, PJ.; Griffiths-Johnson, D.A_; Collins, P.D.; Walsh, D.T.; Moqbel, R.; Totty, N.E; Truong, O.; Hsuan, J.J.; Williams, T.]. Eotaxin:
A potent eosinophil chemoattractant cytokine detected in a guinea pig model of allergic airways inflammation. J. Exp. Med. 1994,
179, 881-887. [CrossRef] [PubMed]

Andres-Hernando, A.; Dursun, B.; Altmann, C.; Ahuja, N.; He, Z.; Bhargava, R.; Edelstein, C.E.; Jani, A.; Hoke, T.S; Klein, C.; et al.
Cytokine production increases and cytokine clearance decreases in mice with bilateral nephrectomy. Nephrol. Dial. Transplant.
2012, 27, 4339-4347. [CrossRef]

Chen, L.; Zhang, ]J.; Teh, J.PY,; Cheon, B.K.; Yang, Y.; Schlundt, J.; Wang, Y.; Conway, P.L. Comparative Blood and Urine
Metabolomics Analysis of Healthy Elderly and Young Male Singaporeans. ]. Proteome Res. 2020, 19, 3264-3275. [CrossRef]
Garibotto Giacomo, G.; Sofia, A.; Saffioti, S.; Bonanni, A.; Mannucci, I.; Verzola, D. Amino acid and protein metabolism in the
human kidney and in patients with chronic kidney disease. Clin. Nutr. 2010, 29, 424-433. [CrossRef]

Teruya, T.; Goga, H.; Yanagida, M. Aging markers in human urine: A comprehensive, non-targeted LC-MS study. FASEB
BioAduvances 2020, 2, 720-733. [CrossRef]

Rodwell, G.E].; Sonu, R;; Zahn, ].M.; Lund, J.; Wilhelmy, J.; Wang, L.; Xiao, W.; Mindrinos, M.; Crane, E.; Segal, E.; et al. A
Transcriptional Profile of Aging in the Human Kidney. PLOS Biol. 2004, 2, e427. [CrossRef]

Imelda, M.; Szilvia, A.; Barna, B. Epidemiology of anemia. Orv. Hetil. 2020, 161, 1569-1573. [CrossRef]

Sharif, R.; Thomas, P.; Zalewski, P.; Fenech, M. The role of zinc in genomic stability. Mutat. Res.-Fundam. Mol. Mech. Mutagen.
2012, 733, 111-121. [CrossRef]

Pfrimer, K.; Micheletto, R.F.; Marchini, ].S.; Padovan, G.J.; Moriguti, J.C.; Ferriolli, E. Impact of aging on urinary excretion of iron
and zinc. Nutr. Metab. Insights 2014, 7, 47-50. [CrossRef]

Nwanaji-Enwerem, J.C.; Colicino, E.; Specht, A.J.; Gao, X.; Wang, C.; Vokonas, P.; Weisskopf, M.G.; Boyer, E.W.; Baccarelli,
A.A.; Schwartz, ]. Individual species and cumulative mixture relationships of 24-hour urine metal concentrations with DNA
methylation age variables in older men. Environ. Res. 2020, 186, 109573. [CrossRef]

Guo, J.; Xie, J.; Zhou, B.; Gaman, M.A.; Kord-Varkaneh, H.; Clark, C.C.T.; Salehi-Sahlabadi, A.; Li, Y.; Han, X.; Hao, Y.; et al. The
influence of zinc supplementation on IGF-1 levels in humans: A systematic review and meta-analysis. |. King Saud Univ.-Sci.
2020, 32, 1824-1830. [CrossRef]

Skalny, A.V.; Rink, L.; Ajsuvakova, O.P,; Aschner, M.; Gritsenko, V.A.; Alekseenko, S.I; Svistunov, A.A.; Petrakis, D.; Spandidos,
D.A.; Aaseth, ].; et al. Zinc and respiratory tract infections: Perspectives for COVID19 (Review). Int. ]. Mol. Med. 2020, 46, 17-26.
[CrossRef]

Skrajnowska, D.; Bobrowska-Korczak, B. Role of zinc in immune system and anti-cancer defense mechanisms. Nutrients 2019, 11,
2273. [CrossRef]

Cortese-Krott, M.M.; Kulakov, L.; Oplander, C.; Kolb-Bachofen, V.; Kroncke, K.D.; Suschek, C.V. Zinc regulates iNOS-derived
nitric oxide formation in endothelial cells. Redox Biol. 2014, 2, 945-954. [CrossRef]

Rychlik, M.; Mlyniec, K. Zinc-mediated Neurotransmission in Alzheimer’s Disease: A Potential Role of the GPR39 in Dementia.
Curr. Neuropharmacol. 2019, 18, 2-13. [CrossRef]

Lehallier, B.; Gate, D.; Schaum, N.; Nanasi, T.; Lee, S.E.; Yousef, H.; Moran Losada, P.; Berdnik, D.; Keller, A.; Verghese, J.; et al.
Undulating changes in human plasma proteome profiles across the lifespan. Nat. Med. 2019, 25, 1843-1850. [CrossRef]

Tanaka, T.; Biancotto, A.; Moaddel, R.; Moore, A.Z.; Gonzalez-Freire, M.; Aon, M.A_; Candia, J.; Zhang, P.; Cheung, F; Fantoni, G.;
et al. Plasma proteomic signature of age in healthy humans. Aging Cell 2018, 17, €12799. [CrossRef]

Katsimpardi, L.; Litterman, N.K.; Schein, P.A.; Miller, C.M.; Loffredo, ES.; Wojtkiewicz, G.R.; Chen, ].W.; Lee, R.T.; Wagers, A.J.;
Rubin, L.L. Vascular and neurogenic rejuvenation of the aging mouse brain by young systemic factors. Science 2014, 344, 630-634.
[CrossRef]

Elabd, C.; Cousin, W.; Upadhyayula, P.; Chen, R.Y.; Chooljian, M.S.; Li, J.; Kung, S.; Jiang, K.P.; Conboy, .M. Oxytocin is an
age-specific circulating hormone that is necessary for muscle maintenance and regeneration. Nat. Commun. 2014, 5, 4082.
[CrossRef]

Castellano, ].M.; Mosher, K.I.; Abbey, R.J.; McBride, A.A.; James, M.L.; Berdnik, D.; Shen, J.C.; Zou, B.; Xie, X.S.; Tingle, M.; et al.
Human umbilical cord plasma proteins revitalize hippocampal function in aged mice. Nature 2017, 544, 488-492. [CrossRef]
Thornton, PL.; Ingram, R.L.; Sonntag, W.E. Chronic [D-Ala2]-growth hormone-releasing hormone administrationattenuates
age-related deficits in spatial memory. ]. Gerontol. Ser. A Biol. Sci. Med. Sci. 2000, 55, B106-B112. [CrossRef]

Vinel, C.; Lukjanenko, L.; Batut, A.; Deleruyelle, S.; Pradere, J.P.; Le Gonidec, S.; Dortignac, A.; Geoffre, N.; Pereira, O.; Karaz, S.;
et al. The exerkine apelin reverses age-associated sarcopenia. Nat. Med. 2018, 24, 1360-1371. [CrossRef]

Yang, Y.R,; Kabir, M.H.; Park, ].H.; Park, ].I.; Kang, J.S.; Ju, S.; Shin, Y.J.; Lee, S.M.; Lee, J.; Kim, S; et al. Plasma proteomic profiling
of young and old mice reveals cadherin-13 prevents age-related bone loss. Aging (Albany N. Y.) 2020, 12, 8652-8668. [CrossRef]
Yoshida, M.; Satoh, A.; Lin, ].B.; Mills, K.E; Sasaki, Y.; Rensing, N.; Wong, M.; Apte, R.S.; Imai, S. ichiro Extracellular Vesicle-
Contained eNAMPT Delays Aging and Extends Lifespan in Mice. Cell Metab. 2019, 30, 329-342.e5. [CrossRef]

Gan, KJ.; Stidhof, T.C. Specific factors in blood from young but not old mice directly promote synapse formation and NMDA-
receptor recruitment. Proc. Natl. Acad. Sci. USA 2019, 116, 12524-12533. [CrossRef]

197



Int. J. Mol. Sci. 2022, 23, 4338

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

95.

96.

97.

98.
99.

100.
101.
102.
103.
104.
105.
106.

107.

108.

109.

110.

Khrimian, L.; Obri, A.; Ramos-Brossier, M.; Rousseaud, A.; Moriceau, S.; Nicot, A.S.; Mera, P.; Kosmidis, S.; Karnavas, T.; Saudou,
E; et al. Gpr158 mediates osteocalcin’s regulation of cognition. J. Exp. Med. 2017, 214, 2859-2873. [CrossRef] [PubMed]

Villeda, S.A.; Luo, J.; Mosher, K.I; Zou, B.; Britschgi, M.; Bieri, G.; Stan, T.M.; Fainberg, N.; Ding, Z.; Eggel, A ; et al. The ageing
systemic milieu negatively regulates neurogenesis and cognitive function. Nature 2011, 477, 90-96. [CrossRef] [PubMed]

Smith, L.K.; He, Y.; Park, J.S.; Bieri, G.; Snethlage, C.E.; Lin, K.; Gontier, G.; Wabl, R.; Plambeck, K.E.; Udeochu, J.; et al.
2-microglobulin is a systemic pro-aging factor that impairs cognitive function and neurogenesis. Nat. Med. 2015, 21, 932-937.
[CrossRef] [PubMed]

Pastushkova, L.K.; Kononikhin, A.S.; Tiys, E.S.; Dobrokhotov, I.V.; Ivanisenko, V.A.; Nikolaev, E.N.; Larina, . M.; Popov, LA.
Characteristics of age-dependent changes in urine proteome in healthy men. Adv. Gerontol. 2016, 6, 123-128. [CrossRef]
Kuipers, A.L.; Zhang, Y.; Yu, S.; Kammerer, C.M.; Nestlerode, C.S.; Chu, Y.; Bunker, C.H.; Patrick, A.L.; Wheeler, V.W.; Miljkovic,
I; et al. Relative influence of heritability, environment and genetics on serum sclerostin. Osteoporos. Int. 2014, 25, 905-912.
[CrossRef] [PubMed]

Kindstedt, E.; Holm, C.K.; Sulniute, R.; Martinez-Carrasco, I.; Lundmark, R.; Lundberg, P. CCL11, a novel mediator of inflamma-
tory bone resorption. Sci. Rep. 2017, 7, 5334. [CrossRef]

Andreasova, T.; Vranova, J.; Vondrakova, D.; Sedlatkova, L.; Zakostelska, Z.].; Neuzil, P.; Malek, F. Role of biomarkers of cardiac
remodeling, myofibrosis, and inflammation in assessment of disease severity in euvolemic patients with chronic stable heart
failure. . Int. Med. Res. 2020, 48, 0300060520947869. [CrossRef]

Romanova, Y.; Laikov, A.; Markelova, M.; Khadiullina, R.; Makseev, A.; Hasanova, M.; Rizvanov, A.; Khaiboullina, S.; Salafutdinov,
I. Proteomic analysis of human serum from patients with chronic kidney disease. Biomolecules 2020, 10, 257. [CrossRef]
Morsiani, C.; Bacalini, M.G.; Santoro, A.; Garagnani, P.; Collura, S.; D’Errico, A.; de Eguileor, M.; Grazi, G.L.; Cescon, M.;
Franceschi, C.; et al. The peculiar aging of human liver: A geroscience perspective within transplant context. Ageing Res. Rev.
2019, 51, 24-34. [CrossRef]

Rhinn, M.; Ritschka, B.; Keyes, WM. Cellular senescence in development, regeneration and disease. Development 2019, 146,
dev151837. [CrossRef]

Krimpenfort, P.; Quon, K.C.; Mooi, W.].; Loonstra, A.; Berns, A. Loss of pl6Ink4a confers susceptibility to metastatic melanoma in
mice. Nature 2001, 413, 83-86. [CrossRef] [PubMed]

Lee, S.; Schmitt, C.A. The dynamic nature of senescence in cancer. Nat. Cell Biol. 2019, 21, 94-101. [CrossRef] [PubMed]
Sharpless, N.E.; Bardeesy, N.; Lee, K.H.; Carrasco, D.; Castrillon, D.H.; Aguirre, A.J.; Wu, E.A.; Horner, ].W.; DePinho, R.A. Loss
of pl6Ink4a with retention of p19 predisposes mice to tumorigenesis. Nature 2001, 413, 86-91. [CrossRef] [PubMed]

Pratsinis, H.; Mavrogonatou, E.; Kletsas, D. Scarless wound healing: From development to senescence. Adv. Drug Deliv. Rev. 2019,
146, 325-343. [CrossRef] [PubMed]

Baker, D.J.; Childs, B.G.; Durik, M.; Wijers, M.E.; Sieben, C.J.; Zhong, J.; Saltness, R.A.; Jeganathan, K.B.; Verzosa, G.C.; Pezeshki,
A.; et al. Naturally occurring p16 Ink4a-positive cells shorten healthy lifespan. Nature 2016, 530, 184-189. [CrossRef]

Gallagher, J.C. Vitamin D and Aging. Endocrinol. Metab. Clin. N. Am. 2013, 42, 319-332. [CrossRef]

Kumar, R.; Tebben, PJ.; Thompson, J.R. Vitamin D and the kidney. Arch. Biochem. Biophys. 2012, 523, 77-86. [CrossRef] [PubMed]
Da Silva-Alvarez, S.; Guerra-Varela, J.; Sobrido-Camean, D.; Quelle, A.; Barreiro-Iglesias, A.; Sanchez, L.; Collado, M. Cell
senescence contributes to tissue regeneration in zebrafish. Aging Cell 2020, 19, e13052. [CrossRef]

Beckett, E. More Than Bone Health: The Many Roles for Vitamin D. Nutrients 2020, 12, 2388. [CrossRef]

McHugh, D.; Gil, J. Senescence and aging: Causes, consequences, and therapeutic avenues. J. Cell Biol. 2018, 217, 65-77. [CrossRef]
Van Deursen, ].M. The role of senescent cells in ageing. Nature 2014, 509, 439-446. [CrossRef] [PubMed]

Villeda, S.A.; Horowitz, A.M. Therapeutic potential of systemic brain rejuvenation strategies for neurodegenerative disease.
F1000Research 2017, 6, 1291. [CrossRef]

Kang, ].S.; Yang, Y.R. Circulating plasma factors involved in rejuvenation. Aging (Albany N. Y.) 2020, 12, 23394-23408. [CrossRef]
[PubMed]

Yuan, ].J.; Zhang, Q.; Gong, C.X,; Wang, EX.; Huang, ].C.; Yang, G.Q.; Liu, L.; Zhou, K; Xu, R.; Chen, Q.; et al. Young plasma
ameliorates aging-related acute brain injury after intracerebral hemorrhage. Biosci. Rep. 2019, 39, BSR20190537. [CrossRef]
Tripathi, S.S.; Kumar, R.; Arya, J.; Rizvi, S.I. Plasma from young rats injected into old rats induce anti-aging effects. Rejuvenation
Res. 2020, 24, 206-212. [CrossRef]

Sha, S.J.; Deutsch, G.K.; Tian, L.; Richardson, K.; Coburn, M.; Gaudioso, J.L.; Marcal, T.; Solomon, E.; Boumis, A.; Bet, A.; et al.
Safety, Tolerability, and Feasibility of Young Plasma Infusion in the Plasma for Alzheimer Symptom Amelioration Study: A
Randomized Clinical Trial. JAMA Neurol. 2019, 76, 35-40. [CrossRef] [PubMed]

VandeVrede, L.; Dale, M.L.; Fields, S.; Frank, M.; Hare, E.; Heuer, HW.; Keith, K.; Koestler, M.; Ljubenkov, P.A.; McDermott, D.;
et al. Open-Label Phase 1 Futility Studies of Salsalate and Young Plasma in Progressive Supranuclear Palsy. Mov. Disord. Clin.
Pract. 2020, 7, 440-447. [CrossRef]

Ma, J.; Gao, B.; Zhang, K; Zhang, Q.; Jia, G.; Li, J.; Li, C.; Yan, L.J.; Cai, Z. Circulating factors in young blood as potential
therapeutic agents for age-related neurodegenerative and neurovascular diseases. Brain Res. Bull. 2019, 153, 15-23. [CrossRef]
[PubMed]

Rybtsova, N.; Berezina, T.; Kagansky, A.; Rybtsov, S. Can Blood-Circulating Factors Unveil and Delay Your Biological Aging?
Biomedicines 2020, 8, 615. [CrossRef] [PubMed ]

198



Int. J. Mol. Sci. 2022, 23, 4338

111.

112.

113.

114.
115.
116.
117.
118.
119.
120.
121.
122.

123.
124.

125.

126.

127.
128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Rebo, J.; Mehdipour, M.; Gathwala, R.; Causey, K.; Liu, Y.; Conboy, M.].; Conboy, LM. A single heterochronic blood exchange
reveals rapid inhibition of multiple tissues by old blood. Nat. Commun. 2016, 7, 13363. [CrossRef]

Mehdipour, M.; Skinner, C.; Wong, N.; Lieb, M.; Liu, C.; Etienne, J.; Kato, C.; Kiprov, D.; Conboy, M.].; Conboy, .M. Rejuvenation
of three germ layers tissues by exchanging old blood plasma with saline-albumin. Aging (Albany N. Y.) 2020, 12, 8790-8819.
[CrossRef] [PubMed]

Boada, M.; Lépez, O.; Nufiez, L.; Szczepiorkowski, Z.M.; Torres, M.; Grifols, C.; Paez, A. Plasma exchange for Alzheimer’s disease
Management by Albumin Replacement (AMBAR) trial: Study design and progress. Alzheimer’s Dement. Transl. Res. Clin. Interv.
2019, 5, 61-69. [CrossRef] [PubMed]

Relkin, N. Clinical Trials of Intravenous Immunoglobulin for Alzheimer’s Disease. ]. Clin. Immunol. 2014, 34, 74-79. [CrossRef]
[PubMed]

Fahy, G.M.; Brooke, R.T.; Watson, ].P.; Good, Z.; Vasanawala, S.S.; Maecker, H.; Leipold, M.D.; Lin, D.T.S.; Kobor, M.S.; Horvath, S.
Reversal of epigenetic aging and immunosenescent trends in humans. Aging Cell 2019, 18, e13028. [CrossRef]

Sogabe, Y.; Seno, H.; Yamamoto, T.; Yamada, Y. Unveiling epigenetic regulation in cancer, aging, and rejuvenation with in vivo
reprogramming technology. Cancer Sci. 2018, 109, 2641-2650. [CrossRef] [PubMed]

Kenyon, C.J. The genetics of ageing. Nature 2010, 464, 504-512. [CrossRef]

Shanley, D.P,; Kirkwood, T.B.L. Calorie restriction and aging: A life-history analysis. Evolution 2000, 54, 740-750. [CrossRef]
Zoncu, R.; Efeyan, A.; Sabatini, D.M. MTOR: From growth signal integration to cancer, diabetes and ageing. Nat. Rev. Mol. Cell
Biol. 2011, 12, 21-35. [CrossRef]

Pan, H.; Finkel, T. Key proteins and pathways that regulate lifespan. J. Biol. Chem. 2017, 292, 6452-6460. [CrossRef]

Verdin, E. NAD+ in aging, metabolism, and neurodegeneration. Science 2015, 350, 1208-1213. [CrossRef] [PubMed]
Mendelsohn, A.R.; Larrick, ].W. Interacting NAD * and Cell Senescence Pathways Complicate Antiaging Therapies. Rejuvena-
tion Res. 2019, 22, 261-266. [CrossRef]

Ehninger, D.; Neff, F.; Xie, K. Longevity, aging and rapamycin. Cell. Mol. Life Sci. 2014, 71, 4325-4346. [CrossRef] [PubMed]
Zajda, A.; Huttunen, K.M.; Sikora, J.; Podsiedlik, M.; Markowicz-Piasecka, M. Is metformin a geroprotector? A peek into the
current clinical and experimental data. Mech. Ageing Dev. 2020, 191, 111350. [CrossRef] [PubMed]

Pearson, K.J.; Baur, J.A.; Lewis, K.N.; Peshkin, L.; Price, N.L.; Labinskyy, N.; Swindell, W.R.; Kamara, D.; Minor, R.K.; Perez,
E.; et al. Resveratrol Delays Age-Related Deterioration and Mimics Transcriptional Aspects of Dietary Restriction without
Extending Life Span. Cell Metab. 2008, 8, 157-168. [CrossRef] [PubMed]

Hsu, C.C.; Wahlqvist, M.L.; Lee, M.S.; Tsai, H.N. Incidence of dementia is increased in type 2 diabetes and reduced by the use of
sulfonylureas and metformin. J. Alzheimer’s Dis. 2011, 24, 485-493. [CrossRef]

Chin-Hsiao, T. Metformin and the risk of dementia in type 2 diabetes patients. Aging and Disease. 2019, 10, 37. [CrossRef]

Yang, W.; Cai, X.; Wu, H.; Ji, L. Associations between metformin use and vitamin By, levels, anemia, and neuropathy in patients
with diabetes: A meta-analysis. ]. Diabetes 2019, 11, 729-743. [CrossRef]

Lalau, ].D.; Kajbaf, E; Protti, A.; Christensen, M.M.; De Broe, M.E.; Wiernsperger, N. Metformin-associated lactic acidosis (MALA):
Moving towards a new paradigm. Wiley Online Libr. 2017, 19, 1502-1512. [CrossRef]

Salvatore, T.; Pafundi, P.C.; Marfella, R.; Sardu, C.; Rinaldi, L.; Monaco, L.; Ricozzi, C.; Imbriani, S.; Nevola, R.; Adinolfi, L.E.; et al.
Metformin lactic acidosis: Should we still be afraid? Diabetes Res. Clin. Pract. 2019, 157, 107879. [CrossRef] [PubMed]
Bonkowski, M.S.; Sinclair, D.A. Slowing ageing by design: The rise of NAD+ and sirtuin-activating compounds. Nat. Rev. Mol.
Cell Biol. 2016, 17, 679-690. [CrossRef]

Liao, C.Y,; Rikke, B.A.; Johnson, T.E.; Diaz, V.; Nelson, ].F. Genetic variation in the murine lifespan response to dietary restriction:
From life extension to life shortening. Aging Cell 2010, 9, 92-95. [CrossRef]

Hunt, N.J.; McCourt, PA.G.; Le Couteur, D.G.; Cogger, V.C. Novel targets for delaying aging: The importance of the liver and
advances in drug delivery. Adv. Drug Deliv. Rev. 2018, 135, 39-49. [CrossRef] [PubMed]

Zhou, S.S.; Zhou, Y.M.; Li, D.; Lun, Y.Z. Dietary methyl-consuming compounds and metabolic syndrome. Hypertens. Res. 2011,
34, 1239-1245. [CrossRef] [PubMed]

Schmeer, C.; Kretz, A.; Wengerodt, D.; Stojiljkovic, M.; Witte, O.W. Dissecting Aging and Senescence-Current Concepts and Open
Lessons. Cells 2019, 8, 1446. [CrossRef]

Austad, S.N.; Hoffman, ].M. Is antagonistic pleiotropy ubiquitous in aging biology? Evol. Med. Public Health 2018, 2018, 287-294.
[CrossRef] [PubMed]

Takahashi, K.; Tanabe, K.; Ohnuki, M.; Narita, M.; Ichisaka, T.; Tomoda, K.; Yamanaka, S. Induction of Pluripotent Stem Cells
from Adult Human Fibroblasts by Defined Factors. Cell 2007, 131, 861-872. [CrossRef]

Yu, J.; Vodyanik, M.A; Smuga-Otto, K.; Antosiewicz-Bourget, J.; Frane, J.L.; Tian, S.; Nie, J.; Jonsdottir, G.A.; Ruotti, V.;
Stewart, R; et al. Induced pluripotent stem cell lines derived from human somatic cells. Science 2007, 318, 1917-1920. [CrossRef]
[PubMed]

Yoo, A.S.; Sun, A.X,; Li, L.; Shcheglovitov, A.; Portmann, T.; Li, Y.; Lee-Messer, C.; Dolmetsch, R.E.; Tsien, R W.; Crabtree, G.R.
MicroRNA-mediated conversion of human fibroblasts to neurons. Nature 2011, 476, 228-231. [CrossRef] [PubMed]

Huh, CJ.; Zhang, B.; Victor, M.B.; Dahiya, S.; Batista, L.F.Z.; Horvath, S.; Yoo, A.S. Maintenance of age in human neurons
generated by microRNA-based neuronal conversion of fibroblasts. eLife 2016, 5, e18648. [CrossRef]

199



Int. J. Mol. Sci. 2022, 23, 4338

141.

142.

143.

144.

145.

146.

147.

148.
149.

150.

151.
152.

153.

154.
155.

156.

157.

158.

Kanwal, S.; Guo, X.; Ward, C.; Volpe, G.; Qin, B.; Esteban, M.A_; Bao, X. Role of Long Non-coding RNAs in Reprogramming to
Induced Pluripotency. Genom. Proteom. Bioinform. 2020, 18, 16-25. [CrossRef]

Iwamoto, K.; Bundo, M.; Ueda, J.; Oldham, M.C.; Ukai, W.; Hashimoto, E.; Saito, T.; Geschwind, D.H.; Kato, T. Neurons
show distinctive DNA methylation profile and higher interindividual variations compared with non-neurons. Genome Res.
2011, 21, 688-696. [CrossRef] [PubMed]

Samoylova, E.M.; Baklaushev, V.P. Cell Reprogramming Preserving Epigenetic Age: Advantages and Limitations. Biochemistry
2020, 85, 1035-1047. [CrossRef] [PubMed]

Lo Sardo, V.; Ferguson, W.; Erikson, G.A_; Topol, E.J.; Baldwin, K.K.; Torkamani, A. Influence of donor age on induced pluripotent
stem cells. Nat. Biotechnol. 2017, 35, 69-74. [CrossRef] [PubMed]

Ocampo, A.; Reddy, P; Martinez-Redondo, P.; Platero-Luengo, A.; Hatanaka, F; Hishida, T.; Li, M,; Lam, D.; Ku-
rita, M.; Beyret, E.; et al. In Vivo Amelioration of Age-Associated Hallmarks by Partial Reprogramming. Cell 2016, 167,
1719-1733.e12. [CrossRef] [PubMed]

Tepper, O.M.; Galiano, R.D.; Capla, ].M.; Kalka, C.; Gagne, PJ.; Jacobowitz, G.R.; Levine, ].P,; Gurtner, G.C. Human endothelial
progenitor cells from type II diabetics exhibit impaired proliferation, adhesion, and incorporation into vascular structures.
Circulation 2002, 106, 2781-2786. [CrossRef] [PubMed]

Lee, H.; Son, M.-Y. Current Challenges Associated with the Use of Human Induced Pluripotent Stem Cell-Derived Organoids in
Regenerative Medicine. Int. . Stem Cells 2021, 14, 9-20. [CrossRef]

Hofer, M.; Lutolf, M.P. Engineering organoids. Nat. Rev. Mater. 2021, 6, 402-420. [CrossRef]

Messina, A.; Luce, E.; Hussein, M.; Dubart-Kupperschmitt, A. Pluripotent-Stem-Cell-Derived Hepatic Cells: Hepatocytes and
Organoids for Liver Therapy and Regeneration. Cells 2020, 9, 420. [CrossRef]

Li, P; Lee, G.-H.; Kim, S.Y,; Kwon, S.Y.; Kim, H.-R.; Park, S. From Diagnosis to Treatment: Recent Advances in Patient-Friendly
Biosensors and Implantable Devices. ACS Nano 2021, 15, 1960-2004. [CrossRef]

French, P. In-Vivo Microsystems: A Review. Sensors 2020, 20, 4953. [CrossRef]

Jiang, D.; Shi, B.; Ouyang, H.; Fan, Y.; Wang, Z.L.; Chen, Z.M.; Li, Z. A 25-year bibliometric study of implantable energy harvesters
and self-powered implantable medical electronics researches. Mater. Today Energy 2020, 16, 100386. [CrossRef]

Singh, R.; Bathaei, M.].; Istif, E.; Beker, L. A Review of Bioresorbable Implantable Medical Devices: Materials, Fabrication, and
Implementation. Adv. Healthc. Mater. 2020, 9, 2000790. [CrossRef] [PubMed]

Hench, L.L.; Ethridge, E.C. Biomaterials-the interfacial problem. Adv. Biomed. Eng. 1975, 5, 35-150. [CrossRef]

Dinis, H.; Mendes, PM. A comprehensive review of powering methods used in state-of-the-art miniaturized implantable
electronic devices. Biosens. Bioelectron. 2021, 172, 112781. [CrossRef] [PubMed ]

Teshome, A.K; Kibret, B.; Lai, D.T.H. A Review of Implant Communication Technology in WBAN: Progress and Challenges.
IEEE Rev. Biomed. Eng. 2018, 12, 88-99. [CrossRef]

Masliukov, PM.; Nozdrachev, A.D. Hypothalamic Regulatory Mechanisms of Aging. |. Evol. Biochem. Physiol. 2021, 57, 473—491.
[CrossRef]

Kim, K.; Choe, H.K. Role of hypothalamus in aging and its underlying cellular mechanisms. Mech. Ageing Dev. 2019, 177, 74-79.
[CrossRef]

200



International Journal of
Molecular Sciences

Article

Peiminine Reduces ARTS-Mediated Degradation of XIAP by
Modulating the PINK1/Parkin Pathway to Ameliorate
6-Hydroxydopamine Toxicity and a-Synuclein Accumulation in
Parkinson’s Disease Models In Vivo and In Vitro

Yu-Ling Hsu ¥, Huey-Shan Hung 1-*f, Chia-Wen Tsai 3, Shih-Ping Liu "2, Yu-Ting Chiang !, Yun-Hua Kuo ¢,
Woei-Cherng Shyu 12, Shinn-Zong Lin  and Ru-Huei Fu /2.6

Citation: Hsu, Y.-L.; Hung, H.-S.;
Tsai, C.-W.; Liu, S.-P; Chiang, Y.-T.;
Kuo, Y.-H.; Shyu, W.-C.; Lin, S.-Z.; Fu,
R.-H. Peiminine Reduces
ARTS-Mediated Degradation of XIAP
by Modulating the PINK1/Parkin
Pathway to Ameliorate
6-Hydroxydopamine Toxicity and
«-Synuclein Accumulation in
Parkinson’s Disease Models In Vivo
and In Vitro. Int. ]. Mol. Sci. 2021, 22,
10240. https://doi.org/10.3390/
ijms221910240

Academic Editors: Masaru Tanaka

and Lydia Giménez-Llort

Received: 30 July 2021
Accepted: 21 September 2021
Published: 23 September 2021

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

iations.

Copyright: © 2021 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/).

Graduate Institute of Biomedical Sciences, China Medical University, Taichung 40402, Taiwan;
fish38@cgmbh.org.tw (Y.-L.H.); hunghs@mail.cmu.edu.tw (H.-S.H.); spliu@mail.cmu.edu.tw (S.-P.L.);
tina.chiang831@gmail.com (Y.-T.C.); shyu9423@gmail.com (W.-C.S.)

Translational Medicine Research Center, China Medical University Hospital, Taichung 40447, Taiwan
Department of Nutrition, China Medical University, Taichung 40402, Taiwan; cwtsai@mail.cmu.edu.tw
Department of Nursing, Taipei Veterans General Hospital, Taipei 12217, Taiwan; yhkuo3@vghtpe.gov.tw
Bioinnovation Center, Tzu Chi Foundation, Department of Neurosurgery, Buddhist Tzu Chi General Hospital,
Tzu Chi University, Hualien 970, Taiwan; shinnzong@yahoo.com.tw

Department of Psychology, Asia University, Taichung 41354, Taiwan

*  Correspondence: rhfu@mail.cmu.edu.tw; Tel.: +886-422052121-7826

1t Co-first author, contributed equally.

(SIS

Abstract: Parkinson’s disease (PD) is a degenerative disease that can cause motor, cognitive, and
behavioral disorders. The treatment strategies being developed are based on the typical pathologic
features of PD, including the death of dopaminergic (DA) neurons in the substantia nigra of the
midbrain and the accumulation of «-synuclein in neurons. Peiminine (PMN) is an extract of Fritillaria
thunbergii Miq that has antioxidant and anti-neuroinflammatory effects. We used Caenorhabditis
elegans and SH-SY5Y cell models of PD to evaluate the neuroprotective potential of PMN and address
its corresponding mechanism of action. We found that pretreatment with PMN reduced reactive
oxygen species production and DA neuron degeneration caused by exposure to 6-hydroxydopamine
(6-OHDA), and therefore significantly improved the DA-mediated food-sensing behavior of 6-OHDA-
exposed worms and prolonged their lifespan. PMN also diminished the accumulation of x-synuclein
in transgenic worms and transfected cells. In our study of the mechanism of action, we found that
PMN lessened ARTS-mediated degradation of X-linked inhibitor of apoptosis (XIAP) by enhancing
the expression of PINK1/parkin. This led to reduced 6-OHDA-induced apoptosis, enhanced activity
of the ubiquitin—proteasome system, and increased autophagy, which diminished the accumulation
of a-synuclein. The use of small interfering RNA to down-regulate parkin reversed the benefits of
PMN in the PD models. Our findings suggest PMN as a candidate compound worthy of further
evaluation for the treatment of PD.

Keywords: peiminine; Parkinson’s disease; 6-hydroxydopamine; x-synuclein; apoptosis; proteasome;
autophagy; parkin; ARTS; XIAP

1. Introduction

Parkinson disease (PD) is a degenerative disease of dopamine neurons caused by
environmental or genetic factors that most often occurs in adults older than 60 years. There
are currently about 10 million patients with PD worldwide, and the corresponding impacts
on the family, economy and medical system are considerable [1]. The detailed pathologic
mechanism of PD is still unclear. Loss of dopaminergic (DA) neurons in the substantia
nigra compact area of the midbrain is a typical pathologic feature of PD, which results
in a lack of dopamine in the basal ganglia and eventually leads to the onset of clinical
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symptoms, such as bradykinesia, rigidity, tremors, unstable posture, and cognitive and
behavioral problems [2].

Another common and important feature of PD pathology is the accumulation of
insoluble cytoplasmic a-synuclein, and the formation of Lewy bodies and Lewy neurites
in neurons. Therefore, PD is also known as a synucleinopathy [3]. a-Synuclein contains
140 amino acids and has two forms: free and membrane-bound. It is encoded by the
SNCA gene and occupies about 1% of the cytoplasmic protein of brain cells, partly in the
mitochondria and nucleus. The main function of x-synuclein may be to regulate the activity
of synaptic vesicles, the release of neurotransmitters, and the recycling of synaptic vesicles.
In addition, studies have shown that a-synuclein is involved in neuronal Golgi and vesicle
transport, membrane structure regulation, lipid metabolism, mitochondrial fusion, DNA
repair, and cognitive functions [4]. The structure of x-synuclein is unstable, and the «-
helix conformer is easily replaced by a 3-sheet. This replacement results in misfolding
and aggregation of a-synuclein to form oligomers or fibrils, which may be related to
sporadic PD, with the end result being dysregulation of the synaptic, mitochondrial, and
protein homeostasis systems; oxidative stress; microtubule damage; and abnormal calcium
signaling [5].

Mutants of a-syncline have been found to be related to familial PD. These include
AB3T, A30P, E46K, H50Q, and G51D [6]. Overexpression of human wild-type or A53T
mutant a-synuclein in animals can lead to the deposition of x-synuclein in brain neurons,
causing neurodegenerative toxicity and damage to the dopaminergic system and movement
function, and thus can be used as a PD model [7].

The oxidative stress caused by mitochondrial damage, respiratory chain obstruction,
and antioxidant enzyme defects reflects the imbalance between the generation of reactive
oxygen species (ROS) and the efficiency of cells to detoxify or repair reactive oxygen
intermediates, which ultimately leads to protein, lipid, and DNA damage and disturbance
of redox signals in cells. These are closely related to the degeneration of DA neurons [8].
One report indicated that excessive ROS in the substantia nigra compact lead to apoptosis
of DA neurons [9]. The neurotoxic compound 6-hydroxydopamine (6-OHDA) can enter
cells through DA reuptake transporters and produce ROS, which in turn can selectively
destroy DA neurons by inducing apoptosis, reducing proteasome activity, and preventing
autophagy. 6-OHDA has thus been widely used in various pharmacologic models of PD.

In recent years, important clinical and basic studies have shown that two mitochon-
drial quality-control mechanisms, autophagy and the ubiquitin-proteasome system (UPS),
can help cells resist various types of cellular stress through the PINK1/parkin pathway:.
The inner mitochondrial membrane protein PINK1 (PTEN-induced kinase 1) is a ser-
ine/threonine kinase. Ubiquitin E3 ligase parkin can add ubiquitin to a target protein to
promote degradation of the protein by the 26S proteasome. Many proteins are substrates
of parkin, such as x-synuclein. It is known that some patients with autosomal-recessive
PD have mutations in PINK1 and parkin [10].

In damaged mitochondria, PINK1 accumulates on the outer membrane and then
recruits and activates parkin through the phosphorylation of the ubiquitin chain, which
causes the degradation of mitochondria through autophagy or mitophagy or degradation
of the target protein through the UPS [11,12]. Furthermore, reducing mitochondrial-
dependent and mitochondrial-independent apoptosis to increase cell survival can also be
achieved by regulating the activity of PINK1 and parkin [13,14].

X-linked inhibitor of apoptosis protein (XIAP), which belongs to the inhibitor of
apoptosis family of proteins (IAP), can directly prevent the apoptotic activity of caspase
through three baculoviral IAP repeats (BIR domains) [15]. XIAP also has a RING domain,
which can act as an ubiquitin E3 ligase to catalyze the ubiquitination of specific substrate
proteins and promote their degradation by the proteasome [16]. Moreover, some reports
indicate that XIAP can upregulate autophagy [17].

Another protein of interest is ARTS (apoptosis-related protein in the TGF-f3 signaling
pathway). ARTS, which is located in the outer membrane of mitochondria, is a pro-
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apoptotic protein. Once stimulated by the apoptotic signal, ARTS quickly translocates to
the cytoplasm and binds to XIAP. The antagonized XIAP causes activation of caspase 9,
7, and 3, which leads to apoptosis [18]. ARTS can also act as a modulator of autophagy.
Overexpression of ARTS leads to down-regulated autophagy and a lessened capacity for
proliferation and migration in vascular smooth muscle cells [19]. Interestingly, ARTS has
been proven to be a substrate of parkin. Parkin can reduce neuronal cell apoptosis by pro-
moting the ubiquitination and degradation of ARTS [20]. Some PD patients with mutations
of parkin may have augmented neuronal cell apoptosis caused by increased ARTS.

At present, in addition to treatments for alleviating the symptoms of PD, there are no
successful treatments to effectively slow down or improve the progress of PD. The aglycone
alkaloid peiminine (PMN, Figure 1), which is isolated from the bulbs of Fritillaria thunbergii
Mig, is a traditional herbal medicine of Southeast Asia, namely zhe bei mu. PMN has been
confirmed to have several pharmacologic effects linked to anti-inflammatory and antiox-
idant activity [21]. For example, Du et al. showed that PMN reduces acute lung injury
caused by lipopolysaccharide (LPS) in mice by inhibiting inflammation-related factors and
the formation of lipid rafts [22]. Luo et al. indicated that PMN can improve interleukin-13
(IL-1B)-induced osteoarthritis in mice by inhibiting the inflammatory response of chon-
drocytes [23]. Chen et al. revealed that PMN can prevent neuroinflammation and protect
DA neurons in the LPS-induced PD model in rat [24]. However, the effectiveness of PMN
against PD-related oxidative stress and a-synuclein accumulation has not been evaluated.

Figure 1. Chemical structure of peiminine (PMN).

In the present study, we first used Caenorhabditis elegans as an in vivo model of PD
and a platform for evaluating the neuroprotective potential of PMN, because it has DA
neurons, humans PD-related orthologous genes, known dopamine-regulated behavior
patterns, easy-to-obtain genetically modified strains, low cost, short life cycle, transparent
body and other advantages [25-27]. Primary mammalian neurons are terminal mature
cells, which cannot be propagated in vitro and have limited use. The use of transformed
neuronlike cells can overcome this limitation. The SH-SY5Y neuroblastoma cell line was
derived from a metastatic bone tumor biopsy. It expresses tyrosine hydroxylase (TH) and
dopamine-f3-hydroxylase, which are characteristic of catecholaminergic neurons, and can
be differentiated to a more mature neuronlike phenotype by treatment with retinoic acid.
Thus, we used the SH-SY5Y cell line as in vitro model to further confirm the neuroprotective
ability of PMN and explore its anti-parkinsonism mechanism [28,29].

2. Results
2.1. Toxicity of Peiminine in Worms

The toxicity of PMN in the worm models was evaluated by use of food clearance tests.
Compared with the food clearance curve in the untreated group of worms, the curve of the
N2, BZ555, NL5901, and DA2123 strains was significantly slowed when 1.25 mM PMN

203



Int. J. Mol. Sci. 2021, 22, 10240

Absorbance
(0.D. 595nm)

Absorbance
(0.D.595nm)

was added to the culture (Figure 2). Observation with a dissecting microscope showed
that the offspring decreased in number and body size (data not shown), which reflects the
toxicity of PMN and a significant reduction in E. coli consumption. A PMN concentration
of 0.25 mM did not significantly affect the food clearance curve of any strain of worms.
Therefore, in subsequent experiments, the PMN concentration used to treat worms was set
to a maximum of 0.25 mM.
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Figure 2. Evaluation of the toxicity of peiminine (PMN) in worms by food clearance test. In 96-well plates, L1 stage worms
of four strain were cultured on OP50 E. coli (OD Asgs = 0.6) feeding S-medium containing four concentrations of PMN,
respectively. Cultivation was continued for 6 days, and the OD value of each group was measured and recorded daily.

2.2. PMN Pretreatment Significantly Reduces Dopaminergic Neuron Degeneration of
6-Hydroxydopamine-Exposed BZ555 Worms

Fluorescence microscopy analysis showed that the GFP expression in the three pairs of
DA neurons in the head of 6-OHDA-exposed BZ555 worms was significantly decreased, re-
flecting the destruction of DA neuron integrity (Figure 3a). PMN pretreatment significantly
enhanced the GFP signals (Figure 3a). Using Image] software to quantify the fluorescence
intensity, we found that the average GFP fluorescence intensity of 6-OHDA-exposed worms
was lessened by 57.3% (p < 0.001) compared with that in control worms (Figure 3b). PMN
pretreatment increased the fluorescence intensity of GFP in 6-OHDA-exposed worms in
a dose-dependent manner. The 0.25 mm concentration of PMN raised the fluorescence
intensity of DA neurons by 1.8-fold (p < 0.01) (Figure 3b).
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Figure 3. Dopaminergic (DA) neurons degeneration, food-sensing behavior defects, and shortened
lifespan of worms caused by 6-hydroxydopamine (6-OHDA) are improved by peiminine (PMN)
pretreatment. L1 stage worms were transferred to OP50/NGM plates with or without PMN and
grown to the L3 stage, exposed to 6-OHDA for 1 h, and then transferred to OP50/NGM/FUDR
plates with or without PMN and cultured for another 3 days before analysis. (a) Representative
fluorescence images of GFP expression patterns in head DA neurons of BZ555 worms in each group.
Scale bar = 50 pm. (b) The fluorescence intensity of the GFP image of each group was quantified in
(a) using Image] software. (c) The DA neuron degeneration phenotype defects of each group in (a)
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were scored. The data are represented as a percentage of the total population of worms with
defective DA neuron phenotypes. (d) Analysis of the food-sensing behavior of N2 worms in each
group. The slowing rate was defined as the percentage decrease in the body bending frequency
of worms on the lawn with bacteria compared with without bacteria (20 s on each type of lawn).
(e) Cumulative survival curves of N2 worms in each group. In the above experiments, a total of 50
worms were counted in each group. ¥ Indicates a significant difference between 6-OHDA-exposed
and control worms (* p < 0.001); * Indicates a significant difference between the PMN-pretreated,
6-OHDA-exposed and PMN-untreated, 6-OHDA-exposed groups (* p < 0.05, ** p < 0.01).

Furthermore, the percentage of abnormal phenotypes in 6-OHDA-exposed worms
was significantly higher than in control worms by 3.9-fold (p < 0.001) (Figure 3c). Compared
with that in the 6-OHDA-exposed worms, the phenotype of DA neuron degeneration was
significantly reduced in 6-OHDA-exposed worms pretreated with 0.25 mM PMN by 35.3%
(p <0.01) (Figure 3c).

2.3. Food-Sensing Behavioral Defects of 6-OHDA-Exposed Worms Are Restored by
PMN Pretreatment

The DA neuron function of worms is reflected in food-sensing behavior. When in
contact with food, worms reduce their speed of movement (the frequency of body bending)
to increase the efficiency of eating. The results showed that, compared with that on
nonbacterial lawns, the bending frequency of wild-type N2 worms decreased by 53.7%
(p <0.001) after contact with bacterial lawns (quantified by the “slowing rate”) (Figure 3d).
Compared with the control group, 6-OHDA-exposed N2 worms displayed a significant
lessening in the slowing rate by 48.4% (p < 0.001). PMN dose-dependently increased the
slowing rate of worms exposed to 6-OHDA. Compared with the 6-OHDA-exposed worms,
the slowing rate of worms pretreated with 0.25 mM PMN increased by 1.9-fold (p < 0.01)
(Figure 3d). The above results confirm that the damage to DA neurons caused by 6-OHDA
can be improved by PMN pretreatment.

2.4. Lifespan of 6-OHDA-Exposed Worms Is Extended by PMN Pretreatment

Patients with PD have a shortened lifespan. As shown in Figure 3e, the lifespan of
6-OHDA-exposed N2 worms was shorter than that of control worms. However, PMN
pretreatment could dose-dependently prolong the lifespan of 6-OHDA-exposed worms
(Figure 3e). The cumulative survival model of lifespan calculated using the Kaplan—
Meier method showed that the average survival time of the 6-OHDA-exposed group was
11.8 & 1.2 days, while the average survival time of the 0.25 mM PMN-pretreated 6-OHDA-
exposed group was 19.8 & 2.1 days (p < 0.001) (Figure 3e). Thus, the shortening of lifespan
caused by 6-OHDA was improved by PMN pretreatment.

2.5. Accumulation of Human a-Synuclein in Muscle Cells of NL5901 Worms Is Reduced by
PMN Treatment

The aggregation and accumulation of human «-synuclein caused by overexpression
or mutation of SNCA is a pathologic feature of PD. We used transgenic worms (NL5901)
in which muscle cells express the YFP-fused protein of human x-synuclein for analysis.
We found that PMN dose-dependently decreased the YFP fluorescence intensity of muscle
cells of worm, which reflected the diminution in x-synuclein accumulation (Figure 4a). The
fluorescence intensity of worms treated with 0.25 mM PMN was reduced by 33% compared
with that in untreated worms (p < 0.01) (Figure 4b).
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Figure 4. Accumulation of human «-synuclein in muscle cells of NL5901 worms was significantly
reduced by treatment with peiminine (PMN). L1 stage NL5901 worms were cultured on OP50/NGM
plates with or without PMN for 1 day. The worms were transferred to OP50/NGM/FUDR plates
with or without PMN and cultured for 3 days, and then analyzed by fluorescence microscopy.
(a) Representative YFP fluorescence images of the accumulation of a-synuclein in the head muscles of
worms in each group. Scale bar = 50 um. (b) Image] software was used to quantify the fluorescence
intensity of YFP of each group (1 = 50) in (a). (¢) The protein levels of x-synuclein in each group were
analyzed by Western blotting. The loaded internal control is the level of 3-actin. The image shows
representative data from one of three independent experiments. The relative ratio is expressed as
the ratio of the level of x-synuclein in each group to that in the PMN-untreated group. * Indicates
a significant difference between the PMN-treated group and the PMN-untreated group (* p < 0.05,
**p <0.01, **p <0.001).

To clarify the reason for the reduced fluorescence intensity of a-synuclein-YFP in
NL5901 worms treated with PMN, we performed Western blot analysis. The results
indicate that PMN dose-dependently reduced the protein level of o-synuclein and therefore
lessened its accumulation (Figure 4c), but did not directly interfere with its aggregation
(data not shown). After treatment with 0.25 mM PMN, the level of a-synuclein in muscle
cells was diminished by 38% in NL5901 worms compared with untreated worms (p < 0.001)
(Figure 4c).

2.6. PMN Pretreatment Decreases the Level of Reactive Oxygen Species in 6-OHDA-Exposed N2
Worms and Enhances the Expression of Pink1 and Pdr-1

Our previous studies showed that 6-OHDA exposure will increase the ROS in the
worm, thus causing DA neuronal apoptosis and degeneration [30]. Therefore, we wanted
to know whether PMN affected the ROS levels in 6-OHDA-exposed worms. Compared
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with that in the control group, the ROS level of 6-OHDA-exposed worms was significantly
increased by about 2.7-fold (p < 0.001) (Figure 5a). PMN diminished the ROS levels of
6-OHDA-exposed worms in a dose-dependent manner. After pretreatment with 0.25 mM
PMN, the ROS level was lessened by about 49.2% compared with that in the untreated
group (p < 0.01) (Figure 5a).
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Figure 5. Pretreatment with peiminine (PMN) significantly lessened the level of reactive oxygen
species (ROS) in 6-hydroxydopamine (6-OHDA)-exposed N2 worms and augmented the expression
of pinkl and pdr-1. L1 stage N2 worms were transferred to OP50/NGM plates with or without
PMN and grown to the L3 stage, exposed to 6-OHDA for 1 h, and then transferred to
OP50/NGM/FUDR plates with or without PMN and cultured for another 3 days for analysis.
(a) Thirty worms randomly selected from each group were transferred to the wells of a 96-well plate,
and the 2/,7-dichlorodihydrofluorescein diacetate (H2DCFDA) probe was used to detect the level
of intracellular ROS. # Indicates a significant difference between the 6-OHDA-exposed group and
the control group (* p < 0.001); * Indicates a significant difference between the PMN- pretreated
6-OHDA-exposed group and the PMN-untreated 6-OHDA-exposed group (* p < 0.05, ** p < 0.01). (b)
qPCR was used to quantify the mRNA levels of PD-related homologous genes in worms. # Indicates a
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significant difference between the 6-OHDA-exposed group and the control group (* p < 0.05);
* Indicates a significant difference between the PMN-pretreated 6-OHDA-exposed group and the
PMN-untreated 6-OHDA-exposed group (** p < 0.01).

In addition, we analyzed the expression of homologous genes in C. elegans that are
known to be associated with the pathophysiology of human PD. Using real-time quan-
titative PCR (qPCR), the expression of Irk-1/LRRK2, djr-1.1/djr-1.2/D]-1, vps-35/VPS35,
catp-6/ATP13A2, and dnj-27/ DNAJC10/Hsp40 in the 6-OHDA-exposed group was not
significantly different from that in the control group (Figure 5b). However, the level of
pink-1/PINK1 and pdr-1/PREN /parkin was slightly reduced (p < 0.05). In worms pretreated
with 0.25 mM PMN, the mRNA levels of pink-1 and pdr-1 were augmented by 1.3-fold
(p < 0.01), respectively, compared with the PMN-untreated 6-OHDA-exposed group
(Figure 5b).

2.7. PMN Treatment Enhances Proteasome Activity, Autophagy, and expression of Pdr-1 in
NL5901 Worms

Previous studies have shown that the accumulation of «-synuclein can affect pro-
teasome activity and autophagy, and that increasing the activity of the proteasome and
autophagy can improve the cytotoxicity induced by the accumulation of «-synuclein [31].
Therefore, we used the fluorescent substrate of chymotrypsin to evaluate the effect of PMN
on the proteasome activity of NL5901 worms. The basal level of proteasome activity in
NL5901 worms was decreased by 27.3% compared with activity in N2 worms (p < 0.01)
(Figure 6a). PMN treatment could enhance proteasome activity in a dose-dependent man-
ner. Compared with the activity of the untreated group, treatment with 0.25 mM PMN
increased the proteasome activity of worms 1.3-fold (p < 0.01) (Figure 6a).
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Figure 6. Treatment with peiminine (PMN) enhanced proteasome activity, autophagy, and pdr-1
expression in NL5901 transgenic worms. (a) L1 stage NL5901 worms were cultured on OP50/NGM
plates with or without PMN for 1 day. Worms were then transferred to OP50/NGM/FUDR plates
with or without PMN and cultured for 3 days for analysis. The worm extracts of each group were
tested for proteasome activity under the same amount of total protein. * Indicates a significant
difference between N2 and NL5901 worms (* p < 0.01). * Indicates a significant difference between
the PMN-treated group and the PMN-untreated group (* p < 0.05, ** p < 0.01). (b) L1 stage DA2123
worms were cultured on OP50/NGM plates with or without PMN for 1 day. Worms were then
transferred to OP50/NGM/FUDR plates with or without PMN and cultured for 3 days for analysis.
Representative images of the fluorescence distribution of positive puncta in the seam cells of each
group of worm. Scale bar = 10 um. (c¢) The number of positive puncta in the seam cells of DA2123
worms was calculated. At least 20 worms were calculated in each group, and at least 20 seam cells
were calculated for each worm. * Indicates a significant difference between the PMN-treated group
and the PMN-untreated group (* p < 0.05, ** p < 0.01). (d) The expression levels of PD-related genes in
N2 and PMN-untreated or treated NL5901 worms were quantified by qPCR. # Indicates a significant
difference between N2 and NL5901 worms (* p < 0.05). * Indicates a significant difference between
the PMN-treated group and the untreated group (*** p < 0.001).

In addition, we used transgenic DA2123 worms expressing LGG-1 (human LC3 ho-
mologous protein) fused with GFP derived by the Igg-1 promoter to evaluate the autophagy
activity by counting the number of fluorescent puncta formed in seam cells (Figure 6b).
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pdr-1 mRNA expression

Compared with the number in untreated worms, the number of LGG-1::GFP puncta in-
creased 1.28-fold (p < 0.01) after treatment with 0.25 mM PMN (Figure 6¢).

Finally, we used qPCR to determine the expression levels of PD-related genes in
N2 and PMN-untreated or treated NL5901 worms. Compared with N2 worms, except
for the slightly lower expression of pink-1 and pdr-1 (p < 0.05), there was no significant
difference in the basal level of expression of other genes in NL5901 worms (Figure 6d).
After treatment with 0.25 mM PMN, the expression of pink-1 and pdr-1 in NL5901 worms
was significantly increased by 1.5 fold (p < 0.001), respectively, compared with the untreated
group (Figure 6d).

2.8. Inhibiting the Expression of Pdr-1 in Worms Can Reverse the Ability of PMN to Improve
PD Pathology

The above experiments showed that PMN can promote the expression of pdr-1 in
worms. Furthermore, we wanted to verify the main mediating role of pdr-1 by use of RNAi
in PMN-pretreated 6-OHDA-exposed BZ555 worms and PMN-treated NL5901 worms. In
BZ555 worms, the mRNA expression of pdr-1 in the pdr-1 RNAi group was reduced by
71% (No. 1, p < 0.001) compared to that in the control RNAi group (Figure 7a). After pdr-1
down-regulation, GFP fluorescence intensity did not increase in PMN-pretreated 6-OHDA-
exposed BZ555 worms compared with that in the PMN-untreated 6-OHDA-exposed group,
reflecting that PMN lost the ability to improve DA neuron degeneration (Figure 7b-d).

In NL5901 worms, the expression of pdr-1 in the pdr-1 RNAi group was reduced by
76.3% (no. 2, p < 0.001) compared with expression in the RNAi control group (Figure 7e).
After pdr-1 down-regulation, YFP fluorescence intensity did not decline in PMN-treated
NL5901 worms compared with that in the PMN-untreated group, reflecting that the ac-
cumulation of «-synuclein was not improved (Figure 7f,g). In Western blotting analysis,
after pdr-1 was down-regulated, PMN-treated NL5901 worms did not show a lessening in
human a-synuclein protein levels compared with the PMN-untreated group (Figure 7h),
reflecting that the amount of x-synuclein was not reduced.
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Figure 7. Using RNA interference (RNAi) to down-regulate the mRNA expression of pdr-1 can abolish the ability of
peiminine (PMN) to improve the pathology of Parkinson disease in worm models. In the 6-OHDA-exposed BZ555 model,
L1 stage worms were transferred to pdr-1 RNAi/NGM plates with or without PMN and grown to the L3 stage, exposed to
6-OHDA for 1 h, and then transferred to pdr-1 RNAi/NGM/FUDR plates with or without PMN and cultured for another
3 days for analysis. In the transgenic NL5901 model, L1 stage worms were cultured on pdr-1 RNAi/NGM plates with or
without PMN for 1 day and then transferred to pdr-1 RNAi/NGM/FUDR plates with or without PMN and cultured for
3 days. (a) The relative level of pdr-1 mRNA in pdr-1 RNAi-treated BZ555 worms was determined by qPCR. * Indicates
a significant difference between the prd-1 RNAi group and the control RNAi group (*** p < 0.001). (b) Representative
fluorescence images of GFP expression patterns in DA neurons of BZ555 worms in each group. Scale bar = 50 pm. (c) ImageJ
software was used to quantify the fluorescence intensity of the GFP image in (b) (1 = 50). (d) The DA neuron degeneration
phenotype defects of each group in (b) were scored. The data are represented as a percentage of the total population of
worms with defective DA neuron phenotypes. # Indicates a significant difference between the 6-OHDA-exposed group and
the control group (* p < 0.001). (e) The relative level of pdr-1 mRNA in pdr-1 RNAi-treated NL5901 worms was determined
by qPCR. * Indicates a significant difference between the prd-1 RNAi group and the control RNAi group (*** p <0.001).
(f) Representative YFP fluorescence images of the accumulation of a-synuclein in the head muscles of worms in each group.
Scale bar = 50 um. (g) Image] software was used to quantify the YFP fluorescence intensity of each group (1 = 50) in (f).
# Indicates a significant difference between the PMN-treated group and the PMN-untreated group (¥ p < 0.001). (h) The
protein levels of a-synuclein in each group were analyzed by Western blotting. The loaded internal control is the level of
[-actin. The image shows representative data from one of three independent experiments. The relative ratio is represented
as the ratio of the level of a-synuclein in each group to that in the PMN-untreated group.
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2.9. PMN Treatment Improves the Toxicity of 6-OHDA Exposure and a-Synuclein Overexpression
in the SH-SY5Y Cell Line

To further evaluate the efficacy of PMN in improving PD, we used a human SH-SY5Y
cell line with 6-OHDA exposure and «-synuclein overexpression. According to the results
of the MTT assay, treatment with 4 pM PMN was not toxic to SH-SY5Y cells (Figure 8).
In addition, the viability of 6-OHDA-exposed and x-synuclein-overexpressing cells was
reduced by 47% (p < 0.001) and 23% (p < 0.01), respectively, compared with the control
group (Figure 8). When the 6-OHDA-exposed and a-synuclein-overexpressing cells were
treated with 1 uM PMN, their viability was increased 1.7-fold (p < 0.01) and 1.3-fold
(p < 0.01), respectively, compared with the PMN-untreated groups (Figure 8).
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Figure 8. PMN treatment reduces the toxicity of 6-OHDA exposure and x-synuclein overexpression in the SH-SY5Y cell
line. Cells were treated with 0.1, 0.2, 0.5, 1, 2, or 4 uM PMN for 24 h (SH-SY5Y group), followed by 6-OHDA exposure for 18
h (6-OHDA-treated SH-SY5Y group), or a-synuclein-overexpressing cells were treated with PMN for 24 h (a-synuclein-
overexpressing SH-SY5Y group), and the cell survival rate was determined by MTT assay. * Indicates a significant difference

between the 6-OHDA-exposed group or a-synuclein-overexpressing group and the control group (** p < 0.01, #* p < 0.001).
* Indicates a significant difference between the PMN-treated group and the PMN-untreated group (* p < 0.05, ** p < 0.01).

2.10. Down-Regulation of Parkin Abolishes the Anti-Apoptotic ability of PMN in
6-OHDA-Exposed SH-SY5Y Cells

The results of our research in the worm model confirmed that PMN can ameliorate
ROS toxicity and DA neuron death caused by 6-OHDA exposure, which may inhibit cell
apoptosis by inducing the expression of pdr-1 (a human parkin homologous gene). We
further used the SH-SY5Y cell model to verify this result. DiOC6 and Hoechst 33258
analysis showed that compared with the unexposed group, the 6-OHDA-exposed group
had a 44% reduction in mitochondrial membrane potential (MMP, p < 0.001) (Figure 9a,c)
and 2.1-fold (p < 0.001) greater nuclear condensation (Figure 9b,c). To quantify apoptosis,
we used Annexin-V-FITC/PI flow cytometry analysis. As shown in Figure 9d, compared
with that in the control group, apoptosis was 3.7-fold greater in the 6-OHDA-exposed group
(p < 0.001). Western blot analysis showed that compared with levels in the control group,
the protein levels of PINK1 and parkin were decreased by 47.0% (p < 0.001) and 59.7%
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(p < 0.001), respectively, in the 6-OHDA-exposed group. The levels of cleaved caspase 9,
caspase 7, caspase 3, and PARP associated with apoptosis were 3.7-fold (p < 0.001), 2.5-fold
(p <0.001), 3.2-fold (p < 0.001), and 9.3-fold (p < 0.001) greater, respectively (Figure 10a,b).
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Figure 9. Down-regulation of parkin by RNAi can reverse the anti-apoptotic effect of peiminine
(PMN) in 6-hydroxydopamine (6-OHDA)-exposed SH-SY5Y cells. SH-SY5Y cells were transfected
with control siRNA or parkin siRNA for 24 h, and then the transfected cells were treated with
1 uM PMN or no treatment, respectively. After 24 h, cells were exposed to 100 uM 6-OHDA for 18 h.
(a) DIOC6 (1 uM) staining was used to evaluate damage to mitochondrial membrane potential (MMP).
The representative fluorescence images of each group are shown here. (b) Hoechst 33258 (5 ug/mL)
staining was used to evaluate the ratio of nuclear condensation. The representative fluorescence
images of each group are shown here. (c) Image] software was employed to analyze the fluorescence
intensity of the staining in (a) and (b). The relative fluorescence intensity is indicated as a ratio
relative to the control group. (d) Flow cytometric analysis of Annexin-V-FITC and PI staining was
implemented on each group. Apoptosis rate = percentage of early apoptotic cells in the lower right
quadrant + percentage of late apoptotic cells in the upper right quadrant. The results shown above
are the standard errors of the average of three independent experiments. # Indicates a significant
difference between the 6-OHDA-exposed group and the control group (*# p < 0.001). * Indicates a
significant difference between the PMN-pretreated 6-OHDA-exposed group and the PMN-untreated
6-OHDA-exposed group (** p < 0.01, *** p < 0.001).
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Figure 10. Western blot analysis was used to quantify the levels of PINK1, parkin, ARTS, XIAP, and apoptotic core proteins.
SH-SY5Y cells were transfected with control siRNA or parkin siRNA for 24 h, and then the transfected cells were treated
with 1 uM PMN or no treatment, respectively. After 24 h, cells were exposed to 100 tM 6-OHDA for 12 h. (a) Shows
representative results from one of three independent experiments. (b) Image] software was utilized to quantify the signal
intensity of the image in (a). The loaded internal control is the level of 3-tubulin. The relative ratio is represented as the
ratio of each group to the control group. * Indicates a significant difference between the 6-OHDA-exposed group and the
control group (* p < 0.001). * Indicates a significant difference between the PMN-pretreated 6-OHDA-exposed group and
PMN-untreated 6-OHDA-exposed group (* p < 0.001).
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However, PMN pretreatment significantly lessened the apoptosis of SH-SY5Y cells
induced by 6-OHDA. Compared with that of PMN-untreated 6-OHDA-exposed cells,
the MMP of 1 uM PMN-treated 6-OHDA-exposed cells was 1.7-fold greater (p < 0.01)
(Figure 9a,c). Nuclear condensation was reduced by 47% (p < 0.001) (Figure 9b,c), and
apoptosis was significantly diminished by 60% (p < 0.001) (Figure 9d). In addition, the
protein levels of PINK1 and parkin were augmented 4.8-fold (p < 0.001) and 5.5-fold
(p < 0.001), respectively. The levels of cleaved caspase 9, caspase 7, caspase 3, and PARP
were reduced by 76% (p < 0.001), 52% (p < 0.001), 66% (p < 0.001), and 89% (p < 0.001),
respectively (Figure 10a,b). Finally, we used RNAI to inhibit the expression of parkin in
SH-SY5Y cells. We found that the ability of PMN to reverse 6-OHDA-induced apoptosis
was blocked (Figures 9 and 10).

2.11. Down-Regulation of Parkin Can Reverse the Ability of PMN to Enhance
Ubiquitin-Proteasome System Activity and Autophagy in a-Synuclein-Overexpressing
SH-SY5Y Cells

Since we confirmed in the above experiments that PMN can improve the accumulation
of a-synuclein in NL5901 worms, we hypothesized that it may be associated with inducing
the expression of pdr-1 to enhance the UPS and the activity of autophagy. We further
used the human «-synuclein-overexpressing SH-SY5Y cell model to verify this result.
First, we constructed the pcDNA 3.1-SNCA-Myc plasmid and transfected it into the SH-
SY5Y cell line to obtain an a-synuclein-overexpressing cell model [31]. Compared with
values in the control group, in x-synuclein-overexpressing cells, the UPS activity and the
fluorescence intensity of acidic vesicle organelle staining were decreased by 12% (p < 0.01)
(Figure 11a) and 39% (p < 0.001) (Figure 11b,c), respectively. To quantify the autotrophic
defect caused by overexpression of x-synuclein, we used LC3II-based flow cytometry. As
shown in Figure 11d, compared with the control group, overexpression of x-synuclein
caused a 32% reduction in the autophilic activity of SH-SY5Y cells (p < 0.01). Western blot
analysis showed that compared with the control group, PINK1 and parkin were reduced
by 60% (p < 0.001) and 73% (p < 0.001) in x-synuclein-overexpressing cells, respectively
(Figure 12a,b). The autophagy-related proteins PI3K p100, Atg7, and LC3I/LC3II were
lessened by 37% (p < 0.001), 62% (p < 0.001), and 25% (p < 0.001), respectively. There were
no significant changes in mTOR or p-mTOR (Figure 12a,b).
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Figure 11. Down-regulation of parkin can abolish the ability of PMN to promote UPS activity and
autophagy in x-synuclein-overexpressing SH-SY5Y cells. x-Synuclein-overexpressing SH-SY5Y cells
were transfected with control siRNA or parkin siRNA for 24 h. Next, the transfected cells were
treated with 1 uM PMN or untreated for 24 h and then analyzed. (a) Suc-Leu-Leu-Val-Tyr-AMC was
used as a substrate for measuring proteasome activity. The relative fold of the proteasome activity
is represented as the ratio of the activity of each group to the control group. (b) Acridine orange
staining was used to evaluate the number of acidic vesicular organelles in cells. The representative
fluorescence images of each group are shown here. (c) The fluorescence intensity of the staining
in (b) was analyzed by employing Image] software. The relative fluorescence intensity is shown
as the ratio of the fluorescence intensity of each group to that of the control group. (d) Cells were
incubated with the Autophagosome Detection Reagent for 30 min and analyzed by flow cytometry.
The results shown above are the standard errors of the average of three independent experiments.
# Indicates a significant difference between the a-synuclein-overexpressing group and the control
group (¥ p <0.01, # p < 0.001). * Indicates a significant difference between the PMN-pretreated
group and the PMN-untreated group (** p < 0.01, *** p < 0.001).
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Figure 12. Western blot analysis was used to quantify the protein levels of PINK1, parkin, ARTS, XIAP, and autophagy core
proteins. a-Synuclein-overexpressing SH-SY5Y cells were transfected with control siRNA or parkin siRNA for 24 h. Next,
the transfected cells were treated with 1 uM PMN or untreated for 24 h and then analyzed. (a) Shows representative results

from one of three independent experiments. (b) Image] software was utilized to quantify the signal intensity of the image in

(a). The loaded internal control was the level of 3-tubulin. The relative ratio is represented as the ratio of each group to the

control group. # Indicates a significant difference between the a-synuclein-overexpressing group and the control group
(* p < 0.001). * Indicates a significant difference between the PMN-treated group and the PMN-untreated group (* p < 0.001).

PMN treatment improved the defects in the UPS and autophagy caused by a-synuclein
overexpression in SH-SY5Y cells. The results show that compared with the PMN-untreated
group, the UPS activity, the fluorescence intensity of acidic vesicular organelle staining,
and autophilic activity increased by 2.0-fold (p < 0.001) (Figure 11a), 1.6-fold (p < 0.01)
(Figure 11b,c), and 2.7- fold (p < 0.001) (Figure 11d) in the PMN-treated group, respectively.
Western blot analysis indicated that in the PMN-treated group compared with the untreated
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group, the protein level of PINK1 and parkin increased by 2.9-fold (p < 0.001) and 3.8-
fold (p < 0.001), respectively (Figure 12a,b). The expression of PI3K p100, Atg7, and
LC3I/LC3II was augmented by 2.3-fold (p < 0.001), 2.6-fold (p < 0.001), and 3.5-fold
(p < 0.001), respectively (Figure 12a,b). There was no significant change in mTOR or p-
mTOR (Figure 12a,b). Finally, we used RNAi to down-regulate the expression of parkin in
a-synuclein-overexpressing cells. The results revealed that the ability of PMN to activate
the UPS and autophagy was inhibited (Figures 11 and 12).

2.12. PMN May Contribute to Anti-Parkinson Activity by Up-Regulating Parkin Performance,
Leading to a Diminution of Apoptosis-Related Protein in the TGF-p Signaling Pathway (ARTS)
and a Rise in X-Linked Inhibitor of Apoptosis (XIAP)

In worm and cell models with 6-OHDA exposure and «-synuclein overexpression, we
confirmed that PMN can enhance parkin expression. Parkin is known as an E3 ubiquitin
ligase, which can regulate the activity of downstream substrates through selective ubiquiti-
nation. Through extensive analysis, we found that one of its substrates, ARTS, may also
be involved in the neuroprotective mechanism of PMN. Using Western blot analysis, we
showed that ARTS protein expression in 6-OHDA-exposed cells was 1.4-fold (p < 0.001) that
of control cells (Figure 10). In PMN-treated 6-OHDA-exposed cells, ARTS protein expres-
sion was reduced by 29.0% (p < 0.001) compared with PMN-untreated 6-OHDA-exposed
cells (Figure 10). Using RNAi to down-regulate the expression of parkin in SH-SY5Y
cells, we found that the ability of PMN to reverse the 6-OHDA-induced increase in ARTS
expression was abolished (Figure 10). In a-synuclein-overexpressing cells, ARTS protein
expression increased by 3.2-fold (p < 0.001) compared with that in control cells (Figure 12).
In a-synuclein-overexpressing cells, the expression of ARTS protein was reduced by 69.0%
(p < 0.001) in the PMN-treated group compared with the untreated group (Figure 12).
RNAi was used to down-regulate the expression of parkin in x-synuclein-overexpressing
SH-SY5Y cells. We found that the ability of PMN to reverse the increase in ARTS induced
by overexpression of x-synuclein was abolished (Figure 12).

Several reports have shown that the function of XIAP, which can regulate apoptosis
and promote proteasome activity and autophagy, is inhibited by binding of ARTS [15-17].
We wanted to further analyze whether PMN could affect the level of XIAP. Western blot
analysis showed that XIAP protein expression in 6-OHDA-exposed cells was lessened by
79.3% (p < 0.001) compared with that in control cells (Figure 10). In PMN-treated 6-OHDA-
exposed cells, XIAP protein expression was 5.2-fold (p < 0.001) that in PMN-untreated
6-OHDA-exposed cells (Figure 10). Using RNAi to down-regulate the parkin expression
of cells, we found that the ability of PMN to reverse 6-OHDA-induced XIAP reduction
was abolished (Figure 10). In a-synuclein-overexpressing cells, XIAP protein expression
was reduced by 70.3% compared with that in control cells (p < 0.001) (Figure 12). In -
synuclein-overexpressing cells, XIAP protein expression in the PMN-treated group was
3.7-fold (p < 0.001) that in the untreated group (Figure 12). Using RNAi to down-regulate
the parkin expression of cells, we found that the ability of PMN to reverse the diminished
expression of XIAP induced by overexpression of x-synuclein was abolished (Figure 12).

3. Discussion

Previous studies have shown that PMN has rich biopharmaceutical activities, which
can lead to resistance to oxidation, inhibition of inflammation, and blocking of tumor
growth [32,33]. Here, we confirmed another activity of PMN: namely, a neuroprotective
effect. PMN can inhibit 6-OHDA-induced ROS production, the decline in MMP, and
cell apoptosis both in vivo and in vitro, thus preventing DA neuron degeneration and
improving DA-related food-sensing behavior and lifespan defects in a worm model. We
also showed that PMN can enhance the UPS and autophagy activity, thus reducing the
accumulation of x-synuclein. This is the first time that PMN has been shown to have PD
pathology-inhibiting features in animal and cell models. We also explored the possible
molecular mechanisms of PMN through RNAi experiments. PMN may activate the PINK1
(worm homologous gene pinkl)/parkin (worm homologous gene pdr-1) pathway and
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regulate the activity of their downstream substrates, such as enhancing the ubiquitination
and degradation of ARTS (worm homologous genes unc-59 and unc-61). This in turn
increases the level of XIAP (worm homologous gene iap), preventing 6-OHDA-induced
apoptosis and excessive accumulation of x-synuclein.

Research has shown that PINK1 deficiency impairs the differentiation of DA neurons
from adult neural stem cells [34] and inhibits the mitophagy and MMP of DA neurons [35].
Knockout of PINKT affects the neurotransmission of DA neurons and causes motor dysfunc-
tion in Drosophila [36]. In PINK1 knockout mice, the aggregation of abnormal endogenous
a-synuclein is increased, which increases the sensitivity of DA neurons to a-synuclein
and finally causes degeneration [37]. In addition, PINK1 knockout mice have less tyrosine
hydroxylase in the hippocampus, which changes DA signaling in the hippocampus and
causes damage to learning and memory [38]. In aging PINK1 knockout mice, mitochondrial
DNA heteroplasmy in the substantia nigra is increased [39]. Other studies have shown
that loss of PINK1 and overexpression of «-synuclein can lead to a diminution in the
length of neurites in midbrain neurons, which may be related to mitochondrial fission and
increased Golgi fragmentation [40]. Drpl is a substrate of PINK1, and PINK1-mediated
phosphorylation of DrplS616 can directly increase mitochondrial fission, independent of
parkin and autophagy. Some PINK1-related cases of familial and sporadic PD have been
shown to have decreased phosphorylation of Drp15616 [41]. Therefore, PMN can enhance
the neuroprotective effect by increasing the expression of PINKI.

Aging parkin knockout mice display dyskinesias, including hindlimb defects and
neuronal loss. In the DA neurons of these mice, the internal structure of the mitochondria is
abnormal and fragmented [42]. Moreover, loss of parkin function results in an intrastriatal
reconfiguration of interneuronal circuits and amplifications of synchronized cortico-striatal
oscillations. These changes predispose the animal to an imbalance in striatal outflow [43].
FBP1 and AIMP are substrates of parkin, and both have been found to accumulate in the
brains of PD patients. Their function is to transcriptionally activate the deubiquitinase
USP29. The substrate for USP29 is myb binding protein 1A (MYBBP1A). In SH-SY5Y cells,
knockout of parkin increases the level of AIMP2, leading to the accumulation of USP29
and MYBBP1A, which may be one reason for the pathogenesis of PD [44]. Studies have
shown that the expression of parkin in neuronal cells is down-regulated by exogenous
a-synuclein, which causes mitochondrial dysfunction [45] and neuroinflammation [46].
Interestingly, oxidative stress induces the post-translational modification of the cysteine
of parkin in the substantia nigra of mice and humans, causing it to oxidize with age and
gradually become insoluble. This oxidative modification is associated with neuroprotection,
including reducing H,O,, neutralizing reactive DA metabolites, chelating free radicals in
insoluble aggregates, and increasing melanin formation. Therefore, parkin mutants may
lose the ability to complement this redox effect, which increases oxidative stress and causes
DA neurons to age, thereby increasing the risk of PD [47]. Therefore, PMN can prevent
neuronal damage and degeneration by improving expression of parkin.

Studies have reported iron deposits in the substantia nigra pars compacta of PD ani-
mal models and patients. Thus, the destruction of iron homeostasis may be related to PD.
Iron is reported to inhibit the activity of parkin, thereby hindering the degradation of x-
synuclein by the proteasome. The resulting aggregated x-synuclein leads to mitochondrial
dysfunction and apoptosis in SH-SY5Y cells [48]. Lactoferrin is a transferrin that regulates
iron homeostasis. Parkin can bind to lactoferrin and degrade it by ubiquitination to affect
iron homeostasis. Elevated levels of lactoferrin and its receptor have been observed in
parkin mutant PD [49]. Divalent metal transporter 1 (DMT1) is also a substrate for parkin
ubiquitination. «-Synuclein activates p38 mitogen-activated protein kinase (MAPK) to
phosphorylate parkin 53!, thereby reducing the E3 ubiquitin ligase activity of parkin,
leading to high DMTT1 levels and abnormal iron accumulation [50]. Some PD patients show
S-nitrosylated parkin (SNO-parkin). Studies in SH-SY5Y cells have shown that SNO-parkin
lessens the ubiquitination activity for DMT1, leading to high levels of DMT1, thus causing
abnormal iron accumulation and neurodegeneration [51]. Interestingly, reducing DMT-1
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and iron accumulation may result in augmented iron regulatory protein (IRP)/iron respon-
sive element (IRE) interactions on the 5’"UTR of SNCA to lower its translation. Therefore,
the abnormal increase in iron in the brain of PD patients promotes the development of
iron attenuating agents and iron chelators as a new treatment strategy for PD [52]. PMN
can upregulate the expression of parkin and may maintain the stable concentration of iron
ions in nerve cells and prevent iron and as well as a-synuclein accumulation from causing
damage to the cells. In the future, we will further use DA neurons derived from iPS stem
cell of PD patient which over express endogenous SNCA, to evaluate the efficacy of PMN
against «-synucleinopathies.

DA neurons derived from induced pluripotent stem cell lines from patients with parkin
mutations have mitophagy and autophagy-lysosomal pathway defects [53,54], and the
complexity and maturity of neurites is decreased by parkin mutations [55]. In the Drosophila
model, PINKT1 or parkin dysfunction can cause PARIS-dependent inhibition of PGC-1x and
its downstream transcription factors NRF1 and TFAM in DA neurons, thereby blocking
mitochondrial biogenesis [56]. It is worth noting that VDACT1 is also a substrate of parkin,
which can regulate mitophagy and apoptosis. VDACI lacking monoubiquitination (K274R)
promotes apoptosis by increasing mitochondrial calcium uniporter channel to promote
calcium uptake. VDACT1 lacking polyubiquitination (Poly-KR) hinders mitophagy [57].
Recent studies in mouse models and humans have revealed that lack of parkin and PINK1
can cause mitochondrial damage, the release of mitochondrial DNA (mtDNA), and an
increase in IL-6 expression, leading to inflammation [58]. In addition, the endoplasmic
reticulum-mitochondrial contact site is a key structure for cell function. The site is involved
in a large number of cellular processes, including Ca?* signaling and selective degradation
of mitochondria. PINK1/parkin is known to be involved in the mediation of this path-
way [59]. Therefore, PMN can maintain the function and biogenesis of mitochondria in
neuron by increasing the activity of parkin, avoiding its damage and aging.

In addition to our present findings on PMN, other studies have shown that vari-
ous phytocompounds and plant proteins can overcome defects in PINK1 or parkin or
regulate the expression of these genes for neuroprotection. For example, naringenin can
improve the expression of PINK1 to diminish cellular oxidative stress and restore MMP,
thereby alleviating 6-OHDA-induced toxicity in SH-SY5Y cells and zebrafish models [60].
In an MPTP-induced PD model, ursodeoxycholic acid modulates the PINK1/parkin path-
way to improve mitochondrial function, inhibit apoptosis, and enhance autophagy, thus
protecting DA neurons against oxidative stress [61]. Celastrol activates mitophagy by en-
hancing the performance of PINK1, thus preventing DA neuron death [62]. Ginseng protein
prevents mitochondrial dysfunction and neurodegeneration by inducing mitochondrial
unfolded protein response (UPR™) in the PINK1-deficient Drosophila PD model [63]. An-
drographolide can induce parkin-mediated mitophagy to inhibit the activation of NLRP3
inflammasomes in LPS-MPTP mice and microglia and thereby reduce the death of DA
neurons [64]. Vasicinone can induce autophagy by enhancing the PINK/ parkin path-
way to prevent paraquat-induced mitochondrial dysfunction of DA neurons and reduce
a-synuclein levels [65].

Our previous report indicated that substrates of parkin are involved in many impor-
tant cellular physiologic processes, including apoptosis, mitochondrial metabolism, and
protein clearance [66]. In this study, we found that the protein expression of ARTS, one of
the substrates of parkin, is down-regulated by PMN. By contrast, the protein expression of
XAIP, which is inhibited by ARTS binding, is up-regulated by PMN. Both proteins may be
related to the mediation of parkin.

ARTS is related to the enhancement of apoptosis induced by TGF-f3. When apoptosis
occurs, ARTS is located in the mitochondria and is transported to the nucleus. The P loop
mutation of ARTS can abolish its ability to activate caspase 3 and induce apoptosis [67].
ARTS is also a polymerizing GTP-binding protein, which can serve as a molecular scaffold.
In Lewy bodies, ARTS co-localizes with a-synuclein, which is a main component of the
Lewy bodies. Studies have shown that the content of ARTS and a-synuclein in the sub-
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stantia nigra of PD patients is increased by more than 10-fold [68]. Studies have also found
that overexpression of Drosophila ARTS-homologous genes can destroy the integrity of DA
neurons in age-dependent dorsal clusters, and that this can be suppressed by increasing
parkin co-expression. Conversely, it can also be enhanced by reducing the expression of
parkin. This indicates that ARTS accumulation is toxic to DA neurons [69,70]. The ARTS
gene is known to be a responsive target gene of p53. p53 binds to reactive DNA elements
on the ARTS promoter and promotes its transcription. Inducers of p53 can increase the
expression of ARTS, and the blocking of p53 can diminish the expression of ARTS under
various stress conditions. These findings indicate that ARTS and p53 act synergistically on
apoptosis involving mitochondria [71].

XIAP is a cell survival regulator and the most effective inhibitor of intracellular caspase.
The typical apoptotic pathway includes the release of cytochrome ¢ and the activation
of caspase 9, caspase 7, and caspase 3 in sequence, which causes PARP cleavage and
leads to apoptosis [15]. XIAP can inhibit the formation of functional dimers of caspase
9 in apoptotic bodies through the third BIR domain. At the same time, the second BIR
domain can block the active sites of activated caspase 3 and caspase 7, thus preventing
apoptosis. Studies have shown that specific gene transduction of XIAP in DA neurons can
improve neurotoxicity and behavioral damage in MPTP-exposed PD models [72]. A recent
study showed that XIAP can be bound by the E3 ligase RING-finger protein 166 (RNF166)
and undergo ubiquitination-dependent degradation. 6-OHDA treatment can enhance the
expression of RNF166, thus accelerating the activation of caspase and the death of neurons.
The down-regulation of RNF166 in cells can activate XIAP and alleviate 6-OHDA-induced
cell death [73].

ARTS is known to inhibit XIAP activity, thereby promoting caspase activation [18].
In 6-OHDA-exposed neuronal cells, the level of ARTS will increase. Overexpression of
parkin can reduce the level of ARTS and improve apoptosis caused by 6-OHDA [74]. In a
healthy brain, ARTS can be degraded by parkin’s ubiquitination to maintain low levels
and avoid caspase activation. However, in nerve cells containing low or mutated parkin,
the activity of parkin to degrade ARTS is reduced or abolished. Finally, XIAP is inhibited
by the binding of ARTS, which is sufficient to promote the activation of caspase 9, 7, and 3.

Our data are consistent with these results. 6-OHDA-exposed SH-SY5Y cells displayed
augmented expression of ARTS, but reduced expression of XIAP. However, pretreatment
with PMN could reverse this result. PMN may promote the ubiquitination and degradation
of ARTS by inducing parkin expression. Low levels of ARTS are expected to reduce
XIAP inhibition and caspase activation and alleviate the apoptosis caused by 6-OHDA. In
addition, we showed that the use of RNAi to down-regulate the expression of parkin could
significantly abolish the ability of PMN to reverse 6-OHDA-induced ARTS expression,
XIAP inhibition, and caspase activation.

ARTS is also known to be an modulator of autophagy. Overexpression of ARTS
reduces autophagy activity [19]. XIAP can be used as a ubiquitin E3 ligase to regulate
proteasome activity [16], and it can also upregulate autophagy activity [17]. As for 6-
OHDA exposure, x-synuclein-overexpressing SH-SY5Y cells showed augmented levels
of ARTS, but lessened levels of XIAP, and pretreatment with PMN could reverse this
result. The resulting low level of ARTS could alleviate the damage to nerve cells caused by
overexpression of a-synuclein. We also found that the use of RNAi to down-regulate the
expression of parkin could considerably abolish the ability of PMN to promote the UPS
and autophagy and reduced the accumulation of x-synuclein. In short, PMN decreases
ARTS-mediated degradation of XIAP by modulating the PINK1/Parkin pathway, thereby
ameliorating 6-hydroxydopamine toxicity and o-synuclein accumulation in PD models of
C. elegans and SH-SY5Y cell lines. Interestingly, studies have shown that XIAP regulates
the level of ARTS by acting as a ubiquitin ligase, thereby providing a potential feedback
mechanism to prevent harmful cell apoptosis [75].

The current view of PD comprehends the concept that x-synuclein aggregates can
spread from neuron-to-neuron in a prionlike fashion from the peripheral nervous sys-
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tem to the brain, via the enteric nervous system [76] or sensory nervous system [77,78].
PMN may also decrease a-synuclein in the peripheral nervous system, enteric nervous
system or sensory nervous system by activating UPS and autophagy and downregulate
the transneuronal spread of x-synuclein.

In this study, we used C. elegans and SH-SY5Y models to verify the effectiveness of
PMN in its neuroprotection, but the concentration of PMN used in both models does
not reflect the translational correlation with the mammalian model. However, PMN has
proven its anti-inflammatory function on lipopolysaccharide-induced acute lung injury
mice model, bleomycin-induced acute lung injury rat model, osteoarthritis mice model,
and dinitrochlorobenzene-induced atopic dermatitis mice model [22,23,79,80]. Mice were
treated with PMN once a day at a dose of 5 mg/kg for 8 weeks. The results showed no
obvious toxicity to mice or rats. In addition, the pharmacokinetics, tissue distribution and
excretion of PMN on rat model have also been reported [81]. The above information can
provide us with a reference for translational research.

Although orthologous gene of SNCA and associated neurodegeneration are not found
in C. elegans, transgenic worms produced by overexpressing wild-type or mutant human
a-synuclein (A53T or A30P) showed degeneration of DA neurons together with loss of
the basal slowing response [82]. Therefore, worms can still be used as a platform for
preliminary drug development against synucleinopathies.

In conclusion, our experimental data demonstrated that PMN can significantly im-
prove the neurotoxicity induced by 6-OHDA and the accumulation of x-synuclein in a PD
model, and may have considerable therapeutic applications in the future. By enhancing
the PINK1/parkin pathway, PMN can significantly lessen the expression of ARTS and then
promote a rise in XIAP to resist apoptosis and activate the UPS and autophagy. Since C.
elegans does not have the structure of a mammalian brain, and SH-SY5Y cells are not true
DA neurons, in follow-up studies, we will use a unilateral 6-OHDA lesion mouse model,
human A53T a-synuclein-overexpressing transgenic mice, and DA neurons derived from
iPS cells of PD patient to further evaluate the effectiveness of PMN, especially in terms of
pharmacokinetics. Finally, the causes of PD are complex, and mitochondrial dysfunction
and chronic inflammation are also important influencing factors. In the future, we hope to
use NGS and molecular docking technology to study the improvement effects of PMN on
mitochondrial dynamics, mitophagy, and a-synuclein-induced inflammasome activity of
microglia. In an aging society, it is important and urgent to establish an effective treatment
for PD. PMN may provide an opportunity that is worthy of further research.

4. Materials and Methods
4.1. Chemicals, C. elegans Strains and Synchronization

Synthesized PMN (mol. wt. 429.64, 98% purity) was purchased from Rainbow
Biotechnology Co. Ltd. (Shilin, Taipei, Taiwan) and dissolved in DMSO as a stock solution
(1 M). Other chemicals and culture media were acquired from Sigma-Aldrich (St. Louis,
MO, USA) unless otherwise stated. Wild-type Bristol N2 C. elegans, transgenic BZ555
strain (Pdat-1::GFP), transgenic N5901 strain (Punc-54::x-Syn::YFP), transgenic DA2123
strain (Plgg-1:: GFP::1gg-1), and Escherichia coli strains OP50 and HT115 were obtained
from the Caenorhabditis Genetics Center (University of Minnesota, Saint Paul, MN, USA).
The general maintenance and synchronization of the worm were carried out using the
previously described method [31]. All worms were cultured at 20 °C.

4.2. Food Clearance Assay for Worms

To determine the appropriate treatment concentration of PMN that did not affect the
growth of worms, we used the food clearance assay as previously described [83]. First,
the PMN was diluted into S-medium to the indicated concentration, and then OP50 E. coli
that had been allowed to grow overnight was evenly dispersed in PMN/S-medium with
an optical density (OD) of 6.6. We loaded 50 uL. of PMN//OP50/S-medium (OD = 0.6)
to each well of a 96-well plate, and then added about 10 pL of medium to contain 20 L1
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worms, and finally sealed the plate with a cover plate to prevent evaporation. Once per
day, we measured the OD of the culture at 595 nm using a SpectraMax M2 Microplate
Reader (Molecular Devices, Silicon Valley, CA, USA) for a total of 6 days. Before OD
was measured, each plate was placed on a plate shaker and shaken for 30 s. After the
measurement, the number and type of worms in each well were observed simultaneously
under the microscope.

4.3. 6-OHDA Exposure and PMN Pretreatment of Worms

We exposed the worms to 6-OHDA according to the previously described method to
cause DA neuronal degeneration [83]. First, L1 worms were transferred to OP50/NGM
medium without or with different concentrations of PMN and cultured to L3 stage (24 h),
and then exposed to 6-OHDA solution (50 mM, containing 10 mM ascorbic acid) for 1 h.
During this period, the tube wall was tapped every 10 min to suspend the worms. After
treatment, the worms were washed with M9 buffer and transferred to OP50/NGM/5-
fluoro-2'-deoxyuridine, 2’-deoxy-5-fluorouridine (FUDR, 0.04 mg/mL) to reduce the gener-
ation of offspring. The worms were cultivated for 3 days until they reached the adult stage
and were then used in various analyses.

4.4. Quantification of DA Neuron Degeneration in Worms

We used the previously described method to quantitatively analyze the DA neuronal
degeneration of the BZ555 worm [83]. The reduction in the GFP signal of the DA neurons
represents degeneration of the neurons. The worms were washed 3 times with M9 buffer,
and then placed on the agar pad (2%) of a glass slide, anesthetized with sodium azide
(100 mM), and then covered with a cover glass. The fluorescence of DA neurons in the head
of the worm was imaged with Zeiss Axio Imager A1 fluorescence microscope (Carl Zeiss
Microlmaging GmbH, Géttingen, Germany), and Image] software (National Institutes of
Health, Bethesda, MD, USA) was used to determine fluorescence intensity. In addition, if
the dendrites of the DA neurons of a worm showed bubbles or were absent, we recorded
that the worm was positive for neurodegeneration of DA neurons.

4.5. Food Sensitivity Behavior Test in Worms

We used the previously described food-sensing behavior test to evaluate the function
of DA neurons in worms [83]. To prepare a measurement plate, E. coli were spread in a ring
on a9 cm NGM plate with an inner diameter of 1 cm and an outer diameter of 8 cm, and the
plates were cultured overnight. N2 adult worms of different treatments were washed with
MO buffer and then dropped into the center of the plate. Five minutes after the transfer, the
number of S-shaped movements of each worm on the bacteria-free lawn and the bacterial
lawn were measured three times at an interval of 20 s. The slowing rate = (the number of
S-shaped movements in the bacteria-free lawn—the number of S-shaped movements in
the bacterial lawn)/the number of S-shaped movements in the bacteria-free lawn. In all
analyses, each group was anonymously labeled, so that the experimenter was unaware
of the treatment of the worm. The average slowing rate of 50 worms was calculated for
each group.

4.6. Lifespan Test in Worms

We use the previously described method for the worm lifespan test [83]. L3 stage N2
worms of different treatment groups were transferred to a plate (containing FUDR) for
lifespan analysis, and a new plate was replaced every 3 days until all worms died. The
number of surviving worms was counted daily. If a worm did not respond to repeated
touches of the platinum picker, it was counted as dead. The analysis excluded worms that
were removed from the wall and died as a result of dehydration. The survival curve was
displayed by using Kaplan-Meier estimator and SPSS software (IBM, Armonk, NY, USA).
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4.7. Quantification of Accumulation of Human a-Synuclein in Worm Muscle Cells

We used the previously described method to quantify the accumulation of x-synuclein
in the NL5901 worm [83]. The synchronized L1 stage worms were cultured on OP50/NGM
plates with or without PMN for 1 day. The worms were then transferred to OP50/NGM/
FUDR plates with or without PMN, incubated for 3 days, and then washed with M9 buffer
three times. The YFP signal of the worm reflects the accumulation of a-synuclein. The
measurement and quantification method of fluorescence intensity is as described in 4.4.

4.8. Analysis of Protein Expression in Worms

We used the previously described method to extract proteins from the worms and
perform Western blot analysis [31]. Protein was extracted from frozen worm pellets using
Fastprep24 (MP Biomedicals LLC, Solon, OH, USA) and PBS containing protease inhibitors.
The extract was boiled with sample buffer containing sodium dodecyl sulfate (SDS) for
10 min and separated by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The
proteins were then transferred to a polyvinylidene fluoride (PVDF) membrane. After react-
ing with the primary antibody overnight, the position and intensity of human a-synuclein
were determined by use of horseradish peroxidase (HRP)-conjugated secondary antibody
(PerkinElmer Inc., Boston, MA, USA) and the Amersham enhanced chemiluminescence sys-
tem (Amersham Biosciences, Piscataway, NJ, USA) and BioSpectrum imaging system (UVP,
Upland, CA, United States). Human o-synuclein monoclonal antibody (sc-12767) and
[-actin (sc-47778) antibody were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA).

4.9. Determination of Reactive Oxygen Species Content in Worms

We used the 2,7’-dichlorodihydrofluorescein diacetate (H2DCFDA) analysis method
to quantify the ROS content in worms [31]. Thirty worms were washed 3 times with M9
buffer and transferred to a 96-well plate with 150 uL PBS per well. We then added 50 nL of
H2DCFDA (150 uM in PBS) and measured fluorescence at 20 °C using a SpectraMax M2
Microplate Reader (Molecular Devices, Silicon Valley, CA, USA) (Aex = 485; Aem = 520 nm).
Fluorescence was measured every 15 min for a total of 150 min.

4.10. Total RNA Extraction and gPCR of Worms

We used the previously described method, using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) and glass beads, to extract total worm RNA and then performed qPCR analy-
sis [31]. The SuperScript one-step RT-PCR kit (Invitrogen), SYBR Green I Master kit (Roche
Diagnostics, Indianapolis, IN, USA), and ABI StepOnePlus system (Applied Biosystems,
Inc., Foster City, CA, USA) were used according to the manufacturer’s instructions. Table 1
lists the primer pairs for this experiment [31]. The comparison 2—AACt method was used
for analysis and the endogenous control was calculated by using act-1 expression as the
fold difference.

4.11. Determination of the Proteasome Activity of Worms

We used the previously described method to determine the proteasome activity (chy-
motrypsinlike activity) in worms [31]. Worms were first lysed by using a Precellys 24
homogenizer and proteasome activity assay buffer [50 mM Tris-HCI (pH = 7.5), 250 mM
sucrose, 2 mM ATP, 5 mM MgCl,, 1 mM dithiothreitol, and 0.5 mM EDTA]. The lysate was
then centrifuged at 10,000 x g at 4 °C for 15 min. For each sample, 25 ug of total lysate was
added to each well of a 96-well microtiter plate, and then the fluorescent substrate Suc-
Leu-Leu-Val-Tyr-AMC (Sigma-Aldrich, St. Louis, MO, USA) was added. After the plates
were incubated for 1 h at 25 °C, the fluorescence was measured with a SpectraMax M2
Microplate Reader (Molecular Devices, Silicon Valley, CA, USA) (Aex = 380; Aem = 460 nm).
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Table 1. Primers for real time PCR [31].

(Start—End)

. / _n/
Genes of C. elegans (Human) Primer Sequences (5'-3') Size (bp)

Forward: TTTCAACACCCAATCTCCAAC
Reverse: TGATACTCGCTTGCCACAC

Forward: TGCTCGTCAACCTCTGTTC
Reverse: TCACTTTCTCCTTCCCATCAC

Forward: GAGACGATACCGACAAACAC
Reverse: GGCATTTCCTCCAAGACTAAC

Forward: CGGATTAGATGGAGCCGAAC
Reverse: ATCAGCCCACCAGACTCTAC

Forward: GCTTTGATCCTTTTGCCACC
Reverse: CTGCCAGTTTGCTACATCC

Forward: AACTCTGCTCAAAACTACTCAC
Reverse: CCACAACCTTCTTCCCATTC

Forward: TCACACCATACCAACCTCC
Reverse: GTTTCCAAGAGTCTTCAGAACC

Forward: TCCACTTATTGCTCACATTGTC
Reverse: TCCACCATCAACTCCACATC

Lrk-1 (LRRK1) (1983-52092) 110

Pdr-1 (PRKN) (376—601) 226

Pink-1 (PINK1) (882—1158) 277

Djr-1.1 (PARK?) (111-305) 195

Djr-1.2 (PARK?) (19—247) 229

Vps-35 (VPS35) (1953—52146) 194

Catp-6 (ATP13A3) (3092-+3336) 245

Dnj-27 (DNAJC10) (427—+635) 209

4.12. Determination of the Autophagy Activity of Worms

We used the previously described method to observe the autophagy activity in
transgenic DA2123 worms (which have a GFP-tagged LGG-1 regulated by the Igg-1 pro-
moter) [31]. The worms were washed 3 times with M9 buffer, and the LGG-1::GFP-positive
puncta area in the outer epidermal seam cells was observed by using a fluorescence mi-
croscope. The positive punctate areas of at least 20 seam cells per worm were counted. At
least 50 worms were counted in each group.

4.13. RNA Interference of Worm

We used the previously described method to perform RNA interference on worms
fed E. coli that can express pdr-1 siRNA [31]. RNase Ill-resistant E. coli (HT115(DE3))
has a pdr-1-specific double-stranded RNA expression plasmid (L4440) (Open Biosystems,
Huntsville, AL, USA) that can be induced by IPTG. Feeding this E. coli to worms can target
endogenous pdr-1 mRNA and promote its specific degradation. In the 6-OHDA-exposed
BZ555 model, the L1 worms were transferred to pdr-1 RNAi/NGM plates with or without
PMN and grown to the L3 stage. Next, the worms were exposed to 6-OHDA for 1 h and
then cultured in pdr-1 RNAi/NGM/FUDR plates with or without PMN for 3 days until
analyzed. In the transgenic NL5901 model, L1 worms were cultured to pdr-1 RNAi/NGM
plates with or without PMN for 1 day, and then transferred to pdr-1 RNAi/NGM/FUDR
plates with or without PMN and cultured for 4 days until analyzed.

4.14. PMN Pretreatment and 6-OHDA Exposure of SH-SY5Y Cell Line

Human neuroblastoma SH-SY5Y cells (20th generation) were a generous gift from
Chia-Wen Tsai (China Medical University, Taichung, Taiwan). We used the previously
described method for cell culture [31]. Cells (1.2 x 10°) were inoculated on a 35 mm culture
dish containing PMN at the specified concentration, allowed to incubate for 24 h, and
then exposed to 100 uM 6-OHDA for 12 h (for Western blotting analysis) or 18 h (for
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, mitochondrial
membrane potential (MMP) measurement, Hoechst 33258 staining, and Annexin-V FITC
and PI staining). DMEM, penicillin-streptomycin, trypsin-EDTA, and fetal bovine serum
were purchased from Gibco, ThermoFisher Scientific (Waltham, MA, USA).

4.15. Preparation of SH-SY5Y Cell Line Transiently Overexpressing a-Synuclein

To obtain the SH-SY5Y cell line overexpressing x-synuclein, we first synthesized the
SNCA coding sequence (Accession numbers: NM_000345, Genewiz Inc., South Plainfield,
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NJ, USA). Then, the sequence was amplified by PCR and cloned into pcDNA3.1(+)-Myc
vector (Invitrogen, ThermoFisher Scientific, Carlsbad, CA, USA) using Nhel and Apal sites
via restriction enzymes (New England Biolabs, Beverly, MA, USA). Finally, according to the
manufacturer’s instructions, Lipofectamine 2000 reagent (Invitrogen) was used to transfect
the vector into the SH-SY5Y cell line. Empty pcDNA3.1(+) plasmids were used as the
control group. The transfected cells were selected by use of G418 (1.5 mg/mL).

4.16. Immunofluorescence Staining of SH-SY5Y Cells

We used the previously described method for immunofluorescence staining [31].
Briefly, cellular samples grown on poly-L-lysine-coated coverslips were washed and fixed
with 4% paraformaldehyde at room temperature for 10 min and then incubated with 0.2%
Triton X-100 for 10 min. Next, the samples were soaked in a solution containing 1% BSA
and 22.52 mg/mL glycine (dissolved in PBST (PBS + 0.1% Tween 20)) for 30 min. Primary
antibody was added and allowed to react overnight at 4 °C. The next day, the sample was
washed and placed in PBST containing 1% BSA. Goat anti-mouse IgG secondary antibody-
Alexa Fluor 488 conjugate (purchased from Invitrogen) was added at the same time, and
the sample was reacted at 25 °C for 1 h. Finally, the sample was washed, the nuclei were
stained with DAPI, and the fluorescence was detected using a fluorescence microscope.
Myc antibody was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).

4.17. Cytotoxicity Analysis of PMIN

We used the previously described MTT method to determine cell viability [31]. The
SH-SY5Y cells were washed and replaced with fresh medium, and then MTT (5 mg/mL)
was added and incubated at 37 °C for 2 h. Next, after washing, the formazan crystals
were dissolved with isopropanol and the absorbance was measured at 570 nm using a
Microplate Reader (Molecular Devices, Silicon Valley, CA, USA).

4.18. Western Blot Analysis of the SH-SY5Y Cell Line

For Western blot analysis of SH-SY5Y cells, we used the previously described method [31].
SH-SY5Y cells were washed twice with cold PBS and then collected in lysis buffer (25 mM
Tris-HCI, 150 mM NaCl, 1% Triton X-100, 10% glycerol, 2 mM EDTA, 1 mM PMSEF, 1 ug /mL
leupeptin, 1 ug/mL aprotinin, and phosphatase inhibitor). Whole cell lysates were cen-
trifuged at 14,000 x g for 20 min at 4 °C. The protein concentration was measured with
Coomassie plus protein assay reagent kit (Pierce, Rockford, IL, USA). The cell protein
(50 ng) was then analyzed on 7.5%, 10%, or 12.5% SDS-PAGE gels, as shown in 4.8. Caspase
9 (#9508), cleaved caspase 9 (#20750), caspase 7 (#12827), cleaved caspase 7 (#8438), caspase
3 (#9662), cleaved caspase 3 (#9661), poly-ADP ribose polymerase (PARP) (#9542), cleaved
PARP (#5625), mTOR (#2983), p-mTOR (#5536), and Atg7 (#8558) antibodies were from Cell
Signaling Technology (Beverly, MA, USA). Monoclonal antibodies to PINK1 (sc-518052),
parkin (sc-32282), ARTS, XIAP (sc-55550), PI3 kinase p100 (sc-365404), LC3 (sc-398822),
and B-tubulin (sc-166729) were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA,
USA). ARTS antibody (PA5-82767) was from Invitrogen ThermoFisher Scientific. HRP goat
anti-rabbit and HRP goat anti-mouse secondary antibodies were from PerkinElmer, Inc.
(Boston, MA, USA).

4.19. Measurement of Mitochondrial Membrane Potential in SH-SY5Y Cell Line

For the measurement of MMP of the SH-SY5Y cell line, we used the previously
described 3,3’-dihexyloxacarbocyanine iodide (DiCO6) method [31]. The cells were washed
with PBS and replaced with fresh medium and exposed to DiCO6 dye (1 uM). Thirty
minutes later, the changes in MMP were recorded by use of a fluorescence microscope
(green fluorescence) and the fluorescence intensity of the image was quantified by using
Image] software (National Institutes of Health).
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4.20. Staining of Hoechst 33258 in SH-SY5Y Cell Line

For Hoechst 33258 nuclear staining of the SH-SY5Y cell line, we used the previously
described method [31]. The cells were washed with PBS and replaced with fresh medium.
Cells were then stained with Hoechst 33258 (5 ug/mL) in the dark at 25 °C for 1 h,
and changes in chromosome morphology (blue fluorescence) were recorded by using a
fluorescence microscope.

4.21. Apoptosis Assay by Flow Cytometry

We used the FITC Annexin-V Apoptosis Detection Kit I (BD Biosciences Pharmingen,
San Diego, CA, USA) to perform apoptosis analysis according to the manufacturer’s
instructions. The cells were collected by trypsinization, washed three times with PBS, and
centrifuged at 1500 x g for 5 min at room temperature. Next, the cells were resuspended in
100 puL of 1x binding buffer (10 mM HEPES/NaOH (pH 7.4), 140 mM NaCl, and 2.5 mM
CaCly), and then annexin-V FITC and PI were added and the cells stained for 15 min in
the dark. Finally, 400 pL of 1x binding buffer was added and the apoptosis rate was
immediately analyzed using a BD LSRII flow cytometer (Becton Dickinson, Heidelberg,
Germany). The cell collection gate for each sample contains at least 10,000 events to be
collected. Among them, Q2 is a late apoptotic cell, Q4 is an early apoptotic cell, Q3 is a live
cell, and Q1 is a dead cell. Apoptosis rate = (Q2 + Q4)/(Q1 + Q2 + Q3 + Q4) x 100%.

4.22. RNA Interference of SH-SY5Y Cell Line

The sequence of small RNA interference (siRNA) of parkin is as follows: 5-UUCGCAG
GUGACUUUCCUCUGGUCA-3' (Tri-I Biotech Inc, Taipei, Taiwan). We used Lipofectamine
2000 reagent (Invitrogen) for siRNA transfection according to the manufacturer’s instruc-
tions. In the 6-OHDA exposure experiment, cells were transfected with control siRNA or
parkin siRNA for 24 h, then pretreated with 1 uM PMN for 24 h, and finally treated with
100 uM 6-OHDA for 12 h (Western blotting) or 18 h (other analyses). In the SH-SY5Y cell
line overexpressing x-synuclein (48 h after transfection), the cells were transfected with
control siRNA or parkin siRNA for 24 h, and then treated with 1 mM PMN for 24 h.

4.23. Determination of Proteasome Activity in SH-SY5Y Cell Line

We used the previously described method to measure proteasome activity (chy-
motrypsinlike activity) in the SH-SY5Y cell line [31]. Cell lysate was incubated with
enzyme substrate (Suc-Leu-Leu-Val-Tyr-AMC (Sigma-Aldrich, St. Louis, MO, USA)) at
25 °C for 1 h, and the Microplate Reader (Molecular Devices, Silicon Valley) was used
to detect the fluorescence intensity corresponding to the proteasome chymotrypsinlike
activity (Aex = 380; Aem = 460 nm).

4.24. Acidic Vesicular Organelle Staining in SH-SY5Y Cell Line

We used a method described previously to perform acidic vesicular organelle staining
in the SH-SY5Y cell line [31]. After removal of the medium, the cells were washed with PBS,
and incubated with acridine orange hydrochloride solution (0.5 pg/mL) at 37 °C for 10 min
in the dark. After incubation, the formation of acidic vesicular organelles (red color) was
detected under a fluorescence microscope. The fluorescence intensity was quantitatively
analyzed by using Image] software (National Institutes of Health).

4.25. Determination of Autophilic Activity in SH-SY5Y Cell Line

We used the Autophagy Assay Kit (Sigma-Aldrich) according to the manufacturer’s
instructions to determine the autophilic activity of the SH-SY5Y cell line. Cells were
cultured in 96-well plates to optimal density (1 x 10* cells/well) for the various treatment.
The medium was removed from the cells and 100 pL of the autophagosome detection
reagent working solution was added (diluting 500 x Autophagosome Detection Reagent in
the Stain buffer) to each well. Cells were incubated for 1 h and then washed with the Wash
Buffer three times. We measured fluorescence intensity (Aex = 360; Aem = 520 nm) using a
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Zeiss Axio Imager A1 fluorescence microscope (Carl Zeiss), microplate reader (Molecular
Devices), or BD LSRII flow cytometry (Becton Dickinson).

4.26. Statistical Analysis

Statistical analysis was implemented using SAS software (SAS, Institute.Inc, Cary,
NC, USA). Each experiment was performed at least three times. Data are expressed as
mean *+ standard deviation (SD). We determined statistical significance by employing
one-way ANOVA and Tukey’s test. Two groups were compared by using Student’s ¢-test.
p values < 0.05 were assumed to indicate statistical significance.
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Abstract: Alzheimer’s disease (AD) is characterized by the deposition of 3-amyloid peptide (AB).
There are currently no drugs that can successfully treat this disease. This study first explored the
anti-inflammatory activity of seven components isolated from Antrodia cinnamonmea in BV2 cells
and selected EK100 and antrodin C for in vivo research. APPswe/PS1dE9 mice were treated with
EK100 and antrodin C for one month to evaluate the effect of these reagents on AD-like pathology
by nesting behavior, immunohistochemistry, and immunoblotting. Ergosterol and ibuprofen were
used as control. EK100 and antrodin C improved the nesting behavior of mice, reduced the number
and burden of amyloid plaques, reduced the activation of glial cells, and promoted the perivascular
deposition of Af in the brain of mice. EK100 and antrodin C are significantly different in activating
astrocytes, regulating microglia morphology, and promoting plaque-associated microglia to express
oxidative enzymes. In contrast, the effects of ibuprofen and ergosterol are relatively small. In addition,
EK100 significantly improved hippocampal neurogenesis in APPswe /PS1dE9 mice. Our data indicate
that EK100 and antrodin C reduce the pathology of AD by reducing amyloid deposits and promoting
nesting behavior in APPswe/PS1dE9 mice through microglia and perivascular clearance, indicating
that EK100 and antrodin C have the potential to be used in AD treatment.

Keywords: Alzheimer’s disease; APPswe/PS1dE9 transgenic mice; EK100; antrodin C; amyloid
plaque; microglia; perivascular clearance

1. Introduction

Alzheimer’s disease (AD) is characterized by a progressive decline in cognitive abili-
ties that can ultimately affect daily living activities. Extracellular deposition of 3-amyloid
(AP) plaques and intracellular neurofibrillary tangles are considered the main pathological
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hallmark. The imbalance between A production and clearance causes Af} to accumulate
in the central nervous system (CNS), which in turn induces A plaque formation, increases
neuroinflammation, and alters adult hippocampal neurogenesis [1].

There is increasing evidence that the clearance of Af from the brain in AD is impaired.
Therefore, there is an increasing need to study the A3 clearance mechanism as a potential
target for AD treatment. As we all know, A can be cleared from the brain in many
ways, such as being degraded by proteases, transported through the blood-brain barrier
(BBB), and cleared by the flow of interstitial fluid (ISF) and cerebrospinal fluid (CSF)) [2].
According to recent studies, two types of perivascular scavenging systems are related
to the movement of ISF and CSF, namely intramural peri-arterial drainage (IPAD) and
perivascular CSF inflow [2,3]. In IPAD, the parenchymal ISF containing A{3 exits the brain
and enters the cervical lymph nodes along the basement membrane (BM) of capillaries
and arterial smooth muscle cells [3]. IPAD failure can cause cerebral amyloid angiopathy
(CAA), where Ap mainly accumulates in capillaries and arterial smooth muscle cells BM [4].
The development of AD animal models is crucial for elucidating the mechanisms and the
etiology of the disease in order to identify efficient therapies. Therefore, animal models
overexpressing A3 or tau markers were extensively generated [5]. Animal models were first
used to understand AD mechanisms, but above all, they were used to test drugs preventing
cognitive deficits for therapeutic interventions. However, none of the current developed
animal models is able to entirely reproduce the AD pathology, since the deposition of A3
and its consequence are not limited to the central nervous system [6-8].

Neuroinflammation can damage neurons and promote Af aggregation, so anti-
inflammatory has become the target of AD treatment [9,10]. However, studies have shown
that the early activation of M2-like microglia in AD exhibits neuroprotective functions
by promoting A phagocytosis and clearance, but Af-activated M1-like microglia down-
regulate AP clearance, thereby promoting A aggregation and neurodegeneration [11].
It has been proposed that pathologically induced COX-2 activity can induce memory
deficits in APPswe/PS1dE9 (APP/PS1) transgenic mice [12]. Therefore, the potential bene-
ficial effects of non-steroidal anti-inflammatory drugs (NSAIDs) such as ibuprofen on the
treatment of AD have also attracted people’s attention [13].

Antrodia cinnamomea (Syn. Antrodia camphorata) is a mushroom unique to Taiwan [14]
that has been safely used in humans in clinical trials (ClinicalTrials.gov (accessed on
1 September 2021) Identifier:NCT01007656). For a long time, the fruit body of A. cinnamo-
mea has been widely used as a traditional medicine for the treatment of many medical
diseases [15]. At present, the cultured mycelium of A. cinnamomea and its anti-inflammatory
components, such as ergosta-7,9(11), 22-trien-33-ol (also known as EK100), antrodin C,
and antroquinonol can also be used for medicinal purposes. Antroquinonol activates the
nuclear factor erythroid-2 related factor-2 (Nrf2)-dependent cellular antioxidant defense
system, which has antioxidant and anti-inflammatory effects in peripheral diseases and
AD animal models [16].

In this study, six phytosteroids (i.e., EK100, anticin K, eburicoic acid, dehydroeburicoic
acid, sulfurenic acid, and dehydrosulfurenic acid) (Figure 1A) and a maleimide derivative
(i.e., antrodin C) (Figure 1B) were isolated from the mycelium or fruit body of Antrodia
cinnamomea for anti-inflammatory research. In order to be used as structural control,
ergosterol and ibuprofen were also included in this study (Figure 1A,B).

In previous studies, it was found that EK100 has an anti-inflammatory effect on the
liver of chronic alcohol-fed mice [17] and improves brain damage in ischemic stroke
through neurogenesis [18]. Ergosterol is an isomer of EK100 (Figure 1B), which has
an anti-inflammatory effect on the nitric oxide inhibitory activity in macrophages [19].
Antrodin C (3-isobutyl-4-[4-(3-methyl-2-butenyloxy)phenyl]-1H-pyrrol-1-o0l-2,5-dione) has
anti-inflammatory activity and can inhibit macrophage nitric oxide production [20]. By acti-
vating the Nrf2-dependent cellular antioxidant defense system, it can effectively intervene
in diabetes-related cardiovascular diseases [21]. Antcin K, but not EK100, activates perox-
isome proliferator-activated receptor (PPAR)« in cell-based transactivation studies [22].
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Ergosterol

Eburicoic acid and dehydroeburicoic acid-treated mice reduced hyperglycemia, hyper-
triglyceridemia, hyperinsulinemia, hyperleptinemia, and hypercholesterolemia induced by
a high-fat diet [23]. Sulfuric acid showed protective effects on type 1 diabetes and hyper-
lipidemia in diabetic mice induced by streptozotocin [24]. However, the anti-Alzheimer’s
disease effect of these compounds has never been studied.

e

= 0

Antrodin C

% /%" Eburicoic acid Ibuprofen

o

%Dehydrosulphurenic acid Sulphurenic acid

Figure 1. The structure of the compounds used in this study. (A) The structure of EK100 (Ergosta-7,9(11),22-trien-3(3-ol),
ergosterol (Ergosta-5,7,22-trien-33-ol), anticin K (3,437 3-trihygroxy-4-methylergosta-8,24(28)-dien-11-on-26-oic acid), de-
hydroeburicoic acid ((2R)-2-[(35,5R,10S,13R,14R,17R)-3-hydroxy-4,4,10,13,14-pentamethyl-2,3,5,6,12,15,16,17-octahydro-1H-
cyclopenta[a]phenanthren-17-yl]-6-methyl-5-methylideneheptanoic acid), eburicoic acid ((2R)-2-[(3S,5R,10S,13R,14R,17R)-
3-hydroxy-4,4,10,13,14-pentamethyl-2,3,5,6,7,11,12,15,16,17-decahydro-1H-cyclopenta[a]phenanthren-17-yl]-6-methyl-5-
methylideneheptanoic acid), dehydrosulfurenic acid ((2R)-2-[(35,5R,10S,13R,14R,15S,17R)-3,15-dihydroxy-4,4,10, 13,14-
pentamethyl-2,3,5,6,11,12,15,16,17-decahydro-1H-cyclopenta[a] phenanthren-17-yl]-6-methyl-5-methylideneheptanoic acid),
and sulfurenic acid ((2R)-2-[(35,5R,10S,13R,14R,155,17R)-3,15-dihydroxy-4,4,10,13,14-pentamethyl-2,3,5,6,7, 11,12,15,16,17-
decahydro-1H-cyclopenta[a]phenanthren-17-yl]-6-methyl-5-methyl-ideneheptanoic acid). (B) The structure of antrodin C
(3-isobutyl-4-[4-(3-methyl-2-butenyloxy)phenyl]-1H-pyrrol-1-o0l-2,5-dione) and ibuprofen (isobutylphenyl-propionic acid).
The red squares indicate the bioactive compounds and the blue squares indicate the control compounds.

APP/PS1 transgenic mice co-expressing Swedish mutant human APP695 and mu-
tant human presenilin 1 (PS1) (in which exon 9 is deleted) [25] exhibit pathological and
behavioral changes similar to AD, including amyloid in the brain accumulation of plaques,
degeneration of the cholinergic system, and impaired exploratory behavior and spatial
memory [26]. As early as 3 to 5 months of age, APP/PS1 mice have increased Af3 produc-
tion and plaque formation [27], and impairments in spatial learning and memory are also
observed at 6 months of age [28,29]. In order to verify the effects of the four compounds on
behavioral disorders in APP/PS1 mice, we focused on species-specific nesting activities,
because it is multi-brain-dependent spontaneous [30], which has been considered similar
to activities of daily living (ADL) skills [31]. Clinically, ADL disorder is a pathological
manifestation of AD [32], and this pathological manifestation also appears in APP/PS1
mice [29]. In addition, it was found that the hippocampal neurogenesis of APP/PS1 mice
was damaged at 3 to 6 months of age [33]. Our previous studies have shown that anti-
inflammatory effects can promote hippocampal neurogenesis [29], so we hypothesized that
the decline in microglia activation may subsequently promote hippocampal neurogenesis.
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The purpose of this study is to study the effects of EK100, antrodin C, ergosterol, and
ibuprofen on AD-related pathology in APP/PS1 transgenic mice.

2. Results
2.1. EK100 and Antrodin C Confer Anti-Inflammatory Effects on BV2 Microglia

The structure of EK100 and antrodin C as well as their related compounds used in this
study are shown in Figure 1.

In order to determine the anti-inflammatory effects of A. cinnamomea mycelium com-
ponents, BV2 cells, a cell line derived from primary mouse microglia cells, were incubated
with various concentrations of A. cinnamomea mycelium components including ethanol
extract (CA-Et) and seven isolated compounds for 30 min, and then, the cells were activated
with LPS. Ergosterol (an isomer of EK100) and ibuprofen (a non-steroidal anti-inflammatory
drug) were used as controls. The production of nitric oxide in the conditioned medium and
the reduction of MTT in the cell were measured after 24 h incubation (Table 1). CA-Et with
a non-cytotoxic concentration of 50 ug/mL significantly inhibited the production of nitric
oxide in the vehicle-treated control group by 40% (F(5,12) = 59.70; p < 0.0001, n = 4). At
subtoxic concentrations, antitoxin K, ethylene propionic acid/dehydrobutyric acid mixture,
sulfuric acid/dehydrosulfuric acid mixture, and ibuprofen have no anti-inflammatory
effects. Compared with the vehicle control, EK100 (20 uM), antrodin C (100 uM), and
ergosterol (10 M) reduced nitric oxide production by 34.0% (F(3, 16) = 44.97; p < 0.0001,
n =4),40.0% (F(3, 16) = 198.67; p < 0.0001, n = 4), and 40.2% (F(3, 12) = 48.87; p < 0.0001,
n = 4), respectively.

Table 1. Anti-inflammatory activity of four reagents on LPS-activated BV2 cells.

Nitric Oxide MTT Reduction

Vehicle 2599 +1.14 97.62 + 1.41
CA-Et

50 pg/mL 10.55 + 1.60 *** 101.10 + 3.39

100 pg/mL 4.77 £ 0.68 *** 100.20 + 1.54
Anticin K

50 uM 21.01 £ 0.96 83.36 + 10.19 **

100 uM 21.16 £ 1.14 89.58 + 5.50
EA/DEA

10 pg/mL 2422 +3.17 45.37 £ 3.07 ***

20 pug/mL 16.20 4= 0.49 ** 31.94 + 2.585 ***
SA/DSA

10 ug/mL 26.26 +1.35 73.70 + 4.31 ***

20 pg/mL 1746 +£2.87* 55.16 £ 2.07 ***
EK100

10 uM 16.84 + 1.38 *** 100.9 + 2.07

20 uM 1719 £ 1.24 ** 96.19 + 3.14
Antrodin C

50 uM 18.54 + 1.83 *** 102.7 + 3.42

100 uM 15.61 4 1.01 *** 104.8 4+ 2.82
Ergosterol

5uM 16.29 4 1.64 *** 89.14 + 2.59

10 uM 15.55 + 1.38 *** 82.30 £ 0.91 **
Ibuprofen

50 uM 20.27 £+ 0.99 103.3 + 3.56

100 uM 21.80 £+ 0.59 101.9 + 0.63

CA-Et, ethanol extract of A. cinnamoniea mycelium; EA/DEA, the mixture of eburic acid and dehydroeburic acid;
SA/DSA, the mixture of sulfurenic acid and dehydrosulfurenic acid. Significant differences between Vehicle
group and reagent-treated groups are indicated by *, p < 0.05; **, p < 0.01; ***, p < 0.001.

2.2. EK100 and Antrodin C Improve Nesting Behavior of APP/PS1 Mice

We chose APP/PS1 transgenic mice (an AD animal model) to check that the effect
of two anti-inflammatory components of A. cinnamomea (i.e., EK100 and antrodin C) and
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two control compounds (i.e., ergosterol and ibuprofen) on AD pathology. APP/PS1 mice
(five-month-old, male and female) were orally administered EK100, antrodin C, ergosterol,
and ibuprofen (30 mg-kg~!-day!) or vehicle for 30 days, and body weight were measured
weekly. The treatments did not significantly change body weight, indicating that these
treatments have no obvious side effect. Nesting behavior involves a wide network of brain
regions and has previously been used to assess the activities of daily living (ADL) skills
in AD transgenic mice [29]. Compared with wild-type mice, APP/PS1 mice administered
vehicle showed defects in nesting behavior, as assessed by nest score (1.33 % 0.01 vs.
4.88 +0.09, p < 0.001, n = 6) and unthreaded Nestlet (3.77 4 0.31 vs. 0.87 = 0.32, p < 0.0001,
n = 6). The use of EK100, antrodin C, and ibuprofen can significantly restore impaired
nesting behavior (3.85 £+ 0.57 vs. 1.33 + 0.01, p < 0.01, n = 6, 3.70 £ 0.58 vs. 1.33 £ 0.01,
p<0.01,1n=6,250 £ 0.58 vs. 1.33 £ 0.01, p < 0.05, n = 6, respectively) (Figure 2). However,
ergosterol has no effect on nesting behavior.

sk

Unshreadded Nestlet (g)

EK ADC Erg Ibu WT Veh EK ADC Erg Ibu

Figure 2. EK100, antrodin C, and ibuprofen ameliorate nesting behavior deficits in APP/PS1 mice. APP/PS1 transgenic
mice were orally administered with vehicle (Veh) or EK100 (EK), antrodin C (ADC), ergosterol (Erg), and ibuprofen (Ibu)
(30 mg-kg~-day !, n = 6 each). Nesting tasks were performed at 30 days post administration. The image in wild-type (WT)
mice (1 = 6) is also compared. Bar graphs show the results from the nesting task’s nest score (A) and unshredded Nestlet (B)
from nesting task. The results are the mean + S.E.M. Significant differences between WT group and the other groups are
indicated by ***, p < 0.001. Significant differences between Veh group and reagent-treated groups are indicated by #, p < 0.05;

#,p<0.01; %, p <0.001.

2.3. EK100 and Antrodin C Reduce the Number and Burden of Amyloid Plaques in the Brains of
APP/PS1 Mice

It is known that plaques can be clearly observed in the brains of APP/PS1 mice at
6 months of age [29]. Therefore, the effect of the four compounds on the number and size
distribution of plaque were detected by immunostaining with AB10 antibody. The plaque
number and burden were calculated using MetaMorph software. The plaque number and
burden were significantly reduced after 30-day administration of EK100 or antrodin C.
Compared with vehicle-treated mice, EK100 and antrodin C decreased plaque number
by 45.4% (170.3 £ 19.04 vs. 272.6 4 30.89, p < 0.05, n = 5) and 43.7% (181.4 & 19.76 vs.
272.6 + 30.89, p < 0.05, n = 5), respectively (Figure 3A,B; Supplementary Figure S1), and
they decreased plaque burden by 37.5% (1.31 4= 0.24 vs. 2.13 £ 0.19, p < 0.05, n = 5) and
53.9% (0.98 £ 0.12 vs. 2.13 £ 0.19, p < 0.01, n = 5), respectively (Figure 3A,C). In contrast,
ergosterol and ibuprofen did not have any significant effect on the number of plaques, and
ibuprofen even increased the plaque load by 31.6% (2.80 + 0.06 vs. 2.13 £ 0.19, p < 0.05,
n=>5).

Since the decrease in the number of plaques may be due to a decrease in A levels
in the brain, we subsequently measured Af levels in the hippocampus. However, after
all four treatments, there was no significant change in Af3 levels in the hippocampus
(Supplementary Figure S2A). In contrast, serum AB1-42 levels significantly decreased

243



Int. J. Mol. Sci. 2021, 22, 10413

after the ergosterol and ibuprofen treatment, while serum levels of AB1-40 significantly
increased after antrodin C treatment (Supplementary Figure S2B).
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Figure 3. EK100 and antrodin C reduce amyloid plaque load, number of glial clusters, and plaque-related glial activation in
APP/PS1 mice. APP/PS1 transgenic mice orally administered vehicle (Veh) or EK100 (EK), antrodin C (ADC), ergosterol
(Erg), and ibuprofen (Ibu) (30 mg-kg~'-day !, each 1 = 6) 1 months, and then amyloid plaques, microglia, and astrocytes
were immunostained with AB10, Iba-1, and GFAP antibodies, respectively. (A). The representative fluorescent images
of AB10 (blue in the merged panel), Iba-1 (red in the merged panel), and GFAP (green in the merged panel) are shown.
Scale bar: 500 pm. (B-D), The number and burden of AB10-stained plaque (B) and the number of Iba-1* clusters (C)
and GFAP" clusters (D) in cerebral hemisphere are counted and shown. The results are the mean + S.E.M. Significant
differences between the Veh group and reagent-treated groups are indicated by *, p < 0.05; **, p < 0.01; ***, p < 0.001. (E). The
representative fluorescent images of glial clusters immunostained with AB10 (blue in the merged panel), Iba-1 (red in the
merged panel), and GFAP (green in the merged panel) antibodies are shown. Scale bar: 30 um. (F,G). The immunointensity
(IR) ratio of Iba-1 to AB10 (F) and GFAP to AB10 (G) are calculated and shown. The results are the mean + S.E.M. Significant
differences between Veh group and reagent-treated groups are indicated by *, p < 0.05; **, p < 0.01.

2.4. EK100 and Antrodin C Promote AP Perivascular Deposition in the Brain of APP/PS1 Mice

Since A in the ISF of the brain can be removed from the brain through the glymphatic
perivenous drainage pathway and/or IPAD pathway [34], perivascular A3 deposition is
detected in both the cortex and hippocampus. We found that the distribution of Af3 deposits
changed from amyloid plaques to AB deposits around blood vessels after treatment with
EK100 and antrodin C (Figure 4). The calculation of A3 deposition in the perivascular
area is expressed as a percentage of the total deposition (Figure 4B). The results showed
that EK100 and antrodin C increased the perivascular A3 deposition in the cortex by
22.86% (63.97 £ 5.38 vs. 41.12 &+ 3.71, p < 0.01, n = 5 vs. 6) and 19.89% (61.00 + 0.84
vs. 41.12 £ 3.713, p < 0.01, n = 5 vs. 6), respectively. These changes were found in both
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capillaries and arteries (Supplementary Figure S1C). Similarly, EK100 and antrodin C
increase the perivascular A deposition in the hippocampus by 31.67% (76.48 £ 13.05 vs.
44.80 £ 6.52, p < 0.05, n =5 vs. 6) and 28.21% (73.01 & 4.84 vs. 44.80 + 6.52, p <0.05,n =5
vs. 6), respectively.
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Figure 4. EK100 and antrodin C increase perivascular A deposition in APP/PS1 mice. APP/PS1 transgenic mice orally
administered vehicle (Veh) or EK100 (EK), antrodin C (ADC), ergosterol (Erg), and ibuprofen (Ibu) (30 mg-kg~!-day !,
each n = 6) for 1 months, and then astrocytes and microglia were immunostained GFAP and Iba-1 antibodies, respectively.
(A) The representative immunostaining images of GFAP and AB10 in the cortex and hippocampus are shown. Scale bar:
100 um. Arrows indicate the representative perivascular area. (B). The percentage of perivascular A deposition to total A
deposition is calculated by MetaMorph image analysis software and shown. The results are the mean + S.E.M. Significant
differences between the Veh group and the other groups are indicated by *, p < 0.05; **, p < 0.01.
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2.5. EK100 and Antrodin C Reduce the Number of Glial Cluster and Glial Activation in the Brain
of APP/PS1 Mice

M2-microglia phagocytosis is another A clearance pathway. Therefore, changes
in the phenotype of microglia may also help reduce amyloid plaques. After 30 days of
treatment with EK100 and antrodin C, the number of clusters formed by PAM decrease
significantly (Figure 3A,C). Compared with vehicle-treated mice, EK100 treatment reduced
the number of clusters formed by PAM by 35.5 &+ 9.6% (37.40 £ 2.50 vs. 57.83 & 2.07,
p <0.001, n = 5). The less effective is that antrodin C treatment reduces the number of
clusters containing PAM by 34.2 + 18.5% (41.40 & 5.66 vs. 57.83 £ 2.07, p < 0.05, n = 5).
In contrast, ergosterol and ibuprofen had no significant effect on the number of clusters
formed by PAM.

On the other hand, compared with vehicle-treated mice, EK100 treatment reduced
number of clusters formed by PAA by 42.0 4= 7.9% (34.80 & 2.11 vs. 59.67 4 1.84, p < 0.0001,
n = 5) (Figure 3A,D). The less effective is that antrodin C treatment reduces the number
of clusters containing PAA by 34.4 + 20.1% (41.20 & 4.62 vs. 59.67 + 1.84, p < 0.01, n = 5).
In contrast, ergosterol and ibuprofen had no significant effect on the number of clusters
formed by PAA and PAM.

In order to determine the changes in microglia associated with activated plaques after
drug treatment, a scatter plot of the fluorescence intensity of small and medium plaques
(<21 pixels) and Iba-1 was drawn (Supplementary Figure S3). Linear regression analysis
showed that the slope of the regression equation of EK100, antrodin C, and ibuprofen
groups were significantly different from that of the vehicle group. Linear regression for the
vehicle group is y = 0.51x + 0.76, R% = 0.06; for the EK100 group is y = 1.12x + 0.47, R? = 0.23
(p <0.01 for different in slope); for the antrodin C group is y = 1.05x + 3.32, R%=0.18 (p < 0.01
for different in slope); for the ergosterol group is y = 0.84x + 4.47, R> = 0.21 (p = 0.13 for
different in slope); for the ibuprofen group is y = 0.89x + 0.95, R? = 0.21 (p < 0.01 for different
in slope). This result indicates that EK-100, antrodin C, and ibuprofen, but not ergosterol,
changed the relationship between plague and microglia activation.

In order to determine glial activation associated with plaques after drug treatment, the
representative fluorescent images (1 = 34-56) are captured (Figure 3E). The immunointen-
sity (IR) ratio of Iba-1 to AB10 (Figure 3F) and GFAP to AB10 (Figure 3G) of the captured
images are calculated by Image]J software. The results showed that EK100 and antrodin C
increase the IR ratio of Iba-1 to AB10 by 45.12% (2.63 & 0.36 vs. 1.82 £ 0.20, p < 0.05, n = 46
vs. 54) and 59.45% (2.89 £ 0.39 vs. 1.82 £ 0.20, p < 0.01, n = 30 vs. 54). On the other hand,
EK100 and antrodin C did not change the IR ratio of GFAP to AB10. However, ergosterol
decrease the IR ratio of GFAP to AB10 by 35% (2.35 + 0.23 vs. 3.55 £ 0.29, p < 0.05, n = 53).

2.6. EK100 and Antrodin C Reduce Non-Clustered Activation of Glia in the Hippocampus of
APP/PS1 Mice

Previously, we found that compared with wild-type mice, APP/PS1 mice had a higher
degree of astrocyte reactivity and microglia activation in areas unrelated to plaque [29].
Therefore, the immunoreactivity of the non-clustered glial cells in the hippocampus of each
group was compared (Figure 5). The results show that compared with wild-type mice,
APP/PS1 mice have a higher degree of glial non-cluster activation. Compared with vehicle-
treated mice, EK100 and ibuprofen treatment reduced the IR of non-clustered astrocytes
(NCA) in the hippocampal CA1 by 46.7% (9.49 £ 0.42 vs. 17.80 £ 1.98, p < 0.01, n = 5 vs. 6)
and 47.8% (9.30 & 0.50 vs. 17.80 4= 1.98, p < 0.05, n = 5 vs. 6), respectively (Figure 5A,B). In
contrast, antrodin C and ergosterol did not show a significant effect on the IR of NCA in
the hippocampus. On the other hand, EK100, antrodin C and ibuprofen treatment reduced
the IR of non-clustered microglia (NCM) in hippocampal CA1 by 50.7% (5.87 £ 0.61 vs.
11.90 + 1.03, p < 0.001, n = 5 vs. 6), 54.7 £+ 9.7% (5.14 £ 0.67 vs. 11.90 =+ 1.03, p < 0.001,
n=>5vs. 6)and 38.1% (7.37 £ 1.37 vs. 11.90 £ 1.03, p < 0.05, n = 5 vs. 6), respectively
(Figure 5B). In contrast, ergosterol did not show a significant effect on the IR of NCM in the
hippocampus. The similar changes were found in CA3 and DG areas.
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Figure 5. EK100 reduce non-clustered glial activation in APP/PS1 mice. APP/PS1 transgenic mice orally administered
vehicle (Veh) or EK100 (EK), antrodin C (ADC), ergosterol (Erg), and ibuprofen (Ibu) (30 mg-kg’1 -day~!, each 1 = 6) for 1
month, and then astrocytes and microglia were immunostained with GEAP and Iba-1 antibodies, respectively. (A,B) The
representative immunostaining images of GFAP (green) and Iba-1 (red) without being associated with plaque in Cornu
Amonis (CA)1, CA3, dentate gurus (DG) are shown in (A). The image in wild-type (WT) mice (1 = 6) is also compared. Scale
bar: 200 um. The level of GFAP and Iba-1 in the CA1, CA3, and DG are calculated by MetaMorph image analysis software
and shown in (B). The results are the mean + S.E.M. Significant differences between the Veh group and the other groups
are indicated by *, p < 0.05; **, p < 0.01; ***, p < 0.001. (C,D). The representative image of Iba-1 (red) not associated with
plaque is shown in (C). The branch number, junction number, and end point number of Iba-1 immunostained microglia are
calculated by FIJI Image] software. The results are the mean + S.E.M. Significant differences between the Veh group and the
other groups are indicated by **, p < 0.01; ***, p < 0.001. (E,F). The representative immunostaining images of Iba-1 (red) and
AP not associated with plaque in the cortex are shown in (E). Arrows indicate the representative microglia. The intracellular
AP in microglia are calculated by MetaMorph image analysis software and shown in (F). The results are the mean + S.E.M.
Significant differences between the Veh group and the other groups are indicated by *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Microglia have different morphological responses to changes in brain physiology,
from hyper-ramified form to amoeba form [35]. Since microglia fine-tune the function of
neurons and glial through cell-to-cell crosstalk [36], the morphology of microglia can be
used as an indicator of a variety of cell functions and dysfunctions in the brain. The skeletal
analysis was used for regional analysis of multiple microglia in the region of interest. The
results shown that EK100, ergosterol, and ibuprofen increase the number of branches,
junctions, and endpoints of microglia (Figure 5C,D). EK100, ergosterol, and ibuprofen
treatment increased the branch number of microglia by 11.6% (5.56 + 0.06 vs. 4.98 4= 0.09,
p <0.0001, n = 20), 18.3% (5.89 £ 0.12 £ 0.06 vs. 4.98 £ 0.09, p < 0.0001, nn = 25 vs. 20), and
9.4% (5.45 £ 0.11 vs. 4.98 4 0.09, p < 0.0001, 1 = 25 vs. 20), respectively. The similar changes
were found in the intersection number and endpoint number of microglia.

Next, the combined immunostaining of Iba-1 and AB10 was used to check the mi-
croglia phagocytosis of AB. The results showed that antrodin C, ergosterol, and ibuprofen,
significantly increased the accumulation of Af in microglia by 37.4% (32.18 £ 1.85 vs.
23.42 +2.41,p <0.01, n =32 vs. 25),57.0% (36.76 + 2.45 vs. 23.42 + 2.41, p < 0.001, n = 25),
and 40.1% (31.82 4 2.60 vs. 23.42 4= 2.41, p < 0.05, n = 25) (Figure 5E,F). On the contrary,
EK100 did not alter the accumulation of A in microglia.

2.7. EK100 and Antrodin C Eliminated Nrf2 Overexpression in the Brain of APP/PS1 Mice

Nrf2 regulates the expression of phase II detoxification enzymes (including HO-1
and NQO-1) as well as antioxidant genes that protect cells from various damages through
anti-inflammatory effects, thereby affecting the progression of the disease [37]. Therefore,
the expression of HO-1 was detected. Compared with wild-type mice, APP/PS1 mice have
increased HO-1 expression (Figure 6A). However, antrodin C and ergosterol significantly
promoted the increase of HO-1 expression by 24.3% (0.92 £ 0.04 vs. 0.74 £ 0.03, p < 0.001,
n =57 vs. 66) and 24.3% (0.92 £ 0.04 vs. 0.74 £ 0.03, p < 0.001, n = 64 vs. 66), respectively
(Figure 6B,C). In contrast, EK100 and ibuprofen significantly reduced the expression of
HO-1 compared to vehicle therapy by 21.7% (0.58 £ 0.03 vs. 0.74 4 0.03, p < 0.001, n =71 vs.
66) and 12.2% (0.65 £ 0.03 vs. 0.74 £ 0.03, p < 0.01, n = 62 vs. 66), respectively. Both HO-1
and NQO-1 are mainly expressed in microglia and overexpressed in the PAM of APP/PS1
mice (Figure 6A). Antrodin C, ergosterol, and ibuprofen significantly promote the increase
of NQO-1 expression by 50% (0.93 + 0.04 vs. 0.62 4 0.03, p < 0.0001, n = 45 vs. 57), 116%
(1.34 4 0.06 vs. 0.62 £ 0.03, p < 0.0001, n = 64 vs. 57), and 53.2% (0.95 = 0.03 vs. 0.62 £ 0.03,
p <0.0001, n = 53 vs. 57), respectively (Figure 6B,C). In contrast, EK100 had no effect on
NQO-1 expression compared with vehicle treatment.

Next, we examined the expression of Nrf2 in 6-month-old APP/PS1 mice. We
found that APP/PS1 mice have increased Nrf2 expression compared to wild-type mice
(Figure 6D,E), and treatment of mice with EK100, antrodin C, and ibuprofen significantly
reduced Nrf2 expression by 63.9% (143.4 + 30.43 vs. 396.8 £ 34.80, p < 0.001, n = 5 vs.
6), 73.0% (107.2 £ 11.39 vs. 396.8 = 34.80, p < 0.001, n = 5 vs. 6), and 55% (178.5 & 14.53
vs. 396.8 £ 34.80, p < 0.01, n = 5 vs. 6), respectively. Overexpressed Nrf2 is distributed
throughout the brain, but it is not specifically expressed in microglia. We found that
compared with wild-type mice, the expression of Nrf2 in neurons of APP/PS1 mice was
significantly enhanced by 178.6% (143,362 + 26,766 vs. 51,447 + 7022, p < 0.01, n = 14 vs.
10) (Figure 6F,G). After the administration of EK100 and antrodin C, the overexpression
of Nrf2 in neurons were decreased by 54.2% (65,729 + 7769 vs. 143,362 + 26,766, p < 0.05,
n=10 vs. 14) and 48.2% (74,224 £ 9136 vs. 143,362 £ 26,766, p < 0.05, n = 10 vs. 1),
respectively. In contrast, EK100 and antrodin C did not affect the A3 content in neurons.
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Figure 6. Antrodin C, but not EK100, promotes HO-1 in APP/PS1 mice. (A-E). APP/PS1 transgenic mice orally administered
vehicle (Veh) or EK100 (EK), antrodin C (ADC), ergosterol (Erg), and ibuprofen (Ibu) (30 mg-kg~!-day !, each 1 = 6) for
1 month. The representative images of HO-1 (green in upper panel) and NQO1 (green in lower panel) in Iba-1* microglia
(red) of WT mice and APP/PS1 transgenic mice are shown in (A). Amyloid plaques were stained with Amylo-Glo (blue).
Scale bar: 50 pm. The representative images of HO-1 (green in upper panel) and NQOI1 (green in lower panel) in Iba-1*
microglia (red) of APP/PS1 transgenic mice are shown in (B). Immunointensity (IR) ratio of HO-1/Iba-1 and NQO-1/Iba-1
are calculated and shown in (C). Representative immunoblots of Nrf2 and HO-1 and B-actin of cortical homogenate are
shown in (D). The protein level in wild-type (WT) mice (1 = 6) is also compared. The ratio of Nrf2 and HO-1 to -actin is
presented as a percentage of the WT group (E). (F,G) APP/PS1 transgenic mice orally administered vehicle (Veh) or EK100
(EK) and antrodin C (ADC) (30 mg-kg~!-day~!, each n = 6) for 1 months. The representative images of Nrf2 (green in
merged panel) and AB10 (red in merged panel) in neurons of WT mice and APP/PS1 transgenic mice are shown in (F).
Nuclei staining using Hoechst 33258 (blue). Scale bar: 20 pm. Immunointensity (IR) of Nrf2 and AB10 were calculated and
shown in (G). The results are the mean + S.E.M. Significant differences between the Veh group and the other groups are
indicated by *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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2.8. EK100 Promote Hippocampal Neurogenesis and Dendritic Complexity in the Brain of
APP/PS1 Mice

Compared with wild-type mice, the number of BrdU-positive proliferating type 2
progenitor cells and DCX-positive neonatal granule neurons in the subgranular zone (SGZ)
of APP/PS1 mice were decreased by 51.3% (6.02 £ 0.74 vs. 12.36 £ 1.08, p < 0.001, n =9
vs. 8) and 34.1% (20.76 £ 1.11 vs. 31.48 + 2.03, p < 0.001, n = 9), respectively, and EK100
restored these decreases by 67.8% (10.10 £ 0.51 vs. 6.02 + 0.74, p < 0.001, n = 10 vs. 9) and
38.9% (28.83 4 2.41 vs. 20.76 £ 1.11, p < 0.001, n = 8 vs. 10) (Figure 7A-D). The number
of BrdU- and DCX-double positive neurons was also decreased by 73.8% (3.20 =+ 0.48 vs.
8.83 +1.01, p < 0.001, n = 8 vs. 9), and EK100 restored these decreases by (6.54 4 0.55 vs.
3.20 £ 0.48,p <0.001, n =10 vs. 8).

Since dendritic growth is important for neuron integration in neurogenesis, we further
analyzed the dendritic complexity of DCX-positive cells through laminar flow quantitative
methods [38]. We found that the vehicle-treated transgenic mice had lower levels of
secondary dendritic branches compared to wild-type mice (1.34 & 0.05 vs. 1.66 % 0.10,
p <0.01, n =10 vs. 9). EK100 significantly increased the dendritic complexity of secondary
dendritic branches by 40.3% (1.88 £ 0.14 vs. 1.34 4 0.05, p < 0.01, n = 9 vs. 10) (Figure 7E,F).
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Figure 7. EK100 promotes hippocampal neurogenesis in APP/PS1 mice. APP/PSI transgenic mice orally administered
with vehicle (Veh) or EK100 (30 mg-kg~!-day~!, n = 6 each) for 1 month. Wild-type (WT) mice were used as non-transgenic
control. Hippocampal neurogenesis was detected by immunohistochemical staining with doublecortin antibody (DCX, red)
and BrdU antibody (green). The representative images of the dentate gyrus are shown in (A). Arrow indicated DCX-labeled
newly born neuron; arrow head indicates proliferating type 2 neuroprogenitor; double arrow head indicates the newly
born neuron immediately after proliferation; hollow arrow indicates proliferating cells other than the neuroprogenitor. ML,
molecular layer; UGL, upper blade granular cell layer; SGZ, subgranular zone; LGL, lower blade granular cell layer. Scale
bar: 100 um. Panels B-D show the number/mm SGZ of BrdU positive cells (BrdU*, B); DCX-positive cell (DCX*, C) and
the cells with double labeling (BrdU*, DCX*, D). (E) The representative immunostaining images of the upper blade dentate
gyrus area are shown. Scale bar: 50 um. Secondary dendrites of the DCX* cells are counted along the middle of granular
cell layer (GCL, green dashed line). (F) The dendritic complexity was analyzed by laminar quantification. The branch ratio
of secondary dendrites of DCX* cells were shown. Dendrites of DCX™ cells are counted along the middle of the GCL. The
results are the mean + S.E.M. Significant differences between the Veh group and the other groups. **, p < 0.01; ***, p < 0.001.
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3. Discussion

This study shows that two anti-inflammatory compounds, EK100 and antrodin C,
selected from components isolated from A. cinnamomea mycelium, can reduce AD-like
pathological changes in APP/PS1 mice in different ways when administered orally. BV2
cells activated by LPS were used to determine the anti-inflammatory effects of components
isolated from A. cinnamomea mycelium (including CA-Et, anticin K, eburicoic acid, dehy-
droeburicoic acid, sulfurenic acid, dehydrosulfurenic acid, EK100, antrodin C, and ergos-
terol), and ibuprofen (an NSAID control). The results showed that the production of nitric
oxide in BV2 cells activated by LPS was significantly inhibited by CA-Et, EK100, antrodin C,
and ergosterol, but it was not affected by anticin K, eburicoic acid /dehydroeburicoic acid
mixture, sulfurenic acid/dehydrosulfurenic acid mixture, and ibuprofen. Therefore, we
examined the effects of EK100, antrodin C, ergosterol, and ibuprofen (an NSAID control) on
the pathology of APP/PS1 transgenic mice, including changes in nesting behavior, plaque
deposition, perivascular deposition, nerves glial activation, and the Nrf2/HO-1/NQO-1
signaling pathway. Moreover, the effect of EK100 on neurogenesis was also examined.

The results of the animal study are summarized in Table 2. In the behavior test, EK100,
antrodin C, and ibuprofen, but not ergosterol, significantly improve the nesting ability
of APP/PS1 mice. Among the effects related to A deposition, EK100 and antrodin C
can effectively reduce the number and load of plaques, promote A deposition around
blood vessels, and reduce the accumulation of PAA and PAM. Among the changes in PAM
activation, EK100 significantly increased the expression of Iba-1 but did not change the
ratios of HO-1/Iba-1 and NQO-1/Iba-1; ADC significantly increased Iba-1 and the HO-
1/Iba-1 and NQO-1/Iba-1 ratios; ergosterol significantly increased the ratios of HO-1/Iba-1
and NQO-1/Iba-1 but did not increase the expression of Iba-1; and ibuprofen significantly
increased the NQO-1/Iba-1 ratio and reduced the NQO-1/Iba-1 ratio without increasing
the expression of Iba-1. There are no compounds that can modulate the expression of
GFAP in PAA. In the activation of non-plaque-associated glial cells, EK100, antrodin C,
and ibuprofen significantly increased the expression of Iba-1 in NCM, while antrodin C,
ergosterol, and ibuprofen significantly increased the intracellular accumulation of A in
NCM. On the other hand, EK100, ergosterol, and ibuprofen significantly increased the
ramification of NCM, while EK100 and ibuprofen can significantly reduce the expression
of GFAP in NCA. In the response of non-plaque-related neurons, EK100, antrodin C, and
ibuprofen significantly reduced the expression of Nrf2 in cortical neurons. Finally, EK100
has also been shown to significantly promote hippocampal neurogenesis.

In order to verify the effects of the four compounds on behavioral disorders in
APP/PS1 mice, we focused on species-specific nesting activities, because it is multi-brain-
dependent spontaneous [30], which has been considered similar to ADL skills [31]. Clin-
ically, ADL disorder is a pathological manifestation of AD [32], and this pathological
manifestation also appears in APP/PS1 mice [29]. In this study, we found that EK100,
antrodin C, and ibuprofen can alleviate the defects of nesting behavior. These results indi-
cate that the administration of EK100, antrodin C, and ibuprofen may have the potential to
restore multiple brain injury in APP/PS1 mice.

Then, we studied the effects of four compounds on amyloid plaque deposition and
AP perivascular deposition. EK100 and antrodin C reduced the number of plaques but did
not reduce the levels of Af in the hippocampus and serum, indicating that the reduction
in the number of plaques was not due to the inhibition of AB production. The use of
SH-SY5Y-APP695 cells also confirmed the ineffective inhibition of Ap accumulation by
EK100 and antrodin C. Therefore, the effect of EK100 and antrodin C on reducing the
number of plaques can be attributed to the removal of A rather than the formation of A{.
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Table 2. The effects of four compounds in APP/PS1 mice.

EK100 ADC Erg Ibu WT
Pathological improvement
1. Nesting behavior:
Nesting score 1T T - T T
Unthreaded nestlet 1 N - 1 1
2. A deposition:
Plaque number J J - - ND
Plaque burden J J - T ND
Putative AP clearance pathways and neuroprotective effects
1. Perivascular pathway
Perivascular A T T - - ND
2. PAM/PAA pathway
Iba-1" cluster number 1 1 - - ND
Iba-1 IR in cluster T T - - ND
GFAP" cluster number J + - - ND
GFAP IR in cluster - - ) - ND
HO-1/1Iba-1 IR ratio + T T 1 ND
NQO-1/Iba-1 IR ratio - T T T ND
3. NCM/NCA pathway
Iba-1 IR in HNCM K 1 - 1 1
AB IR in HNCM - T T T ND
Microglia ramification T - T T ND
GFAP IR in HNCA b - - i) i}
4. Neuron protection
Total Nrf2 3 N - 1 1
Neuronal Nrf2 J N ND ND 1
Neurogenesis T ND ND ND 1T

ADC, antrodin C; erg, ergosterol; Ibu, Ibuprofen; WT, wild-type mice; A, amyloid f; Iba-1, ionized calcium-binding adaptor molecules;
GFAP, glial fibrillary acidic protein; PAM, plaque-associated microglia; PAA, plaque-associated astrocytes; HO-1, heme oxygenase-1;
NQO-1, NAD(P)H quinone dehydrogenase 1; IR, immunoreactivity; NCM, non-clustered microglia; NCA, non-clustered astrocytes;
Nrf2, nuclear factor erythroid-2 related factor 2; 1, increased; |, decreased; —, no effect; ND, not determined.

Recent evidence suggests that impaired clearance may be the driving force behind
sporadic AD [39]. Microglia may promote A clearance through phagocytosis [40]. Al-
though it is obvious that astrocytes and microglia accumulate around amyloid plaques in
AD, it is still elusive whether they are mainly attracted by amyloid deposits or only by the
plaque-related damaged neurite response [41]. Microglia activation is highly correlated
with the accumulation of A, because activated microglia are found to surround the plaque.
Therefore, A3 can be cleared by phagocytosis or proteolytic degradation [42]. Studies
have shown that limiting the accumulation and phagocytosis of microglia will increase A3
deposition, thus highlighting the functional impact of phagocytosis [43].

It is worth noting that EK100, antrodin C, and ibuprofen can effectively improve
nesting behavior and inhibiting NCM activation, indicating that these two events are
related in APP/PS1 mice. Microglia exhibit a variety of phenotypic states, from pro-
inflammatory M1 phenotype to the alternative activation M2 phenotype, especially under
chronic inflammatory conditions [44]. In vitro evidence suggests that the phagocytic ability
of microglia is inhibited in AD [45]. The activity of M1-like reactive microglia induced by
LPS in AP phagocytosis is significantly reduced, and this reduction can be rescued by IL-4
induced activation of M2-like microglia [45]. This phenomenon leads to the hypothesis
that the accumulation of Ap in AD may be due to changes in the phenotype of microglia.
Therefore, the regulation of M2-like reactive microglia by microglia may have potential
benefits in the treatment of AD.

Nrf2 is overexpressed in the cerebral cortex neurons of APP/PS1 mice, indicating that
the overexpression of Nrf2 may be related to the antioxidant pathway of Nrf2 in neurons,
but it has nothing to do with microglia. The overexpression of Nrf2 can be down-regulated
by EK100, antrodin C, and ibuprofen, indicating that the overexpression of Nrf2 may be
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a feedback effect to protect neurons after the presence of AB. The treatment of EK100,
antrodin C, and ibuprofen may overcome the toxicity mediated by AB. Therefore, the
feedback effect of Nrf2 can be avoided.

The Nrf2/HO-1/NQO-1 pathway in microglia can regulate the inflammatory function
of microglia and inhibit A accumulation through phagocytosis [46]. The oxidation and
anti-oxidation mechanisms are usually balanced by certain known elements, such as Nrf2
and HO-1. The overproduction of reactive oxygen species (ROS) and/or inhibition of
antioxidant defense mechanisms may become harmful, which is called oxidative stress [47].
Previous studies reported that despite the presence of oxidative stress, the expression of
nuclear Nrf2 in the brains of human AD patients is reduced [48]. However, other studies
have shown that the expression of Nrf2 target genes in AD brain is increased. Previous
studies have shown that Nrf2 transcripts are significantly reduced in 3-month-old APP/PS1
mice but not found in 6-month-old mice [49]. Fragoulis et al. demonstrated that in the AD
mouse model, the administration of methysticin activates the Nrf2 pathway and reduces
neuroinflammation, hippocampal oxidative damage, and memory loss [50]. Tanji et al.
demonstrated that the expression level of HO-1 in the temporal cortex of AD patients is
increased compared with the control group [51]. Other studies have reported increased
NQOT1 activity and immunoreactivity in the brains of AD patients associated with AD
pathology [52]. A reasonable explanation for the differences in these reports is that Nrf2
levels may change during disease progression based on the degree of ROS production. It
is now accepted that Nrf2 is up-regulated in the early stages of AD by Af-induced ROS
but starts to decrease as the disease progresses [53]. Kanninen et al. used APP/PS1 mice
to prove that Nrf2 expression decreases in the later stage [54]. Although the underlying
mechanism has not been elucidated, the damage of the Nrf2 pathway may be related to the
progression of the disease. Yammzaki et al. found that the expression of Nrf2 increased
in APP/PS1 mice [55]. This may be mediated by the Ap-mediated phosphorylation of
P62, which interacts with Kelch-like ECH-associated protein 1 (Keap1). In addition, cell
type-specific Nrf2 expression should be checked [56].

Ap clearance can be mediated by microglia. In addition, A3 can also be cleared
through vascular access [57], the glymphatic system [58], and IPAD [59]. IPAD failure can
lead to cerebral amyloid angiopathy (CAA), where A3 mainly accumulates in capillaries
and arterial smooth muscle cells BM [4]. Therefore, the perivascular deposition of A3
was determined. The results showed that EK100 and antrodin C significantly increased
the perivascular deposition of Af3, indicating that EK100 and antrodin C reduced plaque
deposition by promoting the clearance of Af through the perivascular pathway. However,
partial failure of these clearance pathways can increase perivascular deposits.

It has been found that antrodin C has anti-inflammatory effects in RAW264.7 macrophages
activated by LPS [20] and can effectively interfere with hyperglycemia-induced senescence
and apoptosis by activating the HO-1/NQO-1-dependent cellular antioxidant defense
system [21]. In our current study, the promotion of HO-1/NQO-1-dependent cellular
antioxidant defense was detected in the treatment of antrodin C and ergosterol, but it was
not detected during the treatment of EK-100 and ibuprofen. This may help antrodin C to
reduce AP burden more than EK100.

EK100 also has anti-inflammatory effects [17] and has been studied to improve is-
chemic stroke [18]. In our current study, EK100 did not show cellular antioxidant defense
that depends on HO-1/NQO-1. Indomethacin was used as a positive control to evaluate
the analgesic activity of EK100 in vitro [60]. Our current study uses ibuprofen as an NSAID
control and found that EK100 has a similar effect on NCA activation as ibuprofen, which
means that the NSAID activity of ibuprofen and EK100 can increase the activation of NCA.
In previous studies, it has been found that EK100 and its isomer ergosterol can inhibit
LPS-mediated macrophage activation [17]. In our current study, we also found that both
of these compounds can inhibit LPS-mediated BV2 microglia activation. However, EK100
(instead of ergosterol) inhibits the activation of non-clustered and clustered microglia,
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indicating that Ap-mediated activation of microglia is specifically inhibited by EK100 but
not affected by ergosterol.

It is speculated that both soluble Af and AP plaques can cause neuroinflammation
and subsequent damage to the hippocampal nerves, which then leads to behavioral defects.
EK100 can effectively remove plaque, reduce neuroinflammation, increase neurogenesis,
and improve behavioral defects. According to this interference, antrodin C may also have
the ability to promote neurogenesis.

In this study, we revealed four compounds with anti-inflammatory activity, two of
which are structurally similar and exhibit different effects on AD-related pathological
changes (including brain A clearance). However, we cannot determine the precise target
of these effects by using APP/PS1 mice as an animal model. In addition, the structure-
activity relationship between EK100 and ergosterol and between antrodin C and ibuprofen
has not been resolved. The ultimate goal of this study is to reveal the Af clearance
promoting activity and the structure-activity relationship of these compounds. The biggest
challenge in the future is that we need more technologies and research models, including
cell and animal models, to achieve this goal.

4. Materials and Methods
4.1. Reagents

5-Bromo-2'-deoxyuridine (BrdU), formic acid, ergosterol, and ibuprofen were pur-
chased from Sigma-Aldrich (St Louis, MO, USA). General chemicals were purchased from
Sigma-Aldrich (St Louis, MO, USA) or Merck (Darmstadt, Germany).

4.2. Extraction, Isolation, Purification, and Structure Determination of Compounds in
A. cinnamomea

Freeze-dried powder of A. cinnamomea of the submerged whole broth (Batch No.
MZ-247) was provided by the Biotechnology Center of Grape King Inc., Chung-Li City,
Taiwan, Republic of China. The purification procedure of EK100 from A. cinnamomea
was described previously [61]. In brief, freeze-dried powder of A. cinnamomea of the
submerged whole broth was extracted three times with methanol at room temperature.
The methanol extract was evaporated in vacuum to give a brown residue, which was
suspended in H,O and then partitioned with 1 L of ethyl acetate. The ethyl acetate fraction
was chromatographed on silica gel using mixtures of hexane and ethyl acetate of increasing
polarity as eluents and further purified with high-performance liquid chromatography
(HPLC). Twelve components were identified. EK100 was eluted with 10% ethyl acetate in
hexane. The structure of EK100 was elucidated by mass and nuclear magnetic resonance
(NMR) spectral data.

The purification procedure of antrodin C from A. cinnanmomea mycelia was described
previously [17]. In brief, the dried and ground mycelium of A. cinnamomea was extracted
with 95% ethanol. Then, the 95% ethanol extract was concentrated under reduced pressure.
The residues are suspended in H,O and partitioned with n-hexane and then ethyl acetate.
The ethyl acetate fraction was sequentially chromatographed on silica gel and Sephadex
LH-20 columns to obtain antrodin C. The structure of antrodin C was elucidated by mass
and NMR spectral data.

The purification procedure of anticin K, dehydroeburicoic acid, eburicoic acid, sul-
furenic acid, and dehydrosulfurenic acid from A. cinnamomea mycelia was described
previously [62]. In brief, dried A. cinnamomea fruiting bodies were extracted five times
with methanol at 50 °C for 12 h and then concentrated under reduced pressure. The
methanol extract was separated by silica gel flash column (70-230 mesh, 15 x 10 cm)
with a gradient solvent system of CH,Cl, 100% to methanol 100%, to provide 12 fractions
(ACFB.1-ACFB.12). ACFB.3 was purified by preparative HPLC (Cosmosil 5C18-AR-II,
5 um, 250 x 20 mm i.d., acetonitrile/H,O containing 0.1% formic acid, 35:65, flow rate
10 mL/min) to produce antcin K. ACFB.5 was purified by preparative HPLC (Cosmosil
5C;8-AR-1II, 5 um, 250 x 20 mm i.d., acetonitrile/H,O containing 0.1% formic acid, 65:35,
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flow rate 10 mL/min) to produce four subfractions (ACFB.5.1-ACFB.5.4). ACFB.5.2 was
further purified by recycled preparative HPLC (Cosmosil 5C18-AR-IL, 5 um, 250 x 20 mm
i.d., acetonitrile/H,O containing 0.1% formic acid, 55:45, flow rate 10 mL/min, recycled
8 times) to produce dehydrosulfurenic acid. ACFB.6 was purified by preparative HPLC
(Cosmosil 5C18-AR-II, 5 pm, 250 x 20 mm i.d., acetonitrile/H,O containing 0.1% formic
acid, 70:30, flow rate 10 mL/min) to produce two subfractions: ACFB.6.1 and ACFB.6.2.
ACFB.9 was purified by preparative HPLC (Cosmosil 5C18-AR-II, 5 pm, 250 x 20 mmi.d.,
acetonitrile /H,O containing 0.1% formic acid, 90:10, flow rate 10 mL/min) to produce
dehydroeburicoic acid and eburicoic acid. The structure of the compounds used in this
study is shown in Figure 1.

4.3. Cell Culture

BV2 cells, a cell line derived from primary mouse microglia cells, were maintained
in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100 U/mL penicillin, and 100 pug/mL streptomycin. For treatment, the cell
medium was replaced with DMEM containing 1% FBS.

4.4. Measurement of Nitric Oxide

For the assessment of the amount of nitric oxide production, the Griess reagent
(0.05% N-(1-naphthyl)-ethylene-diamine dihydrochloride, 0.5% sulfanilamide, and 1.25%
phosphoric acid) was employed. The accumulated nitrite, a stable breakdown product of
nitric oxide, can be recorded. The optical density was detected at a wavelength of 540 nm
using a microplate reader with NaNO; as standard.

4.5. Cell Viability Assay

The reduction of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT)
was used to evaluate cell viability. Cells were incubated with 0.5 mg-mL~! MTT for 1 h.
The formazan particles were dissolved with DMSO. ODgponm Was measured using an
ELISA reader.

4.6. Animal Management and Administration

The Institutional Animal Care and Use Committee (IACUC) at the National Research
Institution of Chinese Medicine approved the animal protocol IACUC No: 106-417-4). All
experimental procedures involving animals and their care were carried out in accordance
with The Guide for the Care and Use of Laboratory Animals published by the United
States National Institutes of Health. APP/PS1 was purchased from Jackson Laboratory
(No. 005864). The breeding gender ratio was a male with two females in one cage. Ex-
periments were conducted using wild-type siblings and APP/PS1 transgenic C57BL/6]
mice. The animals were housed under controlled room temperature (24 £+ 1 °C) and
humidity (55-65%) with a 12:12 h (07:00-19:00) light-dark cycle. All mice were provided
with commercially available rodent normal chow diet and water ad libitum.

The dose of EK100 used for humans is typically 7380 mg per day. The mouse dose
used was converted from a human-equivalent dose (HED) based on body surface area
according to the US Food and Drug Administration formula. Assuming a human weight
of 60 kg, the HED for 7380 (mg)/60 (kg) = 123 x 12.3 = 10 mg/kg; the conversion coef-
ficient of 12.3 is used to account for differences in body surface area between mice and
human, as previously described [63]. To investigate the effect of EK100 in CNS, 3 doses
(30 mg kgfl dayfl) were applied. EK100, ergosterol, antrodin C, and ibuprofen were
dissolved in vehicle (10% Kolliphor EL, 5% ethanol, 85% dextrose solution (5% in wa-
ter), pH 7.2) to get a final concentration of 3 mg/mL. For studying the therapeutic effect,
thirty APP/PS1 mice (5 months of age) were randomly assigned to five groups (1 = 6, half
male and half female) and were administrated by gavage with vehicle, EK100, antrodin
C, ergosterol, and ibuprofen (30 mg~kg*1 -dayfl) for one month. Ergosterol was used as
EK100’s structural control and ibuprofen was used as an NSAID control. Nesting task was
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performed 30 days after drug administration. The animals were sacrificed on the 31st day
after drug administration, and then, the Ap-related pathological changes were inspected
by immunohistochemistry and immunoblotting. For neurogenesis measurement, BrdU
was injected intraperitoneally at 50 mg-kg~!-day~! during the last 7 days.

4.7. Nesting Test

After oral gavage administration for 30 days, mice were assessed for a nesting test as
described previously. In brief, two Nestlets (5 g) were placed into cage at 1 h before the dark
cycle, and then, the nest score and the weight of unshredded Nestlets were determined
after overnight. Nest construction was scored using a six-graded scale [64]. A score of
0 indicates undisturbed Nestlet; 1, Nestlet was disturbed, but nesting material has not been
gathered to a nest site in the cage; 2, a flat nest; 3, a cup nest; 4, an incomplete dome and 5,
a complete and enclosed dome.

4.8. Tissue Processing

Mice after being anesthetized were sacrificed by transcardial saline perfusion. The
mouse brain was removed, and half of the brain was homogenized in homogenization
buffer containing 20 mM Tris-HCl (pH 7.4), 320 mM sucrose, 2 mM ethylene diamine
tetraacetic acid, 1 mM phenylmethylsulfonyl fluorid, 5 |ng~mL*1 leupeptin, and 5 |ng-mL*1
aprotinin. Another half brain was immersed in 4% formaldehyde overnight at 4 °C
and cryoprotected. Then, brain tissue was sectioned into 30 pum thick sections. Three
slides spanning approximately bregma-1.58 to -1.82 in each brain were used for staining
and analysis.

4.9. Amylo-Glo Staining

Staining for fibrillary amyloid was performed using Amylo-Glo as described by the
manufacturer (Biosensis Inc., Thebarton, South Australia).

4.10. Immunohistochemistry

Immunohistochemistry was performed as described previously [29]. Briefly, sec-
tions were blocked in phosphate buffer saline (PBS) containing 1% bovine serum albumin,
3% normal donkey serum, and 0.3% Triton X-100 for 1 h. Then, they were incubated
in PBS containing 1% bovine serum albumin, 1% normal donkey serum, 0.3% Triton X-
100, and primary antibodies, including mouse monoclonal antibodies to A31-16 (AB10,
Millipore, MAB5208), glial fibrillary acidic protein (GFAP, Millipore, MAB5804), heme
oxygenase 1 (HO-1, Santa Cruz, sc-390991), NAD(P)H quinone dehydrogenase 1 (NQO-1,
Santa Cruz, sc-376023), BrdU (Santa Cruz, sc-32323), goat polyclonal antibody to anti-
ionized calcium-binding adaptor molecule-1 (Iba-1) antibody (abcam, ab5076), and rabbit
polyclonal antibody to anti-Nrf2 antibody (abcam, ab137550), and doublecortin (DCX, ab-
cam, ab18723) overnight at 4 °C. Then, sections were incubated in antibody dilution buffer
containing Hoechst33258 (Invitrogen, 2 g mL 1), fluorescein isothiocyanate, rhodamine
red X-conjugated donkey anti-mouse IgG, rhodamine red X-conjugated donkey anti-rabbit
IgG, or Alexa Fluor 647-conjugated donkey anti-goat IgG (Jackson ImmunoResearch, 705-
605-147) at room temperature for 2 h. After being washed with PBS containing 0.01% Triton
X-100, sections were mounted with Aqua Poly/Mount (Polyscience Inc., Warrington, PA,
USA) for microscopic analysis using a Zeiss LSM 780 confocal microscopy (Jena, Germany).
Representative confocal images had 10 um depth with maximal projection. Quantification
of amyloid plaque was performed using Image] (http://imagej.nih.gov/ij/, accessed on
1 September 2021) software.

Amyloid plaque, astrocytes, and microglia were co-immunostained using anti-Af31-16
antibody (AB10), anti-GFAP antibody, and anti-Iba-1 antibody, respectively. On amy-
loid plaque staining, we observed a wide range of plaque size distribution from 2 to
219 pixels using MetaMorph software. To exclude the non-specific staining and the over-
size plaque, the plaques with a size range of 11 to 80 pixels were included for observation.
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For determining perivascular A deposition, after merging the images of the GFAP and
Ap channels into one, the perivascular Af3 deposition was determined by calculating the
positive pixels present in the GFAP vascular mask in the image.

Activated glia is a prominent feature of AD neuropathology, with both reactive astro-
cytes and activated microglia clustering around amyloid plaques [41]. Therefore, the num-
ber of clusters with plaque-associated astrocytes (PAA) and plaque-associated microglia
(PAM) were determined by staining with GFAP-antibody and Iba-1-antibody, respectively.
The reduced number of clusters with PAM may be related to the reduced number of
plaques. To verify the relationship of cluster size with plaque size, the size alteration of the
individual plaque-associated microglia cluster was analyzed by scatter plot.

4.11. Skelecton Analysis

The number of branches, junctions, and endpoints of microglia were quantified using
FIJI Image] software [32]. Briefly, the images of brain sections were transformed to 8-bit
format, and the Unsharp Mask and Despeckle were applied to increase contrast and remove
noise; then, the images were skeletonized and analyzed using the plug-in AnalyzeSkeleton
(2D/3D).

4.12. Quantification of AB10-Stained Plaques

The quantification of AB10-stained plaques was conducted. At least 3 coronal brain
sections from each mouse were used for analysis. Each image was adjusted to the thresh-
old for pixel detection (threshold setting for AB10-positive signal is 200). To eliminate
background, particle large than 80 pixels (approximately 56 um?) less than 20 pixels (ap-
proximately 14 um?) was excluded.

4.13. Measurement of AB Levels

Two-step sequential extraction of the brain AP using 2% sodium dodecyl sulfate
(SDS) and 70% formic acid (FA; Sigma) was processed as described previously [30]. Briefly,
cortical homogenate was mixed with an equal volume of 4% SDS in homogenization
buffer containing protease inhibitor. Then, the sample was sonicated and centrifuged at
100,000% g for 60 min at 4 °C. The supernatant was considered an SDS-soluble fraction. The
SDS-insoluble pellet was further suspended in 70% FA and centrifuged at 100,000x g for
60 min at 4 °C. The supernatant was collected and neutralized with 1 M Tris, pH 11. SDS-
soluble and SDS-insoluble fractions were stored at —80 °C until sandwich enzyme-linked
immunosorbent assay (ELISA) analysis. Af3 level was measured by a sensitive sandwich
ELISA assay using a kit (Invitrogen KHB3481 and KHB3442). The detailed experiments
were performed according to the manufacturer’s protocol.

4.14. Statistical Analysis

Results are expressed as mean =+ standard error of the mean (S.E.M) and processed
for statisyical analysis using GraphPad Prism 6 software (La Jolla, CA92037 USA). The
parametric data were analyzed by unpaired two-tailed Student’s t test or one way analysis
of variance (ANOVA) with post hoc multiple comparisons with a Bonferroni test.

5. Conclusions

Our in vitro experiments have shown that EK100, antrodin C, and ergosterol have
anti-inflammatory activity by detecting the production of nitric oxide. Ibuprofen is an
NSAID that can specifically block the COX-2 enzyme. On the other hand, our in vivo
experiments show that EK100 and antrodin C reduce the formation of amyloid plaques in
the cortex and hippocampus, which may be due to the glial phagocytosis and perivascular
granule pathways in APP/PS1 mice to promote A3 clearance. We also showed that EK100
and antrodin C ameliorated behavioral deficits in APP/PS1 mice. EK100 also promotes
hippocampal neurogenesis. These findings raise the possibility that EK100 and antrodin C
may have the potential to treat AD.
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Abstract: Cellular and molecular mechanisms of the peripheral immune system (e.g., macrophage and
monocyte) in programming endotoxin tolerance (ET) have been well studied. However, regulatory
mechanism in development of brain immune tolerance remains unclear. The inducible COX-2/PGE,
axis in microglia, the primary innate immune cells of the brain, is a pivotal feature in causing
inflammation and neuronal injury, both in acute excitotoxic insults and chronic neurodegenerative
diseases. This present study investigated the regulatory mechanism of PGE; tolerance in microglia.
Multiple reconstituted primary brain cells cultures, including neuron-glial (NG), mixed glial (MG),
neuron-enriched, and microglia-enriched cultures, were performed and consequently applied to
a treatment regimen for ET induction. Our results revealed that the levels of COX-2 mRNA and
supernatant PGE; in NG cultures, but not in microglia-enriched and MG cultures, were drastically
reduced in response to the ET challenge, suggesting that the presence of neurons, rather than astroglia,
is required for PGE, tolerance in microglia. Furthermore, our data showed that neural contact, instead
of its soluble factors, is sufficient for developing microglial PGE, tolerance. Simultaneously, this
finding determined how neurons regulated microglial PGE, tolerance. Moreover, by inhibiting
TLR4 activation and de novo protein synthesis by LPS-binding protein (LBP) manipulation and
cycloheximide, our data showed that the TLR4 signal and de novo protein synthesis are necessary for
microglia to develop PGE; tolerance in NG cells under the ET challenge. Altogether, our findings
demonstrated that neuron—-microglia contacts are indispensable in emerging PGE, tolerance through
the regulation of TLR4-mediated de novo protein synthesis.

Keywords: PGE,; COX-2; microglia; endotoxin tolerance; cell-cell contacts; TLR4; de novo protein
synthesis; LPS binding protein; innate immune memory; brain immunity

1. Introduction

Microglia, the primary innate immune cells of the brain, maintain the central nervous
system (CNS) homeostasis at physiological conditions [1,2]. With their high mobility,
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microglia survey, and guard brain microenvironment (surveillance), they can regulate
normal development, growth, connection, and functions of the neurons for a lifetime [3]. In
response to immune challenge, microglia, as the first defense and inflammatory responder,
secrete a wide spectrum and various immunoregulatory factors to protect the neurons
against invading pathogens [4]. At the end of the inflammatory process, microglia are back
to the status of immune resolution [5]. Conversely, the unresolved inflammation caused by
overactivated microglia further damages neurons [6]. However, the immunosuppressive
mechanism of microglia in resolving inflammation remains unclear [7].

Recently, many studies have demonstrated the capability of microglia in developing in-
nate immune memory to either enhance (trained immunity) or suppress (immune tolerance)
subsequent immune responses [8,9]. In response to the lipopolysaccharide (LPS, glycol-
ipid of the outer cell membrane of Gram-negative bacteria) challenge, activated microglia
immediately produce superoxide and TNF-¢, followed by the production of IL-13, nitrite
(NO), prostaglandin E2 (PGE,), and IL-6 at 24 h [10]. Subsequently, anti-inflammatory
cytokines, such as IL-10, are secreted by microglia for neuroinflammation resolution. Un-
der recurrent stimulations with LPS, while microglia decrease (“tolerate”) production of
pro-inflammatory mediators (TNF-«, IL-13, and PGEy), they instigate (“sensitize”) the syn-
thesis of anti-inflammatory mediators (IL-10) [11]. In other words, LPS-tolerized microglia
become refractory to a subsequent endotoxin challenge referred to as a neuroprotective
mechanism, targeted at the prevention of excessive toxic damage from cytokine production.
Accordingly, activated microglia are the main target for alleviating neuroinflammation,
including immunotolerance and low-grade inflammation, in order to prevent pathogenesis
of various neurological and psychiatric disorders [12-14]. Noteworthily, the presence of
other brain cells, such as neurons and astroglia, regulates the endotoxin tolerance capacity
of microglia in the TNF-« reduction and IL-10 enhancement through M-CSF-mediated ERK
signals [11]. In fact, little is known about how other brain cells interact with microglia in
shaping their innate immune memory.

Inducible cyclooxygenase-2 (COX-2) catalyzes the first committed step in the synthesis
of PGE; and subsequently activates its downstream signaling pathways through four E-
prostanoid (EP) receptors [15]. Activating PGE; signals contributes to the neurotoxic effect
of COX-2 in a broad spectrum of neurological disease models in the CNS [16]—from models
of cerebral ischemia [17] to models of neurodegeneration and inflammation [18,19]. In addi-
tion to the high neural COX-2 activity in acute paradigms of excitotoxicity [20] (e.g., cerebral
ischemia [21] and seizures [22]), microglia also show an increase in COX-2 activity and
PGE, production, causing inflammatory injury in inflammatory paradigms [10,23,24], such
as Alzheimer’s disease [24,25], Parkinson’s disease [26], and amyotrophic lateral sclero-
sis [27]. Thus, the COX-2/PGE; axis plays an important role in promoting neuronal injury,
both in acute excitotoxic insults and in chronic neurodegenerative diseases [15,16,19]. Nev-
ertheless, regulatory mechanisms for immune suppression (tolerance) of the COX-2/PGE;
axis in the brain are still unclear. The purpose of this study is to determine the tolerance
mechanism of microglial PGE; in response to repeated LPS challenges.

2. Materials and Methods
2.1. Animals

Pregnant C57/6] mice (n = 18) and their pups (n = 55) were purchased from the
National Laboratory Animal Center (NLAC) in Tainan, Taiwan. Housing and breeding of
the animals were performed humanely and with regard to alleviating suffering following
the National Institutes of Health Guide for Care and Use of Laboratory Animals (Institute
of Laboratory Animal Resources 1996). All procedures were approved by the National
Cheng Kung University (NCKU) Animal Care and Use Committee.

2.2. Reagents

LPS (E. coli O111:B4, Cat# 437627, protein contaminants < 2.0%, nucleic acid con-
taminants < 2.5%) was obtained from EMD Chemicals, Inc. (Darmstadt, Germany).

264



Biomedicines 2022, 10, 419

Recombinant TLR4 binding protein and cycloheximide were purchased from Ré&D Sys-
tems (Minneapolis, MN, USA) and Sigma-Aldrich (Saint Louis, MO, USA), respectively.
Formaldehyde solution was obtained from Sigma-Aldrich (Saint Louis, MO, USA).

2.3. Preparation of Primary Neuron—Glia, Mixed Glia, and Microglia- and
Astrocyte-Enriched Cultures

The preparation of mesencephalic neuron—glia cultures was performed from the mes-
encephalon of embryos at gestation day 14 + 0.5 of the C57/6] mice (n = 18), as previously
reported [10,11]. Briefly, after dissection and dissociation of mesencephalic tissues with
mild mechanical trituration, cells were seeded to 24-well (5 x 10° cells/well) culture plates
precoated with poly-D-lysine (20 ng/mL) and maintained in 0.5 mL/well of MEM medium
(10% heat-inactivated fetal bovine serum (FBS), 10% heat-inactivated horse serum (HS),
1 g/L glucose, 2 mM L-glutamine, 1 mM sodium pyruvate, and 0.1 mM nonessential amino
acids). Cultures were preserved at 37 °C in a humidified atmosphere of 5% CO,/95% air.
Three days later, 0.5 mL/well of fresh medium was replenished into the cultures. Seven
days after seeding, the neuron-glia cultures made up of about 10% microglia, 50% as-
trocytes, and 40% neurons based on the visual counting of immunostained cells with
antibodies against cell-type specific markers: neurons (Neu-N), microglia (OX-42), and as-
trocytes (GFAP) [28]. The NG cultures were ready for further endotoxin tolerance treatment
regimen (Figure 1A). The neuron-enriched culture contained 99% neurons and less than
1% glia. The dividing glia was depleted from neuron-glia cultures 48 h after seeding with
8-10 uM of cytosine (3-d-arabinofuranoside (Ara-C; Sigma-Aldrich, St. Louis, MO, USA)
for three days.

Primary mixed glia cultures were prepared from whole brains of postnatal day-1 pups
(n =10) from the C57BL/6] mice [10,11]. After brain tissue disassociation, the cells were
seeded onto 6-well (1 x 10° cells/well) culture plates and maintained in 1 mL/well of
DMEM/F-12 medium (10% FBS, 2 mM of L-glutamine, 1 mM of sodium pyruvate, and
0.1 mM of nonessential amino acids). Before reaching confluence, the medium was changed
every 3 days. The mixed glia cultures contained about 80% astrocytes and 20% microglia
and were used for endotoxin tolerance treatment regimen.

Microglia-enriched cultures were prepared from the whole brains of 1-day-old C57/6]
pups (n = 45), as previously reported [10,11]. Briefly, after the dissociation of brain tissues,
devoid of meninges and blood vessels by mild mechanical trituration, the isolated cells
(5 x 107 cells) were seeded in 150 cm? culture flasks in DMEM/F12 medium (10% FBS,
2 mM of L-glutamine, 1 mM of sodium pyruvate, 0.1 mM of nonessential amino acids,
50 U/mL of penicillin, and 50 ug/mL of streptomycin) and maintained at 37 °C in a
humidified atmosphere of 5% CO,/95% air. Before reaching confluence, the medium
was changed 4 days later. Upon reaching confluence (12-14 days), the enriched microglia
(99% pure) were obtained by shaking the flasks for 60 min at 180 rpm.

2.4. Cell Treatment

Multiple reconstituted brain cultures, including neuron-glial (NG), mixed glial (MG),
microglia-enriched, fixed neurons plus microglia, and neurons plus microglia in Transwell
inserts, were pre-incubated with or without LPS (15 ng/mL) for 6 h. After replacing the
fresh media and waiting for an additional 6 h, LPS was readded into these cells (Figure 1A).
Thus, endotoxin tolerance (ET) treatment regimen included untreated control, LPS (LPS
alone treatment), LPS/LPS (twice LPS treatment), and LPS-untreated control groups. The
expressions of COX-2 or PGE; were measured at 3, 6, and 24 h in these cells by RT-PCR
and ELISA, respectively. Furthermore, serum-free medium (no LPS binding protein (LBP))
and the addition of LBP (1 ng/mL) were used to study TLR4’s role in the development
of microglial PGE, tolerance in NG cells. Moreover, treated NG cells with cycloheximide,
an inhibitor for protein synthesis, was performed to determine involvement of de novo
protein synthesis in PGE; tolerance of microglia.
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Figure 1. Reduction in COX-2 and PGE; expression in neuron—glial cultures in response to endotoxin
tolerance. (A) Experimental procedure for the study of PGE, production in endotoxin tolerance.
Neuron-glial (NG) cultures prepared from E14.5 time-pregnant C56/6] mice were pre-treated with
vehicle (LPS-treated group) or LPS (15 ng/mL) (LPS/LPS-treated group) for 6 h. These pre-treated
NG cultures were replaced with fresh media. Six hours later, LPS (15 ng/mL) was added to these NG
cells. The level of COX-2 gene expression and supernatant PGE, production was measured at 3, 6,
and 24 h after LPS treatment. (B) After 3 h, the mRNA level of the COX-2 gene was measured in these
NG cultures with untreated control, LPS-treated group (LPS), LPS/LPS-treated group (LPS/LPS),
and LPS-untreated control group by RT-PCR. Three independent experiments were performed in
duplicate. Data are expressed as a percentage of the LPS group (mean £ SEM). ** p < 0.01 vs.
untreated control; # p < 0.05 vs. LPS. (C) A supernatant level of PGE; in these cells with LPS-treated
(LPS) and LPS/LPS-treated group (LPS/LPS) was detected at 6 and 24 h after LPS treatment by
ELISA. Data are expressed as the mean + SEM from three independent experiments in duplicate,
**p<0.01vs. 6H, ## p <0.01 vs. LPS.

2.5. Quantitative Real Time-PCR

According to the manufacturer’s instruction, the RNeasy Mini Kit (QTAGEN, Valencia,
CA, USA) and the MuLV reverse transcriptase (Applied Biosystems, Foster City, CA, USA)
were used to isolate the total cellular RNA of cells and synthesize the first-strand cDNA.
After reverse transcription reaction, the SYBR-Green Master Mix (Applied Biosystems,
Foster City, CA, USA) was used to perform real-time quantitative PCR analysis with the
following PCR conditions: hold at 95 °C for 10 min and start 40 cycles at 95 °C for 15 s
and 60 °C for 1 min. Data were normalized to a GAPDH expression. Vector NTI Advance
11.5 software (Invitrogen, Waltham, MA, USA) was used to design the primers. The
sequences of the primers were the following: mouse COX-2 forward primer 5" -TGA-TAT-
GTC-TTC-CAG-CCC-ATT G- 3’; mouse COX-2 reverse primer 5 -AAC-GGA-ACT-AAG-
AGG-AGC-AGC- 3'; mouse GAPDH forward primer 5 -TTC-AAC-GGC-ACA-GTC-AAG-
GC- 3'; mouse GAPDH reverse primer 5" -GAC-TCC-ACG-ACA-TAC-TCA-GCA-CC- 3'.
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2.6. Measurement of PGE,

PGE; in the culture medium was measured with the commercial ELISA kits from R&D
Systems (Minneapolis, MN, USA).

2.7. Statistical Analysis

All data are expressed as the mean =+ standard error of mean (SEM) and were com-
pared between groups using the Student’s ¢ test, as well as one-way or two-way analysis
of variance (ANOVA) with Bonferroni’s multiple comparisons test (Prism 7; GraphPad
Software, San Diego, CA, USA). A p value of <0.05 was considered statistically significant.
*1p <0.05; **: p < 0.01; ***: p < 0.001.

3. Results

To determine whether endotoxin tolerance (ET) of a microglial COX-2-PGE, axis
occurred, the ET treatment regimen (as described in Section 2.4; Figure 1A) was per-
formed in primary neuron-glial (NG) cultures, containing 40% neurons, 50% astroglia, and
10% microglia. The expressions of COX-2 mRNA and supernatant PGE, were measured at
3, 6, and 24 h in the NG cells by RT-PCR and ELISA, respectively. RT-PCR data showed
that the LPS treatment induced mRNA levels of the COX-2 gene in the NG cells (1 vs.
9.41 £ 1.25, p < 0.01, one-way ANOVA, Figure 1B). Conversely, the NG cells received with
6 h LPS pre-incubation had decreased the expression of the subsequent endotoxin-induced
COX-2 mRNA by 50% (9.41 & 1.24 vs. 4.55 + 0.81, p < 0.05, one-way ANOVA, Figure 1B).
Our data indicated that the refectory to up-regulation of COX-2 mRNA occurred in the
ET-treated NG cells (Figure 1B). The NG cells with a treatment regimen of saline (untreated
control) or the LPS plus untreated control had no effect on the COX-2 induction (Figure 1B).
Furthermore, ELISA data revealed that the production of PGE2 was induced in the super-
natant of the LPS-treated NG cells at 24 h (225 4 16.86 ng/mL vs. 883.67 & 58.03 ng/mL,
p <0.01, two-way ANOVA, Figure 1C). Similar to the expression profile of the COX-2
mRNA, the NG cells with LPS pre-incubation had lower PGE, production following subse-
quent LPS treatment (LPS/LPS) at 24 h in comparison with the NG cells with LPS alone
treatment (LPS) (883.67 = 58.03 ng/mL vs. 294 + 19.15 ng/mL, p < 0.01, two-way ANOVA,
Figure 1C). Accordingly, our data indicated that microglia were capable of programing
COX-2-PGE, axis tolerance in NG cells.

Under the LPS challenge, microglia are the main resource of the brain in produc-
ing PGE;. Then, we determined if the development of PGE, reduction also occurred
in microglia during the ET challenge. Microglia-enriched cultures were prepared and
subjected to the same ET treatment regimen, shown in Figure 1A. Our data showed that
the production of PGE; in LPS pre-treated microglia (LPS/LPS group) was significantly
increased in comparison with the microglia without LPS pre-treatment (LPS group) at 6 h
of endotoxin treatment (116.6 &= 46.98 ng/mL vs. 2674.6 + 680.35 ng/mL, p < 0.01, two-way
ANOVA, Figure 2A). Meanwhile, similar to the microglia with once LPS treatment, the
microglia with LPS pre-treatment produced a certain amount of PGE, production at 24 h
of endotoxin treatment (2701.2 & 364.94 ng/mL vs. 2540.2 4 386.34 ng/mL, Figure 2A).
These results suggested that microglia alone failed to develop PGE; tolerance during the
ET challenge. Furthermore, to determine whether astroglia played a role in PGE, reduction
in tolerant microglia, the mixed glial cultures containing microglia and astroglia were
prepared and applied to the same ET experimental procedure (Figure 1A). Our data re-
vealed that compared to the cells with LPS treatment (LPS group), the pre-treatment of
mixed glial (MG) cells with LPS (LPS/LPS group) increased the production of PGE; at 6 h
(374 £ 78.9 ng/mL vs. 3365.6 + 495.66 ng/mL, p < 0.05, two-way ANOVA, Figure 2B) and
failed to show PGE,; reduction at 24 h after endotoxin treatment (2910.4 & 624.88 ng/mL vs.
2942.2 4 1008.49 ng/mL, Figure 2B). The expression profile of PGE; in microglia-enriched
cultures and MG cells during endotoxin tolerance were similar (Figure 2). In other words,
the presence of astroglia was unable to program PGE; reduction in tolerant microglia.
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Figure 2. Failure of PGE; reduction in microglia-enriched and mixed glia cells with endotoxin
tolerance challenge. (A,B) A supernatant level of PGE; in microglia-enriched cultures (A) and mixed
glia cultures (MG) containing 80% astroglia and 20% microglia (B) in LPS-treated and LPS/LPS-
treated regimen were detected at 6 and 24 h after treatment by ELISA. Five independent experiments
were performed in duplicate. Data are expressed as the mean 4 SEM, * p < 0.05, ** p < 0.01 vs. 6H;
#p <0.05, ## p < 0.01 vs. LPS. NS: no significant differences.

According to Figures 1 and 2, while PGE; tolerance occurred in NG cultures, it did
not occur in microglia-enriched and MG cultures, implying that the presence of neurons
may participate in PGE; reduction in tolerant microglia. We further determined whether
soluble factors were secreted by neuron-regulated, tolerant microglia for PGE, reduction.
Thus, the condition media from neuron-glial cells (NGCM) were collected and added into
the mixed glial cultures (Figure 3A). After 24 h of incubation, these MG cells were applied
to the same ET treatment regimen (Figure 1A). Our data revealed that the incubation of
MG cells with NGCM failed to restore the tolerant capacity of microglia in PGE; reduction
(1822 £ 388.5 ng/mL vs. 1984 £ 268 ng/mL, p = 0.74, Student’s t-test, Figure 3A). Alter-
natively, by using the Transwell culture system, the microglia in the upper inserts had no
direct cell-cell contacts with neurons grown in the lower compartment of the culture plate
(Figure 3B, upper panel). However, soluble factors were permeable between the plate’s
upper and lower compartments (Figure 3B, upper panel). Further, our data showed that
the production of PGE; in these microglia with either once LPS (LPS group) or twice LPS
treatment (LPS/LPS group) were comparable (1010 + 75.35 ng/mL vs. 1006 + 112 ng/mL,
p = 0.97, Student’s t-test, Figure 3B, bottom panel), suggesting that neural soluble factors
were not sufficient for PGE, reduction in tolerant microglia. Subsequently, we examined
whether physical contact with neurons was involved in PGE; reduction in tolerant mi-
croglia. Neuron-enriched cultures were fixed with 4% formaldehyde solution and washed
out with PBS three times. Although the fixed, dead neurons were unable to produce any
soluble factors, they still presented antigen on their cell surface. Microglia were added
into the fixed neurons for 24 h of incubation (Figure 3C, upper panel) and applied to the
same ET treatment regimen (Figure 1A). Our data showed that PGE; reduction occurred
in microglia with fixed neurons in response to the ET treatment (4450.66 4 297.37 ng/mL
vs. 2125.33 + 375.36 ng/mL, p < 0.01, two-way ANOVA, Figure 3C, bottom panel). Fixed
neurons had no effect on PGE; production (Figure 3C, bottom panel). In other words, the
loss of PGE; tolerance in microglia alone was recovered when it contacted with neurons
(Figures 2A and 3C). Moreover, our data indicated that the neuron-microglia contacts were
critically involved in the development of the microglial ET capacity on PGE, reduction.
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Figure 3. Neural contacts reversed the failure of PGE; tolerance in microglia. (A) After 24 h incubation
with neuron-glial condition media (NGCM), mixed glia (MG) cultures were subjected to the LPS-
treated and LPS/LPS-treated regimen, as indicated in the right panel. PGE, production in the
supernatant of these treated MG cells after 24 h of treatment was measured by ELISA. Data are
expressed as the mean & SEM from three independent experiments in duplicate. NS: no significant
differences. (B) Microglia were added into Transwell inserts while neurons grew confluent in the
lower compartment of the 24-well plate, as indicated in the upper panel. After 24 h of incubation,
these cells were applied to the LPS-treated and LPS/LPS-treated regimen. A supernatant level of
PGE; in these treated cells was detected by ELISA at 24 h of treatment. Data are expressed as the
mean & SEM from three independent experiments in duplicate. NS: no significant differences. (C) As
indicated in the upper panels, the fixed neuron-enriched cultures were prepared and added with or
without microglia. After 24 h of incubation, microglia were applied to the LPS-treated and LPS/LPS-
treated regimen. A supernatant level of PGE, in these treated microglia was measured by ELISA 24 h
after treatment. Three independent experiments were performed in duplicate. Data are expressed as
the mean + SEM, LPS group versus the LPS/LPS group. ** p < 0.01. NS: not significant -.

Previous studies demonstrate that the activation of toll-like receptor 4 (TLR4) by LPS
is critical for downstream inflammatory [29,30], anti-inflammatory [10], and tolerance
responses [31]. Thus, we determined whether the TLR4-derived signal participated in the
modulation of microglial PGE, tolerance by neurons. Due to LPS-contained hydrophobic
multi-acyl chains forming aggregates or micelles in aqueous solutions, the accessory LPS-
binding proteins (LBPs) are required to mediate the sensitive recognition of LPS as well
as their efficient transfer to the TLR4 [32,33]. After binding to LPS, the TLR4 signaling
cascades are activated in the host immune response [30]. Therefore, by using serum-free
medium (no LBP) with or without addition of recombinant LBP protein to incubate NG
cells, the role of TLR4 signal in PGE tolerance was studied (Figure 4A, left panel). Our data
revealed that during the ET treatment, PGE; reduction occurred in NG cells at 24 h in the
presence of serum medium-contained LBP (100 =+ 3.11 vs. 23.79 £ 1.35, p < 0.01, two-way
ANOVA, Figure 4A, right panel). Conversely, in serum-free media (no LBP), PGE, tolerance
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(A)

disappeared (even higher PGE, production) in NG cells at 24 h during the ET challenge
(100 £ 17.43 ng/mL vs. 300.53 = 8.15 ng/mL, p < 0.01, two-way ANOVA, Figure 4A, right
panel). Furthermore, a recombinant LBP protein was added into serum-free media of NG
cultures to confirm whether the TLR4 signal activation was crucial for the development
of PGE; tolerance. Our results revealed that adding recombinant LBP protein at 1 ug/mL
concentration entirely reversed the failure of PGE; tolerance in NG cultures at a serum-free
condition (100 + 2.4 ng/mL vs. 44.02 £ 2.75 ng/mL, p < 0.01, two-way ANOVA, Figure 4A,
right panel). In addition, our data indicated that the TLR4-derived signal is necessary for
PGE; tolerance in microglia. Moreover, to determine whether inducing de novo protein
synthesis by TLR4 activation was required for programming PGE; tolerance, NG cells
were treated with a protein synthesis inhibitor cycloheximide at 1 tg/mL concentration
and subsequently applied to the same ET treatment regimen (Figure 4B, left panel). Our
data showed that the inhibition of protein synthesis by cycloheximide disrupted the PGE,
tolerance in NG cells during ET (1882.66 + 67.62 ng/mL vs. 2394.33 4+ 252.02 ng/mL,
Figure 4B, right panel). Moreover, our results suggested that the TLR4-dependent de novo
protein synthesis participated in neuron-mediated PGE, tolerance in microglia.
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Figure 4. TLR4 signal and de novo protein synthesis is required for the development of PGE,
tolerance in neuron—glial cells. (A) Left panel: Experimental procedure for studying the TLR4's role
in PGE; reduction during the endotoxin tolerance challenges. Right panel: Measurement of PGE,
production in the NG cultures with or without endotoxin tolerance challenge (LPS-treated versus
LPS/LPS-treated group) in the conditions of 10% serum medium, serum-free medium, or serum-free
plus LBP (1 ug/mL) at 24 h by ELISA. Data are expressed as the mean + SEM from three independent
experiments in duplicate, LPS group versus the LPS/LPS group. * p < 0.05, ** p < 0.01. (B) Left panel:
Experimental procedure for studying the role of de novo protein synthesis in PGE, reduction in
response to endotoxin tolerance. Right panel: After treatment with cycloheximide (1 ug/mL) for 1 h,
the NG cultures were applied to the procedure of the endotoxin tolerance challenge (LPS-treated
versus LPS/LPS-treated group). PGE, level in the supernatant was detected 24 h after treatment by
ELISA. Data are expressed as the mean + SEM from three independent experiments in duplicate,
LPS group versus the LPS/LPS group. ** p < 0.01, NS, not significant.
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4. Discussion

As the first responder to the immune challenge, microglia secrete a wide spectrum
and various inflammatory factors at inflammatory conditions, including IL-13, TNF-«,
PGE,, and BDNEF, to prevent invading pathogens [34]. However, the uncontrolled and
unresolved inflammation induced by microglia can damage the neurons [34]. It is relatively
difficult to distinguish the functional role of microglia as either “protective” or “injurious”
to the neurons during the neuroinflammatory process. Having a better understanding of
heterogenous microglial activation during the inflammatory process, such as the occurrence
of microglial endotoxin tolerance, has become a critical issue in developing microglia-
based therapy for inflammation-related brain diseases [35,36]. Through using multiple
reconstituted brain cell cultures, including neuron—glial, mixed glial, neuron-enriched,
and microglia-enriched cultures, the main strength of the current study is to uncover
the regulatory mechanisms of microglial PGE, tolerance by interacting with other brain
cells, such as neurons and astroglia. However, this NG culture system does not contain
oligodendrocytes, which are the myelinating cells of the CNS. Interestingly, endotoxin
tolerance of PGE; occurs in NG cells (Figure 1), implying that oligodendrocytes do not
participate in the regulation of PGE, tolerance in microglia. Together, this study explored
the immune-suppressive mechanism of PGE, production mediated by neuron—-microglia
interactions via TLR4 signal-derived de novo protein synthesis in response to repeated LPS
exposure (Figure 5).

Neuron-microglia
contacts _%
LPS

TLR4-mediated de novo
protein synthesis

Py , LPS

PGE,-tolerance
microglia

Figure 5. Indispensable role of neuron-microglia contacts for PGE; tolerance via TLR4-dependant
de novo protein synthesis. Schematic of neuron—-microglia contacts alter the immune property of
microglia for development of PGE, tolerance via TLR4-derived de novo protein synthesis under ET
challenge. Without neural contacts, microglia alone or cultured with astroglia or incubated with
neural soluble factors fail to show endotoxin tolerance of PGE;.

In addition to electrical signal transmission, neurons are important immune regulators
in restraining immune activation of homeostatic microglia at normal conditions, referred
to as immune checkpoint [37,38]. The communications among neurons and microglia
are bidirectional and reciprocal through various soluble factors and in receptor-ligand
interactions [38,39]. With a volume transmission manner, neurons release the soluble fac-
tors out of the synaptic cleft to trigger receptor-mediated signals in microglia [40,41]. The
neural soluble factors, such as ATP, glutamate, GABA, CSF-1, and TGF-f3, are capable of
regulating phagocytosis, motility, and viability of microglia [40,42,43]. On the other hand,
many receptor ligands (i.e., CD47, CD200, CD22, and HSP60) on the surface of neurons
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directly bind with their corresponding surface receptors on microglia (i.e., CD172a, CD200R,
CD45, and TREM2) that represent the classical contact-dependent communications [44-48].
Overall, these humoral or contacts signals from neurons not only lead microglia to prune
neural synapses and neurites, and remove the apoptotic neurons during early brain devel-
opment [45,47], but they also modulate motility, surveillance, and immunity of microglia at
inflammatory conditions [44,46,48]. Our data showed that, in response to the ET challenge,
microglial PGE, tolerance occurred in the presence of neurons (Figure 1), while microglia
alone or microglia co-cultured with astroglia failed to develop PGE, tolerance (Figure 2).
Furthermore, neuron—microglia contacts participate in neuron-mediated PGE, tolerance
in microglia (Figure 3). Receptor-ligand interactions among neurons and microglia may
exert their functions to control microglial PGE, tolerance. However, molecular details
in neural contacts for microglia ET development remain an open question that will be
further investigated.

Toll-like receptors (TLRs) function as the prime cellular sensors in innate immune
cells for microbial components. Thus, its activation must be properly controlled by various
mechanisms to maintain homeostasis. For instance, the induction of endotoxin tolerance
by TLR4-ligand lipopolysaccharide (LPS) is one mechanism to prevent overstimulation
from continuous exposure to the same and related danger signals [49]. The activation of the
LPS receptor complex induces TLR4 dimerization/oligomerization with rapid activation
of the MyD88-dependent signaling and TRIF-dependent signaling pathway, and further
triggers various transcription factors, leading to strong production of pro-inflammatory
cytokines [50]. Additionally, the activity of the microRNA miR-146a—known to target key
elements of the myeloid differentiation factor 88 (MyD88) signaling pathway—including
IL-1 receptor-associated kinase (IRAK1), IRAK2, and tumor necrosis factor (TNF) receptor-
associated factor 6 (TRAF6), has been reported to establish and sustain tolerance [51].
Our data revealed that TLR4 activation and de novo protein synthesis are required for
developing neuron govern PGE, tolerance in microglia during ET (Figure 4). It is important
to further study the mechanisms underlying neurons that modulate microglial TLR4
activation, its downstream signaling pathways, and de novo protein synthesis to preserve
PGE; tolerance.

Although the mechanism of ET formation in the brain and cultured brain slices or
microglial cells have been reported [52-56], microglial PGE, tolerance has not been fully
investigated. Dr. Ajmone-Cat and his colleagues have been the first to report that the
production of TNF-«, nitric oxide (NO), PGE,, and 15-deoxy-A12,14-PG]J2 (15d-PGJ2) was
measured in primary rat microglial cultures received to one, two, or three consecutive LPS
stimulations [53]. The results indicated that the ability of microglial cells to produce NO,
TNF-«, and 15d-PGJ2 upon the first LPS challenge rapidly declined after the second and
third stimulations, whereas cyclooxygenase-2 and PGE, synthesis remained constantly
elevated [53]. Further mechanistic studies in the transcription factors nuclear factor kappa
B and CREB and the p38 MAPK revealed that the single or multiple LPS stimulations
evoke profoundly different signaling pathways [53]. Even if the ET treatment regimens and
species are distinct, similar results in this study also showed the failure of PGE, tolerance
(even having higher PGE, production) in mouse microglia-enriched cultures with repeated
LPS exposure (Figure 2). Accordingly, these data suggested that the circumstance of the
CNS microenvironment, such as the presence of healthy neurons, plays an important
regulating role in developing microglial ET [11]. Alternatively, they can determine if
neurodegeneration-associated molecular patterns (NAMPs) participate in the disruption
of microglial ET and whether its mechanism may provide attracted immune therapeutic
targets for neurodegenerative disease.

In this study, we identified a distinct and essential role of non-immune brain
cells, i.e., neurons in the development of PGE; tolerance in microglia. In the absence of neu-
rons, microglia-enriched and mixed glial cultures failed to form PGE; tolerance. Notably,
neural contacts program microglial PGE,; tolerance—not its soluble factors. To the best of
our knowledge, our study provides the first evidence that non-immune cells, i.e., neurons,
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can influence the capacity of microglial PGE,. Moreover, this study revealed a novel
regulatory role of neuron—microglia contacts in the development of microglial PGE,.
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Abstract: Transthyretin (TTR) proteolysis has been recognized as a complementary mechanism con-
tributing to transthyretin-related amyloidosis (ATTR amyloidosis). Accordingly, amyloid deposits
can be composed mainly of full-length TTR or contain a mixture of both cleaved and full-length
TTR, particularly in the heart. The fragmentation pattern at Lys48 suggests the involvement of
a serine protease, such as plasmin. The most common TTR variant, TTR V30M, is susceptible to
plasmin-mediated proteolysis, and the presence of TTR fragments facilitates TTR amyloidogenesis.
Recent studies revealed that the serine protease inhibitor, SerpinA1, was differentially expressed in
hepatocyte-like cells (HLCs) from ATTR patients. In this work, we evaluated the effects of SerpinAl
on in vitro and in vivo modulation of TTR V30M proteolysis, aggregation, and deposition. We found
that plasmin-mediated TTR proteolysis and aggregation are partially inhibited by SerpinA1l. Fur-
thermore, in vivo downregulation of SerpinAl increased TTR levels in mice plasma and deposition
in the cardiac tissue of older animals. The presence of TTR fragments was observed in the heart of
young and old mice but not in other tissues following SerpinA1 knockdown. Increased proteolytic
activity, particularly plasmin activity, was detected in mice plasmas. Overall, our results indicate that
SerpinAl modulates TTR proteolysis and aggregation in vitro and in vivo.

Keywords: transthyretin; SerpinA1; ATTR amyloidosis; TTR proteolysis; plasmin

1. Introduction

Transthyretin-related amyloidoses (ATTR amyloidosis) are characterized by extracel-
lular deposition of insoluble TTR amyloid fibrils in several tissues, being polyneuropathy
and cardiomyopathy the major clinical manifestations, as reviewed in [1,2]. There are
two types of ATTR amyloidoses: hereditary amyloidosis (ATTRm) and wild-type ATTR
amyloidosis (ATTRwt) [3]. ATTRm occurs through single-residue substitutions in TTR,
mainly producing less stable variants [4-6], whereas ATTRwt is an age-related disorder,
affecting 20-25% of the population over 80 years, with predominant cardiac phenotype,
characterized by wild-type (WT) TTR amyloid deposits [7,8].

Despite it is widely accepted that tetramer destabilization is a rate-limiting step for the
development of amyloid fibrils [9-12], TTR proteolysis has been increasingly recognized
as another mechanism driving TTR amyloid formation. Several studies reported the
existence of different TTR amyloid deposits in a range of tissues. Thus, amyloid deposits
might be composed mainly of full-length TTR (type-B fibrils) or by a mixture of both
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cleaved and full-length TTR (type-A fibrils) [13-16]. Type-A fibrils occur in several tissues,
particularly in the heart and are related to the development of restrictive cardiomyopathy
after liver transplantation, leading to poor clinical outcomes in ATTR V30M patients [17].
The protease responsible for TTR cleavage has not yet been identified. However, the specific
fragmentation at Lys48 in the TTR polypeptide suggests that it could be a trypsin-like
serine protease [18]. In vitro experiments using recombinant trypsin indicate that several
amyloidogenic TTR variants are susceptible to trypsin-mediated proteolysis [19-21]. The
process of cleavage and release of the 49-127 TTR fragment, the most frequent fragment
detected in fibrils, is faster for the highly amyloidogenic variant, TTR S52P, being the
49-127 C-terminal fragment rapidly incorporated into amyloid fibrils [19,20].

Additionally, in silico studies pointed out plasmin as a plausible pathophysiological
candidate protease involved in the process of TTR amyloid formation [22]. Furthermore,
the ubiquitous distribution of plasmin, its structural similarities to trypsin [22], and the
reported activation of plasminogen activation system (PAS) in other amyloid-related dis-
orders, such as Alzheimer’s disease [23] and immunoglobulin light chain (AL) amyloi-
dosis [24-26] indicate that this protease could have a key role in TTR amyloidogenesis.
Indeed, the 49-127 C-terminal TTR fragment was also found in in vitro plasmin-digested
TTR S52P samples, suggesting that TTR-digested samples are more prone to aggregate
than the non-digested ones [22].

On the other hand, serine protease inhibitors (Serpins), particularly SerpinA1, have
also been related to pathological proteinopathies, such as Alzheimer’s disease [27-29]. We
hypothesized that SerpinAl may act as a modulator of TTR proteolysis/fibrillogenesis.
SerpinAl belongs to the clade A serpins, which are classified as antitrypsin-like [30].
SerpinAl and also SerpinA3 were found to be differentially expressed in ATTRm patients
compared to healthy controls [31,32]. The SerpinA1 mRNA was found to be differentially
expressed in hepatocyte-like cells (HLCs) from ATTR patients compared to healthy controls
and, a high inverse correlation between SerpinAl and TTR genes was also observed. Upon
TTR knockdown in HLCs the correlation was abolished [33]. Recently, it was demonstrated
that SerpinA1 knockdown modulates TTR expression in both cellular and animal models,
performing an important role in the development of ATTR amyloidosis [34].

In this study, we further explored the role of SerpinA1 on the in vitro and in vivo
modulation of plasmin-mediated TTR proteolysis and how this modulation may impact
TTR amyloidogenesis to contribute to the development of more targeted therapies for the
treatment of ATTR amyloidosis.

2. Results
2.1. SerpinA1 Inhibits In Vitro Plasmin-Mediated Proteolysis of Transthyretin V30M

Previous studies revealed that similarly to TTR S52P, recombinant TTR V30M was also
susceptible to plasmin-mediated proteolysis [22]. In addition, amyloid deposits extracted
from cardiac and adipose tissue specimens from ATTR V30M patients were composed
of a mixture of both cleaved and full-length TTR [13-15]. Thus, we performed in vitro
proteolysis experiments to evaluate whether SerpinA1l performs a role on the inhibition of
plasmin-mediated TTR V30M proteolysis. Recombinant TTR V30M was incubated with
plasmin at 37 °C for 24 h, and the resulting mixture was analyzed by SDS-PAGE and
Western blot. Besides the dimeric (~35 kDa) and monomeric (~17 kDa) TTR V30M forms,
Western blotting analysis revealed the presence of two different TTR fragments, in contrast
to non-digested samples (Figure 1A and Supplementary data Figure S1). These fragments
were detected with the commercially available antibody produced and characterized in
our lab [35], anti-TTR mutant (Y78F), clone AD7 (Figure 1A) but not with rabbit polyclonal
anti-TTR from DAKO (Figure 1B).
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Figure 1. Plasmin cleaves transthyretin V30M, and its activity is inhibited by SerpinA1l. Representa-
tive images of Western blotting analysis of the three independent in vitro experiments. Western blot
was performed using two different antibodies targeting human TTR, mouse anti-TTR mutant (Y78F),
clone AD7 (A), and rabbit anti-transthyretin (B). Both antibodies detected dimeric and monomeric
TTR forms. However, only the mouse anti-TTR mutant (Y78F) clone AD7 detects TTR fragments (A).

N-terminal sequencing analysis of the TTR fragments firstly observed in Western
blotting analysis indicates that band 1 corresponds to a peptide starting at position 49 and
band 2 to a peptide starting at the first amino acid of TTR polypeptide chain (Table 1).
Furthermore, the bands corresponding to TTR fragments were excised from SDS-PAGE
gels and further analyzed by mass spectrometry (MS) analysis after trypsin digestion.
These MS experiments revealed that band 1 was composed of the peptides with mass
corresponding to the amino acids 81-103, 104-127, 105-126, and 105-127 (Table S1), which
along with N-terminal sequencing data, indicated that band 1 should correspond to the TTR
fragment 49-127 (Table 1). Band 2 was composed by the peptides with mass corresponding
to the amino acids 1-15, 22-34, 3548, and 36—48 (Table S1). Together with N-terminal
sequencing data, our results indicate that band 2 was the TTR fragment 1-48 (Table 1).
Intriguingly, the band containing 1-48 N-terminal TTR fragment also revealed the presence
of a C-terminal peptide comprising the amino acids 105-127. Since the number of peptide-
spectrum matches (PSMs) identified for that peptide group was only two, which was too
low compared to the N-terminal peptides, this might indicate that this C-terminal peptide
105-127 was a contaminant.

Table 1. Identification of transthyretin peptides upon plasmin digestion by N-terminal sequencing.
Band 1 starts at the amino acid residue 49, whereas band 2 starts at the first amino acid residue in
the transthyretin polypeptide chain, indicating that band 1 corresponds to the 49-127 C-terminal
fragment and band 2 to the 1-48 N-terminal fragment.

Residue Number

TTR Fragment
3 4 5
#1 T S E S G
#2 G P T G T
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Following, we investigated the role of the serine protease inhibitor, SerpinAl, as
a modulator of plasmin-mediated TTR proteolysis. We found that TTR proteolysis was
partially inhibited in the presence of SerpinAl (Figure 1A and Figure S1). No TTR fragments
were observed neither before the assay nor in the absence of plasmin, excluding the
influence of TTR auto-proteolysis or degradation. In opposition to TTR V30M, TTR WT was
not susceptible to plasmin-mediated proteolysis under the same conditions as presented in
supplementary data (Figure S2).

2.2. SerpinA1 Inhibits In Vitro Transthyretin V30M Aggregation upon Plasmin-
Mediated Proteolysis

The presence of TTR fragments, particularly the 49-127 C-terminal peptide, was
implicated in TTR amyloidogenesis. Studies of in vitro TTR cleavage indicated that this
fragment generated upon digestion with trypsin or plasmin was rapidly incorporated
into amyloid fibrils, suggesting that TTR proteolysis facilitated the process of TTR aggre-
gation [19-22]. Similarly, in the present work, we investigated the influence of plasmin-
mediated proteolysis on the aggregation potential of TTR V30M. Upon 24 h of incubation,
both plasmin-digested and non-digested samples were characterized using dynamic light
scattering (DLS) analysis (Figure 2). Plasmin-mediated proteolysis facilitates the process of
TTR aggregation, as observed by the increase of TTR aggregated species (909.7 nm; 8.1%)
along with the decrease of the soluble form (13.15 nm; 75.4%) (Figure 2B), comparatively
to non-digested samples, in which TTR was only found in the soluble form (9.228 nm;
98.5%) (Figure 2A). In addition, TTR V30M incubated with SerpinAl revealed the presence
of soluble particles exhibiting a large diameter (23.81 nm, 100%) (Figure 2C), probably
indicating the formation of TTR-SerpinA1l complex, as described previously [33]. Samples
incubated with both plasmin and SerpinAl presented less abundant and smaller TTR
aggregates (537.7 nm; 4.3%) (Figure 2D), as compared to samples only incubated with
plasmin (Figure 2B).
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Figure 2. Plasmin enhances the transthyretin V30M aggregation, while SerpinAl inhibits the process. Dynamic light
scattering analysis was performed upon transthyretin V30M incubation at 37 °C for 24 h: (A) alone; (B) with plasmin;
(C) with SerpinAl; (D) with plasmin and SerpinAl. The data results from three independent in vitro experiments, each one

performed in triplicate.
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Besides its function as a serine protease inhibitor, SerpinAl also functions as an
extracellular chaperone and recently, it was reported that SerpinAl inhibited TTR amyloid
formation in vitro [33]. Thus, the same samples were analyzed by thioflavin T (ThT)
assays to evaluate the amyloid nature of the formed species. The results demonstrated
that plasmin facilitates TTR V30M amyloid formation, as observed by the increased ThT
emission fluorescence signals upon plasmin incubation (1086 + 75.68 vs. 901.3 + 91.88
in the absence of plasmin) (Figure 3). Moreover, in the presence of plasmin, TTR V30M
amyloid formation was significantly inhibited by SerpinA1 (510 + 60.58 vs. 1086 + 75.68 in
the absence of SerpinA1; p < 0.05). SerpinAl per se seemed to inhibit TTR V30M amyloid
formation (613 £ 134 vs. 901.3 & 91.88 in the absence of SerpinA1) (Figure 3).

1600+
1400+ *
12004

ThT emission fluorescence (a.u)

- B & S Plasmin
- - + + SerpinA1

Figure 3. Transthyretin amyloid formation is favored upon plasmin-mediated proteolysis, being
partially inhibited by SerpinAl. Thioflavin T experiments were performed upon transthyretin V30M
incubation with plasmin and/or SerpinAl, at 37 °C for 24 h. The fluorescence emission signal of
thioflavin T of transthyretin V30M at the beginning of the experiment (t = 0 h) is represented as the
red dotted line around 607. The data results from three independent in vitro experiments (1 = 3).
Statistical analysis was performed using one-way ANOVA with Tukey’s multiple comparison as
post-test. * p < 0.05 in the presence of plasmin/presence of SerpinA1l vs. presence of plasmin/absence
of SerpinAl, q = 6.092, df = 3. Effect size (r) = 0.924, odds ratio = 0.69 for an interval of confidence of
95%.

2.3. SerpinAl Downregulation Increased Transthyretin Deposition in the Heart of Old Transgenic
Mice Carrying Human Transthyretin V30M Mutation

Previous studies reported that SerpinAl knockdown was accompanied by an increase
in TTR mRNA expression, as well as TTR protein levels in HepG2 cells. In collaboration
with our group, it was also reported that SerpinA1l knockdown resulted in an increase
in TTR mRNA expression in mouse liver, as well as in TTR protein levels in plasmas of
transgenic mice carrying human TTR V30M mutation (HM30) [34]. Therefore, we decided
to investigate whether SerpinA1 was also specifically downregulated in the mouse heart
and whether effects on TTR protein levels could be observed. For that, SerpinAl-specific
ASOs were subcutaneously administered to HM30 mice once a week for six weeks. Western
blotting analysis (Figure 4A—C), as well as immunohistochemistry (Figure 4D), confirmed
that SerpinA1 was effectively downregulated in the heart from younger and older animals
(0.018 + 0.01 vs. 1.0 £ 0.18 in ASO-CTR, p < 0.0001). In addition, a significant increase in
TTR protein in mice cardiac tissue was observed (1.6 & 0.18 vs. 1.0 & 0.14 in ASO-CTR
group, p = 0.020) (Figure 4E-G).
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Figure 4. Human transthyretin was found to be increased in the heart of transgenic mice carrying human transthyretin
V30M mutation upon SerpinAl downregulation. Western blotting analysis of SerpinAl and GAPDH expression in the
heart of old (16-21 months, n =7) (A) and young (12-13 months, n = 12) (B) mice. Quantification of SerpinA1 expression
normalized to GAPDH (loading control protein) of the two pooled experiments (C). Inmunohistochemistry data also reveal
that SerpinA1l was effectively downregulated in the heart of HM30 mice. Images were captured at 10x magnification using
Olympus BX50 microscope. Scale bar = 20 um (D). Western blotting of TTR and GAPDH expression in mice cardiac tissue of
both old (E) and young (F) animals. Bar plot represents the quantification of transthyretin expression normalized to GAPDH
of the two pooled in vivo experiments (G). Protein bands were quantified by densitometry using Image J. Statistical analysis
was performed using an unpaired t-test. *** p < 0.0001 when comparing the SerpinA1/GAPDH ratio between ASO-CTR and
mAIAT-ASO, t = 6.026, df = 17; * p < 0.05 when comparing the hTTR/GAPDH ratio between ASO-CTR and mA1AT-ASO,
t =2.554, df = 17. Calculations were performed for an interval of confidence of 95%.
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Our previous data revealed that, along with increased TTR mRNA and protein levels,
SerpinA1l knockdown increased in vivo TTR deposition in several tissues, such as dorsal
root ganglia (DRGs) and intestine [34]. In this study, we addressed whether TTR deposition
was also promoted in mouse cardiac tissue after SerpinA1 downregulation. In younger
animals, duodenal TTR deposition was found to be increased upon silencing of SerpinA1l
(1.773 4+ 0.94 vs. 0.1951 £ 0.04 in ASO-CTR, p = 0.0087) (Figure 5, upper panel), and a
similar tendency was also observed in older animals (Figure 5, lower panel). Additionally,
immunohistochemistry analysis demonstrated that TTR deposition was favored in the
heart of older animals upon SerpinA1 downregulation (8.307 % 0.6697 vs. 3.049 4 1.269
in ASO-CTR, p = 0.0106) (Figure 5, lower panel), comparatively to the younger group
(Figure 5, upper panel).
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Figure 5. Transthyretin deposition is increased upon SerpinA1l knockdown in the mouse heart
of older animals. Representative images of immunohistochemical analysis of mouse heart and
duodenum upon the administration of antisense oligonucleotides targeting SerpinAl to young
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(12-13 months, n = 12) (upper panel) and old (16-21 months, 1 = 7) (lower panel) animals. Bar plot
representation of TTR quantification normalized to the total occupied area in the duodenum (A,C)
and heart (B,D) of young (A,B) and old (C,D) mice. Images were captured at 10x magnification
using Olympus BX50 microscope and analyzed using Image Pro Plus software. Scale bar = 20 pm.
Statistical analysis was performed using an unpaired t-test. ** p < 0.01 comparing TTR deposition
in the duodenum of younger animals in ASO-CTR vs. mA1AT-ASO, t = 3.300, df = 10; * p < 0.05
comparing TTR deposition in the heart of younger animals in ASO-CTR vs. mA1AT-ASO, t = 3.969,
df = 5. Calculations were performed for an interval of confidence of 95%.

2.4. Transthyretin Fragments Are Observed in Mouse Cardiac Tissue upon SerpinAl
Downregulation

Based on our experiments of in vitro plasmin-mediated proteolysis described above,
indicating that SerpinA1 inhibits TTR cleavage, we evaluated the impact of SerpinAl
knockdown on TTR cleavage in vivo. Western blotting analysis revealed the presence of a
protein band below to the monomeric TTR, corresponding to TTR fragment (<11 kDa) in
mouse cardiac tissue in younger (Figure 6A) and older animals (Figure 6B). Similarly, these
fragments were only detected using the antibody anti-TTR mutant (Y78F), clone AD7. In
opposition, no TTR fragments were found upon SerpinA1 knockdown neither in other tis-
sues of TTR deposition, such as duodenum (Supplementary data Figure S4A) and stomach
(Supplementary data Figure S4B) nor in mice plasmas (Supplementary data Figure S4C).

2.5. SerpinA1 Downregulation Increases Proteolytic Activity, Particularly Plasmin Activity, in
Plasmas of Transgenic Mice Carrying Human Transthyretin V30M Mutation

SerpinAl partially inhibits plasmin-mediated proteolysis in vitro. Thus, fluorescence-
based enzymatic assays were performed to evaluate the effects of downregulation of
SerpinAl on serine protease activity, namely plasmin activity in vivo. In fact, serine
protease activity was effectively increased in plasmas of HM30 mice upon SerpinAl down-
regulation (12.69 £ 1.746 vs. 9.606 £ 1.675 in ASO-CTR, p = 0.046) (Figure 7A) while
no proteolytic activity was found in mice heart homogenates (Figure S5). In particular,
the activity of plasmin was also found to be increased in mice plasmas after SerpinAl
knockdown (8422 =+ 432 vs. 7013 & 458 in ASO-CTR, p = 0.040) (Figure 7B).
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Figure 6. Western blotting analysis revealed the presence of transthyretin fragments upon SerpinA1l
downregulation in the heart. Transthyretin fragments were detected in the heart of both older (A)
and younger (B) animals.
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Figure 7. Serine protease activity and, particularly plasmin activity was found to be increased in
mice plasmas upon SerpinAl knockdown. Serine protease activity (A) and plasmin activity (B) were
measured in plasma samples of HM30 mice according to the manufacturer’s instructions. Statistical
analysis was performed using an unpaired t-test. * p < 0.05 comparing protease activity between
ASO-CTR and mA1AT-ASO, t = 2.189, df = 14; * p < 0.05 comparing plasmin activity between ASO-
CTR and mA1AT-ASO, t = 2.235, df = 16. Calculations were performed for an interval of confidence
of 95%.

3. Discussion

Tetramer destabilization is considered the rate-limiting step driving TTR amyloidogen-
esis. However, TTR proteolysis has been reported as an additional mechanism contributing
to TTR amyloid formation [36]. The 49-127 C-terminal fragment is the most frequently en-
countered in ex vivo amyloid fibrils [13,15], and, the fragmentation pattern at Lys residues
indicates the activity of a trypsin-like serine protease [18,37].

Bellotti and collaborators identified three TTR fragments upon in vitro incubation of
the highly amyloidogenic TTR S52P with trypsin, being the 49-127 C-terminal fragment
more prone to aggregation than the 16-127 and 81-127 C-terminal fragments [19]. A similar
pattern of fragmentation was obtained with plasmin, a ubiquitous, widely distributed
serine protease related to fibrinolysis [22].

Recently, the serine protease inhibitor, SerpinAl, was implicated in ATTR amyloidoge-
nesis, and we hypothesized that it could also modulate TTR proteolysis. Previous studies
by Niemietz et al. demonstrated that SerpinAl inhibited TTR aggregation both in vitro,
in cell culture experiments using hepatocyte-like cells (HLCs), and in vivo, in a study of
SerpinAl knockdown in mice carrying human TTR V30M mutation (HM30) [33,34].

In this study, our aim was to investigate the role of SerpinAl as an inhibitor of serine
proteases and its effect on the in vitro and in vivo modulation of TTR amyloid formation
to contribute to a better knowledge of the process and to search for new and more specific
therapeutic approaches.

In this sense, we confirmed that TTR V30M, the most frequent TTR variant related
to ATTR amyloidosis, was prone to plasmin-mediated proteolysis in vitro and, that the
cleaved protein aggregates more rapidly than the non-cleaved TTR V30M. N-terminal
sequencing and MS analysis of the bands corresponding to TTR fragments generated by
plasmin-mediated proteolysis identified the presence of the peptides 1-48 N-terminal and
49-127 C-terminal. The N-terminal region of the TTR polypeptide chain was enriched in
hydrophobic amino acid residues and, importantly, the 26-57 TTR segment, belonging to
the aggregation-prone regions (APR), exhibited high amyloid propensity [18]. These APR
were protected when the protein was in its native form [38]. However, the destabilization
of the native TTR structure induced by the single-point mutation at position 30 might
expose those regions to cleavage, and, for that, the fragment 1-48 N-terminal TTR fragment
may also be potentially considered highly amyloidogenic. It has been demonstrated that
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the 49-127 C-terminal fragment facilitates TTR amyloid formation in vitro [19-22], and,
accordingly, Dasari et al. recently determined that the proteolytic cleavage of the K48-T49
peptide bond in the CD loop accelerated the formation of small spherical oligomers, which
exhibited cytotoxic effects in neuroblastoma SH-SY5Y cells [39]. It was also shown that
TTR aggregates generated by full-length or truncated TTR forms exhibited nearly identical
molecular structural features, suggesting that TTR proteolysis in the CD loop destabilizes
the native TTR tetramer. This destabilization of the TTR tetramer promotes oligomer
formation through a similar mechanism of TTR misfolding and aggregation rather than
through another molecular mechanism [39].

Marcoux et al. suggested the influence of biomechanical forces, particularly shear
stress forces generated by fluid flow, on TTR proteolysis, which could influence the tissue
specificity of TTR amyloid deposition. Indeed, a mechano-enzymatic cleavage mechanism
for TTR proteolysis was proposed, where tetrameric TTR might be cleaved prior to TTR
deposition and, then, due to strong shear stress observed in the heart, the C-terminal
fragments would be released being rapidly incorporated into amyloid fibrils. Alternatively,
both cleavage and dissociation may occur simultaneously at the heart, where both local
shear stress forces and the relevant protease could be present [20]. These shear and
interfacial forces are particularly strong in the cardiac tissue [40], which might explain
the frequently encountered type-A fibrils in TTR deposits found in the heart. However,
the presence of type-A amyloid fibrils in other tissues, such as the vitreous humor and
the spinal cord of ATTR V30M patients, indicate that this mechanism would not explain
the formation of TTR amyloid deposits based on their tissue-specific location, since these
shear stress conditions were not observed neither in the eye nor in the central nervous
system [41-43]. Moreover, in a recent study of Suhr et al., 14 out of 15 families with
ATTR V30M amyloidosis exhibited a similar amyloid fibril composition within family
members, independently of the age-onset disease. These observations indicate that, besides
specific tissue/organ characteristics, genetic and/or epigenetic alterations may influence
the amyloid fibril composition [44].

Our in vitro results using recombinant TTR show that SerpinAl partially inhibits
plasmin-mediated TTR proteolysis and suggest that, in parallel, it can also have an effect
on the inhibition of TTR V30M amyloid formation seem to be independent of the presence
of plasmin. Interestingly, this effect was compatible with the physical interaction between
SerpinA1l and TTR that was recently suggested [33]. In addition, our DLS data indicate the
presence of large diameter soluble particles, possibly the SerpinA1-TTR complex. Thus,
future studies should be performed to clarify whether SerpinA1l performs an important role
as a modulator of TTR proteolysis through its interaction with TTR, avoiding the access of
plasmin to its targeting region in the TTR structure.

Our previous studies of SerpinAl downregulation showed significantly increased
TTR serum levels in HM30 mice, as well as in hepatoma cells [34]. Furthermore, SerpinAl
knockdown led to increased TTR deposition in the gastrointestinal tract, as well as in
the sciatic nerve and dorsal root ganglia (DRG) of HM30 mice. In this work, we also
found increased TTR protein deposits in the heart of older HM30 mice, whereas increased
duodenal TTR deposition was found in the younger mice and, the same tendency was
also observed in older ages. Moreover, we detected TTR fragments in mouse cardiac
tissue upon SerpinAl downregulation, while no TTR fragments were detected in mice
plasmas nor in deposits from other tissues, such as the duodenum and stomach. The
absence of fragments in mice plasmas upon SerpinAl knockdown, as revealed in AD7
immunoblot, might be related to a very low concentration of TTR fragments in plasma
and/or to insufficient sensitivity of the method. Additionally, we found increased serine
protease activity, particularly plasmin activity, in plasmas upon treatment with ASOs
targeting SerpinA1l, whereas no proteolytic activity was observed in the heart of HM30
mice (Figure S3).

Despite the increasing interest in TTR proteolysis as a leading mechanism-driving TTR
amyloidosis, some questions remain to be answered, namely whether TTR fragmentation
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occurs, prior to or after TTR aggregation/deposition and where it occurs. Some authors
reported that plasmin degrades amorphous protein aggregates, releasing smaller solu-
ble protein fragments, which were cytotoxic to both endothelial and microglial cells [45].
Trypsin or trypsin-like enzymes directly cleave acid-induced aggregates of full-length
TTR V30M and barely cleave native soluble TTR V30M tetramer [46]. Additionally, re-
cent cryo-electron microscopy (cryo-EM) experiments revealed the co-existence of both
N-terminal and C-terminal TTR segments in one TTR fibril and, the relative special ar-
rangement of these two segments are compatible with full-length TTR, suggesting that
the process of fibril formation precedes TTR proteolysis [47]. In opposition, other stud-
ies showed increased proteolytic activity in plasmas from ATTR patients compared to
healthy controls, suggesting that TTR proteolysis occurs in the bloodstream prior to TTR
aggregation/deposition [31]. Accordingly, our data demonstrating increased protease
and plasmin activity in mice plasmas, along with the absence of protease activity in mice
hearts, suggest that in vivo TTR proteolysis occurs before fibril formation (Figure 7A,B,
and supplementary data Figure S5).

In summary, our in vitro experiments demonstrate that plasmin cleaves the recom-
binant TTR V30M proteolytically and promotes its aggregation in vitro. Additionally,
SerpinA1l partially inhibits the activity of plasmin in vitro, which decreases TTR amyloid
formation. To investigate the relevance of these findings in vivo, SerpinAl expression
was knockdown in HM30 mice. The absence of SerpinA1 favored TTR deposition in mice
tissues and increased the serine protease activity, namely plasmin activity in mice plasmas,
which was accompanied by the presence of TTR fragments in the mice heart.

This work presents some limitations in particular concerning the knowledge of the
detailed mechanism involving SerpinA1 inhibition of plasmin-mediated TTR proteolysis
and also the impact of SerpinA1l downregulation in mice carrying TTR WT or carrying
non-V30M TTR mutations. Accordingly, future experiments must be performed namely to
dissect the molecular mechanisms by which SerpinAl inhibits plasmin activity through
direct interaction with the protease or by the formation of TTR-SerpinAl complex. Ad-
ditionally, it would also be interesting to evaluate the role of plasmin on TTR proteolysis
using different animal models developing ATTR amyloidosis, such as transgenic mice
carrying human A97S mutation [48]. Ultimately, it is important, to investigate plasmin and
other extracellular serine proteases activity in TTR V30M patients and patients carrying
other TTR amyloidogenic mutations to evaluate whether this activity has tissue-specific
effects or is related to disease progression potentiating its interest as a biomarker in ATTR
amyloidosis.

Altogether our in vitro and in vivo results show that plasmin is a plausible protease
performing a role on TTR proteolysis and reveal SerpinA1l as an important modulator of
the process of TTR cleavage. Our findings might contribute to the development of more
effective and targeted therapies for the treatment of ATTR amyloidosis.

4. Materials and Methods
4.1. Reagents

Native human plasmin protein (active), native human SerpinA1 protein (active), pro-
tease activity assay kit, plasmin activity assay kit, and recombinant rabbit anti-GAPDH
antibody were purchased from Abcam (Cambridge, UK). Mouse monoclonal antibody
anti-TTR mutant (Y78F), clone AD7 was from Merck Millipore (Sigma-Merck, Darmstadt,
Germany). Rabbit polyclonal anti-human TTR antibody was from DAKO (Hovedstaden,
Denmark). Rat monoclonal anti-mouse SerpinA1l antibody was from R&D systems (Min-
neapolis, MN, USA). Pierce TM High Capacity Endotoxin Removal Resin was from Thermo
Scientific (Waltham, MA, USA). GalNAc-AAT ASO (mA1AT-ASO: ACCCAATTCAGAAG-
GAAGGA) and GalNAc-Control ASO (ASO-CTR: CCTTCCCTGAAGGTTCCTCC) [48]
were kindly provided by Ionis Pharmaceuticals (Carlsbad, CA, USA).
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4.2. Recombinant Human Transthyretin

TTR V30M and TTR WT were produced using a bacterial expression system and puri-
fied as previously described [49]. Recombinant TTR was applied to an affinity chromatogra-
phy column packed with Pierce TM High Capacity Endotoxin Removal to remove bacterial
lipopolysaccharides according to the manufacturer’s instructions. TTR was then dialyzed
against endotoxin-free phosphate-buffered saline (PBS) (Sigma-Merck, Darmstadt, Ger-
many), concentrated using Vivaspin ultrafiltration units (GE Healthcare, Chicago, IL, USA),
and quantified using Bradford protein assay (Bio-Rad, Hercules, CA, USA).

4.3. In Vitro Plasmin-Mediated Proteolysis Assays

TTR variants were firstly filtered through a sterile 0.2 um inorganic membrane AN-
OTOP syringe filter (Whatman, Maidstone, UK) to remove any protein aggregates. Then,
TTR (18 uM) was incubated with plasmin (0.4 U) and /or SerpinAl (2.8 uM) at 37 °C for 24 h,
under stagnant conditions. TTR proteolysis was stopped by using phenylmethylsulfonyl
fluoride (PMSF) at a final concentration of 1.5 mM and, then TTR samples (500 ng/well)
were applied into a 15% polyacrylamide SDS-PAGE. After electrophoresis, proteins were
stained with PageBlue™ protein staining solution (Thermo Scientific, Waltham, MA, USA)
or transferred onto nitrocellulose membrane using iBlot dry blotting system (Thermo Scien-
tific, Waltham, MA, USA). TTR immunoblot was performed using a commercially available
antibody produced in our lab, mouse anti-transthyretin mutant (Y78F), clone AD7 (1:100)
(Sigma-Merck, Darmstadt, Germany). This monoclonal antibody detects glycosylated
form of TTR V30M in plasma and acts as a conformational antibody recognizing specific
TTR variants, such as G47A, G49A, S50R, and T59K, in particular conditions [28]. Rabbit
polyclonal anti-human TTR (1:1000) (DAKO, Hovedstaden, Denmark) was also used. ECL
chemiluminescent reagent (Bio-Rad, Hercules, CA, USA) was used as a detection method
using Chemidoc apparatus (Bio-Rad, Hercules, CA, USA). Three independent experiments
of in vitro plasmin-mediated proteolysis were performed.

4.4. N-Terminal Sequencing Analysis of TTR Fragments

Plasmin-digested TTR V30M samples (15 ug) were loaded into a 15% polyacrylamide
SDS-PAGE gel. Samples were then transferred onto a PVDF membrane (Bio-Rad, Hercules,
CA, USA) and proteins were further stained with Coomassie blue R-250 (VWR International,
Radnor, PA, USA). Membranes were allowed to dry and the bands below to the TTR
monomer, corresponding to TTR fragments (band 1 and band 2) were excised for N-
terminal sequencing analysis (Edman degradation method) using an ABI Procise Protein
Sequencer, an ABI Microgradient Pump System, and an ABI Programmable Absorbance
Detector (Applied Biosystems Inc., Waltham, MA, USA).

4.5. Mass Spectrometry Analysis for the Identification of TTR Fragments

Gel bands excised from SDS-PAGE were washed twice with 50% acetonitrile (ACN)
in 50 mM triethylammonium bicarbonate (TEAB) with shaking at 1500 rpm for 5 min and
further treated with ACN twi