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Preface

This Reprint, “Molecules at Play in Neurological Diseases”, is a collection of the articles included
in the Special Issue of the same name aiming to discuss the roles of specific molecules in the etiology
and progression of some major disturbances of the nervous system. Beyond professionals in the field,
this body of work is addressed to members of the wider public with interest in understanding how
the nervous system works, what occurs during neurodegeneration, and what the medical solutions
might be. The invitation to collaborate was honored by prominent researchers from Bulgaria, Croatia,
Italy, Israel, Japan, Poland, Romania, and the U.S.A., who delved into the intricate interplay of the
biochemical, genetic, and epigenetic elements of neuropathology, illuminating potential therapeutic
targets. Their contributions present interesting results on epilepsy, infantile spasms, spine and brain
degeneration, hypomyelination leukodystrophy, unipolar and bipolar depression, and Alzheimer’s
and Parkinson disease. Genetic population studies are complemented by careful molecular and
genomic investigations performed on human blood, surgically removed tissues, and standard cell
lines, as well as on engineered (mouse and rat) animal models. In summary, “"Molecules at Play in
Neurological Diseases” offers a comprehensive portrayal of the molecular landscape of brain and
spine afflictions, providing invaluable insights that may pave the way for the future development of

more efficacious treatments of such debilitating diseases.

Dumitru A. Iacobas
Guest Editor
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DP Purpura Department of Neuroscience, Albert Einstein College of Medicine, Bronx,

New York, NY 10461, USA

Pending the approval of the Institutional Review Boards (IRBs), researchers can access
clinicians’ tools to explore the molecular phenomena affected by neurological disorders
in living humans. Among others, they can use various imaging techniques (e.g., [1]) and
also could analyze blood (e.g., [2,3]), bodily waste (urine and feces, e.g., [4]) or surgically
removed tissues (e.g., [5]). However, testing novel therapeutic avenues on living humans
faces drastic legal, moral and religious constrains beyond the ethics rules established by
the Declaration of Helsinki [6] and needs a long chain of approvals before being accepted
for clinical trials. Therefore, frequent choices are use of cell cultures isolated from surgi-
cally removed tissues of diseased persons (e.g., [7]) or replication of the disorder’s major
symptoms on animal models (e.g., [8-10]). An intermediate choice is use of genetically
engineered animal precursor cell line (e.g., [11]).

Both cell cultures and animal models were instrumental for our incremental under-
standing of nervous system pathology and it is hard to imagine what level of knowledge
and medicine we would have today without them. Particularly, primary cell cultures have
been essential tools for investigating the roles of various cell phenotypes in brain normal
and disease states. For example, many key functions of central glial cells in metabolism and
intercellular calcium signaling were uncovered through tissue culture methods, and most
of these findings were later validated in vivo (e.g., [12]). Animal models were also indis-
pensable systems for exploring novel therapeutic avenues for infantile spasms (e.g., [13]),
and many other severe pathologies. However, neither cell cultures, nor animal models can
perfectly reproduce the complexity of the human nervous system and one needs to take
into account and finds ways to overcome their limitations. This Editorial summarizes part
of the challenges experienced when investigating neurological disorders in cell lines pur-
chased from authorized vendors or in (genetically, chemically, or mechanically) engineered
animal models.

The four major aspects one has to consider when using standard cell lines to study the
neurological disorders are:

(1) The cell lines were formed by culturing cells collected either from cancer tumors of
the nervous system (like neuroblastoma, astrocytoma, lymphoma, brain metastases of
prostate adenocarcinoma etc.) or immortalized for better preservation after collection
from an affected (but not cancerous) tissues. In all cases, the cell cycle was considerably
modified, so that translating the results into what might happen inside the real tissue
of the living person is questionable owing to a totally different dynamics and outputs
of the biological processes (e.g., [14]).

(2) In a monoculture, the cells are missing the normal hetero-cellular environment from
the tissue that strongly affects all the inner molecular processes. In previous studies,

Curr. Issues Mol. Biol. 2025, 47, 600 1 https:/ /doi.org/10.3390/cimb47080600
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we reported that the transcriptomes of astrocytes and oligodendrocytes were substan-
tially different when profiled in separate cultures than when profiled co-cultured in
insert systems [15,16], sharing the same medium even without physically touching
each-other. The differences were not only in the expression levels of the genes but
also in the strength of the homeostatic control of the transcripts” abundances and in
the gene networking, indicating profound remodeling of the functional pathways.
This limitation of the monocultures got a partial solution through the development of
the very promising technology of constructing human brain organoids (e.g., [17,18]).

(3) Inaddition to race, sex and age, the concrete manifestation of a disease depends on
the never repeatable combination of the personal characteristics of the patients that
includes but is not limited to the medical history, diet, exposure to stress and toxins,
climate etc. Therefore, the donor of the selected cell line should match as many as
possible characteristics of the studied person or of the homogeneous population.

(4) Any genetic manipulation of the sequence, 3d spatial configuration or expression
level of a gene has ripple effects on hundreds other genes, presumably because of their
integration in functional pathways. Owing to the uniqueness of the local conditions,
the combination and the amplitudes of all other affected genes is never repeatable.
Moreover, about 1/1000 of the nucleotides are randomly mutated just because of the
stochastic nature of the chemical reactions involved in the DNA replication, making
difficult to blame solely the targeted gene for the observed phenotype. Sometimes,
the manipulated gene is just one out of several other potential triggers of cascades of
similar molecular mechanisms.

Despite being limited by the welfare rules included in the Declaration of Helsinki
and subjected to protocol approval by the Institutional Animal Care and Use Committee,
an animal model still allows otherwise never acceptable investigations on humans.

However, animal modelling have many challenges too. Like humans, animal features
depend on species, strain, sex, age/developmental stage and hormonal status, exposure
to oxygen deprivation and toxins, diet, external stimuli, medical history, and treatment
(e.g., [19,20]). Importantly, the subcellular localization of certain proteins not only differs
between sexes but also changes during the estrogen cycle [21], making the female ani-
mal models much more difficult to manage and interpret than their male counterparts.
Therefore, choosing the right animal model is far from an easy task. Furthermore, sanitary
precautions and housing conditions (e.g.,: distribution of cages and vicinity of other caged
males, diet chow and water abundance and quality, environmental temperature, humidity,
day and night lighting cycles) are also major modulators of the experimental results.

Nevertheless, the molecular characteristics of the model are not uniform across differ-
ent regions of the organ and are affected by tissue hetero-cellular organization. We have
profiled the transcriptomes of various regions of the brain, spinal cord and retina. The tis-
sues were collected from wildtype and in-house engineered mice, rats and rabbits that
modeled neuroblastoma, glioma, autism, epilepsy, glaucoma, intraventricular hemorrhage,
infantile spasms, multiple sclerosis, neuroblastoma, neuropsychiatric lupus erythematosus,
Charcot-Marie—Tooth disease, and oculodentodigital dysplasia. In rat experiments, we
found substantial transcriptomic differences among the hippocampal dentate gyrus, CA1l,
CA2 and CAS3 regions, as well as between the hypothalamic arcuate and periventricular
nuclei. Therefore it is very important to select the right region to study and also to have
a very skilled neuroanatomist in the team.

It is a widespread belief that many diseases are caused by altered sequence or/and
expression level of certain critical gene(s), termed (gene) biomarker(s) (e.g., [22]). Most
genomists assumed that, by engineering the same alteration in the genome of an animal,
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one can reproduce the key features of human disease. On this line, we induced some
diseases by manipulating genes like Gjal, Gjb1, Gjd2 that encode the connexins forming the
gap junction channels in astrocytes, oligodendrocytes and neurons, and the Fas gene, whose
loss of function mutation leads to a systemic lupus-like phenotype. In all these engineered
mice, we found hundreds other genes as significantly regulated and many major functional
pathways remodeled, whose alterations, dependent on the type of manipulation, were
different between strains, sexes, hormonal status, and age groups. Even informative for that
particular animal model, translating the results to humans should remain in hypothetical
qualitative terms.

Other animal models might be acquired through chemical or mechanical treatment.
For instance, glaucoma was derived in rats by crushing the optic nerve. Infantile Spasms
were induced in prenatally betamethasone primed rats with NMDA, status epilepticus
was induced in rats with intraperitoneal injection of kainic acid, while multiple sclerosis
symptoms were satisfactorily replicated in mouse adoptive transfer experimental autoim-
mune encephalomyelitis obtained by injecting myelin basic protein (Mbp). Intraventricular
hemorrhage was triggered in rabbit premature pups by intraperitoneal injection with 50%
glycerol. However, although these animal models mimicked satisfactorily the symptoms
of the corresponding human disorders, their occurrence and dynamics were different,
requiring careful interpretation of the results.

In summary, albeit very useful to get an idea about the molecular phenomena that
might be responsible for the development of neurological disorders, one should consider
the limitations of standard cell lines and animal models to reproduce the phenomena in the
human nervous system.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: Unipolar (UD) and bipolar depression (BDD) show a high degree of similarity in clinical
presentations, which complicates the differential diagnosis of these disorders. The aim of this study
was to investigate the serum levels of interleukin 6 (IL-6), C-reactive protein (CRP), albumin (Alb), and
zinc (Zn) in patients with UD, BDD, and healthy controls (HC). A total of 211 samples were collected:
131 patient samples (65 UD and 68 BDD) and 80 HC. The Montgomery—Asberg Depression Rating
Scale (MADRS), along with the Hamilton Depression Rating Scale (HAMD-17), were administered
to patient groups to evaluate symptoms. A cross-sectional study was performed to analyse the
serum levels of IL-6, CRP, albumin, and zinc. The concentration of CRP was determined using the
immunoturbidimetry method, zinc using the colorimetric method, and albumin using the colorimetric
method with bromocresol green on the Alinity ¢ device. IL-6 cytokine concentration in serum
samples was ascertained using a commercial enzyme immunoassay, ELISA. We found no significant
differences in serum concentrations of zinc, albumin, CRP, and IL-6 between the groups of patients
with unipolar and bipolar depression. There was a significant statistical difference (p < 0.001) between
serum levels of all investigated parameters in both groups of depressed patients in comparison with
HC. Furthermore, correlations with specific items on HAMD-17; (namely, hypochondrias, work and
activities, somatic symptoms-general, and weight loss) and on MADRS (concentration difficulties,
lassitude) were observed in both patient groups. These findings confirm the presence of low-grade
inflammation in depression, thus adding better insight into the inflammation hypothesis directed to
explain the aetiology of depressive disorders. Our results do not indicate potential biomarkers for
distinguishing between unipolar and bipolar depression.

Keywords: bipolar depression; unipolar depression; zinc; albumin; CRP; IL-6; inflammation

1. Introduction

At least 20% of the general population, at some point in their lives, experience an
episode of mood swings, or even develop a mood disorder. Within mood disorders,
bipolar disorder (BD) and depressive disorder (DD) are the most common and most
disabling disorders [1,2]. Among patients who clinically present with depression, there
is a significant number of those who later turn out to have bipolar disorder, that is, who
belong on the bipolar spectrum [3-5]. Namely, a depressive episode in unipolar depression
and a depressive episode in BD are clinically presented almost identically. Without insight
into the longitudinal course of the disorder, it is difficult to distinguish which disorder it
is at first. Even then, it should be taken into account that the onset of BD is characterized
by alternations of depressive episodes (before the development of a hypomanic or manic
episode) that can last for several years [6]. Furthermore, BD is clinically demanding to

1,3
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diagnose due to subsyndromal states that often occur between major episodes of the
disorder [7].

Timely diagnostic differentiation of these disorders is important because pharma-
cotherapeutic treatment is fundamentally different. While unipolar depression is primarily
treated with antidepressants, they are not a good therapeutic choice for bipolar disorder.
Treatment with antidepressants in undiagnosed bipolar patients causes mixed states, faster
exchanges of polarity, but also increases the risk of suicide, especially in younger age
groups of patients [8,9].

Apart from anamnestic and hetero-anamnestic data and a clinical examination, for
now, there is no objective measurable indicator that would help in the differential diagnosis
of these two disorders.

The prevailing paradigm is that unipolar and bipolar depression are qualitatively and
etiologically different [10]. This duality is also represented in the DSM 5 diagnostic manual,
which categorizes them as separate disorders [11].

In recent years, numerous studies have suggested the involvement of the immune
system and inflammatory processes in mood disorders [12-14].

Research indicates that both unipolar depression (UD) and bipolar disorder (BD) are
associated with an inflammatory state characterized by imbalances in proinflammatory and
anti-inflammatory cytokines [15,16]. While some studies report no significant differences in
inflammatory markers like IL-6 and TNFR between UD and BD, other research highlights
distinct immunological profiles for each disorder [13,17]. Specifically, patients with UD have
shown elevated levels of cytokines such as IL-1f3, TNF-«, and IL-12, whereas those with
BD exhibit higher levels of IL-6, IL-18, IL-33, and sST2. These findings suggest differential
immune-inflammatory involvement in the pathogenesis of UD and BD, although the data
remain somewhat inconsistent across studies.

Biomarkers such as 1L-6 [18-21], CRP [22,23], albumin [24,25], and zinc [26-29] have
been subject of numerous studies aimed to shed light into complex interplay between in-
flammatory process and depressive symptoms. However, the differences in these biomark-
ers have not previously been evaluated in patients with UD and BD, and the relationship
between these biomarkers and symptoms in BD and UD had not yet been studied.

Our study was designed to include a wider range of biological parameters in groups
of hospitalized patients with BDD and hospitalized patients with UD and HC.

Four biological parameters were selected that in earlier research were found to be
associated with inflammatory events in mood disorders: IL-6, CRP, Zn, and albumin
levels [30,31].

The hypothesis was that, respecting the paradigm of the etiological diversity of these
two disorders [32], there would be a significant difference in the concentration of the
mentioned parameters between all examined groups.

We additionally considered, if one of the researched parameters would prove to be a good
and clinically relevant biological marker for the distinction of these two disorders, it would be
of great importance in daily clinical work and a great help when establishing a diagnosis.

2. Materials and Methods
2.1. Participants and Procedures

A total of 211 participants of both genders aged 18 to 60 were included in this cross-
sectional study conducted in the period between 2016 and 2023: 65 patients with unipolar
depression (UD), 68 patients with bipolar depression (BDD) treated in the Psychiatric
Hospital “Dr. Ivan Barbot” in Popovaca and in the Clinic for Psychiatry and Psychological
Medicine, UHC Zagreb, and 80 healthy controls (HC). The diagnosis of UD and BDD
was confirmed using a structured clinical interview based on the DSM 5 criteria [11]. All
patients were experiencing an acute depressive episode at the time of admission to the
hospital. We chose a consecutive sample of patients by the order of their arrival at the
hospital treatment. The purpose of the research was explained to all participants who were
suitable for participation in the study, and their informed consent was obtained. To assess
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the severity of depressive symptoms among patients, we used the Montgomery—Asberg
Depression Rating Scale (MADRS) [33] and the Hamilton Rating Scale for Depression
(HAMD-17) [34]. The study included patients whose depressive episode was evaluated at
least as moderately severe using the clinical scales used (MADRS > 20, HAMD-17 > 18).
The exclusion criteria were: refusal to give informed consent or withdrawal of informed
consent to participate in research, clear manifestation of infection, physical diagnoses such
as autoimmune diseases or malignant diseases, other psychiatric disorders or intellectual
disability, and pregnancy and lactation. Also, we excluded participants on an extreme diet,
those with an eating disorder, and those who abused psychoactive substances. The use of
regular pharmacotherapy (according to the protocol for UD and BD) that patients used
before the onset of the depressive episode was not in the exclusion criteria. As a control
group, 80 healthy individuals matched by age and gender were recruited. The control
group participants had no history of psychiatric disorders, and participation was voluntary
in all cases. The same exclusion criteria were used for both the experimental and control
groups. The study protocol was approved by the Ethics Committees of Psychiatric Hospital
“Dr. Ivan Barbot” Popovaca, University Hospital Centre Zagreb and Medical School of the
University of Zagreb. The study complied with World Medical Association Declaration of
Helsinki 2013 (World Medical Association 2013).

2.2. Collection of Blood Samples

From the patients diagnosed with UD and BDD blood samples were taken for the
analysis of serum levels of interleukin 6 (IL-6), C-reactive protein (CRP), albumin (Alb),
and zinc (Zn). Blood samples were taken from the cubital vein at around 8 am in tubes with
a gel separator of 8 mL (Greiner Bio-One International GmbH, Kremsmdtinster, Austria).

The samples were then centrifuged for 10 min at 3000 rpm (Hettich Rotofix 32, Andreas
Hetich Gmb & Co. KG, Tuttlingen, Germany). The obtained serum was divided into plastic
tubes (1.5 mL; Kartell, Noviglio, Italy) which were stored at —20 °C for determination of
interleukin 6 (IL-6). The serum sample for C-reactive protein (CRP), zinc, and albumin tests
were analysed using centrifugation.

2.3. Statistical Analysis

Categorical data are represented by absolute and relative frequencies. Differences in
categorical variables were tested with the Chi-square test and, if necessary, with Fisher’s
exact test. The normality of the distribution of numerical variables was tested with the
Shapiro-Wilk test. Numerical data are described by the median and the limits of the in-
terquartile range. Differences of numerical variables between two independent groups was
performed using the Mann-Whitney U test (with the Hodges-Lehmann median difference
and 95% confidence interval of the difference shown). The internal reliability of the scales
(HAM-D and MADRS) was expressed through the Cronbach Alpha coefficient. The associ-
ation of continuous variables was assessed using Spearman’s correlation coefficient p (rho).
For all multiple testing, the Bonferroni correction was used. The influence of independent
factors on the severity of a depressive episode and changes in depressive illness were tested
using bivariate and multivariate logistic regression (without correction and with correction
for taking antidepressants). All p values are two-sided. The significance level was set
at alpha () = 0.05. The statistical program MedCalc® Statistical Software version 22.006
(MedCalc® Statistical Software version 22.018 (MedCalc Software Ltd., Ostend, Belgium);
https:/ /www.medcalc.org (accessed on 6 May 2024)) and SPSS (ver.23.0, SPSS Inc., Chicago,
IL, USA) were used for statistical analysis.

2.4. Determination of CRP, Zinc, and Albumin

The concentration of CRP was determined using the immunoturbidimetry method,
zinc using the colorimetric method, and albumin using the bromcresol green colorimetric
method on the Alinity ¢ device (Abbott Laboratories, Chicago, IL, USA). All methods for
CRP and albumin were implemented and validated according to [35].
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2.5. Determination of IL-6

IL-6 cytokine concentration in serum samples was determined using a commercial
enzyme immunoassay, ELISA (Enzyme-linked immunosorbent assay). Assays were per-
formed according to the manufacturer’s instructions (Invitrogen, Thermo Fisher Scientific
Inc., Waltham, MA, USA).

2.6. Performing an ELISA Test

The wells of the microtiter plate coated with monoclonal antibody to human IL-6
were washed twice with 300 pL of washing solution each. After washing, add 100 pL of
the standard (concentration range 5.0-0.05 pg/mL) to the wells and 50 pL of the serum
diluent and 50 pL of the sample to the serum wells. Then, 50 L biotin-labelled monoclonal
anti-human IL-6 antibody was added to all wells and incubated at room temperature for
two hours on a Mini-Shaker PSU-2T mixer (BioSan, Riga, Latvia). After incubation, the
plate was washed six times, and 100 puL of freshly prepared streptavidin-HRP conjugate
was added to the wells and incubated at room temperature for one hour on a mixer. After
washing again, add 100 pL of amplification solution I to all wells and incubate for 15 min
at room temperature on a mixer. Washing the plate again precedes adding 100 uL of
amplification solution II to all wells and incubation for 30 min on a mixer. After the final
washing, 100 pL of tetramethyl benzidine (TBM) substrate was added to the wells and
incubated for 20 min protected from light. The reaction was stopped by adding 100 uL of
1 M phosphoric acid. The absorbance of the resulting developed colour is immediately read
at 450 nm with a reference wavelength of 620 nm on a Sunrise microtiter plate reader (Tecan
Trading AG, Médnnedorf, Switzerland). The measurement results were calculated according
to the standard curve (software support Magellan 7.3 STD Tecan Trading AG, Mannedorf,
Switzerland) and multiplied using the appropriate dilution factor and expressed in pg/mL.
The standard curve was obtained from standards of known concentrations.

3. Results
3.1. Sociodemographic and General Medical Characteristics of Study Participants

This research was conducted on 211 participants, of whom 131 (62.1%) were patients
with depression. In total, 66 subjects (50.4%) had bipolar and 65 subjects (49.6%) had
unipolar depression. The healthy control group consisted of 80 participants. We found no
significant difference in relation to the gender and mean age between the control group
and the patient group (Table 1).

Table 1. General characteristics of the study population.

Patient "
Healthy Control (HC) Groups Total p
Gender [n (%)]

Female 60 (75) 84 (64.1) 144 (68.2) 0.10

Male 20 (25) 47 (35.9) 67 (31.8)
Age (years)

[Median 53 (44-57) 55 (47-58) 54 (42-57) 0.06

(IQR)]

*x2 test; T Mann-Whitney U test.

In total, 84 (64%) participants are women and 47 (36%) are men, with no significant
difference in relation to the spectrum.

The most common diagnosis is bipolar depression—moderately severe depressive
episode in 60 (46%) subjects, and depressive disorder—moderately severe depressive
episode in 44 (34%) subjects.

Median age of the participants is 55 (interquartile range from 47 to 58 years) in the
range from 52 to 60 years, without a significant difference in relation to the spectrum. In



Curr. Issues Mol. Biol. 2024, 46

total, 103 (79%) respondents have children, with no significant difference in the number
of children compared to the examined groups. In total, 75 (56%) participants have a high
school education, and 17 (13%) have a university degree, of which there are significantly
more, 16 (24%) of them from the group of participants with bipolar depression (x? test,
p = 0.004). In total, 59 (45%) participants are employed, and 40 (31%) are retired. In total,
78 (60%) participants are married, 24 (18%) are single, 22 (17%) participants are divorced,
and 7 (5%) are widowed. Again, no statistically significant difference between examined
groups was found in all of the above listed parameters.

Psychiatric heredity was noted in 42 (32%) participants.

Interestingly, in the group of subjects with bipolar depression who smoked tobacco
cigarettes, we found a significantly higher number of packs of cigarettes per day (Mann—
Whitney U test, p = 0.023) and “pack years” (Mann-Whitney U test, p = 0.018) compared to
group of study participants who have unipolar depression (Table 2).

Table 2. General characteristics of the study population distribution according to general characteris-
tics and psychiatric heredity.

Percentage of Participants (%)

*
Unlpol.ar Blpola.r Total P
Depression Depression
Educational Level
No formal education 1(2) 1(2) 2(2) 0.004
Elementary school 10 (15) 9 (14) 19 (15)
High school 44 (67) 31 (47) 75 (56)
College (short program) 9 (14) 9 (13) 18 (14)
University degree 1(2) 16 (24) 17 (13)
Employment Status
Employed 27 (42) 32 (48) 59 (45) 0.633
Unemployed 18 (28) 14 (21) 32 (24)
Retired 20 (30) 20 (31) 40 (31)
Marital Status
Married 41 (64) 37 (55) 78 (60) 0418 *
Divorced 9 (15) 13 (20) 22 (17)
Single 10 (15) 14 (22) 24 (18)
Widowed 5(7.6) 2 (3) 7 (5)
Psychiatric Heredity 18 (28) 24 (36) 42 (32) 0.288
Family History of Psychiatric Illness (n = 40)
Mother—depressive disorder 6 (33.3) 12 (54.5) 18 (45) 0.498
Father—depression 1(5.6) 1(4.5) 2 (5)
Father—alcoholism, suicide 1(5.6) 0 1(3)
Father—alcoholism 4(22) 5(22.7) 9 (23)
Mother—bipolar disorder 0 2(9.1) 2 (5)
Sister—depression 1(5.6) 14.5) 2 (5)
Sister—schizophrenia 1(5.6) 0 1(3)
Father—suicide 1(5.6) 0 1(3)
Sister and mother suicide, father alcoholic 1(5.6) 0 1(3)
Brother PTSD, brother alcoholism, mother BAP 0 1(4.5) 1(3)
Father and brother depression and suicide 1(5.6) 0 1(3)
Aunt depressive disorder 1(5.6) 0 1(3)

* x2 test; t Fisher’s exact test.

3.2. Serum Levels of 11-6, CRP, Alb and Zn in Patients and Healthy Control Subjects

The values of IL-6 (Mann-Whitney U test, p = 0.006), CRP (Mann-Whitney U test,
p =0.002), and zinc (Mann-Whitney U test, p = 0.013) were significantly higher in the
patient group compared to the control group, while albumin values were significantly
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lower in the patient group compared to the control (Mann-Whitney U test, p = 0.002)
(Table 3).

Table 3. Comparison of serum levels of IL-6, CRP-u, albumin, and zinc between the healthy control
group and patient group.

Median
(Interquartile Range) Difference 95% CI (Confidence Interval) p*
Healthy Controls Patients
0.95 1.54
IL-6 (0.296-2.518) (0.871-2.35) 0.41 0.14-0.76 0.006
1.40 2.90
CRP (0.90-2.15) (1.10-6.0) 0.80 0.10-2.20 0.002
. 46.0 44.05
Albumin (44.0-48.0) (42.0-47.0) -2 —3-(=1) 0.002
. 12.20 13.20
Zinc (10.67-14.02) (11.43-15.38) 1.22 0.23-2.11 0.013

* Mann-Whitney U test.

3.3. Comparison of Serum Levels of 1I-6, CRP, Alb, and Zn in Patients with Depressive Episode of
Bipolar Disorder (DBD), Unipolar Depression (UD), and Healthy Control Group (HC)

There are significantly lower values in the control group compared to patients with
unipolar or bipolar spectrum in levels of IL-6 (Kruskal-Wallis test, p = 0.020) and CRP
(Kruskal-Wallis test, p = 0.008), while albumin values are significantly higher (Kruskal-
Wallis test, p = 0.007). Zinc values are significantly lower in the control group compared to
the group of patients with unipolar spectrum (Kruskal-Wallis test, p = 0.013), while they
do not significantly differ from the values of patients with bipolar spectrum (Table 4).

Table 4. Differences between IL-6, CRP, albumin, and zinc between healthy the control group and
patient group, considering the spectrum of the disorder (unipolar; bipolar).

Median
(Interquartile Range)
. . p*
Control Group Umpol.ar Blpola.r
Depression Depression

0.95 1.54 1.53 .

IL-6 (0.296-2.518) (0.82-2.76) (0.96-2.26) 0.020
1.40 3.40 2.45 .

CRP (0.90-2.15) (1.0-5.70) (1.10-6.80) 0.008
. 46.0 44.80 44.0 .

Albumin (44.0-48.0) (42.10-47.0) (42.0-47.0) 0.007

. 12.20 13.40 13.15

1

Zinc (10.67-14.02) (11.9-15.5) (10.40-15.0) 0.013

* Kruskal Wallis test (post hoc Conover); T p < 0.05 significantly lower values in controls vs. unipolar and bipolar
spectrum; ¥ p < 0.05 significantly lower values in controls vs. unipolar spectrum.

3.4. Comparison of Serum Levels of 11-6, CRP, Albumin, and Zinc in BD and UD Subjects

There are no significant differences in the values of zinc, albumin, CRP, and IL-6 with
respect to the examined groups of patients (Table 5).
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Table 5. Comparison of serum levels of zinc, albumin, CRP, and IL-6 between groups of participants
with unipolar and bipolar depression.

Median
(Interquartile Range)

Difference 95% CI (Confidence Interval) p*
Unipolar Bipolar
Depression Depression
. 13.4 13.2
Zinc (11.9-15.5) (10.4-15) —0.8 -1.7-0.3 0.134
. 44.8 44.0
Albumin (42.1-47.0) (42-47) 0 —-1.6-1.0 0.825
3.4 25
CRP (1.0-5.7) (1.1-6.8) 0.1 —0.7-0.8 0.718
1.54 1.53
IL-6 (0.82-2.76) (0.96-2.26) —0.006 —0.44-0.36 0.962

* Mann—-Whitney U test.

3.5. Association between Serum Levels of IL-6, Zn, Alb, CRP, and Severity of Depressive Episode
According to HAMD-17 and MADRS

The researched parameters were compared in each examined group considering the
severity of the depressive episode on the Hamilton and Montgomery—Asberg Rating Scales.

Comparing depressive episodes of equal clinical severity (moderate or severe accord-
ing to HAMD-17) in the studied patient groups (UD and BDD), there were no significant
differences in serum levels of IL-6, Zn, CRP, and albumin.

In the groups of participants classified according to the diagnosis of affective disorder
(UD or BD), with regard to the severity of the depressive episode assessed on the Hamilton
Rating Scale for Depression, there were no significant differences in serum levels of IL-6,
Zn, CRP, or Alb.

Interestingly, in patients with bipolar depression, severe depressive episode (evaluated
according to Hamilton Scale), albumin values were significantly lower compared to the
moderately severe depressive episode of the same participants group (Mann—-Whitney U
test, p = 0.042).

On this basis, there were no differences in the group with unipolar depression. Similarly,
no significant differences were found when comparing moderate or severe depressive episodes
assessed using the MADRAS between patients with bipolar and unipolar depression.

3.6. Correlations of Zn, Alb, CRP, and IL-6, with Items on the HAMD-17 and MADRS

Spearman’s correlation coefficient was used to evaluate the association of serum values
of zinc, albumin, CRP, and IL-6 with individual items and the total score of HAMD-17
and MADRS.

We must underline the statistically significant positive and somewhat statistically
weaker relationship between albumin and somatic anxiety (Rho = 0.264), and a negative
and significant relationship with “hypochondriasis” (Rho = —0.303) in the group of subjects
with unipolar depression (items on HAMD-17 scale). In addition, there is a significant
and positive relation of CRP values to items “work and activities” (Rho = 0.253), “somatic
symptoms, general” (Rho = 0.281), and item “weight loss” (Rho = 0.364). Interleukin-6
is significantly positively related to “work and activity” (Rho = 0.319), with “somatic
symptoms, general” (Rho = 0.424) and with “weight loss” (Rho = 0.277), but negatively
and significantly related to the scale item “guilt feelings” (Rho = —0.293). The total scale of
HAM-D-17 in subjects with unipolar depression is not significantly related to the observed
values (Table 6).

11
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Table 6. Association between items on HAMD-17 in groups of patients with unipolar depression
(Spearman’s correlation coefficient).

Unipolfa\r Spearman’s Correlation Coefficient Rho (p Value)
Depression - -
Items on HAMD-17 Scale Zinc Albumin CRP IL-6
Depressed mood 0.085 (0.50) —0.087 (0.49) 0.019 (0.88) —0.035 (0.79)
Guilt feelings 0.019 (0.88) —0.103 (0.42) 0.006 (0.96) —0.293 (0.02)
Suicide thoughts 0.040 (0.75) ~0.160 (0.21) 0.037 (0.77) 0.074 (0.56)
Insomnia-early 0.093 (0.46) 0.060 (0.64) 0.020 (0.88) 0.093 (0.47)
Insomnia-middle —0.031 (0.80) 0.049 (0.70) —0.024 (0.85) 0.002 (0.99)
Insomnia-late 0.130 (0.30) 0.160 (0.21) 0.014 (0.91) —0.112 (0.38)
Work and activities —0.226 (0.07) —0.238 (0.06) 0.253 (0.04) 0.319 (0.01)
Retardation psychomotor 0.008 (0.95) —0.193 (0.13) 0.166 (0.19) 0.221 (0.08)
Agitation 0.238 (0.06) 0.077 (0.55) —0.115 (0.36) —0.063 (0.62)
Anxiety-psychic —0.035 (0.78) 0.079 (0.54) 0.249 (0.05) 0.114 (0.37)
Anxiety-somatic 0.217 (0.08) 0.264 (0.04) 0.011 (0.93) —0.054 (0.67)
Gastrointestinal symptoms —0.247 (0.05) —0.104 (0.41) 0.064 (0.61) 0.091 (0.48)
Somatic symptoms. general —0.227 (0.07) —0.159 (0.21) 0.281 (0.02) 0.424 (<0.001)
Sexual disturbances —0.082 (0.52) —0.016 (0.90) 0.083 (0.51) 0.107 (0.41)
Hypochondriasis (somatization) —0.109 (0.39) —0.303 (0.01) 0.095 (0.45) 0.122 (0.34)
Weight loss —0.231 (0.06) —0.249 (0.05) 0.364 (<0.001) 0.277 (0.03)
Insight —0.074 (0.56) —0.164 (0.19) 0.046 (0.72) 0.166 (0.19)
HAMD-17 total —0.027 (0.83) —0.091 (0.47) 0.227 (0.07) 0.177 (0.16)
In groups of subjects with bipolar depression on the HAMD-17 scale, there was found
a significant, positive, and slightly weaker relationship of zinc serum levels with scale items
“gastrointestinal symptoms” (Rho = —0.366), “somatic symptoms, general” (Rho = —0.253),
“weight loss” (Rho = —0.327), and also a positive and significant relationship with “anxiety-
psychic” (Rho = 0.396). Albumin serum values were found to have a statistically significant
and negative relation with “guilt feelings” (Rho = —0.341), and “work and activity” (Rho =
—0.342). In addition, IL-6 serum values were found to be significantly statistically positively
related to the items “gastrointestinal symptoms” (Rho = 0.254), “somatic symptoms, gen-
eral” (Rho = 0.458), and with “work and activity” (Rho = 0.250), while a significant negative
relationship with “anxiety-psychic” (Rho = —0.307) was calculated. The total HAMD-17
scale in subjects with bipolar depression is not significantly related to the observed values
(Table 7).
Table 7. Association of serum levels of Zn, Albumin, CRP, and IL-6 to HAMD-17 items in a group of
patients with bipolar depression.
Bipolar Spearman’s Correlation Coefficient Rho (p Value)
Depression Zinc Albumin CRP IL-6
Depressed mood ~0.072 (0.57) ~0.239 (0.05) 0.052 (0.68) 0.133 (0.29)
Guilt feelings —0.110 (0.38) —0.341 (0.01) 0.145 (0.25) 0.050 (0.69)
Suicidal thoughts —0.001 (0.99) —0.174 (0.16) —0.071 (0.57) 0.037 (0.77)
Insomnia: initial 0.050 (0.69) —0.069 (0.58) 0.154 (0.22) —0.053 (0.68)
Insomnia: middle 0.082 (0.51) 0.124 (0.32) 0.194 (0.12) —0.104 (0.41)
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Table 7. Cont.

Bipolar Spearman’s Correlation Coefficient Rho (p Value)
Depression Zinc Albumin CRP IL-6
Insomnia: late 0.164 (0.19) 0.205 (0.1) 0.187 (0.13) —0.084 (0.51)
Work and activities —0.182 (0.14) —0.342 (<0.001) 0.093 (0.46) 0.250 (0.04)
Psychomotor retardation 0.125 (0.32) 0.043 (0.73) —0.008 (0.95) 0.039 (0.76)
Psychomotor agitation 0.176 (0.16) —0.062 (0.62) 0.019 (0.88) —0.225 (0.07)
Anxiety. psychic 0.396 (<0.001) 0.059 (0.64) 0.040 (0.75) —0.307 (0.01)
Anxiety. somatic 0.088 (0.48) 0.082 (0.51) 0.202 (0.10) —0.150 (0.23)
Gastrointestinal symptoms —0.366 (<0.001) —0.231 (0.06) 0.225 (0.07) 0.254 (0.04)
Somatic symptoms. general —0.253 (0.04) —0.270 (0.03) 0.206 (0.10) 0.458 (<0.001)
Sexual disturbances 0.035 (0.78) 0.075 (0.55) 0.046 (0.71) —0.009 (0.94)
Hypochondriasis (somatization) —0.111 (0.38) —0.011 (0.93) 0.206 (0.10) 0.032 (0.80)
Weight loss —0.327 (0.01) —0.129 (0.30) 0.122 (0.33) 0.152 (0.23)
Insight —0.018 (0.89) —0.095 (0.45) 0.028 (0.82) —0.105 (0.40)
HAMD-17 total —0.082 (0.51) —0.211 (0.09) 0.239 (0.05) 0.024 (0.85)

Subjects with unipolar depression have a significant and positive relationship of CRP
serum levels with the “concentration difficulties” item (Rho = 0.262), and IL-6 also with
the items “concentration difficulties” (Rho = 0.278) and “lassitude” (Rho = 0.345) on the
MADRS Depression Rating Scale (Table 8).

Table 8. Association of items on MADRS to serum levels of Zn, albumin, CRP, and IL-6 in groups of
patients with unipolar depression.

Unipolar Spearman’s Correlation Coefficient Rho (p Value)

Depression Zinc Albumin CRP IL-6
Apparent sadness 0.079 (0.53) 0.068 (0.59) 0.238 (0.06) 0.113 (0.38)
Reported sadness 0.171 (0.17) 0.003 (0.98) 0.087 (0.49) —0.059 (0.65)

Inner tension —0.019 (0.88) —0.200 (0.11) 0.138 (0.27) 0.160 (0.21)
Reduced sleep 0.135(0.28) —0.045 (0.73) 0.165 (0.19) 0.056 (0.67)
Reduced appetite 0.006 (0.96) ~0.167 (0.19) —0.065 (0.61) 0.081 (0.53)
Concentration difficulties —0.170 (0.18) —0.181 (0.15) 0.262 (0.04) 0.278 (0.03)
Lassitude —0.191 (0.13) —0.051 (0.69) 0.228 (0.07) 0.345 (0.01)
Inability to feel —0.115 (0.36) —0.029 (0.82) 0.114 (0.37) 0.109 (0.39)
Pessimistic thoughts —0.049 (0.70) —0.163 (0.20) 0.200 (0.11) 0.070 (0.59)
Suicidal thoughts —0.109 (0.39) —0.053 (0.68) 0.221 (0.08) 0.238 (0.06)
MADRS total —0.005 (0.97) —0.124 (0.33) 0.219 (0.08) 0.184 (0.15)

In subjects with bipolar depression, zinc values are significantly and negatively related
to reduced appetite (Rho = —0.338). Albumin has a negative and significant relationship
with noticeable grief (Rho = —0.259), reduced appetite (Rho = —0.264), concentration
difficulties (Rho = 0.272), and the total MADRS (Rho = —0.253), and CRP has a positive
and significant relationship related to fatigue (Rho = 0.384) (Table 9).
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Table 9. Association of items on MADRS to serum levels of Zn, albumin, CRP, and IL-6 in groups of
patients with bipolar depression.

Bipolar Spearman’s Correlation Coefficient Rho (p Value)

Depression Zinc Albumin CRP IL-6
Apparent sadness 0.029 (0.82) —0.259 (0.04) 0.120 (0.34) 0.062 (0.62)
Reported sadness —0.055 (0.66) —0.201 (0.11) 0.167 (0.18) 0.070 (0.58)

Inner tension 0.002 (0.99) —0.062 (0.62) 0.099 (0.43) —0.153 (0.22)

Reduced sleep 0.096 (0.44) —0.130 (0.30) 0.118 (0.34) —0.012 (0.92)
Reduced appetite —0.338 (0.01) —0.264 (0.03) 0.159 (0.20) 0.151 (0.23)
Concentration difficulties —0.051 (0.69) —0.272 (0.03) 0.135 (0.28) 0.101 (0.42)
Lassitude —0.174 (0.16) —0.231 (0.06) 0.384 (<0.001) 0.245 (0.05)
Inability to feel —0.165 (0.19) —0.221 (0.08) 0.131 (0.29) 0.073 (0.57)

Pessimistic thoughts —0.068 (0.59) —0.183 (0.14) 0.136 (0.28) —0.046 (0.72)
Suicidal thoughts —0.156 (0.21) —0.172 (0.17) 0.075 (0.55) 0.102 (0.42)
MADRS total —0.066 (0.60) —0.253 (0.04) 0.185 (0.14) 0.064 (0.61)

3.7. The Influence of Sociodemographic Data, General Medical Conditions and Substance Abuse
Including Tobacco Smoking on the Severity of Depressive Episode According to HAMD and
MADRS (Logistic Regression)

Bivariate and multivariate logistic regression analyses were conducted to predict the
likelihood of a severe depressive episode using the Hamilton Depression Rating Scale
(HAMD score of 25-52) and the Montgomery—Asberg Depression Rating Scale (MADRS
score of 35-60).

In the group of subjects with unipolar depression, a significant model in the bivari-
ate regression for predicting a severe depressive episode was “pack years” (Odds Ratio
[OR] = 1.15), while no significant model emerged in the multivariate regression. After
correcting for the use of antidepressants, “pack years” remained a significant predictor in
the unipolar depression group, indicating that patients with higher “pack years” had a 1.15
times greater chance of experiencing a severe depressive episode.

In the multivariate regression analysis, adjusted for antidepressant use, a significant
model emerged that was entirely significant (x? test = 9.5, df = 1, p = 0.002) and explained
between 35% (according to Cox & Snell) and 51% (according to Negelkerke) of the variance
in severe depressive episodes, accurately classifying 77% of cases. In this model, “pack
years” was a significant predictor (OR = 1.15).

In the group of subjects with bipolar depression, no significant predictors were found
in the bivariate regression without antidepressant correction for predicting a severe de-
pressive episode, nor did any significant model emerge in the multivariate regression.
However, in the bivariate regression adjusted for antidepressant use, albumin levels were a
significant predictor in the bipolar depression group, reducing the likelihood of a severe
depressive episode (OR = 0.86).

In predicting the probability of a severe depressive episode, both with and without
correction for antidepressant use, in the group of subjects with unipolar depression, no
significant predictors or models were identified that would support the prediction of a
severe depressive episode according to MADRS (total score 35-60).

4. Discussion

4.1. Comparison of Serum Levels of Zinc, Albumin, IL-6, and CRP between the Group of
Depressive Subjects (UD and BDD) and Healthy Controls (HC)

In the first step, the difference in biological parameters between the group of patients
and the group of healthy subjects was examined. The patient group displayed elevated
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levels of inflammatory markers IL-6 and CRP compared to healthy controls. This finding
aligns with studies suggesting a key role for systemic inflammation in mood disorders,
pointing towards immune dysregulation as a significant aspect of their pathophysiology
and progression [13,14,36-38].

An interesting finding is the reduced level of zinc in the group of healthy controls.

This finding deviates from established patterns observed in previous studies, where
individuals with depression typically exhibited lower serum zinc levels compared to
healthy controls [26,39,40].

This is supported by research that investigated the therapeutic potential of zinc and
consistently supported the effectiveness of zinc supplementation as an adjunctive treatment,
showing improved mood in both depressed and healthy individuals [41-44]. Notably, zinc
supplementation has also demonstrated benefits in improving mood among individuals
with treatment-resistant depression [42].

Conventionally, depression is associated with reduced serum zinc levels, attributed to
factors such as poor nutrition, increased physiological stress, and inflammation [45].

Possible explanations of these findings may be dietary variations that were not in-
cluded in the study design, and which resulted in a lower zinc intake in the control group,
influencing their serum levels. Additionally, there could be inherent physiological differ-
ences between the groups, particularly in how their bodies absorb and metabolize zinc,
unrelated to the presence of depression. Another interesting angle to consider is the body’s
response to stress in depression. It is conceivable that in depressed individuals, a unique
stress response mechanism could paradoxically elevate zinc levels due to complex inter-
action between zinc, serotonin, and stress-related hormones in depression. These factors,
individually or combined, might account for the unexpected findings and warrant further
investigation to fully understand their implications [45].

Another finding was decreased albumin levels in the patient group (both UD and BD
groups). This can be attributed to different influences including poor nutritional status,
chronic inflammation, or acute phase response. Albumin, a key protein synthesized by the
liver, is often reduced in chronic diseases and inflammatory states [46]. Its lower levels in
the patient group could reflect the overall impact of mood disorders on physical health
and metabolic function. The finding of significantly lower albumin levels in mood disor-
der [47] patients compared to healthy controls underscores the impact of these conditions
on systemic health. Lower albumin levels in patients could indicate a state of chronic
inflammation [46] or altered metabolism, a common occurrence in mood disorders [48].

4.2. Comparison of Serum Levels of Zinc, Albumin, IL-6, and CRP between the Groups of Unipolar
Depressive Subjects (UD), Bipolar Depressive Subjects (BDD), and Healthy Controls (HC)

In the next step, the concentrations of zinc, albumin a, CRP, and IL-6 were compared
between the groups of patients with unipolar depression (UD), bipolar depression (BDD),
and the group of healthy subjects (HC).

This analysis found significantly lower serum levels of the inflammatory parameters
IL-6 and CRP in the group of healthy subjects compared to both groups of patients (UD and
BD), which is in accordance with our previous analysis, but also with existing the literature,
suggesting the presence of an inflammatory component in mood disorders [49-55].

Elevated IL-6 and CRP levels have been associated with the pathophysiology of
both unipolar and bipolar disorders, indicating systemic inflammation as a common
characteristic in these conditions [14,56,57].

Perhaps the most striking finding is the lower zinc levels in the HC group compared
to the UD group, diverging from the typical pattern where depressive states are often
linked to reduced zinc due to poor nutrition or increased stress [26,45]. This suggests a
complex interaction between zinc levels and mood disorders, potentially influenced by
compensatory mechanisms in response to depression [58], dietary variations, or treatment
effects [42,59].
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Interestingly, zinc levels do not significantly differ between the BDD group and HC,
suggesting unique aspects of zinc metabolism or homeostasis in BD [60]. This lack of
difference could reflect specific physiological or compensatory responses in BD related
to zinc regulation, distinct from those in UD [29]. Also, the impact of psychotropic med-
ications on zinc levels might differ between unipolar and bipolar patients, partly due to
the difference in medication regimens typically used in these conditions. Bipolar patients,
who are often prescribed a combination of mood stabilizers, antipsychotics, and sometimes
antidepressants, may experience more complex interactions affecting zinc levels compared
to unipolar patients, who are more commonly treated with antidepressants alone. For
instance, the fluctuating nature of bipolar disorder, with its manic and depressive episodes,
may impact the immune system differently compared to the typically more persistent
depressive state in unipolar depression [29].

4.3. Comparison of Serum Levels of Zinc, Albumin, IL-6, and CRP between the Groups of Unipolar
Depressive Subjects (UD) and Bipolar Depressive Subjects (BDD)

A critical examination of inflammatory markers, nutritional elements, and protein
levels has revealed a notable absence of significant differences between these two groups
(UD and BDD) in parameters such as interleukin-6 (IL-6), C-reactive protein (CRP), zinc,
and albumin.

This finding challenges the traditional dichotomy of unipolar and bipolar disorders,
suggesting a more unified pathophysiological spectrum [61-64].

Both unipolar and bipolar disorders exhibit similar profiles in key inflammatory
markers, IL-6 and CRP. This observation underscores a common inflammatory basis in
mood disorders, as suggested by Bai et al. (2015) [14]. The elevated levels of these cytokines
in both groups point toward a shared underlying inflammatory pathogenesis, potentially
contributing to the symptomatology of both disorders. This convergence of inflammatory
pathways in mood disorders echoes the growing recognition of immune dysregulation as a
central aspect of psychiatric conditions [65-68].

Zinc levels, crucial for neurotransmitter function and neuroplasticity, have similarly
shown no significant variance between unipolar and bipolar groups. The findings of Siwek
etal. (2016) [29] lend credence to the hypothesis that alterations in zinc metabolism are a
characteristic feature of depressive disorders, irrespective of their specific classification.
This uniformity in zinc levels suggests that the role of zinc in mood regulation and brain
function transcends the traditional diagnostic boundaries, hinting at a universal aspect of
mood disorders.

Furthermore, the similarity in albumin levels across these groups might reflect a
shared aspect of metabolic alteration in mood disorders. Albumin serum levels can be
influenced by factors like nutrition, systemic inflammation, and overall health status [47,69].
The consistent levels across unipolar and bipolar disorders suggest parallel impacts on
these physiological parameters.

The overarching implication of these findings is that unipolar and bipolar depression
may share more common ground in their biological basis than previously acknowledged.
This supports a more nuanced understanding of mood disorders as a continuum with
shared biological mechanisms.

4.4. Comparison of the Results on Depression Rating Scales (HAMD-17 and MADRS) between the
Examined Groups of Depressive Patients (UD and BD)

Both groups of patients were compared with respect to the scores on the Hamilton Scale
and the MADRAS Scale for depression. The lack of significant differences in most HAMD-
17 items between unipolar and bipolar depression groups suggests that the depressive
episodes in these disorders manifest with similar symptom profiles. This finding aligns
with previous research indicating overlapping features in the depressive phases of these
mood disorders [9,32,70]. In clinical practice, UD and BDD can be difficult to diagnose.
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The significant elevation of somatic anxiety in bipolar depression, compared to unipo-
lar depression, as measured on the MADRS, could be attributed to the unique neurobiolog-
ical and psychological aspects of bipolar disorder.

The heightened somatic anxiety in bipolar depression might be linked to the fluctu-
ating nature of the disorder, where episodes of mania or hypomania precede or follow
depressive phases, potentially leading to a heightened state of physiological arousal and
anxiety [71,72]. Additionally, bipolar disorder may involve more pronounced dysregulation
of stress response systems, which can manifest as somatic anxiety [73].

In conclusion, while unipolar and bipolar depression share many depressive symp-
toms, as shown in HAMD-17, the distinct increase in somatic anxiety in bipolar depression
on the MADRAS highlights a key difference between these disorders. This underscores
the importance of careful assessment in distinguishing between unipolar and bipolar de-
pression, particularly considering the broader impact of bipolar disorder on somatic and
psychological wellbeing.

4.5. Comparison of the Results of the Examined Groups of Depressive Patients (UD and BD) on the
HAMD-17 and MADRS Rating Scales for Depression with Respect to the Severity of the
Depressive Episode

The similarity in IL-6, Zn, CRP, and albumin levels between UD and BD during
depressive episodes of similar severity suggests common underlying pathophysiological
processes in mood disorders. This observation aligns with the growing evidence that mood
disorders, irrespective of their specific type, may share fundamental inflammatory and
metabolic disturbances [14].

The similar levels across UD and BD could indicate that these physiological aspects
are consistently altered in depressive states. The shared biochemical profile in depressive
episodes of UD and BD could be due to similar alterations in neuro-immune pathways,
stress response mechanisms, or nutritional status associated with depressive states. It might
also reflect the homogenizing effect of similar clinical severity on these biomarkers, regard-
less of the mood disorder subtype. This lack of distinction in key immuno-inflammatory
markers between UD and BD depressive episodes challenges the long-held notion of
these conditions as entirely separate entities. Instead, it proposes a continuum model
of mood disorders where shared biological processes are involved [9,74]. Zinc, essential
for neuroplasticity and immune function, further underscores the potential overlap in
the neuro-immune pathways affected in both UD and BD [42,44]. However, the unique
observation of lower albumin levels in severe episodes compared to moderate episodes
within the BDD group may suggest that metabolic demands corelate with the severity of
a depressive episode. Its reduction in severe BD episodes could reflect more pronounced
systemic changes or stress responses, distinguishing severe BD from UD [58,75].

4.6. Correlations of the Examined Parameters (Zn, Albumin, IL-6, and CRP) in Both Groups of
Depressive Subjects (UD and BD) with Items on the Depression Rating Scales (HAMD-17
and MADRS)

In the context of the research findings on unipolar and bipolar depression, a striking
parallel emerges between the symptomatology of depression and so-called ‘sickness be-
haviour’. This comparison is particularly evident in the significant correlations found in
unipolar depression between symptoms like somatic anxiety, hypochondriacal symptoms,
general somatic symptoms, work and activity limitations, weight loss, concentration diffi-
culties, and lassitude with levels of albumin, C-reactive protein (CRP), and interleukin-6
(IL-6) [76-78]. These correlations illuminate the critical role of inflammation (as indi-
cated by CRP and IL-6 levels) and metabolic factors (as indicated by albumin levels) in
the manifestation of depressive symptoms. Symptoms such as fatigue, reduced activity,
physical discomforts, cognitive challenges, and negative emotional states are hallmark
characteristics of ‘sickness behaviour’, underscoring a biological underpinning for these
manifestations in depression.
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In bipolar depression, the intricate relationship of zinc, albumin, IL-6, and CRP with
the symptoms assessed using the HAMD-17 and MADRS scales reveals a more complex
interaction. Lower zinc levels correlating with physical symptoms like gastrointestinal
issues and weight loss, along with heightened psychic anxiety, are particularly notewor-
thy [79]. Moreover, the negative correlations of albumin with feelings of guilt, sadness,
reduced appetite, and concentration difficulties, and the positive correlation of CRP with
lassitude, closely mirror ‘sickness behaviour’ symptoms [76,77]. These findings suggest
a significant contribution of both inflammatory processes and metabolic status to the
breadth of depressive symptoms, resonating with the physical and psychological aspects
of ‘sickness behaviour’.

The common thread running through both unipolar and bipolar depression is the over-
lap of symptoms such as lassitude, weight loss, gastrointestinal problems, reduced activity,
and cognitive challenges with those typically associated with ‘sickness behaviour’. This
overlap indicates that similar biological processes, including inflammation and metabolic
alterations, might underpin these symptoms in both forms of depressive states and in
‘sickness behaviour’.

Understanding the nature of these correlations provides valuable insights into the
mechanisms underlying depression and its resemblance to ‘sickness behaviour’. This
knowledge lays a foundation for the exploration of targeted treatments that focus on these
underlying biological factors. Recognizing the shared aspects of these conditions can lead
to more effective management and treatment strategies, acknowledging the significant
influence of biological markers on the symptomatology of depression. This perspective
promotes a more holistic approach, addressing not just the psychological dimensions of
depression, but also its biological aspects. This study is not without its limitations. First,
the cross-sectional design of the research inhibits our ability to establish cause and effect
relationships between the investigated biological parameters and depressive symptoms.
Such designs can only provide a snapshot of data at a single point in time, which limits
our understanding of how these relationships may evolve or respond to changes over time.
Additionally, our study did not account for the onset of the disorders, nor the number of
previous depressive episodes experienced by patients. This study design may have impli-
cations to the generalizability of our findings, as the trajectory and recurrence of depressive
episodes can significantly influence biological markers and symptom presentation. These
limitations should be carefully considered when interpreting the results, and should guide
future research directions that might overcome these constraints.

5. Conclusions

The findings of our study confirm the presence of low-grade inflammation in de-
pression. The results provide a better insight into the inflammatory hypothesis about the
aetiology of depressive disorders. According to our findings, we cannot recommend zinc,
albumin, interleukin-6, and CRP as specific biomarkers for distinguishing unipolar and
bipolar depressive episodes.
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Abstract: Several studies showed that the incidence of Alzheimer’s disease (AD) is sig-
nificantly lower in patients with non-muscle invasive bladder cancer (NMIBC) treated
with intravesical bacillus Calmette-Guérin (BCG) instillations compared to treatment by
alternative methods. Hypothetically, failure to clear misfolded and aggregated proteins (i.e.,
beta-amyloid) in AD brains and peripheral blood mononuclear cells (PBMCs) implicates
BCG in upgrading the unfolded protein response (UPR). To test this hypothesis, pre- versus
post-BCG PBMC proteins of the UPR pathway were compared in six NMIBC patients by
capillary immunoelectrophoresis on an Abby instrument. PERK, the endoplasmic retic-
ulum (ER) resident kinase, a stress-activated sensor, and its substrate alpha component
of the elF2 translation factor (eIlF2a) complex inactivation were considered as potentially
proapoptotic via a downstream proapoptotic transcription factor only if persistently high.
GAPDH, a glycolytic marker of innate immunocyte training by BCG, and eight other
UPR proteins were considered antiapoptotic. Summation of antiapoptotic %change scores
per patient showed that the older the age, the lower the antiapoptotic %change. Higher
antiapoptotic scores were observed upon a longer time from BCG treatment (with the
exception of the patient in her ninth decade of life). Studies with more individuals could
substantiate that BCG enhances the antiapoptotic aggregate-clearance effect of the UPR in
PBMCs of NMIBC patients, which hypothetically protects brain cells against AD.

Keywords: BCG vaccine; peripheral blood mononuclear cells; unfolded protein response;
endoplasmic reticulum stress; cell signaling; immunoelectrophoretic

1. Introduction
1.1. Alzheimer’s Disease Prevention by Bacillus Calmette-Guérin

High-grade superficial or recurrent low-grade bladder cancer is treated by transurethral
tumor resection and adjuvant intravesical instillations of the bacillus Calmette-Guérin
(BCG) vaccine. This treatment effectively reduces tumor relapse compared with tumor
resection only [1]. The sequence of the immunological events that follow BCG instillations
has not been completely deciphered yet, but a general scheme of participating immunocytes
has been described [2], where the primary responding cells are granulocytes, monocytes,
macrophages, and natural killer cells. Subsets of T cells are subsequently recruited by
various cytokines secreted mainly by the initial polymorphonuclear neutrophil responders,
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and the T cells are stimulated by antigen-presenting cells to recognize tumor-specific anti-
gens [3]. Neutrophils have also been shown to accumulate in the bladder urine following
BCG instillation and are responsible for the effective anti-tumor activity of BCG [4]. This
connects to the ability of BCG to induce innate immune cell “training”, a phenomenon
that epigenetically generates a non-specific memory, upgrading the cytokine response to
subsequent encounters with BCG (and other pathogens) of these innate immunocytes [5,6].
BCG is an attenuated live bovine tuberculosis mycobacterium used globally since 1921 as an
anti-tuberculosis vaccine [7]. As newborns have not been BCG-vaccinated prophylactically
against tuberculosis in the USA, as opposed to Sweden, we were impressed by the low
incidence of Alzheimer’s disease (AD) in Sweden compared to the USA and hypothesized
that BCG vaccination may be one factor responsible for this difference [8]. The long-lasting
practice for decades of treatment of non-muscle invasive bladder cancer (NMIBC) by BCG
instillations was employed to analyze the incidence of AD during the recent decades in
BCG-treated versus other treatments of NMIBC patients. The results indicated that intrav-
esical BCG treatment reduced the incidence of AD by up to fourfold relative to control
patients [9]. Since then, variable levels of effectiveness of BCG against AD in NMIBC
patients have been demonstrated [10]. However, vaccinations against other pathogens have
also been shown to reduce the incidence of AD [11,12]. This indicates that the prevention
of AD by BCG does not depend on immunity against specific antigens as in the case of
NMIBC but is due to biochemical changes that immunocytes undergo through immuniza-
tion stimulus, for example, the epigenetic “training” of innate immunocytes [13,14]. A
significant feature of AD is the failure to control the misfolding and aggregation of newly
synthesized proteins such as beta-amyloid and its derivatives [15-17]. The successful
clearance of beta-amyloid plaques by designated antibodies is not always beneficial to the
patient’s clinical status [18-20], indicating that factors upstream to the normal biochemical
clearance are responsible for plaque accumulation. This implies that the unfolded protein
response (UPR) in the brain, the immediate upstream responding pathway to endoplasmic
reticulum (ER) stress, is chronically less efficient than normal [21].

1.2. Involvement of the Unfolded Protein Response in Alzheimer’s Disease

We raised the question of whether BCG treatment can significantly influence the
signaling proteins of the UPR in peripheral blood mononuclear cells (PBMCs), influencing
brain tissue and postponing or protecting against AD. The UPR pathway consists of
ER stress-sensing proteins that transduce cap-dependent translation shutdown, i.e., for
most cellular mRNA. A minority of cap-independent mRNA translation uses internal
ribosome entry sites (IRESs). During translation shutdown, activation of transcription
factors that activate the expression of chaperones and aggregate clearance factors correct
misfolded proteins and degrade the aggregates [22-24]. The UPR signaling pathway has
been reviewed in general [25] and is related to AD pathology [26,27] and can be briefly
summarized. Newly synthesized proteins translocate into the ER for quality control of their
proper and functional folding by chaperones such as the immunoglobulin binding protein
(BiP). Upon ER overflow with new translation products, the free excess proteins unmatched
by chaperones cause ER stress, sensed by stress sensors on the ER membrane. One of these
ER stress sensors, the protein kinase R (PKR)-like ER-resident kinase (PERK), causes PERK
monomers to dimerize and undergo phosphorylation that opens a kinase domain at the
cytosolic face of the ER membrane [24,28]. This kinase domain specifically phosphorylates
the elF2a component of the elF2 translation factor complex on its Ser51, and this inhibits all
cap-dependent mRNA translation until ER stress is resolved [25]. ER stress also activates
the transcription factor 6 (ATF6). This stress sensor migrates laterally in the membrane
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towards the Golgi apparatus [25]. It then undergoes an intramembranous cleavage [29] in
which the cytosol-facing N-terminal fragment becomes a transcription factor (ATF6[N]). Its
nuclear transcription program includes activation of the BiP and the X-Box protein 1 (XBP1)
genes and ER stress-associated degradation (ERAD) factors that remove misfolded proteins
from the ER for degradation at the proteasome [30]. Old astrocyte-specifically induced
substance (OASIS) is cleaved similarly to ATF6 and is synergistic with it [31]. Inositol-
requiring enzyme 1 (IREla) dimerizes or oligomerizes and becomes phosphorylated in
response to ER stress to uncover an RNA endonuclease at its cytosolic face that excises
26 nucleotides of the XBP1 mRNA [25]. This unconventional mRNA splicing translates
into the spliced XBP1 variant (XBPs), which acts as a transcription factor activating the
expression of the BiP gene [29,30,32]. These are the major components of the UPR cycle
of protein overload that activate the ER stress sensors. The stress-induced expression
of ER chaperones controls the folding of proteins and removes misfolded proteins from
the ER until the next ER stress cycle. In case of failure to clear misfolded proteins from
the ER, the activated PERK (p-PERK) and its phosphorylated substrate (p-elF2a) increase
chronically to stimulate the activated transcription factor 4 (ATF4) expression [33]. The
C/EBP homolog protein (CHOP) activation by ATF4 inhibits the expression of cell survival
proteins; therefore, CHOP promotes the expression of cell death proteins (Figure 1). Thus,
chronic UPR failure may cause apoptosis of brain glia and astroglia on which neuron energy
metabolism depends [34-36]. An interesting question is how peripheral immunocytes react
to the two divergent targets, AD versus NMIBC pre- and post-BCG therapy. Here, we focus
mainly on AD. The brain is infiltrated by immunocytes, which may contribute to dementia
during aging [37-39]. We hypothesize that PBMCs with enhanced UPR induced by BCG
can replace pre-BCG brain-infiltrating immunocytes and, in this way, protect against AD.
The accumulation of neutrophils in the urine of NMIBC patients treated with BCG, as
described above, may reflect granulopoiesis whose results should be detectable in the
PBMCs. The task of proving this hypothesis is formidable; we thus undertook a simple
pilot study to reveal the impact of BCG intravesical instillations on the UPR in PBMCs.
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ol p ser724 !
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Figure 1. The response of ER stress of three ER membrane resident stress sensors and downstream
responses. The designation of p-PERK, p-elF2a, and CHOP as proapoptotic relates to prolonged
ER stress.

2. Materials and Methods

2.1. Treatment Protocol

Patients with high-grade NMIBC were considered candidates for BCG therapy by
six weekly intravesical instillations of OncoTICE BCG (Merck, Kirkland, QC, Canada) in
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50 cubic centimeters (cc) of normal saline (0.9% NaCl), following peripheral blood sampling
for PBMC isolation. For age, gender, and time of blood sampling post-BCG therapy, see
Table 1. This study was approved by the committee on research involving human subjects
of the Hadassah Hebrew University Hospital (application 0798-21 HMO, 3rd year extension
up to 27 February 2025). All patients provided informed consent.

Table 1. NMIBC patients treated with intravesical BCG instillations and their pre- and post-BCG
PBMC samples.

Patient Number

1 2 3 4 5 6

Gender Male Male Male Male Male Female
Age of pre-BCG sample donation 58 57 64 47 61 82
Age of bladder exposed to BCG 58 57 64 47 61 82
Age qf post-BCG PBMC sample 60 60 66 50 65 86
donation
Months from the start of BCG exposure
to the PBMC sample donation 24 2 28 36 >0 2
Diagnostic information Heavy  Heavy Heavy Seasonal  Arthritis Crohn’s

& smoker smoker smoker allergy reactive to BCG  disease

2.2. Peripheral Blood Mononuclear Cell Sampling

Before and after intravesical BCG instillation, venous blood was drawn and separated
on Ficoll Histopaque-10771 (Sigma, Rehovot, Israel); centrifuged at 1200x g for 30 min.
PBMC:s at the interphase with dilute upper-phase plasma were aspirated, washed in RPMI-
1640 (R8758, Sigma), suspended in cold DMSO (D2438, Sigma), and 20% cold fetal calf
serum (FCS) (F9665, Sigma) and gradually frozen to —170 °C, to be kept in liquid nitrogen
until further use.

2.3. Thawing of Peripheral Blood Mononuclear Cells and Protein Extraction

PBMCs in frozen vials were rapidly thawed in a water bath at room temperature until
the frozen suspension reached 0 °C. Cells were diluted in 20 volumes of RPMI, spun for
10 min, 300x g at 4 °C, and washed twice in cold plain Dulbecco’s phosphate-buffered
saline (D8537, Sigma) to remove all cryopreservation solution and FCS traces. The cell
pellets were suspended in a 0.2 mL ice-cold Bicine/CHAPS detergent lysis buffer kit
containing inhibitors of proteases and phosphatases (CBS403, ProteinSimple, San Jose,
CA, USA) designed to minimize nuclear lysis. The cell suspension was incubated on ice
for 30 min and spun for 30 min at 10,000 x g at 4 °C. Protein supernatants were frozen at
—20 °C until further use.

2.4. Preparation of Immune-Electrophoresis Samples

Samples were prepared using a separation module kit for a molecular weight range
of 12-230 kDa MW for a 25-capillary cartridge (SM-W004) compatible with an Abby
instrument (see ProteinSimple website for the Abby instrument). A master-mix solution
was prepared according to the producer’s instructions using a standard pack from the kit
that provides dithiothreitol, a proprietary master mix compound, and a 5x concentrated
sample buffer. The ready-to-use master mix was prepared such that for one capillary, a
0.6 pL master mix was added to 2.4 pL of protein solution (total volume/sample =3 pL,
with 0.8 ug protein), boiled at 95 °C for 5 min and loaded on a producer-designed plate
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in a row of 24 wells for the samples, and 1 well for the supplied biotinylated molecular
weight ladder. The kit’s detection module (mostly anti-rabbit DM-001) contained the
secondary antibody horse radish peroxidase (HRP) conjugate, the antibody diluent, which
also serves as a blocking buffer, luminol, and hydrogen peroxide. The rest of the separation
module of the kit contains a wash buffer, plates, and capillary cartridges. We also used a
total-protein detection module (DM-TP01) in a Re-Plex format, in which, after the regular
immune electrophoresis, the antibodies underwent in-capillary stripping and a catalytic
reagent biotinylated the total in-capillary proteins detected by streptavidin. The primary
antibodies were purchased separately from other suppliers. From the plate loading onto
the instrument to the end of the procedure, all the described electrophoretic and catalytic
steps were automatically performed and computer-recorded in run files, without human
intervention. The run protocol included the following steps: a separation time of 25 min,
375V, primary and secondary antibodies 30 min each and detection time of 30 min.

2.5. Antibodies

Anti-PERK rabbit monoclonal antibodies (R-mAb) from Cell Signaling Technology
(CST) (Danvers, MA, USA), catalog number (#) 3192, included anti-phospho-PERK pThr980
R-mAb CST #3179, anti-IREla R-mAb CST #3294, anti-phospho-IRE1a p-5724 R-polyclonal
Ab Novus Biologicals (NB) (Centennial, CO, USA) #NB100-2323, anti-BiP R-mAb CST #3177,
anti-glyceraldehyde phosphate dehydrogenase (GAPDH) R-mAb XP CST #5174, anti elF2a
mouse-mAb CST #2103, anti-phospho-elF2a Ser51 R-mAb CST #9721, anti ATF6 rabbit
polyclonal Ab NB #NBP1-75478, anti-XBP1 R-polyclonal Ab NB #NBP1-77681, in addition
to anti-OASIS R-polyclonal Ab NBP1-31017 NB, anti-GADD153/CHOP R-polyclonal Ab
NBP2-13172 NB, anti-Bcl-2 mouse mAb #15071 CST, and anti-Bcl-2A1 mouse mAb NB100-
58070 NB. Antibodies were diluted 1:100 in the diluent solution provided in the detection
module of the electrophoresis kit (ProteinSimple).

2.6. Analysis of the Results

The Abby instrument provided results by presenting protein curve peaks (detected
by antibodies), and the quantities of proteins under the curves were recorded in the run
files. The arbitrary numbers of the relevant antigen sizes were copied from the original run
files of the instrument and presented in the Supplementary Section (Table S1). The relevant
protein peaks were expressed as arbitrary unit numbers per total protein values obtained
by a designated kit for in-capillary protein quantitation (DM-TP01, ProteinSimple). The
values of the total protein along each capillary were recorded by the instrument and were
copied into an Excel file, to which the antigen density of peaks from respective capillaries
is related.

2.7. Presentation of the Results

The arbitrary antigen densities are mostly presented as a fraction of the total protein
density, obtained in arbitrary numbers of chemiluminescence, as detected by the Abby
instrument. These relative antigen (signaling protein) densities are presented per patient,
as pre- versus post-BCG treatment values. The illustration is either by comparative bar
graphs or linear or other regression in which the regression lines contain pre-BCG results
in blue versus post-BCG results in red. The correlation coefficients of each regression are
provided using PowerPoint software, and their statistical significance is computed via the
statistical package for the social sciences. The regression lines express the relation between
enzymes on the x-axis and expected responding protein substrates on the y-axis. On top
of some regression lines, the effect of the BCG-reinforced vaccine course is overlaid by an
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arrow pointing up or downwards for the substrate (y-axis) or the responding protein, and
horizontally for the enzyme or activation protein (x-axis). Each pair of arrows represents
a respective patient number. A summary table of positive or negative effects of BCG is
presented separately for all detected antigens. A positive (+) or negative (—) score is added
as a quantitative evaluation that indicates the potential survival or apoptotic direction of
each patient’s total UPR. The scores (total %changes) of each patient are recorded in the
bottom rows.

2.8. Calculation of the Score

For each UPR protein factor per patient, the pre-BCG value is subtracted from the
post-BCG value; thus, if BCG increases or decreases the protein/total protein ratio, the
result is positive (gain) or negative (loss) of expression, respectively. The expression gain is
presented as the percentage gain incurred in the post-BCG results, and the loss is expressed
as the percentage of the loss incurred in the pre-BCG result. Phosphorylation of PERK
and elF2a leads to CHOP expression, which stimulates cell death-inducing protein genes.
Therefore, p-PERK, p-elF2a, and CHOP are proapoptotic because if their phosphorylation
persists, the cell will undergo apoptosis. The total proapoptotic effect by the tested UPR
proteins is the sum of these three results. If one of these showed a negative proapoptotic
value, it is considered a reduction in the proapoptotic effect and subtracted from the positive
proapoptotic total. The opposite practice is considered for the rest of the nine antiapoptotic
effects of the UPR and cell survival proteins. A third scoring value is a balance between pro-
and antiapoptotic scores. The calculations are presented in the Supplementary Material
Section (Table S2).

3. Results
3.1. Presentation of the BCG Impact on the UPR

BCG-induced changes for each UPR signaling protein are illustrated separately for
patients in a horizontal row (Table 2). A scheme of the UPR landscape is presented in
Figure 1.

Table 2. Percent change of UPR signaling proteins in PBMCs before and after BCG bladder instillations.

Line UPR Signals Patients Number

No. 1 2 3 4 5 6
1 p-elF2a —61.1 —78.9 —83.3 —93.8 —8.66 -3.1 Pro-apoptotic
2 p-PERK 93.5 —89.86 -32.97 —61.9 23.59 -91.3 Pro-apoptotic
3 CHOP 58.3 62.3 64.4 93.96 81.6 12.86 Pro-apoptotic
4 BCL2 63 27.9 69.77 94.6 —96.87 —21.2  Anti-apoptotic
5 BCL2A1 58.3 -74 —58.7 59.4 18.8 —88.2  Anti-apoptotic
6 p-IREla 65.9 —50 84.6 99.99 58 —81.7 Anti-apoptotic
7 XBP1s 82 99.99 98.3 77.5 93 99.9 Anti-apoptotic
8 ATF6 —96.6 -98.4 —97.6 —80.6 51.3 —98.16  Anti-apoptotic
9 ATF6(N) 70.5 99.99 70.5 —135 —61 —65.5  Anti-apoptotic
10 OASIS 17.7 91.6 70.2 99 9.4 —50.3  Anti-apoptotic
11 BiP 20 36 —6.9 88 3.3 —49 Anti-apoptotic
12 GAPDH 59 93 27.3 94 56 95.8 Anti-apoptotic
13 Sum of lines 1-3 90.7 —106.46 ~ —51.87 —61.74 96.53 —81.54 Pro-apoptotic
14 Sum of lines 4-12 286.7 226.48 257.47 518.89 131.93 —258.06  Anti-apoptotic
15 ~Dbalancebetweenproand g5 33594 30934 58013 354 17682 Balance

anti-apoptotic effects.

28



Curr. Issues Mol. Biol. 2025, 47, 392

To deal with patient heterogeneity, BCG-induced changes for each UPR protein are
expressed by a numbered value in Table 2.

3.2. PERK Response to Endoplasmic Reticulum Stress After Bacillus Calmette-Guérin Treatment

Figure 2A shows a high ratio of activated PERK (p-PERK, Thr980) relative to the
total PERK before BCG treatment in patients 1, 2, and 4. BCG treatment has drastically
decreased the p-PERK/PERK ratio due to increased denominator (total PERK, Table S1).
When total PERK is replaced by total protein as the denominator (p-PERK/total protein,
Figure 2B), BCG treatment increases the total protein-normalized p-PERK in patients 1, 2, 3,
5, and 6 compared to the respective untreated PBMC samples. The total elF2a, an alpha
component of the elF2 translation factor complex, shows an inactivating phosphorylation
of p-elF2a relative to total elF2a in untreated patients 2, 3, 4, and 6 (Figure 2A). When
p-elF2a is related to total protein, instead of total elF2a protein levels, there is a higher
abundance of inactivated elF2a (p-elF2a/total protein) in samples of BCG-treated patients
2, 3,4, 5, and 6 (Figure 2B). These results indicate that BCG increases the total protein,
but it increases p-PERK and p-elF2a abundance more than the respective protein relative
to most untreated patient samples (Table S1). Mean PERK is activated by BCG (to p-
PERK), although insignificantly. Nevertheless, BCG significantly inactivates the PERK
substrate p-elF2a.
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Figure 2. Inactivated elF2a protein (p-elF2a) abundance versus its activated kinase p-PERK abundance.
Pre-BCG p-PERK (x-axis) is plotted against its responsive substrate pre-BCG p-elF2a (y-axis, blue dots),
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each relative to its total pre-BCG abundance (A). The same relation is depicted for each patient post-
BCG treatment in red. (A) Note the drastic reduction in the post-BCG ratios and the restriction to the
lower left corner. For patients 3 and 5, the red asterisk denotes a slight increase in p-PERK expression;
the mean p-PERK activity pre-BCG is 9.9139 and post-BCG is 0.218 (p = 0.094, n = 6) according to
the T-test. The parallel pre-BCG expression of the inactive p-elF2a form is 5.042 and becomes 0.4437
post-BCG (p = 0.038, n = 6) by T-test. (B) p-PERK and p-elF2a are related to the total cell protein for
each patient pre- versus post-BCG treatment. The mean p-PERK/total protein ratio is 0.4107 pre and
0.6383 post-BCG (p = 0.459, n = 6) by T-test. In parallel, the pre-BCG mean p-elF2a/total protein level
is 0.0075 (high activity) versus 0.0213 post-BCG, demonstrating lower activity relative to the reduced
protein translation (p = 0.019, n = 6) according to the T-test. Exceptional results shown by the blue
and red asterisks indicate heterogeneity in patient response. See Table S1 for data.

3.3. CHOP and BCL2 Expression After Bacillus Calmette—Guérin Treatment

The CHOP, Bcl2A1, and Bcl2 response to BCG treatment is shown in Figure 3. The
A1l variant of the cell survival protein Bcl2 shows a limited response to BCG (Figure 3A).
Canonical Bcl2 responded positively to BCG at a variable range in patients 1, 2, 3, and 4,
and decreased in patients 5 and 6. The response of CHOP to BCG showed a variable range,
increasing in all patients as seen in Figure 3A,B. Thus, in patients 1, 2, 3, and 4, Bcl2 poses
a counteracting challenge to the potential cell death inducer CHOP. CHOP expression is
an event downstream of the activation of PERK (p-PERK) and inactivation of its substrate
elF2a (p-elF2a).
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Figure 3. The impact of BCG on Bcl2A1 and Bcl2 cell survival proteins in parallel to the proapoptotic
transcription factor CHOP. In all the patients, the CHOP/total protein abundance ratio increased
by treatment with BCG (y-axis red versus blue dots (and red dashed arrows) panels A and B). The
range of Bcl2A1 changes (x-axis, A) is small, except for patient 6. The range of Bcl2 changes is much
more pronounced (B) than seen for BcI2A1 (A). The mean activity of CHOP relative to total protein is
0.14796 pre- and 0.33726 post-BCG, which is significant (p = 0.0022, n = 6) according to a paired T-test.
The mean Bcl2 activity is 0.08712 pre- and 0.15426 post-BCG, insignificant according to a T-test (p
= 0.315, n = 6) as patients 5 and 6 have lost activity. By T-test, Bcl2A1 showed insignificant mean
activity after BCG therapy (p = 0.342, n = 6).

3.4. The Response of IRE1a and Its XBP1 Substrate to Bacillus Calmette-Guérin

Phosphorylation of the ER stress sensor IRE1a is activated by ER stress to yield p-
IRE1a (Figure 4A,B), which is followed by its downstream splicing effect on unspliced
XBP1 (XBP1u) mRNA to obtain the spliced translation product XBP1s (Figure 4C). The low
abundance of IREla corrected by total protein is congruent with the low abundance of
p-IREla in patients 1, 3, 5, and 6 before BCG treatment, and so is the high abundance of
IRE1a in patient 2. For patient 4 pre-BCG treatment, their low abundance resulted in a high
activated p-IREla/total protein abundance ratio, lowering the correlation coefficient versus
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the BCG-treated patients, where r = 0.7575, p = 0.0405, versus r = 0.9357 and p = 0.003,
respectively. Of note, the pre-BCG total p-PERK abundance was higher than that of post-
BCG in patient 4 when normalized to total protein (Figure 2B), inversely to the IREla in
which a relatively low total protein denominator leads to high p-IRE1a value on the y-axis
(Figure 2A, see Discussion for a possible mechanism). The levels of IREla conversion to
p-IREla at absolute abundance (Figure 4B) were roughly congruent in all patients for both
the pre- and post-BCG treated groups (r = 0.8363, p = 0.019 and r = 0.8173, p = 0.023). The
ratios of IREla to p-IREla conversion were similar, but the quantities were higher after
BCG treatment for patients 1, 3, 4, 5, and 6. For patient 2, they were equal (Figure 4B). The
mean pre-BCG was 0.1749 pre- and 0.6136 post-BCG (p = 0.016, n = 6). The abundance
of XBP1s normalized to total protein has increased in patients 1, 2, 3, and 4 after BCG
treatment, which was congruent with the levels of p-IREla only for patients 1, 3, and 5,
while the increase in patients 2 and 4 was much less than expected from the high levels of
the pre-BCG p-IREla (Figure 4C).
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Figure 4. BCG activation of stress response via the IRE1la stress sensor. The abundance of IREla
for six BCG-treated patients on the x-axis matched the resulting p-IREla depicted on the y-axis.
P-IREla in patients 2 and 4 is downregulated (A). (B) Pre- and post-BCG dot scatter plots represent
absolute values of p-IREla abundance (y-axis) matched with those of IREla abundance (x-axis).
(C) The spliced XBP1 protein (XBP1s/total protein abundance ratio) on the y-axis is matched with
p-IREla/total protein on the x-axis. The mean IREla/total protein pre-BCG increased significantly
from 0.124 to 0.3099 post-BCG (p = 0.043, n = 6) according to the T-test, both on the x-axis (A). The
mean p-IREla/total protein abundance ratio pre-BCG increased insignificantly from 0.492 pre-BCG
to 0.575 post-BCG (p = 0.35, n = 6), both on the y-axis, (A). Responding to p-IRE1a, the XBP1/total
protein mean value grew significantly from 0.00657 pre-BCG to 0.07435 post-BCG (p = 0.03445,n = 6,
panel C) according to the T-test. Dashed lines indicate by color the regression lines.
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3.5. The Impact of Bacillus Calmette-Guérin on BiP Expression in Response to Endoplasmic
Reticulum Stress-Induced Transcription Factors

Figure 5 shows the pre- versus post-BCG levels of ATF6(N), XBP1s, and OASIS
matched with levels of the BiP protein expression in response to these transcription factors.
The pre-BCG abundance of ATF6(N) is substantially higher than that of XBP1s in patients
2,3,4,5,and 6 by >10, >26, >21, >14, >2000 fold, respectively, and in patient 1, it is only
>1.3 fold higher than the XBP1s. The pre-BCG abundance of OASIS was higher than that of
XBP1s in patients 1, 2, 3, 5, and 6 by >6, >4800, >19, >5, and >2300 fold, respectively. Patient
4 was an exception in which OASIS abundance was 0.1 of that of XBP1s. These results are
consistent with the delayed XBP1 protein expression compared with the faster expression
of ATF6(N) [30], which is synergistic with OASIS. In all patients post-BCG treatment, XBP1
abundance was higher than that of the pre-BCG samples. The ATF6(N) abundance was
reduced in patients 4, 5, and 6 and increased in 1, 2, and 3 after BCG treatment, indicating a
BCG mitigating effect on ATF6(IN). The abundance of OASIS increased after BCG treatment
in all patients.

Expression of GAPDH, a representative enzyme of the glycolytic pathway, was vari-
ably upregulated in PBMCs of all patients by BCG therapy (Figure 6). This is consistent with
converting anaerobic glycolysis to aerobic glycolysis by BCG, part of the innate immune
training [40,41], and the metabolic change in activated adaptive immune cells [42]. GAPDH
increased in PBMCs in response to intravesical BCG instillations. GAPDH, important for
the glycolytic pathway, was elevated by BCG treatment in all patients. The variability of its
increase reflects the heterogeneity between patients in converting from anaerobic to aerobic
glycolysis in PBMCs.
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Figure 5. The effect of BCG on UPR transcription factor activation responding to ER stress sensors.
BiP (y-axis) transcription target abundance plotted in comparison to that of ATF6(N) (A), XBP1s (B),
and OASIS (C) (x-axis). Note the very low levels of pre-BCG XBP1s compared to ATF6(N). The mean
ATF6(N)/total protein levels pre-BCG grew only slightly and insignificantly from 0.0917 to 0.0953
post-BCG (p = 0.46, n = 6, panel A) according to the T-test; only patients 1, 2, and 3 contributed to its
growth. The mean BiP/total protein abundance ratio grew minimally from 0.0699 pre-BCG to 0.0794
post-BCG (by T-test, p = 0.343, n = 6, y-axis in panels A-C); only patients 1, 2, and 5 contributed to its
growth. The mean OASIS/total protein grew significantly from 0.0353 pre-BCG to 0.0923 post-BCG
(by T-test, p = 0.012, n = 6, x-axis panel C).
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Figure 6. GAPDH levels increase in PBMCs in response to intravesical BCG instillations. GAPDH
expression was elevated by BCG treatment in all patients. The mean GAPDH/total protein abundance
ratio grew significantly from 0.04854 pre-BCG to 0.11238 post-BCG (p = 0.0061, n = 6, by T-test).
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3.6. Combining the Bacillus Calmette—Guérin Apoptotic and Antiapoptotic Effects

The BCG antiapoptotic effect is a combination of %gain/loss of p-elF2a, p-PERK, and
CHOP depicted in Table 2, in which p-elF2a is related to total e[F2a and p-PERK to total
PERK as shown in Figure 2A and not when related to total protein (Figure 2B). Figure 7A
shows that the antiapoptotic effect of BCG (combining the rest of UPR proteins in Table 2,
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line 14, related to the time elapsed from the start of BCG treatment shown in Table 1)

decreases with age and stays above the y-axis O-line until the 8th decade and falls below
it for one patient in the 9th decade. In contrast, the proapoptotic line stays stable as a flat
line close to the 0 line. Figure 7B shows the effect of BCG on the anti- and proapoptotic
scores as a measure of time elapsed from the post-BCG harvest of PBMCs, along the x-axis

of the short time scale (month intervals in Figure 7B versus age in years in Figure 7A).

The time-dependent impact of BCG on the antiapoptotic effect is reminiscent of the time

required for BCG to convert anaerobic to aerobic glycolysis in type 1 diabetics [41]. Yet,

for the oldest patient (86 years old), 52 months of BCG treatment were insufficient to raise
the BCG-induced antiapoptotic effect above the y-axis 0 line. These results may indicate
that the younger the patient, the higher the BCG-induced antiapoptotic score, as its level
requires about 3 years to show the full BCG impact. Unlike in Table 2, the p-PERK and
p-elF2a abundances are expressed per total protein, in Table 3. This brings the proapoptotic
curve (Figure 8A) to a higher level about the y-axis than in Figure 7A while maintaining
its flatness as in Figure 7A. These results indicate that in the present experiment, the
proapoptotic potential with BCG treatment does not change with advancing age as the

antiapoptotic score does.

Table 3. Percent change of UPR signaling proteins/total protein abundance ratio in PBMCs before

versus after BCG bladder instillations.

Patients Number

UPR Signals
No. 1 2 3 4 5 6
1 p-elF2a -3 52 86.5 76.6 32 80.6 Pro-apoptotic
2 p-PERK 947 9999 9498 547  99.99 434  Pro-apoptotic
3 CHOP 58.3 62.3 64.4 93.96 81.6 12.86 Pro-apoptotic
4 BCL2 63 279 6977 946  —9687 212  Anti-apoptotic
5 BCL2A1 583  —74 587 594 18.8 —882  Anti-apoptotic
6 p-IREla 659 50 846  99.99 58 —81.7  Anti-apoptotic
7 XBP1s 82 9999 983 77.5 93 999  Anti-apoptotic
8 ATF6 ~966 -984  —976 806 513  -9816  Anti-apoptotic
9 ATF6(N) 705 9999 705  —135 6l —655  Anti-apoptotic
10 OASIS 177 916 70.2 99 9.4 ~503  Anti-apoptotic
11 BiP 20 36 —6.9 88 3.3 —49  Anti-apoptotic
12 GAPDH 5.9 93 273 94 56 958  Anti-apoptotic
13 Sum of lines 1-3 150 21429 24588 11559 18159 13686  Pro-apoptotic
14 Sum of lines 4-12 2867 22648 25747 51889 13193  —258.06 Anti-apoptotic
15~ Dalancebetweenpro-and 507 1539 1159 40303 4966 39492 Balance

anti-apoptotic effects.
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Figure 7. UPR signaling scores of BCG-induced percent changes versus patient age and months
post-BCG treatment (Table 1). (A) The effect of age on the scores post-BCG treatment (from Table 2)
resulting from the sum of percent changes of pro- versus antiapoptotic UPR signals and the balance
between them (antiapoptotic r = —0.9296, proapoptotic r = 0.03162, for the balance between them
r = —0.9202). The proapoptotic scores result from p-PERK and p-elF2a related to total PERK and elF2a,
respectively. The difference between pro- and antiapoptotic correlations and between the balance and
the proapoptotic correlation, according to Fisher’s r-to-z transformation test, is significant (p = 0.0388
and p = 0.0400, respectively). (B) The effect of time elapsed from BCG treatment (Table 1) to signaling
score differences in PBMCs (Table 2) shows differences between the proapoptotic versus antiapoptotic
values, with the best fit being a binomial correlation (proapoptotic r = —0.4719 versus antiapoptotic
r = 0.8779, correlation difference p = 0.0213). The difference in apoptotic regression (r = —0.4719) from
the regression of balance (r = 0.9806) is significant (p = 0.0005) in Fisher’s transformation. Dashed red,
gray, and blue lines denote proapoptotic, antiapoptotic, and the balance between them, respectively.
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Figure 8. UPR signaling scores of BCG-induced percent changes versus patient age and months
post-BCG treatment (Table 1). (A) Age post-BCG treatment effect on the scores taken from Table 3, in
which the UPR proapoptotic signals are expressed as abundance relative to total cell protein. Note
the elevation of the linear proapoptotic scores is still almost parallel to the x-axis, indicating that
the proapoptotic scores are not affected by age or time post-BCG treatments. (B) The effect of the
time interval between BCG therapy and the post-BCG treatment antiapoptotic scores. Note that the
longer the interval, the higher the antiapoptotic scores of patients 1, 2, 3, and 4. The proapoptotic
scores are less affected by the elapsed time. The antiapoptotic best fit regression is binomial, and the
proapoptotic regression is linear. Dashed red, gray, and blue lines denote proapoptotic, antiapoptotic,
and the balance between them, respectively.

4. Discussion

The rationale for examining the impact of BCG on the signaling cascade of UPR, which
responds to ER stress, is that we found that extensive exposure to BCG via intravesical
treatment lowered the incidence of AD compared to alternative therapies for the same
diagnosis [9]. NMIBC is the only diagnosis where patients undergo such a course of
BCG, and their PBMCs may be repurposed for analysis of the UPR concerning AD. PBMC
analysis has merit because peripheral immunocytes are present in the brain [37,38] and

36



Curr. Issues Mol. Biol. 2025, 47, 392

may support the protection of the aging brain [43,44], separately from their involvement
in NMIBC therapy. ER stress, and consequently the UPR activation, is an early event
in AD [17,45]. Therapeutic clearance of beta-amyloid aggregates with no benefit to the
patients [18-20] indicates dysfunction in the UPR cascade or even more upstream, in
the PBMC:s or brain cells. The fact that numerous publications implicate the UPR in AD
pathology [15-17,21,26,27,45-49] is compelling, and the fact that BCG reduces AD incidence
in NMIBC makes it obvious that PBMCs should be analyzed for BCG impact on the UPR.
The fate of the donors of pre- and post-BCG PBMCs to develop AD is not known, and yet
the BCG impact on PBMCs is important as these immunocytes potentially support brain
wellness if and when needed [43,44].

Patients suffering from NMIBC may benefit from intravesical BCG instillations and
are expected to show variability in their responses corresponding to the variability of
their immunogenetic gestalt, age, health factors (Table 1), and other factors that we still
cannot predict. Therefore, we have compared PBMC features of ER stress response to
BCG on a longitudinal basis to remove part of the individual variability from the analysis
of the results. Another factor responsible for the heterogeneity of the NMIBC patients is
the reported correlation of the tumor cells and their infiltrated immunocytes to express
checkpoint ligands (PD-L1) of their receptor (PD-1), which raises the chance of the anti-
tumor immunological therapy [50,51]. BCG has upregulated PD-L1 expression in PBMCs
of melanoma patients, which raises the question of what kind of therapeutic effect PD-L1
expression in PBMCs has versus bladder tumors and versus brain cells in preventing
AD, which must be investigated in the future. It should be stressed that the recruitment
of controls of individuals not diagnosed as NMIBC receiving the same BCG treatment
is unachievable.

PERK protein is one of the ER membrane resident stress sensors; PERK becomes
p-PERK upon its activation, which converts its cytosol-facing domain into a protein kinase
that specifically targets Ser51 of the alpha component (elF2a) of the translation factor 2
into p-elF2a [24,28]. The p-PERK and p-elF2a in PBMCs of pre-BCG patients were highly
abundant when expressed per total (deficient levels) PERK and elF2a denominators, re-
spectively (Figure 2A). In contrast, BCG treatment pushed the ratios (p-PERK/PERK and
p-elF2a/elF2a) down and shifted them to the left by strongly increasing total PERK and
elF2a. A possible reason is that PERK and elF2a mRNAs may translate cap-independently
(which has not been shown yet in the literature). The cap-independent translation enables
mRNAs to use IRES instead of the cap, which has been best studied in yeast [52,53]. The
high total PERK and elF2a is consistent with their IRES-dependent translation, ignoring the
p-elF2a-imposed limitation on cap-dependent translation, which is expected to affect the
majority of cap-dependent cellular mRNA translations. Both p-PERK and p-elF2a deter-
mine the rate of cellular protein synthesis, and their expression should not be normalized
by total cellular protein to avoid the erroneous picture seen in Figure 2B versus Figure 2A.
Instead, both p-PERK and p-elF2a should be normalized by PERK and elF2a, respectively,
as normalization by total protein levels, which they determine, posits them in a “conflict
of function”, so to speak. Activated p-PERK that increases p-elF2a may cause increased
expression of ATF4 that leads to increased CHOP expression [54], a dominant-negative
competitor against CREB transcription factors, and thus may upregulate the expression of
proapoptotic proteins [33,54,55]. BCG treatment increases Bcl2 expression, a cell survival
protein [56,57], pari passu with the increased CHOP as preemptive antiapoptotic protec-
tion (Figure 3B, Table S2). Interestingly, Bcl2A1 was much lower than the canonical Bcl2
(Figure 3A), which was the opposite of the case in BCG-vaccinated melanoma patients [58].
This might be ascribed to several differences in BCG strains and administration modes. In
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the melanoma patients, the BCG strain obtained from the Danish Statens Serum Institute
was injected intradermally, and the time interval between pre-BCG and post-BCG sam-
pling was only 4 months. Contrarily, for the NMIBC patients, the Tice strain was used,
the exposure was via the bladder, and the interval between pre- and post-BCG sampling
was up to several years. The total IREla (Figure 4B pre-BCG) is almost zero in patient 4
because most of it is phosphorylated (activated by stress), while in patient 2 (also under
ER stress), there is sufficient IREla and therefore also more p-IREla than in patient 4.
After BCG treatment, IREla increases in both patients by a similar ratio, and so does the
increase in p-IREla. Figure 4A (pre-BCG) shows the same dot scatter (for patients 4 and
2) as in Figure 4B, only that here the figures are related to the total protein. This leaves
the IREla/total protein abundance ratio in a similar relative position for patients 4 and 2;
patient 2 is related to less total protein than patient 4, which spans the distance between
them but less so on the y-axis. In the post-BCG state, patient 2 has gained total protein,
and patient 4 lost total protein, such that, versus IREla/total protein (x-axis, Figure 4A),
they fall between the pre-BCG state, as if BCG mitigates them. They also lose height versus
the p-IREla/total protein abundance ratio (y-axis, Figure 4A), which relates them to the
increased total protein denominator. In Figure 4C, the post-BCG p-IRE1a values of patients
4 and 2 (red dots) are depicted on the x-axis to the left (reduced abundance ratio), versus
the pre-BCG of patients 2 and 4, outlined by blue dots. BCG increased the activated stress
sensor p-IREla (although it virtually decreased it relative to a higher normalizing total
protein). P-IREla activated the XBP1 transcription factor, whose increase can be seen on
the y-axis (Figure 4C) in response to the post-BCG p-IRE1a of patients 2 and 4 and also
patients 1, 3, and 5. This is consistent with the ability of BCG to activate XBP1 splicing via
p-IRE1la, which elicits part of the UPR protein recruitment [54] and helps clear misfolded
proteins in PBMCs. XBP1s, in turn, increased BiP expression (Figure 5B) in patients 2 and 4.
Interestingly, patient 4 had a full 3 years to express the BCG impact, followed by patient 2,
with 2.5 years to express the BCG impact on the anti-apoptotic score (Figures 7B and 8B).
ATF6(N) and its cooperating protein OASIS act as transcription factors shortly after
their stress-sensing precursors undergo intramembranous cleavage [54], whereas XBP1 has
to first undergo splicing into XBP1s at the mRNA stage by the stress sensor p-IREla on the
XBP1u (unspliced) mRNA, before being translated. This was shown to cause a delay in
XBP1s versus ATF6(N) protein expression [54] and may partially explain the low abundance
of XBP1s versus ATF6(N) and OASIS, comparing Figure 4B to Figure 4A,C. In patients 1, 2,
and 3, ATF6 (the precursor of ATF6(N) is maximally cleaved/consumed for the generation
of the UPR proteins important for the clearance of misfolded and aggregated ER proteins.
This could occur in association with heavy smoking by patients 1, 2, and 3 (Table 1). Heavy
smoking causes oxidative stress in lung tissue that causes ER stress and activation of the
UPR [59]. The results show that PBMCs may also react to smoking by increasing the
UPR, including ATF6 precursor expression and consumption by its conversion to ATE6(N).
Contrarily, in patients 4, 5, and 6 (not recorded as heavy smokers), the ATF6 cleavage is
only partial; this results in lower survival odds for the PBMCs of these patients and requires
a compensatory activity for lower ATF6(IN) expression. There is potential evidence of this
compensatory activity in patient 4 (compare line 10 to line 9 of patient 4 in Table 2).
GAPDH upregulation by BCG, other than being part of the characteristics of innate
immunity against bladder cancer, might reflect the expedited glycolytic pathway [40,60]
for the benefit of brain tissue. If the hypothesis that BCG-induced PBMC aerobic glycolysis
means that it may sustain astroglia, then more of the lactate end product could perhaps
boost the ability of neurons to maintain their oxidative phosphorylation [61]. The missing
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part is the documentation of PBMCs approaching the brain from the periphery, enacting
the transfer, or instructing glia to transfer lactate to neurons.

The response diversity of patients to BCG treatment is reflected in the diverse re-
sponses of the UPR proteins. One of the contributing factors to this heterogeneity seems to
be the patient age during BCG therapy, their health status, and also environmental effects
such as smoking. The relationship between the UPR and the patient age is observed by
matching it with the score summary of UPR proteins that reflect expected cell survival
(antiapoptotic) effects separated from potential cell death (proapoptotic) effects. Based
on the results of Figures 7A and 84, it can be hypothesized that the benefit of BCG for
resolving ER stress is maintained up to the 7th decade. This is consistent with diminishing
cognition test scores with advancing age in NMIBC patients on the one hand and corrected
cognition scores by BCG on the other hand [62]. The time it takes for adults to complete the
full BCG treatment course (induction and maintenance) is 3 years (36 months, Figure 7B)
from the treatment course, which is consistent with the peak response of GAPDH reinforced
by BiP, OASIS, p-IRE1la, and Bcl2 in patient 4 (Table 2). BCG-induced activation of the
glycolytic enzyme GAPDH may relate to the conversion of anaerobic to aerobic glycolysis
demonstrated in type 1 diabetic patients vaccinated with BCG that showed glycemic relief
only 3 years [63,64] after vaccination. The UPR protein expression changes by BCG in
six patients presented here are compelling because retrospective studies show that BCG
protects against AD in NMIBC patients [10,65,66]. Studies of the impact of BCG on the UPR
should be expanded in more patients, including additional proteins commonly diagnostic
for AD and NMIBC, which are the checkpoint receptor and ligand in PBMCs. For AD
specifically, the beta-amyloid and Tau proteins and their response to BCG treatment may
add to the value of BCG therapy. The limitation of this study is the lack of human brain
tissue analysis, which prevented bridging the gap between the peripheral immunocytes
and the changes that occur in the glia and neurons under the effect of BCG therapy.
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Abstract: The purpose of this study was to evaluate the feasibility of using the expression profile of
transforming growth factor beta (TGF-3-1-3) to assess the progression of L/S spine degenerative
disease. The study group consisted of 113 lumbosacral (L/S) intervertebral disc (IVD) degenerative
disease patients from whom IVDs were collected during a microdiscectomy, whereas the control
group consisted of 81 participants from whom IVDs were collected during a forensic autopsy or
organ harvesting. Hematoxylin and eosin staining was performed to exclude degenerative changes in
the IVDs collected from the control group. The molecular analysis consisted of reverse-transcription
real-time quantitative polymerase chain reaction (RT-qPCR), an enzyme-linked immunosorbent assay
(ELISA), Western blotting, and an immunohistochemical analysis (IHC). In degenerated IVDs, we
noted an overexpression of all TGF-$3-1-3 mRNA isoforms with the largest changes observed for
TGF-p3 isoforms (fold change (FC) = 19.52 + 2.87) and the smallest for TGF-32 (FC =2.26 £ 0.16).
Changes in the transcriptional activity of TGF-$-1-3 were statistically significant (p < 0.05). Sig-
nificantly higher concentrations of TGF-1 (2797 £ 132 pg/mL vs. 276 + 19 pg/mL; p < 0.05),
TGF-p2 (1918 £ 176 pg/mL vs. 159 + 17 pg/mL; p < 0.05), and TGF-f3 (2573 + 102 pg/mL vs.
152 + 11 pg/mL) were observed in degenerative IVDs compared with the control samples. De-
termining the concentration profiles of TGF-f1-3 appears to be a promising monitoring tool for
the progression of degenerative disease as well as for evaluating its treatment or developing new
treatment strategies with molecular targets.

Keywords: intervertebral disc; intervertebral disc degeneration; transforming growth factor beta

1. Introduction

Degenerative disease of the intervertebral disc (IVD) of the lumbosacral (L/S) spine is
a common spinal ailment that is affecting increasingly younger people [1-3]. It is estimated
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that 60-90% of the population will experience pain symptoms of the L/S spine as a result
of degenerative disease at least once in their lifetime [1,2].

The IVD is divided into two main parts, the AF and the nucleus pulposus (NP) [4-7].
The determining factor for the occurrence of spinal pain over the course of the degenerative
disease of IVD is the penetration of free nerve endings deep into the annulus fibrosus (AF)
of the IVD from the surrounding environment [8-12]. Repeated damage to the connections
between the vertebral endplates and the IVD leads to a reduction in hydration and the
ability of nutrients to permeate into the IVD, creating conditions for neoinversion [8-12].

From a molecular aspect, in the etiology of the induction and development of pain
complaints resulting from L/S spine IVD degenerative disease, it is indicated that a sig-
nificant role is played by neurotrophic factors, which are primarily secreted by nervous
system cells and immune system cells [13-15].

Among the transforming growth factor beta (TGF-f3) superfamily proteins involved in
the induction and progression of L/S spine IVD degenerative disease are the TGF-f3 family
and the glial-cell-derived neurotrophic factor family [16-19]. Nonetheless, knowledge
regarding the induction and development of degenerative spine disease on the molecular
level, including the role of TGF-f3 superfamily molecules, remains fragmented [20]. Hence,
TGF-f signalization is required for normal development and IVD growth and may be
involved in IVD degeneration [20].

The NP typically exhibits a higher concentration of TGF-f3 due to its role in promoting
extracellular matrix (ECM) production and especially high concentrations of proteoglycans
and collagen type II, which are critical for the NP’s function as a load-bearing, compressive
structure. TGF-f3 signaling in the NP supports matrix synthesis and cell survival, helping
to maintain disc hydration and prevent degeneration. On the other hand, the AF has a
lower concentration of TGF-{3 compared to the NP. This difference is consistent with the
AF’s composition, which is more focused on producing collagen type I for tensile strength
rather than proteoglycans for compression resistance. While TGF-f3 is still involved in ECM
synthesis in the AF, particularly in response to injury or stress, its expression and activity
are less prominent compared to that in the NP [4-7,21,22].

Chen et al. found that TGF-3 expression changes with age and degeneration pro-
gression, though studies in human IVD models have yielded inconclusive results [20].
Nerlich et al. reported elevated TGF-f1 expression in degenerative IVDs with further
studies linking TGF-f1 upregulation to degeneration severity [23-25]. Schroeder et al.
observed decreased TGF-3 in NP tissues but increased expression in AF tissues [26], while
Abbott et al. found lower TbRI expression in severely degenerated NPCs [27]. Tsarouhas
et al. noted no significant differences in TGF-B1 mRNA expression between herniated
and control IVD tissues [28]. Tolonen et al. demonstrated increased TGE-f3 expression in
osteoarthritic IVD samples, underscoring its role in spinal osteoarthritis [29]. Additionally,
studies showed that TGF-{3 concentration rises with the radiological progression of IVD
degeneration [30].

TGF-p1 accounts for over 90% of TGF-f activity and is crucial in various biological
processes, including angiogenesis and ECM regulation in intervertebral disc (IVD) degen-
eration [20]. TGF-31 promotes endothelial cell proliferation and adhesion, contributing
to angiogenesis and inflammation during fibrosis [30,31]. TGF-f31 supports ECM synthe-
sis and reduces apoptosis in early degeneration stages but also drives angiogenesis and
fibrosis as degeneration progresses, particularly through VEGF expression in response to
hypoxia [20,32-35].

Therefore, the aim of this study was to assess changes in the concentration profile
of TGF-$-1-3 mRNA and proteins in degenerated IVDs of the lumbosacral (L/S) spine,
depending on the degree of degeneration.
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2. Materials and Methods
2.1. Ethical Considerations

This study was performed according to the 2013 Declaration of Helsinki guidelines on
human experimentation. Data confidentiality and patient anonymity were maintained at
all times. Patient-identifying information was deleted before the database was analyzed.
Identifying patients individually in this article or in the database is impossible. Informed
consent was obtained from all the patients. Approval from the bioethical committee operat-
ing at the Regional Medical Chamber in Krakow (No. 162/KBL/OIL/2021) was obtained
for this study. The issue of obtaining post-mortem material for research is regulated by
the Act of 1 July 2005, on the collection, storage, and transplantation of cells, tissues, and
organs (Journal of Laws of 2020, Item 2134) [36].

Written informed consent was obtained from all the patients involved in the study,
including consent to publish this paper. Each participant was fully informed of the nature
of the study, and their rights were thoroughly protected throughout the process.

2.2. Study Group

The study group comprised 113 patients (55 women, 49%; 58 men, 51%; mean age of
45.5 £ 1.5 years) diagnosed with IVD disease of the L/S spine, who met the criteria for
microdiscectomy surgery. The diagnosis process involved a comprehensive assessment,
including magnetic resonance imaging (MRI), clinical symptom evaluation, neurological
and physical examinations, and a detailed patient interview. Patients included in the study
had IVD degeneration characterized by prolapse or extrusion and experienced persistent
discogenic pain or symptomatic sciatica that had not improved after at least six weeks of
non-surgical treatment. Due to the lack of symptom relief or worsening of their condition,
these patients were scheduled for surgical intervention. This selection ensured that the
study group represented individuals with confirmed, isolated degeneration of the L/S
spine IVD, which was consistent with criteria established for surgical intervention. Specific
criteria for the inclusion and exclusion of patients in the study group were presented in
previous publications [37,38]. The study applied specific inclusion and exclusion criteria to
ensure a consistent sample within the study group of patients with isolated intervertebral
disc (IVD) degeneration in the lumbosacral spine. Eligible participants were adults over
18 years old who demonstrated lumbosacral spine IVD degeneration characterized by
disc prolapse or extrusion on MRI. Inclusion also required patients to have experienced
discogenic pain or symptomatic sciatica that had not responded to non-surgical treatment
for at least six weeks. Additionally, participants had to have no other coexisting spinal
pathologies, and the disease duration needed to be between six and twelve weeks to align
with the study’s focus on recent, isolated degeneration cases. Conversely, patients under 18
years old were excluded, as were those with MRI findings of protrusion or sequestration-
type disc degeneration. Individuals with prior surgical interventions for lumbosacral
spine degeneration, spine-related inflammatory or autoimmune diseases, or a history of
trauma were also excluded. Other exclusion criteria for the study group included mental
disorders such as dementia, polyneuropathy, pregnancy, and the presence of significant
coexisting diseases, various types of cancers (e.g., metastatic tumors, leukemia, and spinal
cord tumors), osteoporosis, and active spinal infections. Patients with less than six weeks
or more than twelve weeks of disease duration were also excluded to ensure uniformity in
the timeframe of disease progression under investigation [37,38].

The degree of advancement of the L/S spine IVD degenerative disease was defined
using the Pfirrmann scale [22]. Pfirrmann developed a five-stage radiological classification
system to evaluate the severity of IVD degeneration using MRI [39—-41].

In 27 patients, the advancement of degenerative changes corresponded to grade 2
on the Pfirrmann scale; 43 patients had grade 3 advancement of changes according to
the Pfirrmann scale; in 32 patients, the changes corresponded to grade 4 according to the
Pfirrmann scale; and in 11 patients, the changes corresponded to grade 5 on the Pfirrmann
scale. Specifically, 18 IVDs (15.93%) were taken from the L1/L2 segment, 26 cases (23%)
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from the L2 /L3 segment, 27 cases (23.89%) from the L3 /L4 segment, 32 cases (28.32%) from
the L4/L5 segment, and 10 cases (8.86%) from the L5/S1 segment [38].

2.3. Control Group

The control group consisted of 81 participants (43 women, 53%; 38 men, 47%; a mean
age of 31.5 £ 1.5 years old) from whom L/S spine IVD samples were collected post-mortem
during a forensic autopsy or organ collection no more than 48 h after death. IVDs were
removed from the L1/L2 segment in 12 cases (14.81%), the L2/L3 segment in 16 cases
(19.75%), the L3/L4 segment in 18 cases (22.22%), the L4/L5 segment in 27 cases (33.33%),
and the L5/51 segment in 8 cases (9.89%) [38].

Specific criteria for the inclusion and exclusion of patients in the control group were
presented in previous publications. The control group participants were selected based on
specific inclusion and exclusion criteria to ensure a comparison group without signs of IVDs
degeneration. Participants in the control group were required to be up to 45 years of age and
show no signs of degeneration in the collected tissue samples, as confirmed by microscopic
examination with hematoxylin and eosin staining (H&E). Additionally, eligible participants
had no history of neoplastic diseases or inflammatory conditions affecting the spine or
surrounding tissues. Participants were excluded from the control group if they were
over 45 years old or if microscopic examination revealed any degenerative features in the
collected material. A history of neoplastic disease or inflammatory spinal conditions also
led to exclusion, including conditions such as osteomyelitis, IVD inflammation, epidural
empyema, shingles, arthritis, inflammatory infiltrates of the rectum, Scheuermann’s disease,
and Paget’s disease. Those with a general history of spinal or inflammatory disease were
not eligible for the control group, ensuring that participants represented a non-degenerated
baseline [37,38].

The confirmation of the absence of degenerative changes in the collected IVD samples
was performed using H&E staining in accordance with the study protocol. An example of
H&E staining is shown in our previous publication [38].

2.4. Securing the Extracted Material for Molecular Examination

The clinical materials (IVDs) were extracted from patients in the study group during a
microdiscectomy using the en bloc method as well as from deceased patients. After the
IVDs were thoroughly washed to remove blood, they were placed into sterile Eppendorf
tubes pre-filled with TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA)
and stored at —80 °C until the molecular section of the experiment commenced (RT-qPCR,
ELISA, Western blot analysis) or embedded in paraffin (POL-AURA, Dywity, Poland) for
the immunohistochemical (IHC) analysis. Storing samples at low temperatures effectively
minimizes endogenous RNase activity, which is a critical precaution for ensuring successful
RNA extraction [42-44]. The tissue samples were generally small and consistent with the
needs of histological and biochemical analyses. The typical size of the samples ranged from
[insert specific dimensions, e.g., 1-2 cm in diameter and 0.5 cm in thickness], allowing for
both immediate study and long-term storage.

The molecular analysis was performed on 113 degenerated IVD samples and 81 control
samples.

2.5. Extraction of Whole Ribonucleic Acid (RNA)

First, the study and control samples were homogenized using a hand-held homog-
enizer (T18 Digital Ultra-Turrax, IKA Polska Sp. z o0.0., Warsaw, Poland) until no solid
fragments were visible [42,44,45].

The extraction of whole RNA from the study and control samples was conducted
using a modified Chomczyriski-Sacchi method with the use of TRIzol reagent (Invitrogen
Life Technologies, Carlsbad, CA, USA), as recommended by the manufacturer. After this
procedure, the extracts were dried and stored in this form at a temperature of —80 °C until
the next stage of the molecular analysis. An assessment of the RNA extract quality was
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conducted using electrophoretic separation in a 1% agarose gel stained with ethidium
bromide at a concentration of 0.5 mg/mL (SigmaAldrich, St. Louis, MO, USA), and
a quantitative assessment was performed through a spectrophotometric measurement
(Nanodrop®, Thermo Fisher Scientific, Waltham, MA, USA).

2.6. Determination of Changes in the Expression Profile of TGF-B-1-3 mRNA in Degenerated and
Control IVDs Using RT-gPCR

The RT-qPCR reaction was performed using a set of Sensi-Fast™ One-Step Probe Assay
reagents (Bioline, London, UK). RT-qPCR was conducted in 50 pL of reaction mixture
with the following thermal profile: reverse transcription (45 °C, 10 min); polymerase
activation (95 °C, 2 min); and 40 three-step cycles consisting of denaturation (95 °C, 5 s),
hybridization (60 °C, 10 s), and annealing (72 °C, 5 s). The RT-qPCR primers were purchased
from Genomed (Gdarnsk, Poland), and their nucleotide sequence is provided in Table 1.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an endogenous control
for RT-qPCR. For each biological repeat, three technical repeats were conducted.

Table 1. Nucleotide sequence of the primers used in RT-qPCR for TGF-$3-1-3 and GAPDH.

mRNA Oligonucleotide Sequence Tm (°C)

TGF-p1 Forward: 5'-GGCCAGATCCTGTCCAAGC-3’ 85.4
Reverse: 5-GTGGGTTTCCACCATTAGCAC-3’ '

TGF-B2 Forward: 5-CAGCACACTCGATATGGACCA-3’ 887
Reverse: 5'-CCTCGGGCTCAGGATAGTCT-3’ ’

TGF-p3 Forward: 5-CTGGATTGTGGTTCCATGCA-3’ 86.6
Reverse: 5-TCCCCGAATGCCTCACAT-3’ '

GAPDH Forward: 5'-GGTGAAGGTCGGAGTCAACGGA-3’ 86.4
Reverse: 5-GAGGGATCTCGCTCCTGGAAGA-3’ '

Forward, sense primer; reverse, antisense primer; Tm, melting temperature; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; TGF-f3-1-3, transforming growth factor beta 1-3. The specificity of RT-qPCR was confirmed by
determining the melting temperature for each amplimer.

Because the PCR efficiency ranged from 90% to 110% and GAPDH had stable ex-
pression across all samples (both healthy and diseased), changes in gene expression were
presented as the normalized relative mRNA expression (222t method), where 1 corre-
sponded to an equal expression of the given gene in the study and control samples; a
result below 1 corresponded to the decreased expression of the gene in the study samples
compared with the control; and a result above 1 indicated an overexpression of the given
gene in the study samples compared to the control.

2.7. Determination of the Profile of TGF-B-1-3 Proteins Through ELISA and Western Blot
Separation Procedures in Degenerated and Healthy IV Ds

Changes in the concentration profile of TGF-3-1-3 in normal and degenerated IVDs
were determined using ELISA and electrophoretic separation in a polyacrylamide gel
(Western blot), using the following antibodies: polyclonal anti-TGF-31 antibody bs-0086R
(STI, Poznan, Poland; 1:1000 dilution), polyclonal anti-TGF-32 antibody bs-20412R (STI,
Poznan, Poland; 1:1000 dilution), and polyclonal anti-TGF-33 antibody bs-0099R (STI,
Poznan, Poland; 1:1000 dilution), according to the manufacturer’s recommendations.

GAPDH sc-47724 (GAPDH; Santa Cruz Biotech, Dallas, TX, USA; 1:500 dilution) was
used as the endogenous control protein. The secondary antibody used was HRP-conjugated
goat anti-rabbit IgG (BioRad, Milan, Italy; catalog number 1706515; 1:3000 dilution). The
absorbance at 540 nm was measured using an M200PRO plate reader (Tecan, Mannedorf,
Switzerland).

A detailed protocol for conducting the ELISA and Western blot procedures is provided
in previous papers [37,38].
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2.8. IHC Analysis

The specimens were sectioned on a microtome (Leica Microsystems, Wetzlar, Germany)
into 8.0 um thick serial slices. The subsequent preparation steps of the tissue sections, such
as dehydration, antigen retrieval, antibody incubations, and staining, were performed
according to the manufacturer’s instruction manuals (DAB Substrate Kit, Peroxidase (HRP),
Vector Laboratories, Newark, California, USA, and IHC-Paraffin Protocol (IHC-P), Abcam
plc, Cambridge, UK). The obtained immunohistochemical reactions were examined and
captured on a Nikon Coolpix fluorescent optic system. Both the cellular location of the
selected proteins and their quantity were assessed through a computer image analysis
using the Image] software [46]. A total of 15 photographs were taken from three slides of
each patient under 200 x magnification. Using the Image] software with the IHC-Profiler
plug-in [47], the optical density of the DAB reaction products was evaluated in the fields
where the immunohistochemical reaction occurred in response to the presence of the
selected proteins. An average percentage of the DAB-stained area was also calculated in
relation to the background values in each field. An example of H&E staining is shown in
our previous work [38].

2.9. Statistical Analysis

The statistical analysis of the results was performed by assuming a statistical signif-
icance threshold (p) of <0.05 in Statistica 13 PL software (Statsoft, Krakow, Poland). The
Shapiro-Wilk test was used to assess the conformity of the data distribution with a normal
distribution, which was confirmed. Accordingly, the next statistical analysis stage used
parametric methods, i.e., Student’s t-test for independent groups or a one-way ANOVA
and Tukey’s post hoc test. The homogeneity of variance was checked using Levene’s test.

3. Results
3.1. Changes in the Expression Profile of TGF-B-1-3 mRNA in Degenerated and Control IVDs

In degenerated IVDs, we noted an overexpression of all TGF-3-1-3 mRNA isoforms
with the largest changes observed for TGF-33 isoforms (fold change (FC) = 19.52 & 2.87)
and the smallest for TGF-p2 (FC = 2.26 &£ 0.16). Changes in the transcriptional activity of
TGF-f3-1-3 were statistically significant (p < 0.05).

3.2. TGF-B-1-3 Protein Expression Profile Determined Through the Enzyme-Linked
Immunosorbent Assay (ELISA) Technique

The expression levels of the TGF-f31, TGF-32, and TGF-f33 isoforms were assessed
in both the study group (patients with degenerated IVDs) and the control group (par-
ticipants with non-degenerated IVDs) using the ELISA technique. The results revealed
significantly elevated concentrations of all three TGF-3 isoforms in the degenerated IVDs
when compared to the control group (Table 2; p < 0.05).

In the study group, TGF-f31 and TGF-33 were expressed at comparable levels, while
TGF-32 exhibited the lowest concentration among the three isoforms. On the other hand,
in the control group, TGF-f1 was the most abundantly expressed isoform with TGF-33
being the least expressed (Table 2; p < 0.05).

A further analysis of the study group, stratified according to the severity of disc
degeneration using the Pfirrmann grading system (grades 2 to 5), revealed a dynamic
pattern in the concentration of the TGF-f3 isoforms. The concentrations of all three isoforms
progressively increased with the advancement of degenerative changes from Pfirrmann
grade 2 through grade 4 (Table 2; p < 0.05). Specifically, the concentration of TGF-31
increased from 2876 + 123 pg/mL in grades 2 and 3 to 198 £ 176 pg/mL in grade 4.
Similarly, TGF-32 increased from 1834 + 201 pg/mL in grade 2 to 2043 £ 156 pg/mL in
grade 4, and TGF-f33 increased from 2545 & 165 pg/mL in grade 2 to 2761 4 209 pg/mL in
grade 4 (Table 2).
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Table 2. Concentration of TGF-3-1-3 in L/S spine IVDs collected from the study and control groups,

determined using ELISA.
Isoform of TGF-f3 Grou Concentration 95% Cl1
P (pg/mL) °

Control 276 + 19 210-345
Study 2797 + 132 2541-3098
Pfirrmann 2 2876 + 123 2456-3087

TGF-p1 abde :

Pfirrmann 3 3127 + 165 2987-3456
Pfirrmann 4 3198 + 176 2898-3298
Pfirrmann 5 1987 + 156 1765-2321

Control 159 + 17 140-198
Study 1918 + 176 1561-2198
Pfirrmann 2 1834 + 201 1656-2098

TGF-p2 2be :

Pfirrmann 3 2034 4+ 165 1871-2198
Pfirrmann 4 2043 4+ 156 1876-2198
Pfirrmann 5 1761 £ 198 1456-2001

Control 152 £ 11 134-189
Study 2573 + 102 2345-2761
Pfirrmann 2 2545 + 165 2456-2671

TGF-B 3 ab,cde

Pfirrmann 3 2767 + 187 2571-2981
Pfirrmann 4 2761 + 209 2671-2891
Pfirrmann 5 2219 + 187 2091-2348

TGF-f-1-3, transforming growth factor beta isoforms; 95% CI, 95% confidence interval; a, statistically significant
difference in protein concentration between study and control groups (p < 0.05); b, statistically significant differ-
ence in protein concentration between Pfirrmann 4 and Pfirrmann 5 groups (p < 0.05); ¢, statistically significant
difference in protein concentration between Pfirrmann 2 and Pfirrmann 4 groups (p < 0.05); d, statistically signifi-
cant difference in protein concentration between Pfirrmann 2 and Pfirrmann 5 groups (p < 0.05); e, statistically
significant difference in protein concentration between Pfirrmann 3 and Pfirrmann 5 groups (p < 0.05). Results are
presented as mean =+ standard deviation.

However, in the most advanced stage of degeneration (Pfirrmann grade 5), a decline in
the concentrations of all three TGF-f3 isoforms was observed. The TGF-f31 levels decreased
to 1987 £ 156 pg/mL, the TGF-{32 levels decreased to 1761 4 198 pg/mL, and the TGF-33
levels decreased to 2219 £ 187 pg/mL (Table 2; p < 0.05). These findings suggest that while
the TGF-3 expression is initially upregulated in response to disc degeneration, there may
be a threshold at which further degeneration results in a decrease in these cytokine levels.

3.3. TGF-B-1-3 Concentration Profile in Degenerated and Control IVDs Determined Using the
Western Blot Technique

The expression profile of TGF-3-1-3 in degenerated and control IVDs, determined
using the Western blot technique, was the same as that noted in the ELISA procedure.
Figure 1 presents an example electropherogram that confirms the specificity of the reaction
as well as the nativity of the samples (based on the GAPDH result; molecular mass of
36 kDa). Normalized relative to GAPDH, the band optical density for TGF-1 (molecular
weight of 44 kDa) in the study samples was 9.87 & 4.31, and it was 0.67 = 0.12 in the control
samples (p < 0.05). Normalized relative to GAPDH, the band optical density for TGF-32
(molecular weight of 50 kDa) in the study samples was 3.29 £ 0.98, and it was 0.91 £ 0.28
in the control samples (p < 0.05). Normalized relative to GAPDH, the band optical density
for TGF-3 (molecular weight of 47 kDa) in the study samples was 5.98 & 1.09, and in the
control samples, it was 0.18 & 0.07 (p < 0.05).
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Figure 1. Normalized expression of TGF-{3-1-3 in IVDs normalized against GAPDH expression. Track
1, molecular weight marker; Track 2, TGF-p3-1;Track 3, TGF-$3-2; Track 4;, TGF-{3-3, Track 5, GAPDH.

The normalized band optical density of TGF-{3-1-3 in degenerated and control IVDs is
presented in Figure 2.
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Figure 2. Band optical density of TGF-$3-1-3 in L/S spine IVDs collected from the study and control
groups determined using Western blotting. TGF-3-1-3, transforming growth factor beta isoforms.

3.4. TGF-B-1-3 Expression in IVDs Collected from Patients in the Study Group and Control Group
Participants, Determined Through the IHC Technique

The expression of TGF-f1, TGF-f2, and TGF-33 was visualized in both degenerated
and non-degenerated (control) intervertebral discs (IVDs) using the IHC technique.

Quantitatively, the optical density of the IHC reaction product revealed a significantly
higher expression of the TGF-f3 isoforms in the degenerated IVDs compared to the control
group. For TGF-f31, the optical density in the degenerated IVDs was 430.63% of the control
group (p < 0.05), showing a marked upregulation in degenerated tissues (Table 3). Similarly,
the optical densities for TGF-f32 and TGF-f33 in the study group were 418.10% and 395.41%
of the control, respectively (p < 0.05), reflecting substantial increases in these isoforms in
degenerated IVDs as well.
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Table 3. The optical density of the reaction product for selected proteins in IVDs obtained from the
study and control groups.

Isoform of TGF-f3 Group Optical Density 95% Cl
Control 1.11 £ 0.13 1.04-1.18
Study 4.78 + 0.65 4.45-5.11
Pfirrmann 2 3.29 £ 091 2.83-3.75
TGF—Bl ab,cef
Pfirrmann 3 6.42 +£1.23 5.79-7.04
Pfirrmann 4 729 +1.87 6.34-8.24
Pfirrmann 5 2.09 4+ 0.54 1.82-2.36
Control 2.10 £ 0.32 1.93-2.26
Study 8.78 £0.18 8.69-8.87
Pfirrmann 2 5.44 +0.23 5.33-5.56
TGF-p2 aof -
Pfirrmann 3 7.01 & 0.55 6.73-7.28
Pfirrmann 4 12.11 £2.32 10.94-13.28
Pfirrmann 5 10.57 £ 1.98 9.57-11.57
Control 1.09 +0.18 0.99-1.18
Study 4.31 +0.98 3.81-4.81
Pfirrmann 2 2.00 +£0.14 1.93-2.07
TGF—B?) a,cdef
Pfirrmann 3 434 +£0.71 3.98-4.70
Pfirrmann 4 5.21 £ 0.56 4.93-5.49
Pfirrmann 5 5.68 + 0.34 5.51-5.85

TGEF-p-1-3, transforming growth factor beta 1-3. Data are presented as mean = standard deviation. a, statisti-
cally significant difference in protein concentration between study and control groups (p < 0.05); b, statistically
significant difference in protein concentration between Pfirrmann 4 and Pfirrmann 5 groups (p < 0.05); ¢, statis-
tically significant difference in protein concentration between Pfirrmann 2 and Pfirrmann 4 groups (p < 0.05);
d, statistically significant difference in protein concentration between Pfirrmann 2 and Pfirrmann 5 groups
(p < 0.05); e, statistically significant difference in protein concentration between Pfirrmann 3 and Pfirrmann
5 groups (p < 0.05). Results are presented as mean =+ standard deviation. f, statistically significant difference in
protein concentration between Pfirrmann 3 and Pfirrmann 4 groups (p < 0.05).

The study group also showed variations in TGF-f3 expression across different stages of
degeneration, as classified by the Pfirrmann grading system. For TGF-(31, the optical density
increased progressively from Pfirrmann grade 2 (3.29 4 0.91) to grade 4 (7.29 + 1.87) before
decreasing in grade 5 (2.09 =+ 0.54). A similar trend was observed for TGF-32, with the
highest optical density observed in Pfirrmann grade 4 (12.11 + 2.32), which was followed
by a decrease in grade 5 (10.57 &= 1.98). TGF-33 also exhibited progressive increases from
Pfirrmann grade 2 (2.00 & 0.14) to grade 5 (5.68 + 0.34), though this pattern was less
pronounced than for TGF-f31 and TGF-f32 (Table 3).

These findings suggest that the expression of TGF-f3 isoforms is significantly upregu-
lated in degenerated discs and varies according to the stage of degeneration. The highest
expression levels are generally observed in mid-level degenerative stages (Pfirrmann 3 and
4), followed by a decline in the most advanced degenerative stage (Pfirrmann 5), indicating
a potential complex role for TGF-f3 in the pathophysiology of disc degeneration. Examples
of the immunochemical expression of TGF-3-1-3 in the study and control samples are
presented in Figure 3.
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Figure 3. The immunochemical expression of TGF-3-1-3 in the study and control samples. TGF-f3-1-3,

transforming growth factor beta 1-3. (A)—expression of TGF-3-1 in the study group; (B)—expression
of TGF-f-1 in the control group; (C)—expression of TGF-f3-2 in the study group; (D)—expression
of TGF-$3-2 in the control group; (E)—expression of TGF-(3-3 in the study group; (F)—expression of
TGEF-B-3 in the control group.

4. Discussion

The TGF-f3 family plays a very important role in homeostatic behavior over the course
of spinal osteoarthritis [48-50]. In mammals, three TGF-f isoforms have been identified,
namely TGF-f1, TGF-f32, and TGF-33 [51].

It seems that TGF-f3 fulfills a protective function in the development of IVD degen-
erative disease through the activation of extracellular matrix synthesis or through the
inhibition of catabolic processes occurring in the cell [52]. Nonetheless, the overexpression
of TGF-p family members is considered a promoting factor for IVD degenerative changes,
namely by contributing to an increase in the nerve growth factor (NGF) concentration,
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which is considered a significant factor in the etiopathogenesis of pain over the course
of IVD degeneration [20,53]. It seems that the duality of TGF-’s action may be related
to the pathways activated by this cytokine [49,54]. In joints not affected by the degenera-
tive process, the TGF-f3 expressed by chondrocytes exerts a protective effect through the
SMAD?2/3 pathway, whereas during the degenerative process, the SMAD1/5/8 pathway
is activated [55]. Bian et al. [52,56] noted in a mouse model of IVD degeneration that the
administration of a TGF-BR1 receptor inhibitor inhibited the signalization of R-SMAD, con-
tributing to a decrease in the grade of IVD degeneration [52,56]. However, Kwon et al. [57]
noted an increase in the concentration of TGF-f1 and the activation of the SMAD2/3 and
SMAD1/5/8 pathways in bovine IVDs, whereby the SMAD1/5/8 cascade may contribute
to the inhibition of the SMAD2/3 pathway, the result of which was an advancement in IVD
degeneration [57]. Nevertheless, it should be noted that the vast majority of the studies
regarding the role of TGF-f3 in IVD degenerative disease were conducted on animal models
and lasted a few days or weeks, whereas in the case of human tissues and cells, there exists
a tendency for aging and the degeneration of material. Therefore, further analyses are
necessary [49].

Previous studies have indicated that the concentration of some pro-inflammatory
cytokines, such as tumor necrosis factor (TNF) and interleukin (IL)-1f3, increases over the
course of the IVD degeneration process, promoting the degradation of the ECM. This is
mediated by an increased expression of catabolic enzymes, including matrix metallopro-
teinases (MMPs) and a disintegrin and metalloproteinase with thrombospondin motifs
(ADAMTS) [58,59]. Therefore, it is suggested that TGF-f3 may exert a regulatory effect on
the expression of genes encoding proteins responsible for ECM degradation [60-63]. On the
other hand, observations conducted regarding signalization dependent on TGF-f indicate
that it may exert not only a destructive but also a protective effect on the ECM [60-63].

It seems that TGF-p actively participates in the synthesis of glycosaminoglycans
(GAG) through the SMAD-dependent pathway, the Ras homolog gene family member
A (RHOA)/Rho-associated protein kinase (ROCK) pathway, and the mitogen-activated
protein kinase (MAPK) pathway [64-68]. Furthermore, TGF-f3 induces the expression of
aggrecan, proteoglycans, and type II collagen [64-68]. This confirms the duality of TGF-f3’s
action and the signaling cascades activated by it, while the biological effect exerted by
TGEF-$ is dependent on age [64—68].

In vivo research regarding the expression pattern of TGF-f3 in the context of IVD
degenerative disease was conducted on both animal and human models.

Nagano et al. [69] determined the expression of TGF-f3-1-3 and its receptors (TGF-BRI-
III) through immunohistochemical staining using IVDs obtained from 10 mice at the ages
of 8, 24, and 50 weeks after birth as a research model [69]. These authors demonstrated
the expression of TGF-3-1-3 and TGF-BRI-III in 8-week-old mice, noting a decrease in
the concentration together with the age of the mice. This observation confirmed the
involvement of TGF-$3-1-3 in postnatal IVD development and the degeneration process [69].

The same observations as those of Nagano et al. [54] were noted in a study conducted
by Matsunaga et al. [70]. Additionally, Zhang et al. [71] determined a decrease in the
SMAD?2 and SMAD3 protein concentrations in C57BL/6 mice at 2 and 18 months old [71].

In this article, the expression profile of TGF-{3-1-3 was determined in the whole IVD,
not separately in the NP and AF. Therefore, a valuable addition to this study would be
to determine the TGF-f3-1-3 expression in the NP and AF. However, during the collection
of IVDs from study group participants, the en bloc technique was used, which makes it
difficult to separate the two compartments of the IVD structure. This technique involves the
removal of a herniated disc in one single, intact piece (en bloc) rather than in fragments, as is
typical in a traditional microdiscectomy. As a result, the anatomical boundaries between the
AF, NP, and CEP may be preserved as they are extracted together, potentially complicating
the post-operative separation of these components for further study or analysis.

In turn, Murakami et al. [72] indicated an increased expression of TGF-31 mRNA in
the NP and AF of rabbits at 6 months and 3 years of age [72]. Moreover, Hiyama et al. [73]
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determined the overexpression of TGF-32, TGF-f33, SMAD3, and SMAD?5 in rat NPs, while
SMAD3 expression decreased in the AF [73]. Changes in the expression profile of TGF-
[3-1-3 at the MRNA and protein levels in an animal model suggest that its expression is
not only dependent on the IVD compartment but can also be regulated by microRNA
(miRNA) [74,75].

The significant costs, pain, and disability associated with degenerative disc disease
(DDD) highlight the critical need for a biological agent capable of mitigating the progression
of this condition [76].

Additionally, reports indicating the use of TGF-3-dependent signaling as a potential
target in IVD degenerative disease therapy, using molecular targets, are worthy of atten-
tion. Yang et al. indicated an overexpression of TGF-f31 in a coculture model of NP cells
with bone marrow mesenchymal cells compared to cultures containing NP cells alone,
which was associated with the inhibition of nuclear factor kappa B (NF-«B)-dependent
signaling [32,33]. Additionally, Xiong et al. [77] compared the concentration of TGF-f31 and
proteins dependent on signalization activated by this cytokine in cervical spine IVDs in a
group of patients with cervical osteoarthritis in relation to the co-occurrence of osteophytes
or ossifications around the IVD [77]. Additionally, emerging treatments for IVD degen-
eration involve the use of platelet-rich plasma (PRP), which contains a platelet-derived
growth factor, TGF-3, an epidermal growth factor, insulin-like growth factor 1, and VEGE.
These components exhibit potent anti-inflammatory and regenerative properties that pro-
mote the repair of damaged tissue [78]. A 2016 prospective randomized controlled trial
enrolled 47 patients to evaluate the PRP treatment for IDD. Of these, 29 received PRP
injections, while the remaining 18 were administered only contrast agents. The group
treated with PRP injections demonstrated pain relief and improved functionality as early
as eight weeks post-treatment with benefits persisting for at least one year and no reported
adverse events [79].

In vivo experiments have demonstrated that the transfection of TGF-f31 in rabbit NP
cells led to increased proteoglycan synthesis [80]. Similarly, the transfection of TGF-1 in
aged human NP cells promoted the production of both proteoglycans and collagen [22]. In
turn, Matta et al. found a decrease in the expression of TGF-1, connective tissue growth
factor (CTGF), and WNT1-inducible signaling pathway protein 2 (WISP2) in degenerative
disc NPs, suggesting a link to the loss of notochordal cells (NCs). Notably, in their pre-
clinical models, treatment with a combination of TGF-31 and CTGF successfully restored
a healthy, cellular NP rich in NCs and stem cells compared to the sham control discs.
Furthermore, their findings showed that the TGF-31 and CTGF treatment enhanced cell
viability, deoxyribonucleic acid (DNA) synthesis, and the expression of healthy ECM genes
in NP cells derived from degenerative human discs [81]. In their review report, Hodgkin-
son et al. also evaluated the therapeutic potential of TGF-f3 in IVD degeneration. They
found that GDF (100 ng/mL) with TGF-31 had a synergic effect on promotor chondrogenic
differentiation [82]. Previous research has identified that a single injection of a combination
of recombinant human (rh) TGF-f31 and CTGF proteins into the NP of an injured interverte-
bral disc (IVD) can effectively mediate IVD degeneration in pre-clinical rodent models. In
this study, a novel molecular therapy, NTG-101, containing thTGF-1 and thCTGF proteins
suspended in an excipient solution was developed, and its efficacy was evaluated using
in vivo models of DDD, including the rat-tail model and chondrodystrophic (CD) canines.
The findings demonstrated that a single intra-discal injection of NTG-101 produced anti-
degenerative effects, leading to a reduction in the expression of pro-inflammatory cytokines
such as IL-1p3, IL-6, and IL-8, as well as ECM-degrading enzymes such as MMP-13 and
cyclooxygenase-2 (Cox-2). Furthermore, the treatment induced pro-anabolic effects in the
IVD-NP, restoring the expression of healthy extracellular matrix (ECM) proteins, including
aggrecan and collagen 2A1 [83]. In turn, Risbud et al. demonstrated that TGF-f33 can
enhance the structure and function of the NP and AF by increasing the levels of activated
ERK1/2, which in turn regulates TGF-3 receptors I and II (TGF-3-RI and TGF-{3-RII) [84].
Hegewald et al. confirmed this finding and suggested that the administration of TGF-
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33 could be a potential candidate for the biological treatment of AF degeneration. They
showed that AF stimulation with TGF-33 was associated with an increased production
of type X collagen [85]. Given the results proposed for the potential use of TGF-f in IVD
degeneration [22,79-84], along with the dual nature of TGF-f3’s role in the disease [31,86,87],
it appears that administering TGF-f3 within the IVD is justified in the early and late stages of
degenerative disc disease (Pfirrmann grades 2 and 5). However, greater therapeutic success
in treating IVD degeneration would likely be observed in the early stages of degeneration.
On the other hand, in the intermediate stages of IVD degeneration, it seems that molecular
treatments should focus on inhibiting the expression of TGF-f3 and its related pathways.
Nevertheless, further research is necessary.

The safety concerns surrounding gene therapy pose challenges for its clinical use.
Specifically, the potential risk of tumor formation associated with high-dose exposure and
prolonged application in treating chronic IVD degeneration has emerged as a significant
issue. Advancements in the reliability of viral vector designs and better control over
transgene expression could pave the way for safer and more effective clinical applications
of gene therapy [88,89].

The current study, while providing valuable insights into the role of TGF-§3 isoforms
in IVDs degeneration, has several limitations that future research could address to deepen
understanding. Notably, investigating the methylation status of TGF-{3-1-3 genes in both
degenerated and healthy disc tissues could reveal epigenetic regulation in response to
degeneration, potentially indicating reversible pathways. Additionally, miRNAs may
modulate TGF-3-1-3 expression in disc tissues with specific miRNAs potentially acting as
regulators or biomarkers for early-stage degeneration. Employing a microarray analysis
could expand understanding by identifying co-expressed genes and pathways that interact
with TGF-f3, including those involved in inflammation and extracellular matrix degrada-
tion. Moreover, assessing the prevalence of polymorphic variants within TGF-f1-3 genes
may reveal genetic predispositions, guiding personalized interventions targeting specific
isoforms. Finally, next-generation sequencing (NGS) could provide a more comprehensive
view of the genomic landscape, identifying novel mutations, rare variants, and alternative
splicing events affecting TGF-f3 and related pathways.

For similar studies, it is important to consider limitations in sample inclusion criteria.
Cases with coexisting spinal diseases, history of spine-related inflammatory or neoplastic
diseases, or those with past spinal surgeries should generally be excluded to maintain focus
on isolated degeneration. Similarly, age restrictions may be necessary, as degeneration rates
and TGEF-f3 expression vary with age, potentially impacting results. Including or excluding
these groups can influence findings, so future studies should tailor selection criteria based
on specific study aims, ensuring uniformity and reducing confounding factors.

5. Conclusions

This study underscores the central role of TGF-f3 signaling in L/S IVDs degeneration
with TGF-$3-1 emerging as the most impactful isoform. Notably, all TGF-f3 isoforms (TGF-
-1, TGF-p-2, and TGF-3-3) were overexpressed during the early stages of degeneration,
which was likely as a response to shifting microenvironmental conditions within the discs.
As degeneration advanced from grades 2 to 4 on the Pfirrmann scale, the concentrations of
these isoforms steadily rose, indicating an active role of TGF-f3 signaling in the progression
of degeneration. However, in the most advanced degeneration stage (grade 5), the isoform
levels dropped, suggesting that TGF-f3’s influence wanes as degeneration becomes more
severe, highlighting its potential as a therapeutic target during earlier stages. Comparative
findings from prior studies suggest that the effects of TGF-f3 are shaped by patient age,
species, detection methods, and tissue type—factors that future research should consider
refining therapeutic strategies. These results advocate for an in-depth exploration of TGF-f3
signaling, including its epigenetic regulation via methylation, miRNA interactions, and
genetic variations. Advanced tools such as NGS could further illuminate the genetic
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landscape of TGF-f3 in IVD degeneration, offering a foundation for precise diagnostic
markers and targeted therapies.
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Abstract: Most neurodegenerative diseases share a common etiopathogenesis, the accumulation of
protein aggregates. An imbalance in homeostasis brought on by the buildup of misfolded proteins
within the endoplasmic reticulum (ER) results in ER stress in the cell. Three distinct proteins found
in the ER membrane—IRE1«, PERK, and ATF6—control the unfolded protein response (UPR), a
signal transduction pathway that is triggered to restore normal physiological conditions. Buildup of
misfolded proteins in ER lumen leads to a shunting of GRP78/BiP, thus triggering the UPR. PERK
autophosphorylation leads to activation of ATF4, the transcription factor; finally, ATF6 activates the
UPR’s target genes, including GRP78/Bip. Accordingly, the UPR is a cellular reaction to an ER stress
state that, if left unchecked for an extended period, results in apoptosis and irreversible damage. The
identification of caspase 4, which is in the ER and is selectively activated by apoptotic stimuli caused
by reticular stress, further demonstrated the connection between reticular stress and programed
cell death. Moreover, oxidative stress and ER stress are linked. Oxidative stress is brought on by
elevated quantities of radical oxygen species, both mitochondrial and cytosolic, that are not under
the enzymatic regulation of superoxide dismutases, whose levels fall with increasing stress. Here, we
evaluated the activity of Vx-809 (Lumacaftor), a drug used in cystic fibrosis, in SH-SY5Y neuronal
cells, in which an ER stress condition was induced by Thapsigargin, to verify whether the drug
could improve protein folding, suggesting its possible therapeutic use in proteinopathies, such as
neurodegenerative diseases (NDs). Our data show that Vx-809 is involved in the significant reduction
in protein produced under ER stress, particularly in the levels of Bip, ATF4, and ATF6 by Western
blotting analysis, the reduction in ROS in the cytosol and mitochondria, and the reduction in the
activation of the apoptotic pathway, measured by flow cytofluorimetry analysis and in restoring
calcium homeostasis.

Keywords: neuroblastoma cells; ER stress; oxidative stress; protein misfolding; Lumacaftor

1. Introduction

NDs are characterized by a progressive loss of neuronal function in specific regions of
the nervous system, culminating in severe dysfunction [1]. NDs include highly debilitating
illnesses, such as Parkinson’s disease (PD), characterized by ubiquitinated protein deposits
called Lewy bodies (composed of «-synuclein) in the neuronal cytosol; Alzheimer’s disease
(AD) in which intracellular deposits of tau are observed in neurofibrillary tangles and
in which extracellular aggregates of amyloid {3 are seen in senile plaques; Huntington'’s
disease, due to an aggregate of mutant huntingtin proteins and prion diseases (PrDs),
are well known to form protein aggregates and are causally involved in the pathogenesis
of a group of transmissible spongiform encephalopathies, including Creutzfeldt-Jakob
disease and kuru [1]. Despite significant variations in clinical presentation and prevalence,
NDs share several characteristics, such as their chronic and progressive nature, age-related
increase in prevalence, degeneration of neurons in particular regions of brain, damage
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to synaptic networks, and selective damage of brain tissue. NDs are also characterized
by aggregation of intrinsically disordered proteins (IDPs) (also called natively unfolded
proteins), which refers to proteins that do not have an independently folded state. In many
circumstances, interactions between intrinsically disordered proteins and target proteins or
nucleic acids result in folding of the binding domain; in other cases, binding causes merely
local ordering of short, extended, or helical portions of polypeptides [2].

Proteins are chains of amino acids consisting of 20 different L-a-amino acids, which
fold into unique three-dimensional structures. The form in which a protein naturally
folds is called its ‘native state’, which is determined by its amino acid sequence. Their
three-dimensional structure contributes greatly to the performance of biological processes
by cells.

Even though the protein aggregates involved in distinct NDs are different, the process
of protein misfolding, its intermediates, end-products, and main features are remarkably
similar [3].

Neuronal cells are very sensitive to protein misfolding, therefore excessive misfold-
ing and aggregation results in synaptic dysfunction, apoptosis, and selective neuronal
death [4,5].

Misfolded proteins can have two harmful effects: either they cause a deleterious “gain
of function”, as seen in many neurodegenerative diseases like AD, PD, and HD, where
the formation of harmful amyloid is the result of protein misfolding, or they cause loss of
function, as seen in cystic fibrosis (CF) and oc1-antitrypsin deficiency. In other instances, on
the other hand, the changes are quite small, and the resultant proteins only exhibit a slight
reduction in their typical activity [3]. Susan Lindquist, a prion researcher, states that “up to
half of all human diseases could be caused by protein misfolding”.

Since protein homeostasis stops aberrant protein aggregation, it is essential for main-
taining cellular health and function. Under normal conditions, misfolded proteins are
recognized and made more easily degradable by the proteasome, lysosome, and autophagy
pathways, whereas chaperones found in the cytosol and endoplasmic reticulum (ER) guar-
antee clear folding of freshly generated native proteins [6].

More than one-third of all proteins produced by a cell are synthesized, folded, and
structurally matured in the ER. In addition, the ER coordinates many cellular processes,
such as the maintenance of intracellular calcium levels, synthesis of lipids, and the folding
and processing of most polypeptides intended for secretion [7].

Proteins must be folded into their distinct three-dimensional structures and undergo
various post-translational processes, such as N-glycosylation and disulfide bonds formation,
in the ER lumen [8].

Degenerative disorders are caused by protein aggregation in neurons that stop func-
tioning properly. Protein aggregation and accumulation of misfolded protein cause ER
stress, which activates the unfolded protein response (UPR), a protection mechanism that,
through several transcriptional and translational modifications, acts both to increase the
folding capacity of the ER and to decrease the load of unfolded proteins. Protein kinase
RNA (PKR)-like ER kinase (PERK), inositol-requiring enzyme 1 (IRE1), and activating tran-
scription factor 6 (ATF6) are the three transmembrane ER proteins that constitute the UPR.
Under resting conditions, all three proteins form a complex with the chaperone GRP78/BiP.
In response to an accumulation of misfolded proteins in the ER, BiP dissociates and binds
the misfolded proteins. PERK, IRE1, and ATF6 are activated when BiP dissociates [9,10].

In short, after detection of unfolded proteins, IRE1 is activated and triggers the regu-
lated splicing of an unconventional 26 nt intron of X-box binding protein 1 (Xbp1). This
results in a frameshift, producing the spliced Xbp1 isoform (XBP1s), which acts as a tran-
scription factor [7]. PERK is a protein kinase that reacts to extracellular reticulum stress
by homo-multimerization and autophosphorylation. When PERK is activated, it phos-
phorylates the « subunit of elF2¢, which inhibits translation and stops the cytoplasm
from synthesizing new proteins. Nevertheless, the activation of transcription factor 4
(ATF4), which in turn stimulates the transcription of UPR and apoptotic genes, including
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the pro-apoptotic C/EBP protein homolog (CHOP), is preferentially induced by phospho-
elF2x [9,11].

ATF6 travels from the ER to the Golgi apparatus in response to ER stress, where it is
cleaved, moved to the nucleus, and stimulates the production of Xbp-1 and genes needed
for ER-associated protein degradation (ERAD). Proteins that are terminally unfolded or
misfolded are taken out of the ER by ERAD so that proteasomes can break them down [12].

The precise association between misfolded proteins and the etiology of neurodegen-
erative disorders is still unknown. Moreover, there is ongoing debate on the potential
essential role of endogenous stress in neurodegenerative disorders.

Neurons can be killed by the accumulation of toxic protein species, and increasing
research indicates that ER stress is a key mechanism causing this neurotoxicity [5]. In
postmortem brain and spinal cord tissues from various NDs, activation of IRElx and
induction of UPR have been identified [13,14]. Several scientists attempted to alter the
UPR murine neurodegenerative models in vivo in light of this evidence. In prion-infected
mice, for instance, Moreno and associates [15] discovered that oral treatment of a highly
selective PERK inhibitor that successfully penetrates the blood-brain barrier dramatically
reduced neurodegeneration and clinical illness. Given the strong evidence of UPR acti-
vation in human patients, studies like these are raising awareness of the possibility that
pharmacological modulation of the UPR may have disease-modifying advantages for a
variety of neurodegenerative illnesses. Since calcium is an essential component of many in-
tracellular processes and serves as a second messenger, the cytoplasmic calcium is actively
transported out of cells and stored in the ER or mitochondria, hence maintaining very low
concentrations of the mineral. For instance, dysregulation of cytosolic Ca?* is seen in AD,
which leads to ER stress-mediated apoptosis and ER malfunction. Moreover, an elevated
Ca?* influx that results in cell death is also seen in PD [16,17]. The redox balance in the ER
is related to both protein folding and cellular calcium homeostasis. In the ER, oxidation
is also used in an oxidative protein folding process to promote disulfide bond formation.
Chronic ER stress-related neurodegeneration can be caused by a synergistic combination
of protein misfolding and reactive oxygen species (ROS) accumulation [18]. Common
issues in several NDs include redox status, ER stress, and protein misfolding that results
in neurodegeneration. Even though the molecular mechanisms underlying NDs are well
understood, effective treatments or a cure is yet unknown for these conditions. Therapeutic
intervention focuses mostly on misfolded protein aggregates. Several approaches are under
development to prevent the formation of or to remove misfolded aggregates.

Protein misfolding-induced neurotoxicity can be inhibited by increased chaperone
expression, indicating a potential utility for chaperones as therapeutic agents. Chaperones,
whether natural, synthetic, or pharmaceutical, have demonstrated promise as therapeutics
for the management of numerous protein conformational diseases [19].

Lumacaftor (Vx-809) is a CFTR corrector, and it was the second treatment to be
approved for use in CF therapy, though it can only be used in conjunction with Ivacaftor,
a potentiator that improves channel function; also, it has been shown to be safe with
biological activity in a Phase Ila clinical trial [19]. The drug has been shown in vitro to
correct p. Phe508del misprocessing of CFTR and increase the amount of protein localized
on the cell surface [20]. This compound is based on a di-fluorobenzodioxolyl-cyclopropane
linked to a substituted arylpyridine via an amide bond discovered by screening compounds
that enhance Phe-508del-CFTR-mediated chloride transport [21].

Its mechanism of action and their binding sites are still incompletely understood,
but several studies indicate that it may stabilize folding of the molecule through direct
binding to the first nucleotide-binding domain (NBD1) or promoting interactions between
the first cytoplasmic loop (CL1) of transmembrane domain 1 (TMD1) and NBD1 [21,22].
Furthermore, it is not CFTR-specific because it was demonstrated to stop the trafficking of
another defective ABC transporter (ABCA4), which has significant similarity with CFTR
NBDs [9].
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The approval of Lumacaftor in therapy represents the genesis of a new era of medicine
in the treatment of CF, with a positive impact on patients’ lives [19,21].

In previous work Pecoraro and co-workers [9] demonstrated how the Vx-809 corrector
counteracts the activation of the UPR pathway by acting on protein folding on adenocarci-
nomic human alveolar basal epithelial (A549) and malignant melanoma (A375) cells.

Therefore, in this study, we investigated if the off-label mechanism of Vx-809 is also
confirmed in a neuroblastoma cell model, often used as in vitro models of neuronal function
and differentiation, leading to the hypothesis that the drug interacts not only with the CFTR
protein but, by an unknown mechanism, also on other misfolded proteins, demonstrating
that it can also be used in other diseases, like NDs (Figure 1).
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Figure 1. Schematic representation on the probable effect of Lumacaftor.

2. Materials and Methods
2.1. Reagents

Vx-809 (51565) was acquired from Selleckchem (Houston, TX, USA). The monoclonal
antibodies used included the following: anti-Grp78/BiP (3177, Cell Signaling, Danvers,
MA, USA), anti-ATF6 (658805, Cell Signaling, Danvers, MA, USA), anti-ATF4 (10835-1-
AP, Proteintech, San Diego, CA, USA), anti-PERK (3192, Cell Signaling), anti-MnSODIII
(sc-271170), anti-actin (TA811000, OriGene, Rockville, MD, USA), anti-tubulin (sc-5286),
anti-caspase 4 (sc-1229). Secondary antibodies (anti-rabbit, A120-101P, and anti-mouse,
A90-137P) were bought from Bethyl Laboratories (Montgomery, TX, USA). The Texas red-
conjugated secondary antibody (T6390 and PA1-28662) was procured from Thermo Fisher
Scientific (Waltham, MA, USA). The mitochondrial superoxide indicator MitoSOX Red
(M36008) was purchased from Invitrogen, ThermoFisher (Waltham, MA, USA). Thia-zolyl
blue tetrazolium bromide, HDCF-DA, Thapsigargin, propidium iodide, FURA 2AM, and
ionomycin were all purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Cell Culture

A human neuroblastoma cell line (SH-SY5Y, CL0208, Elabscience, Houston, TX, USA)
was subcultured weekly in 75 cm? sterile culture flasks with Dulbecco’s modified Eagle’s
Medium/F12 (DMEM/F12; Euroclone, Pero (Milan), Italy) containing 10% fetal bovine
serum (FBS; Euroclone), 100 U/mL penicillin, and 100 ug/mL streptomycin in a humidified
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atmosphere of 5% CO, at 37 °C. The experiments were always performed at a confluence
of less than 80% of the cells.

2.3. Experimental Protocol

The cells were seeded and, after 24 h of adhesion, were pretreated with 300 nM
Thapsigargin (TG) for 30 min, 1 h, and 4 h, to induce an ER stress condition. Then, after
the TG was removed, fresh media, with and without Vx, were added to cells. Corrector
Vx-809 (2 uM) was administered for 24 h, and then, cell lysates were collected after 24 h of
treatment for both the Vx- and TG-treated cells.

2.4. Cell Viability

The potential cytotoxic effects of Vx-809 and TG on neuroblastoma cells were in-
vestigated by MTT (3-[4,5-dimetiltiazol-2,5-diphenyl-2H-tetrazolium bromide]) assay, as
reported in Pecoraro et al. 2018 [23]. In summary, cells (4.5 x 103/well) were seeded in
96-well plates, and after 24 h, they were treated as described above. Staurosporin (Sp)
0.2 uM was used as a positive control.

At the end of treatment, 25 puL of MTT (5 mg/mL) was added to each well, and the
plates were incubated for other 1 h to allow the formation of formazan salt. After this,
salt formazan was solubilized with 100 uL of a solution containing 20% (w/v) SDS, 50%
(v/v) N, N-dimethylformamide, at pH 4.5. The absorbance at 620 nm was analyzed by a
Multiskan Spectrum Thermo Electron Corporation Reader. Cell vitality was calculated as
% vitality = 100 X (ODyeated/ ODpMSO)-

2.5. Protein Extraction and Western Blotting Assay

The cells (1 x 10° cells/plate) were plated and processed as described in the experi-
mental procedure. Proteins were extracted from the cells by incubation with lysis buffer
(20 mM Tris-HC1 pH 7.5, 1 mM EGTA, 150 mM NaCl, 1 mM Na,EDTA, 1% sodium de-
oxycholate, 1 x protease and phosphatase inhibitor cocktail, and 2% IGEPAL), for 30 min.
Afterwards, the lysates were centrifuged at 14,000 rpm for 15 min at 4 °C. Protein content
was determined by the Bradford protocol, and 60 pg of protein was loaded onto 8-10%
acrylamide gels and separated by SDS-PAGE, in denaturing conditions, and transferred to
nitrocellulose membranes by means of a minigel apparatus (Bio-Rad Laboratories, Rich-
mond, BC, Canada). Next, the blots were blocked in 5% Tris-buffered saline in non-fat dry
milk for 2 h at room temperature and treated with primary antibodies anti-BiP or anti-ATF4
or ATF6 or anti-PERK or anti-SODIII for an entire night at 4 °C. Actin or tubulin was used
as loading control. After various washes with PBS/0.1% Tween, the appropriate secondary
antibodies were also added for 1 h at room temperature. The immunoreactive protein
bands were viewed with enhanced chemiluminescence (ECL) reagents and blot imaging
(LAS 4000; GE Healthcare, Milan, Italy). Western blotting imaging data were quantified
using Image] software Version 1.54j [9,20].

2.6. RNA Extraction and Real-Time RT-PCR Protocol

SH-SY5Y cells were seeded in 100 mm culture dishes and treated as above. RevertAid
First Strand cDNA Synthesis Kit (K1622) was used to retrotranscribe 0.5 ug of total RNA
that was extracted using TRI Reagent (T9424, Sigma-Aldrich, Darmstadt, Germany) in
accordance with the manufacturer’s instructions. Two microliters of cDNA were subjected
to semi-quantitative PCR using the subsequent primers: 5'-C CTT CTG GGT AGA CCT
CTG GGA G-3' and 5-A AAC AGA GTA GCA GCT CAG ACT GC-3'. By staining 4%
agarose gels with ethidium bromide and subjecting them to LAS 4000 (GE Healthcare,
Chicago, IL, USA), fragments of 452 and 426 bps, which correspond to un-spliced and
spliced XBP1 mRNA, were found.
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2.7. Calcium Signaling Assay

Intracellular calcium concentrations were measured using a membrane-permeant
acetoxymethyl ester form of Fura 2, the Fura 2-AM, a fluorescent indicator dye. Neuroblas-
toma cells (3 x 10* cells/plate) were seeded in 6-well tissue culture plates and treated as
previously described.

At the final stage of the treatment, the cells were rinsed with phosphate-buffered saline
(PBS), reconstituted, and incubated for 45 min in 1 mL of Hank’s balanced salt solution
(HBSS) that contained 5 uM Fura 2-AM.

After removing excess Fura 2-AM, SH-SY5Y cells were transferred to a cuvette for
spectrofluorometer measurement (Per-kin-Elmer LS-55, Milano (MI), Italy). The cells were
then rinsed with PBS buffer. The appropriate quantities of TG (1 nM) and Ionomycin (1 M)
were added to the cuvette in calcium-free HBSS/0.5 mM EGTA bulffer to initiate treatment.
At 515 nm, emission fluorescence was seen, with the excitation wavelength being varied
between 340 and 380 nm. As previously reported [24], the fluorescence intensity ratio of
340/380 nm (F340/F380) was strongly correlated with intracellular free calcium. The TG or
Ionomycin-induced increases in the fluorescence ratio (F340/F380 nm) were measured and
reported as a delta (A) increase in the fluorescence ratio (F340/F380 nm).

2.8. Intracellular and Mitochondrial ROS Detection

Cytosolic ROS generation was evaluated in neuroblastoma cells (8 x 10* cells/well)
plated into 6-well plates and treated as depicted above. After the treatment, the cells
were collected, washed twice with PBS, and then incubated in PBS containing 2',7'-
dichlorofluorescin diacetate (HyDCF-DA; 10 uM) probe, at 37 °C for 30 min in the dark.
Cell fluorescence was then measured using fluorescence-activated cell sorting (FACSscan;
Becton-Dickinson) and analyzed with Cell Quest software.

Changes in mitochondrial O~ production were evaluated by fluorescent mitochon-
drial superoxide indicators (MitoSOX Red). Briefly, cells (8 x 10* cells/well) were incubated
with MitoSOX Red (2.5 pM) for 15 min in the dark at 37 °C, followed by washout. Flu-
orogenic dye, MitoSOX Red, is used to detect superoxide very specifically in living cell
mitochondria. Once in mitochondria, it is oxidized by superoxide and produces red fluo-
rescence, which is measured by flow cytometry (FACScan; BD Biosciences, San Jose, CA,
USA) and analyzed by Cell Quest software version 4.1.

2.9. Caspase 4 Measurement

Caspase 4 cleavage was analyzed by fluorescence-activated cell sorting (FACSscan;
Becton-Dickinson). SH-SY5Y cells were cultured in a 24-well plate (8 x 10* cells/well) and,
after 24 h of adhesion, were treated as previously described. Subsequently, the cells were
collected and treated for 20 min with a fixing solution (2% FBS, 4% formaldehyde, and
sodium azide 0.1% in PBS), permeabilized with a solution consisting of 4% formaldehyde,
Triton X-0.1%, 2% FBS, 0.1% sodium azide, and PBS, and the samples were left for 30 min.
Following this, anti-caspase 4 antibody was added, and a secondary antibody of goat Texas-
Red was utilized. After washing, the cells were fixed and detected by flow cytofluorometry
and analyzed by Cell Quest software. The data were represented as the percentage of
positive cells.

2.10. Hypodiploid DNA Detection

The cells were plated (8 x 10* cells/well) in a 24-well plate and allowed to grow
for 24 h and treated as described above. After two PBS washes, the fixed cells were
resuspended in 500 uL of 0.1% sodium citrate buffer, 0.1% Triton X-100, and 50 pg/mL
of propidium iodide (PI). The cells were then incubated for 30 min at 4 °C in the dark to
analyze the DNA content. By applying Cell Quest software, flow cytofluorometry was
used to analyze Pl-stained cells. The study of cellular debris was stopped by raising the
scatter threshold, and the logarithmic scale was used to record the amount of DNA in the
nucleus. The percentage of the hypodiploid region is used to represent the results.
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2.11. Analytical Statistics

The commercially available software GraphPad Prism8 (GraphPad Software Inc., San
Diego, CA, USA) was used for data assessments and statistical analysis. The data are
shown as the mean =+ standard error of at least three distinct experiments that were carried
out in technical triplicate. Statistical information was gathered using the non-parametric
Mann-Whitney U technique between the experimental points. If the p values fell between
<0.01 and 0.05, the differences were regarded as significant.

3. Results
3.1. Role of Vx-809 in UPR Pathway

TG mimics the ER stress condition by blocking the sarco/endoplasmic reticulum
Ca?*-ATPase (SERCA), disrupts Ca?* homeostasis, and causes cell death [25]. Considering
the above considerations, by using the MTT assay on neuroblastoma cells to evaluate the
potential toxic effect and in our experimental model, using 300 nM TG, we observed cell
viability higher than 50%.

ER homeostasis plays a vital role in cell physiological functions. Several factors can
destroy ER homeostasis, triggering a stress condition which activates an UPR pathway.
Vx-809 involvement on misfolding protein was evaluated by a Western blotting assay on
cell lysates, analyzing some UPR pathway proteins after inducing ER stress in human
neuroblastoma (SH-SY5Y) cells.

One of the most essential protective mechanisms induced by the UPR is the upregula-
tion of the GRP78/BiP expression [26].

Western blotting analysis on SH-SY5Y extracts revealed that TG treatment signifi-
cantly increased (p < 0.001) Grp78/BiP levels at all pretreatment times, confirming an ER
stress condition.

Addition of Vx-809 reduced TG-induced Grp78/BiP overexpression, significantly
(p < 0.05) at 30 min and 4 h (p < 0.005) pretreatment, as shown in Figure 2A. Moreover,
RT-PCR experiments showed the corrective Vx-809 action on splicing of XBP1 (Figure 2B),
mediated by IRE1 activation.

ER stress is a known inducer of ATF4 protein expression [27]. Accordingly, we tested
the Vx-809 effect on ATF4 induction in response to chemically mediated ER stress. As
expected, ATF4 protein was significantly induced (p < 0.001) at all time points in our
experimental model, following TG treatment. Corrector Vx-809 treatment significantly
reduced (p < 0.005) TG-induced ATF4 levels, confirming its effect on ATF4 activation in
neuroblastoma cells (Figure 2C).

In mammalian cells ATF6 is an n-type membrane protein located in the ER. Several
studies have shown that increased ATF6 expression regulates ER stress, reducing cellular
damage and ultimately exerts a neuroprotective effect. Previous research has demonstrated
that ATF6 deficiency enhances organ damage, as proven by the more severe functional
damage and poorer prognosis exhibited in ATF6 knockout mice following cerebral ischemia.
More current works have demonstrated that improving brain function is facilitated by
activating the ATF6 signaling pathway in the brain [28-30]. The results obtained on
neuroblastoma cells, by Western blotting analysis, showed that total ATF6 expression
increased in cells pretreated at 1 h and 4 h with TG compared with control cells, confirming
the induction of reticular stress and the onset of UPR. Vx-809 administration significantly
reduced (p < 0.05) TG-induced total ATF6 levels, in particular at 4 h TG-pretreatment times
(Figure 2D), restoring a physiological condition.

The PERK pathway is a crucial mediator in neurodegeneration observed in several
protein misfolded diseases, suggesting that the general disruption of protein translation is
the mechanism underlying neuronal dysfunction and degeneration. In a PD case, markers
of PERK activation were found in PD postmortem tissues, where nigral dopaminergic neu-
rons showing «Syn inclusion were also positive for phosphorylated PERK [31]. Therefore,
using the SH-SY5Y cell line, we performed a Western blotting analysis of the phospho-
rylated form of PERK (p-PERK). First and foremost, immunoblots were used to identify
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PERK phosphorylation. Figure 2E illustrates this process and shows the p-PERK band-shift
that results from the increased molecular weight caused by autophosphorylation [9]. As
predicted, p-PERK form was only seen in Vx-809 cells treated with TG, an ER stressor, and
not in cells that were left untreated or treated. Moreover, p-PERK band-shift was decreased
by Vx-809 therapy even after just one hour of TG pre-treatment.
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Figure 2. Vx-809 affects UPR activation. Cells were pretreated with 300 nM TG for 30 min or 2 or
4 h, to induce ER stress condition. Next, Vx-809 (2 uM) was added for 24 h. BiP (Panel (A)), ATF4
(Panel (C)), ATF6 (Panel (D)) and PERK/pPERK (Panel (E)) expressions in neuroblastoma cells were
revealed by Western blotting analysis. Expression of actin or tubulin was employed as a loading
control. Panel (B) illustrates the gel migration of the 452 bps unsplit fragment of XBP1 mRNA (XBP1
u) and the 426 bp split fragment (XBP1 s), achieved by RT-PCR. These results are presented as the
average =+ standard error of at least three separate, triplicate-performed studies. Data were processed
according to the Mann-Whitney U-test. * p < 0.05, ** p < 0.005, and *** p < 0.001 vs. untreated cells;
°p<0.05and °° p < 0.005 vs. Vx-809-treated cells; # p < 0.05 vs. TG-treated cells.

3.2. “Corrector” Vx-809 Interferes on Calcium Signaling

Misfolded proteins causing AD, PD, and prion diseases cause increases in Ca?* influx
and ER Ca?* dyshomeostasis, resulting in excitotoxicity and ER stress in affected neu-
rons [32]. Since impaired calcium homeostasis has been implicated in various neurological
disorders, we analyzed Vx-809 treatment effects on intracellular calcium concentrations by
FURA 2-AM in a calcium-free incubation medium. TG (1 nM) was used to study reticular
calcium content. As shown in Figure 3A, the delta increase in reticular calcium levels in
Vx-809-treated cells previously pretreated with TG at 30 min and 1 h was significantly
higher (p < 0.05) than that in TG-treated cells, indicating higher levels of calcium stored in
the ER, improving calcium homeostasis.
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Figure 3. Vx-809 hampers calcium signaling. Cells were pretreated with 300 nM TG for 30 min or
1 or 4 h, to induce ER stress. Following this, Vx-809 (2 uM) was added for 24 h. After ER stress,
the Vx-809 effect was determined on the reticular calcium pool in cells in calcium-free media in the
presence of 1 nM TG (panel (A)), and intracellular calcium concentration was quantified using 1 uM
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of ionomycin (panel (B)). The results show the mean + S.E.M. of the delta (5) increase in the fluores-
cence of the FURA 2 ratio (340/380 nm) from a minimum of three separate experiments, each carried
out in duplicate. The findings are presented as the average + standard error of duplicate data from a
minimum of three separate and identical tests. The Mann-Whitney U test analysis was performed on
the data. ** p < 0.005 and *** p < 0.001 vs. untreated cells; ° p < 0.05 vs. Vx-809-treated cells; # p < 0.05
and ### p < 0.001 vs. TG-treated cells.

TIonomycin (1 M), a potent and selective Ca®* ionophore, was used to study cytosolic
calcium concentration. Our results show that, in Vx-809-treated cells previously pretreated
with TG, the delta increase in intracellular calcium levels was higher than that in TG-treated
cells, hypothesizing an improvement in intracellular calcium storage (Figure 3B) induced
by treatment with a corrector.

3.3. Vx-809 Counteract Thapsigargin-Induced Oxidative Stress

Several NDs may be the result of a biochemical alteration, due to oxidative stress,
in bimolecular components. Moreover, the neuronal membranes exhibit a high level of
polyunsaturated fatty acids, which are highly susceptible to ROS [33].

To study the effects of Vx-809 on TG-induced cytosolic and mitochondrial ROS pro-
duction, cytofluorimetric analyses were performed by fluorescent probe DCHF-DA and
MitoSOX red, respectively. Our experiments show that Vx-809 treatment significantly
decreased (p < 0.001) cytosolic (Figure 4A) and mitochondrial (Figure 4B) ROS production
in TG-treated cells, at all experimental time points.
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Figure 4. Vx-809 mitigates the oxidative damage caused by Thapsigargin. To cause ER stress, cells
were pretreated with 300 nM TG for 30 min, 1 h, or 4 h. The corrector Vx-809 (2 uM) was then
administered for a whole day. The probe 2/,7’-dichlorofluorescein diacetate (H,DCF-DA) was used to
measure the amount of ROS produced in SH-SY5Y cells (Panel (A)). The percentage of DCF-positive
cells in at least three independent experiments, each conducted in duplicate, was used to express
the mean + SEM of ROS generation. Using the MitoSOX Red probe, flow cytometry analysis was
used to measure the amount of superoxide produced by the mitochondria in cells (Panel (B)). The
expression of mitochondrial superoxide generation was calculated as the mean =+ standard error of
the proportion of cells positive for MitoSOX in three separate tests, each carried out in duplicate.
SODIII expressions (Panel (C)) on neuroblastoma cells were detected by a Western blotting assay.
Actin protein expression was used as loading control. The Mann-Whitney U test was used to evaluate
the data. ** p < 0.005 and *** p < 0.001 vs. untreated cells; © p < 0.05 vs. Vx-809-treated cells; # p < 0.05
and ## p < 0.005 vs. TG-treated cells.

SODIII is the main body’s antioxidant, capable of inhibiting active oxygen damage to
the organism and repairing damage caused by free radicals. Moreover, SODIII is the main
antioxidant enzyme that removes superoxide anions in cells, protecting one from brain
injury [34]. Western blotting analysis showed a significant increase (p < 0.05) in SOD III
expression at 1 and 4 h from treatment in Vx-809-treated cells after induction of reticular
stress compared with TG-treated cells, as depicted in Figure 4C, probably to counteract the
stress induced by the increase in ROS.

3.4. Vx-809 Interferes with the Apoptotic Pathway

Current studies have shown that the disruption of calcium homeostasis in ER initiates
early signals of apoptosis [35,36]. Apoptosis appears to play a key role in the progres-
sion of several neurologic disorders, as demonstrated by studies in animal models and
cell lines [37,38]. Thus, we evaluated the percentage of hypodiploid nuclei and caspase
4 activation.

In our experimental model, we show that Vx-809 administration induced a significant
decrease (p < 0.001) in the percentage of hypodiploid nuclei in TG-pretreated SH-SY5Y cells
(Figure 5A).

Caspase-4 is cleaved by calpain during ER stress, and suppression of caspase 4 activity
partially inhibits cell death in humans. Therefore, caspase 4 plays a critical role in ER
stress [39].

Flow cytometry analysis revealed a significant reduction in caspase 4 levels (p < 0.001)
in treated neuroblastoma cells (Figure 5B) in ER stress conditions, suggesting that Vx-809
restores reticular homeostasis.
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Figure 5. Vx-809 alters the process of apoptosis. Neuroblastoma cells were pretreated with 300 nM
TG for 30 min, 2 h, or 4 h, to induce ER stress. Subsequently, 2 uM of the Vx-809 was administered
for 24 h. After, the cells were stained by propidium iodide, and the fluorescence of individual nuclei
was evaluated by flow cytometry (Panel (A)). The data are presented as the mean =+ standard error
of the percentage of hypodiploid nuclei from a minimum of three independent tests, each carried
out in duplicate. The percentage of caspase 4 positive cells (Panel (B)) from at least three separate
experiments, each carried out in duplicate, was given as mean £ S.E.M. The Mann-Whitney U test
was utilized for data analysis. * p < 0.05, ** p < 0.05 and *** p < 0.001 vs. non-treated cells; ° p < 0.05
vs. Vx-809-treated cells; ## p < 0.005 and ### p < 0.001 vs. TG-treated cells.

4. Discussion

Neurodegenerative diseases such as AD, PD, Huntington’s disease (HD), amyotrophic
lateral sclerosis (ALS), and prion diseases (PrDs) have been found to share common cellular
and molecular mechanisms including protein aggregation and formation of inclusion
bodies. The initiation of misfolding in a particular cell may be a stochastic event, with
constant risk throughout the individual’s life [40]. Moreover, neurons lack the ability
to remove or dilute toxic molecules by mitotic division since they are terminal, highly
differentiated cells; therefore, they are very sensitive to misfolded proteins to an increasing
extent with aging [41].

The broad tubular-reticular system in mammalian cells, referred to as the ER, serves
as a gatekeeper for the synthesis and folding of transmembrane and secreted proteins and
is essential for preserving the balance of calcium, cholesterol, and lipid synthesis. ER stress
can be caused by physiological, pathological, and environmental factors that interfere with
the folding of ER proteins [42].

A variety of factors that obstruct the ER’s oxidative protein folding processes can
cause ER stress and the buildup of intralumenal misfolded proteins [43]. When these
proteins build up in the ER lumen, the UPR reaction is triggered, which can either lead to
the restoration of protein homeostasis or, in the event of irreversible stress, cause cell death.
A growing body of research indicates that AD-related hyperphosphorylated tau protein or
A peptides gradually accumulate or aggregate and cause irreversible ER stress, which
in turn results in synaptic dysfunction and neurodegeneration [44]. As a matter of fact,
protein misfolding-related neurodegenerative disorders are linked to the pathogenicity of
chronic ER stress [43]. CFTR modulators, like Lumacaftor (Vx-809), are small molecules
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that bind to defective CFIR proteins and partially restore their function. Vx-809 was the
first drug used in the treatment of clinical cystic fibrosis [45].

In this study, we evaluated an off-label Vx-809 use, hypothesizing that probably it
does not interact directly with the mutant CFTR protein, responsible for cystic fibrosis, but
with a yet unknown mechanism that acts indirectly on misfolded proteins, thus preventing
the triggering of mechanisms involved in ER stress.

TG, is an experimental tool, commonly used as ER stressor, that by disturbing intracel-
lular calcium homeostasis causes an accumulation of unfolded or misfolded proteins in the
ER [9,46].

To demonstrate the neuroprotective mechanism of corrector Vx-809 on TG-induced ER
stress in SH-SY5Y cells, we performed a Western blotting analysis showing that the corrector
determines a significant reduction in GRP78/BiP, ATF4, ATF6, and pPERK expression, the
main proteins involved in the UPR pathway, probably acting on restoring a stress-induced
reticular physiological condition. Of note, our data demonstrate that the IRE1/XBP1
pathway of the UPR is blocked in Vx-809-treated cells, previously pretreated with TG. Thus,
the transcription factor sXBP1 is not expressed in these cells.

Calcium is an intracellular messenger chemical found in neurons that is involved
in many different activities, such as protein synthesis and energy metabolism [47,48].
The primary intracellular calcium reserve is found in the ER, which has luminal Ca?*
concentrations of 100-800 uM as opposed to the cytosol’s 100 nM Ca?*. Intraluminal
chaperones, such as calnexin, calreticulin, and BiP, act as buffers by binding directly to
calcium. Luminal calcium is essential for protein folding and maturation, as it binds to
folding chaperones of ER and is necessary for their activity [47]. Alterations in ER calcium
homeostasis are common pathological events observed in PrD models [43,48] and probably
in other neuropathologies. Perturbation in calcium homeostasis directly correlated to the
occurrence of ER stress and increased susceptibility to protein folding stress. Our results
demonstrate, in our experimental model, that the proper restoration of protein folding,
obtained by Vx-809 treatment, results in improved calcium homeostasis, by restoring
the balance of reticular and cytosolic calcium, thereby reducing the free Ca®* levels in
neuronal cells.

The brain needs a lot of energy to function because it is one of the body’s most active
organs. However, as a substrate for the production of reactive oxygen species (ROS),
which are essential in physiological communication systems associated with synaptic
plasticity, cell-cell connections, development of memory, cell proliferation, and apoptotic
processes, oxygen molecules can seriously harm the brain under a number of circumstances
(e.g., ischemia reperfusion and misfolding proteins).

Misfolded /unfolded protein aggregation causes excessive oxidative stress, endoge-
nous reticulum stress, and mitochondrial dysfunction in neurons. However, more ER stress
increases ROS production, which intensifies oxidative stress [49]. The scientific literature is
replete with evidence reflecting the role of ROS in the initiation and progression of several
pathologies from cardiovascular diseases to neurodegenerative diseases [4,33,50]. In this
study, we have shown that Vx-809 administration, in a reticular stress model, causes a
decrease in intracellular and mitochondrial ROS levels and an increase in the antioxidant
enzyme SODIII, mainly at 1 and 4 h from treatment, improving the cellular redox state.

UPR failure leads to the accumulation of protein aggregates that likely cause the
activation of proapoptotic caspases and induce increased apoptosis of neurons [51]. ER
stress-related apoptosis could be caused by increased ROS amounts and by caspase-4 cleav-
age, an ER-resident caspase known to be involved in ER stress-induced apoptosis [20,24].
Here, we have established that Vx-809 treatment affects protein folding, slowing down
the apoptotic process. Furthermore, cytofluorimetric analysis demonstrated a decrease in
caspase 4 levels in our experimental model, given by the reduction in ER stress.
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In conclusion, we can state that the Vx-809 corrector decreases UPR activation, due to
ER stress conditions in neuroblastoma cells. These findings are very promising, because
neurodegenerative diseases, such as AD, PD, and ALS, have an etiopathogenesis based on
the accumulation of protein aggregates causing chronic reticular stress, leading neuronal
cells to apoptosis or loss of function. Vx-809 activity could, therefore, reverse this trend by
repairing cellular damage and restoring homeostasis within neurons, making this drug, de
facto, a valuable tool in the treatment of neurodegenerative diseases.

Author Contributions: Conceptualization, S.F., M.P. (Maria Pascale), and M.P. (Michela Pecoraro);
methodology, M.P. (Michela Pecoraro) and A.S.; formal analysis, M.P. (Michela Pecoraro) and A.S.;
investigation, S.F. and M.P. (Michela Pecoraro); data curation, M.P. (Michela Pecoraro); writing—
original draft preparation, S.F. and M.P. (Michela Pecoraro); writing—review and editing, S.F., M.P.
(Maria Pascale), and M.P. (Michela Pecoraro); supervision, S.F. and M.P. (Maria Pascale); and funding
acquisition, S.F. and M.P. (Maria Pascale). All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The authors confirm that the data supporting the findings of this study
are available within this article.

Acknowledgments: We thank Bruno Maresca for the final revision of the manuscript.

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

Abbreviations

AD Alzheimer’s disease

ER Endoplasmic reticulum

UPR Unfolded protein response

IRE1x Inositol-requiring enzyme 1 o

PERK Protein kinase RNA-like ER kinase

ATF6 Activating transcription Factor 6
GRP78/BiP  Glucose-regulated protein 78/binding immunoglobulin protein
elF2« Eukaryotic translation initiation factor 2A
ATF4 Activating transcription factor 4

CHOP C/EBP homologous protein

ERAD ER-associated degradation

Vx-809 Lumacaftor

CF Cystic fibrosis

NBD1 Nucleotide-binding domain 1

TMD1 Transmembrane domain 1

TG Thapsygargin

NDs Neurodegenerative diseases

ROS Reactive oxygen species

PD Parkinson’s disease

PrD Prion disease

Xbpl X-box binding protein 1

Xbpls Spliced Xbpl1

CFTR Cystic fibrosis transmembrane conductance regulator
SODII Superoxide dismutase III

DMEM Dulbecco’s modified Eagle’s Medium
FBS Fetal bovine serum

PBS Phosphate-buffered saline

MTT 3-[4,5-dimetiltiazol]-2,5-diphenyl-2H-tetrazolium bromide
Sp Staurosporine

ECL Enhanced chemiluminescence
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HBSS Hank’s balanced salt solution
H,DCF-DA  2',7'-dichlorofluorescin diacetate
MitoSOX Mitochondrial superoxide

PI Propidium iodide

SERCA Sarco/endoplasmic reticulum Ca?*-ATPase
ALS Amyotrophic lateral sclerosis

IDP Intrinsically disordered proteins
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Abstract: Epilepsy is a common brain function disorder. The present study aims to evaluate the
long-term effect of perampanel (PRM) and lacosamide (LCM), administered singly in a high-dose or
in a low-dose combination of both, on comorbid anxiety, cognitive impairment, BDNF, and Cyclin D1
hippocampal expression in an experimental model of temporal lobe epilepsy with lithium—pilocarpine.
PRM (3 mg/kg, p.o.)/LCM (30 mg/kg, p.o.) or PRM+LCM (0.5 mg/kg + 3 mg/kg, p.o.) treatments
were administered three hours after the lithium—pilocarpine-induced status epilepticus and continued
for up to ten weeks in adult Wistar rats. Our study demonstrated that perampanel and lacosamide
administered singly in high doses improved epilepsy-associated cognitive impairment through
ameliorating anxiety and facilitating passive learning and memory, with spatial and recognition
memory measured in the elevated plus maze, step-through, Y-maze, and object recognition tests,
respectively. In addition, the combination of both drugs in low doses demonstrated similar anxiolytic
and cognitive-improving effects compared to the singly administered drugs. Moreover, the three
experimental groups enhanced the hippocampal expression of the neurotrophic factor BDNF and
mitigated the increased levels of the apoptotic factor Cyclin D1. These beneficial effects could be
essential mechanisms through which administered anticonvulsants preserve neuronal survival and
homeostasis in the CNS and especially in the hippocampus.

Keywords: perampanel; lacosamide; lithium~-pilocarpine; BDNF; cyclin D1; hippocampus; apoptosis

1. Introduction

Epilepsy is one of the most common brain function disorders, and most focal epilepsy
crises arise in the temporal lobe of the brain [1,2]. Although the pathogenesis of epilepsy
is still not fully elucidated, different molecular targets, such as neurotransmitters, ion
channels, or synaptic proteins [3], can be influenced by existing anti-seizure medications
(ASMs). It is well known that glutamate is the primary excitatory neurotransmitter in the
central nervous system (CNS), and hyperactivation of its postsynaptic a-amino-3-hydroxy-
5-methylisoxazole-4-propionic acid (AMPA) receptors plays a crucial role in the generation,
synchronization, and spread of epileptic activity [4,5]. Perampanel (PRM) is a novel third-
generation ASM. It is the first drug that belongs to the class of non-competitive, selective
AMPA receptor antagonists [6]. PRM has been approved as an adjunctive treatment for
focal epileptic seizures with or without secondary generalization in patients with epilepsy
aged > 4 years and for primary generalized tonic—clonic seizures in patients with idiopathic
generalized epilepsy aged >7 years (EU only) or >12 years (USA only). In the USA, the
drug can be prescribed as a monotherapy for the treatment of focal epileptic seizures [7].
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Although most ASMs act on voltage-gated sodium channels, lacosamide (LCM) is a
third-generation drug with a unique mechanism of action on these channels. It selectively
enhances their slow inactivation by regulating their long-term availability [8]. Voltage-
gated sodium channels are responsible for the generation of action potentials during normal
brain function and high-frequency firing, which is a feature of epileptic discharges [9].
LCM has been approved for the treatment of focal seizures with or without secondary
generalization as a monotherapy or an adjunctive drug for patients >16 years of age [10].

Different comorbidities, including cognitive deficits, depression, anxiety, migraine,
and a tendency for falls and fractures, can be observed among epileptic patients [11].
Numerous ASMs have been shown to be clinically effective [3]. Despite the latter fact,
more than 30% of patients remain refractory to seizure treatment, which requires the
prescribing of two or more ASMs [12]. Combinations of different anticonvulsants can
produce additive, synergistic, or antagonistic effects on seizure control, alongside some
adverse effects [13]. From a pharmacological perspective, polytherapy includes two or
more ASMs with different mechanisms of action that influence various targets for seizure
control. Considering the large number of anticonvulsants available, the consequences of
different drug combinations have, in general, not been well elucidated.

At this stage, there are not enough studies related to the influence of epileptic seizures
on neuronal survival in the hippocampus. There is also a lack of research on the possibility
that anticonvulsant drugs affect the expression of neurotrophic factors in the hippocam-
pus, a brain structure extremely critical for memorizing and consolidating information
from short- to long-term memory. Brain-derived neurotrophic factor (BDNF) is an en-
dogenous protein that is a key regulator of brain development and neuronal formation.
It promotes neurogenesis and synaptic activity, protects neurons from programmed cell
death, and maintains cellular homeostasis [14-16]. In contrast, BDNF is a mediator of
neuron-microglial interactions [17,18]. Many researchers consider BDNF to be the most
important signaling molecule between neurons and glia, especially in conditions of injury
and cellular stress [19]. According to several studies, microglia express BDNEF, and in
turn, the derived BDNF affects synaptic plasticity, influencing different neuronal structures
and functions [20,21]. The released neurotrophic factor can affect neuronal survival and
compensate for neuronal loss [20,21]. Whether and how these interactions are unidirec-
tional and what their subtle mechanisms are is a question that has not been sufficiently
investigated.

In recent years, there has been evidence of a cascade of processes occurring in cells
as a result of active external factors (cellular stress, damage, and intake of certain drugs),
such as the process of apoptosis. The latter is a complex process regulated by multiple
pro- and anti-apoptotic genes; long-term damage to the balance between the two groups
causes apoptotic changes in the brain cells [22]. The hippocampus is extremely sensitive
to all external influences that cause oxidative stress in cells [23]. In this respect, the
participation of programmed cell death in the mechanisms of epilepsy, as well as the causes
leading to cognitive deficits, are also considered. The Cyclin D1 protein participates as a
regulator of some manifestations of the apoptotic process. Moreover, increased expression
of this protein has been revealed in hippocampal neurons and proliferating glia after
epileptic seizures [24,25]. Therefore, Cyclin D1 has been a subject of research in two lines
of investigation: participation in the cell cycle and provoking apoptotic changes in major
damage to the cell’s DNA [26]. The data suggests that Cyclin D1 is a convenient marker for
detecting probable neuronal damage in the presence of apoptotic cell changes. Cyclin D1
is visualized histochemically in damaged neurons of the hippocampus and in some glial
elements [27]. The probable control of neuronal functions and neurogenesis by astrocytes
through the expression of Cyclin D1 has also been described [28].

Animal models of epilepsy have proven to be invaluable in the evaluation of ASMs
on comorbidities and the possible mechanisms through which drugs affect these comor-
bidities [9]. The lithium-pilocarpine model is a reliable animal model for investigating
epileptogenesis after status epilepticus (SE) and pathogenesis of temporal lobe epilepsy
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(TLE), which is demonstrated by spontaneous motor seizures (SMS) and comorbid cogni-
tive and psychological disorders during the chronic phase [2]. In this respect, we evaluated
the long-term effect of PRM and LCM, administered singly in a high-dose or in a low-dose
combination of both on comorbid anxiety, cognitive impairment, BDNEF, and Cyclin D1
hippocampal expression in an experimental model of TLE.

2. Materials and Methods
2.1. Reagents and Drugs

Pilocarpine hydrochloride (Pilo, powder, P6503), lithium chloride (LiCl, powder,
L9650), and scopolamine methyl bromide (Scop, powder, S8502) were purchased from
Sigma Aldrich, St. Louis, MO, USA. Lacosamide (Vimpat®, USB Pharma, Brussels, Bel-
gium), Perampanel (chompa®, Eisai Ltd., Frankfurt am Main, Germany), and Diazepam
(Sopharma, Sofia, Bulgaria) were obtained from the pharmaceutical companies. The fol-
lowing reagents were used in the study: Bouen’s Fluid Sigma, HT10132 (Aldrich Chemie
GmbH, Taufkirchen, Germany); Gill’'s Hematoxylin Solution, No. 2, sc-24973A (Santa Cruz
Biotechnology, Inc., Dallas, TX, USA); ImmunoCruz goat ABC Staining, sc-2023 (Santa Cruz
Biotechnology, Inc., Dallas, TX, USA); pro BDNF (5H8), sc-65514; Cyclin D1 (A-12), sc-8396
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA); and VectaMount® Express Mounting
Medium, H-5700-60 (Vector Laboratories, Newark, CA, USA).

2.2. Animals

Forty-six mature male Wistar rats at 3 months of age weighing between 180 and
200 g were used in this study. They were obtained from the Animal Center of the Medical
University, Plovdiv. The rats were housed in plastic cages (4-5 per cage) [29-31]. They
were maintained at a constant temperature (22 £ 1 °C) and relative humidity (55-60%)
under a 12 h/12 h light/dark cycle. The ventilation system was set between 15 and 20 air
changes per hour. Food and drinking water were provided ad libitum. This study was
performed in strict accordance with the guidelines of European Community Council Direc-
tives 86/609/EEC and 0.2010/63/EC. The experiments were approved by the Bulgarian
Food Safety Agency No. 206/01.10.2018 and the Ethical Committee on Human and Animal
Experimentation of Medical University—Plovdiv No. 1/28.02.2019.

2.3. Generation of Chronic Epilepsy Rats

The timeline of the experiment is shown in Figure 1. Thirty-eight rats were injected
with LiCl 127 mg/kg intraperitoneally (i.p.) 24 h before the Pilo treatment. The rats
were given 30 mg/kg i.p. Pilo, 30 min after the injection of scopolamine methyl bromide
1 mg/kg i.p. The latter was administered to reduce the peripheral cholinergic effects
resulting in respiratory problems, which are one of the main reasons for the animal’s
death in this model. After the last injection, the animals were placed in separate cages,
and their behavioral seizure severity was evaluated based on the Racine scale [32]: Stage
1—mouth and facial movements; Stage 2—head nodding; Stage 3—forelimb clonus; Stage
4—seizures characterized by rearing and continued forelimb clonus; Stage 5—seizures
characterized by rearing, forelimb clonus, and falling. The criterion for reaching status
epilepticus was a state when the animal reached stage 4 or 5 based on the Racine scale,
followed by continuous motor activity (>9 motor seizures/h). After two hours of ongoing
seizures, 10 mg/kg Diazepam was injected i.p. to relieve convulsions and prevent mortality.
The dosage was repeated as needed. Six animals died during the SE. The remaining 32
rats were then randomly allocated to the four experimental groups (8 per group, from
the second to the fifth one), and an additional 8 rats, in which no SE was induced, were
allocated to the control group as follows:

o 1st group—C-veh (control animals treated only with saline 1 mL/kg p.os.);

o 2nd group—Li-Pilo-veh (this group was with the model of post-SE-induced TLE
triggered by the i.p. administration of LiCl 127 mg/kg and Pilocarpine 30 mg/kg i.p.
and was treated with saline 1 mL/kg p.os.);
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o 3rd group—Li-Pilo-PRM (this group was with the model of post-SE-induced TLE
triggered by the i.p. administration of LiCl 127 mg/kg and Pilocarpine 30 mg/kg i.p.

and was treated with perampanel 3 mg/kg p.os.);

o 4th group—Li-Pilo-LCM (this group was with the model of post-SE-induced TLE
triggered by the i.p. administration of LiCl 127 mg/kg and Pilocarpine 30 mg/kg i.p.

and was treated with lacosamide 30 mg/kg p.os.);

o 5th group—Li-Pilo-PRM-LCM (this group was with the model of post-SE-induced
TLE triggered by the i.p. administration of LiCl 127 mg/kg and Pilocarpine 30 mg/kg
i.p. and was treated with perampanel 0.5 mg/kg p.os + lacosamide 3 mg/kg p.os).

Three hours after the Li-Pilo injections, the rats were injected subcutaneously (s.c.)
with NaCl 0.9% and glucose 5% in equal volumes (up to 3% of body weight) to restore
volume loss. This procedure was repeated over the next 5 days to increase the survival
chances of the animals. Treatment with veh/PRM or LCM, administered orally by gavage,
started three hours after the onset of SE and continued for up to 10 weeks. We used the
pharmaceutically prepared solution for infusion of lacosamide (Vimpat® 200 mg/20 mL).
Doses of 3 mg/kg (0.03 mL per 100 g) and 30 mg/kg (0.3 mL per 100 g) were administered
per os from this solution. Perampanel (Fycompa 2 mg tab.) was dissolved in a three-
component solvent (distilled water, DMSO, and propylene glycol) in a concentration of
1mg/10 mL. Doses of 0.5 mg/kg (0.5 mL per 100 g) and 3 mg/kg (3 mL per 100 g) were
administered per os [33]. Eight weeks after the Li-Pilo injection, all rats were subjected to a

series of tests and were daily treated with the drugs.

Experimental Design

2" group - Li-Pilo-veh
(Li-Pilo-SE + saline 1 mi/kg p.os) :> ,
N 4 1% group — C-veh
- (saline 1 mi/kg p.os)
3" group - Li-Pilo-PRM :> " d
Induction |- (Li-Pilo-SE + PRM 3 mg/kg p.os)
of SE n=40
with Li-Pilo th T
.| 4" group - Li-Pilo-LCM .
() [T (Li-Pilo-SE + LCM 30 mglkg p.os) :> Male Wistar Rats
5™ group - Li-Pilo-PRM-LCM
(Li-Pilo-SE + PRM 0.5 mg/kg p.os + LCM 3 mg/kg p.os)
PRM and LCM Treatment
1 Week 10 Weeks
8 weeks 9 weeks

/

Behavioural tests

Elevated plus maze test

Object  recognition

One way step-through
passive avoidance test

Figure 1. Timeline of the experiment.
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2.4. Behavioral Tests
2.4.1. Object Recognition Test

The object recognition test (ORT) consisted of a training session (T1) and a test session
(T2) conducted on two consecutive days. The object recognition test was performed in
an open Plexiglas box (60 x 60 x 40 cm) with objects made of plastic, as previously
described [34,35]. Briefly, during T1, each rat was allowed to explore two identical objects
(Al and A2) for 5 min. In the test session (12), the rats were exposed to a familiar object
(A1) and a novel object (B) for 5 min. The exploration time (s) for each object in the test
session was recorded, and the discrimination index (DI) was defined as the difference in
exploration time between the novel (TB) and familiar objects (TA) divided by the total time
spent exploring the two objects in the discrimination phase: (TB — TA)/(TB + TA) = DL

2.4.2. Y-Maze

The Y-maze is widely used to assess hippocampal-dependent spatial working memory
by measuring the spontaneous alternations. This method utilizes the congenital tendency
of rodents to explore novelty [36]. Black Plexiglas consisting of three equally spaced arms
interconnected at 120° was used in the experiment. Each arm was designated as A, B, or C.
At the beginning of the experiment, each animal was randomly placed at the end of one
arm of the maze and allowed to explore the maze freely for a total trial duration of 7 min.
Successful entry into an arm was considered when the animal entered the arm on all four
paws. The number and sequence of arm entries were recorded manually. Spontaneous
alternation occurs when the animal consecutively enters at least three of various combina-
tions of arms; for example, ABC, CBA, CAB, BCA, etc. Spontaneous alternation (SA) % was
calculated using the following formula: SA % = (number of alternations)/(total number of
entries — 2) x 100.

2.4.3. One-Way Step-Through Passive Avoidance Test with Negative Reinforcement

The step-through apparatus (UgoBasile, Gemonio, Italy) consisted of two equal-sized
dark and light compartments separated by a sliding automatic door. The experiment was
conducted on two consecutive days: the 1st day was the learning session, which was
performed with a schedule of 2 trainings with a 60 min interval between them, and the
2nd day was the retention test. During the learning session, the rats were placed in the
light compartment. Immediately after the rat entered the dark chamber with all four feet
inside, the door was closed and a short-lasting electrical foot shock (9 s, 0.4 mA, 50 Hz)
was delivered. After 20 s, the animals were removed from the dark chamber and returned
to their cages. Time (s) spent in the light compartment was recorded. Twenty-four hours
after the last learning session, the memory retention test was performed. The experimental
protocol was the same as above, except that no electrical shock was delivered to the rats.
The test was concluded when the animal entered the dark compartment or remained in the
light chamber for 178 s (cut-off time) [37].

2.4.4. Elevated Plus Maze Test

The apparatus consisted of two open arms (50 x 10 cm?), two enclosed arms (50 x 10
x 50 cm?), and a central platform (10 x 10 cm?), elevated 50 cm above the floor. Rats were
placed on the central square of the maze facing an open arm and allowed to freely explore
the maze for 5 min. The calculated measures were: (1) the number of entries in open arms;
(2) the number of entries in enclosed arms; (3) the time (s) spent in the open arms; and
(4) the anxiety index (AI) =1 — [(open arms time/total time) + (number of entries in open
arms/total number of entries)/2]. Results close to 1 show anxious behavior [34,35].

After the last test, animals were decapitated under deep anesthesia with 0.2 mg/kg,
i.p. of fentanyl and 0.3 mg/kg, i.p, of midazolam. Brains were removed immediately
and collected for further investigations. Parts of the brains of experimental animals con-
taining the hippocampus were fixed using Bouen’s fluid for 24 h. After washing with
xylol, the brain fragments stayed in liquid paraffin in a thermostat (at 56°) for 24 h, after
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which they were incorporated into paraffin. The paraffin blocks were cut into an auto-
matic paraffin microtome (Leica 2055, Leica Biosystems, Deer Park, IL, USA). Paraffin
histological sections (6 pm thick) were installed on silane-coated slides and were used for
immunohistochemical analysis.

2.5. Immunohistochemistry

We used fragments of the hippocampus of the experimental animals, processed by
protocol, included in paraffin, and prepared for immunohistochemical analysis. The cuts
were mounted on silane-coated slides. The slides were dewaxed alternately with xylene
and a descending alcohol battery. Then, we suppressed peroxidase with a solution of
methanol and hydrogen peroxide for 30 min. The slides were kept in PBS (phosphate-
buffered saline) for 15 min and in normal swine serum dissolved in PBS for 30 min.
The expression of BDNF and Cyclin D1 was monitored using the ABC method with the
ImmunoCruz™ rabbit ABC Staining System kit (Santa Cruz Biotechnology, Inc., USA),
with DAB as chromogen and monoclonal primary anti-BDNF and anti-Cyclin D1 antibody
(1:100; Santa Cruz Biotechnology, Inc., USA) [38,39]. Sections in which the primary antibody
was substituted with PBS were used as negative controls. The duration of incubation was
24 h at4° Cin a humid (70%) chamber. After completion of the reaction, we rinsed with PBS,
contrasted the nuclei with hematoxylin, dehydrated in alcohols of upward concentration,
and covered with Vecta mount (Vector Laboratories, Newark, CA, USA).

The immunohistochemical manifestations of the investigated signal system are sub-
jected to quantitative analysis of the intensity of reactions using specialized software, the
Leica DM 3000 image system with Flexacam C3 (Leica Biosystems, Deer Park, IL, USA).

2.6. Quantitative Analysis of the Intensity of Immunohistochemical Reactions

The immunohistochemical analysis was performed on both brain hemispheres of all
animals from the groups (n = 40), using specialized, highly sensitive software, the Olympus
DP-Soft image system (version 4.1 for Windows), equipped with a Camedia-5050Z digital
camera (Olympus, Japan). The intensity values of the reactions were in the range of 0-256,
with 0 presenting white and 256 black. The specific staining of the fields was in the form
of dark brown to black granules in the positive cells. The analysis was carried out on
sections of the hippocampus of Wistar rats from all groups already described (n = 40).
Series of simultaneous reactions involving material from all experimental groups were
analyzed in order to determine the comparability of the results. The curve of the intensity
of immune responses in the positive cells was calculated on different microscopic fields
of sections (20 sections per animal, magnification x400) of all hippocampal hemispheres
of at least 100 cells. The mean value of the intensity of antigen expression for each animal
in the groups was calculated, and BDNF/Cyclin D1 expression was recorded in relative
units (RU).

2.7. Statistical Analysis

Experimental results were presented as mean &+ SEM. The results were analyzed using
parametric tests because of normally distributed data, as assessed by the Kolmogorov—
Smirnov test. The different parameters of all behavioral tests—discrimination index, spon-
taneous alternations, step-through latency time, number of entries in open arms, time
spent in open arms, and anxiety index, including BDNF and Cyclin D1 hippocampal
expression—were assessed by one-way ANOVA. When the F-ratio was significant, the
between-group differences were assessed by Tukey’s post hoc test in case of justification.
When the variances were significantly different, depending on the homogeneity of the dis-
persions (found by using the Levene’s test), the Games-Howell post hoc test was applied.
Statistical significance was set at p < 0.05. The analysis was conducted by using the IBM
SPSS® (version 19.0.) statistical package.
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3. Results
3.1. Object Recognition Test

The post hoc test demonstrated that the Li-Pilo-veh group had impaired object recog-
nition memory compared to the C—veh group (—0.31 & 0.09 vs. 0.57 £ 0.08, p < 0.001),
while the long-term LCM treatment during the chronic phase of the TLE model managed
to increase the discrimination index compared to the group with epilepsy (0.43 &£ 0.09 vs.
—0.31 &£ 0.09, p = 0.001) (Figure 2). The Li-Pilo-PRM group singly did not increase the
discrimination index, while the group treated with both drugs, PRM and LCM, managed
to reduce the negative influence of epilepsy compared to the pilocarpine-treated animals
(0.6 £0.09 vs. —0.31 £ 0.09, p = 0.001) and to the rats treated only with PRM (0.6 & 0.09
vs. —0.01 £ 0.2, p = 0.009). No statistical significance was observed when the C-veh group
was compared to the Li-Pilo-LCM and Li-Pilo-PRM-LCM animals as well as between the
Li-Pilo-LCM and Li-Pilo-PRM-LCM rats.
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Figure 2. Effect of long-term treatment with perampanel (PRM) and lacosamide (LCM), singly or
in combination, on the discrimination index in the object recognition test in animals with a model
of temporal lobe epilepsy. ~ p < 0.01 Li-Pilo-veh group vs. C-veh group; p < 0.05 Li-Pilo-PRM
vs. C-veh group, * p < 0.05 Li-Pilo-LCM vs. Li-Pilo-veh group; *** p < 0.001 Li-Pilo-PRM-LCM vs.
Li-Pilo-veh group; # p < 0.05 Li-Pilo-PRM-LCM vs. Li-Pilo-PRM group; no significance (N.S.), p > 0.05
Li-Pilo-LCM vs. Li-Pilo-PRM-LCM group.

3.2. Y-Maze Test

In the Y-maze task, the Li-Pilo-veh group showed a significant decrease in the per-
centage of spontaneous alternations (SA) compared to the C-veh animals (31.17 £ 7.13 vs.
65.10 & 4.66, p = 0.001) (Figure 3). Both groups, Li-Pilo-PRM and Li-Pilo-LCM, significantly
increased spontaneous alternations compared to the animals with a model of epilepsy
(69.29 £ 4.67 vs. 31.17 £ 7.13, p < 0.001 and 67.89 % 6.63 vs. 31.17 £ 7.13, p < 0.001, respec-
tively). The same positive effect on SA was observed in the group treated with both drugs
(Li-Pilo-PRM-LCM) compared to the Li-Pilo-veh animals (58.34 + 3.27 vs. 31.17 £ 7.13,
p = 0.012). No statistical significance was observed when comparing the C-veh group and
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the three groups treated singly with PRM and LCM or in a combination of both drugs,
p > 0.05. In addition, no difference was detected between the Li-Pilo-PRM and Li-Pilo-
LCM groups when compared to the animals treated with both drugs (Li-Pilo-PRM-LCM),
p > 0.05.
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Figure 3. Effect of long-term treatment with perampanel (PRM) and lacosamide (LCM), singly or
in combination, on the spontaneous alternations (%) in the Y-maze test in animals with a model
of temporal lobe epilepsy. ~ p < 0.001 Li-Pilo-veh vs. C-veh group; *** p < 0.001 Li-Pilo-PRM vs.
Li-Pilo-veh group; *** p < 0.001 Li-Pilo-LCM vs. Li-Pilo-veh group; * p < 0.05 Li-Pilo-PRM-LCM
vs. Li-Pilo-veh group; no significance (N.S.), p > 0.05 C-veh group vs. Li-Pilo-PRM group; p > 0.05
C-veh group vs. Li-Pilo-LCM group; p > 0.05 C-veh group vs. Li-Pilo-PRM-LCM group; N.S., p >
0.05 Li-Pilo-PRM vs. Li-Pilo-PRM-LCM group; N.S., p > 0.05 Li-Pilo-LCM group vs. Li-Pilo-PRM-
LCM group.

3.3. One-Way Step-Through Passive Avoidance Test with Negative Reinforcement

The post hoc test revealed that the Li-Pilo animals showed a decreased reaction time
during the learning session (24.51 £ 5.83 vs. 77.13 £ 4.84, p = 0.007) and the memory
retention test compared to the C-veh group (30.60 £ 6.61 vs. 137.58 + 21.80, p = 0.001)
(Figure 4A,B). The comparison between the Li-Pilo-veh rats and the group with a model
of epilepsy treated with PRM showed that the animals treated with the anticonvulsant
significantly increased their step-through latency time during both sessions on day 1
(86.98 £10.99 vs. 24.51 £ 5.83, p = 0.001) and day 2 (111.21 & 25.41 vs. 30.60 £ 6.61,
p = 0.023). The Li-Pilo-LCM group also showed an increase in the time for entering the dark
compartment during the learning session (67.01 & 15.49 vs. 24.51 4 5.83, p = 0.041) and
the memory retention test compared to the animals with a model of TLE (158.20 + 19.80
vs. 30.60 £ 6.61, p < 0.001). Moreover, during the two experimental days, the group that
was treated with both drugs showed a significant increase in the latency time compared to
the Li-Pilo-veh animals (93.27 4= 9.95 vs. 24.51 &= 5.83, p < 0.001 for day 1 and 158.25 + 6.28
vs. 30.60 £ 6.61, p < 0.001 for day 2). No statistical significance was observed when
comparing the C-veh group and the three groups treated singly with PRM and LCM or a
combination of both drugs, p > 0.05. Moreover, no difference was detected as well between
the single-drug-treated groups when compared to the animals treated with both drugs
(Li-Pilo-PRM-LCM), p > 0.05 during the learning session and memory retention test.
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Figure 4. (A). Effect of long-term treatment with perampanel (PRM) and lacosamide (LCM), singly
or in combination, on the latency time (s) during a learning session in the step-through passive
avoidance test in animals with a model of temporal lobe epilepsy. ~ p < 0.05 Li-Pilo-veh vs. C-veh
group; *** p < 0.001 Li-Pilo-PRM vs. Li-Pilo-veh group; * p < 0.05 Li-Pilo-LCM vs. Li-Pilo-veh group;
*** p <0.001 Li-Pilo-PRM vs. Li-Pilo-veh group; no significance (N.S.), p > 0.05 C-veh group vs. Li-Pilo-
PRM group; p > 0.05 C-veh group vs. Li-Pilo-LCM group; p > 0.05 C-veh group vs. Li-Pilo-PRM-LCM
group; N.S., p > 0.05 Li-Pilo-PRM vs. Li-Pilo-PRM-LCM group; N.S., p > 0.05 Li-Pilo-LCM group vs.
Li-Pilo-PRM-LCM group. (B). Effect of long-term treatment with perampanel (PRM) and lacosamide
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(LCM), singly or in combination, on the latency time (s) during a memory retention test in the
step-through passive avoidance test in animals with a model of temporal lobe epilepsy. ~ p < 0.05
Li-Pilo-veh vs. C-veh group; * p < 0.001 Li-Pilo-PRM vs. Li-Pilo-veh group; *** p < 0.001 Li-Pilo-LCM
vs. Li-Pilo-veh group; *** p < 0.001 Li-Pilo-PRM-LCM vs. Li-Pilo-veh group; no significance (N.S.),
p > 0.05 C-veh group vs. Li-Pilo-PRM group; p > 0.05 C-veh group vs. Li-Pilo-LCM group; p > 0.05
C-veh group vs. Li-Pilo-PRM-LCM group; N.S., p > 0.05 Li-Pilo-PRM vs. Li-Pilo-PRM-LCM group;
N.S., p > 0.05 Li-Pilo-LCM group vs. Li-Pilo-PRM-LCM group.

3.4. Elevated Plus Maze (EPM) Test

In the EPM test, both groups, Li-Pilo-PRM and Li-Pilo-LCM, had a higher number
of entries in the open arms compared to the animals with a model of TLE (p < 0.001,
respectively) (Figure 5). The group treated with both drugs, PRM and LCM, also showed
an increased number of entries in comparison with the Li-Pilo animals (p = 0.006). The post
hoc test demonstrated that only the Li-Pilo-LCM group had a significantly longer time in
the aversive area compared to the Li-Pilo-veh group (p = 0.009) (Figure 6). The Li-Pilo-veh
group showed a higher anxiety index compared to the C-veh animals (p < 0.001). The three
groups treated with the drugs singly (Li-Pilo-PRM and Li-Pilo-LCM) or in combination of
both (Li-Pilo-PRM-LCM) had lower anxiety index compared to the animals with a model
of TLE (p < 0.001, p < 0.001, and p = 0.001, respectively) (Figure 7). The mean values and
SEM found in the EPM test are presented in Supplementary Table S1.
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Figure 5. Effect of long-term treatment with perampanel (PRM) and lacosamide (LCM), singly or in
combination, on the number of entries in open arms in the elevated plus maze test in animals with a
model of temporal lobe epilepsy.  p < 0.001 Li-Pilo-veh vs. C-veh group; *** p < 0.001 Li-Pilo-PRM
vs. Li-Pilo-veh group; *** p < 0.001 Li-Pilo-LCM vs. Li-Pilo-veh group; ** p < 0.01 Li-Pilo-PRM-LCM
vs. Li-Pilo-veh group; no significance (N.S.), p > 0.05 C-veh group vs. Li-Pilo-PRM group; p > 0.05
C-veh group vs. Li-Pilo-LCM group; p > 0.05 C-veh group vs. Li-Pilo-PRM-LCM group; p > 0.05
Li-Pilo-PRM vs. Li-Pilo-PRM-LCM group; p > 0.05 Li-Pilo-LCM group vs. Li-Pilo-PRM-LCM group.
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Figure 6. Effect of long-term treatment with perampanel (PRM) and lacosamide (LCM), singly or in
combination, on the time (s) spent in open arms in the elevated plus maze test (300 s total time) in animals
with a model of temporal lobe epilepsy. ~ p < 0.05 Li-Pilo-veh vs. C-veh group; ** p < 0.01 Li-Pilo-LCM vs.
Li-Pilo-veh group; no significance (N.S.), p > 0.05 C-veh group vs. Li-Pilo-PRM group; p > 0.05 C-veh
group vs. Li-Pilo-LCM group; p > 0.05 C-veh group vs. Li-Pilo-PRM-LCM group; p > 0.05 Li-Pilo-PRM vs.
Li-Pilo-PRM-LCM group; p > 0.05 Li-Pilo-LCM group vs. Li-Pilo-PRM-LCM group.
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Figure 7. Effect of long-term treatment with perampanel (PRM) and lacosamide (LCM), singly or in
combination, on the anxiety index in the elevated plus maze test in animals with a model of temporal
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lobe epilepsy. ~ p < 0.001 Li-Pilo-veh vs. C-veh group; *** p < 0.001 Li-Pilo-PRM vs. Li-Pilo-veh
group; *** p < 0.001 Li-Pilo-LCM vs. Li-Pilo-veh group; *** p < 0.001 Li-Pilo-PRM-LCM vs. Li-Pilo-veh
group; no significance (N.S.), p > 0.05 C-veh group vs. Li-Pilo-PRM group; p > 0.05 C-veh group
vs. Li-Pilo-LCM group; p > 0.05 C-veh group vs. Li-Pilo-PRM-LCM group; p > 0.05 Li-Pilo-PRM vs.
Li-Pilo-PRM-LCM group; p > 0.05 Li-Pilo-LCM group vs. Li-Pilo-PRM-LCM group.

3.5. BDNF Immunohistochemical Expression

Immunohistochemical localization of BDNF in the dorsal hippocampus (Figure 8A-E)
in cornu ammonis (CA1, CA2, and CA3) subfields, as well as in the granular cell layer in
the dentate gyrus (GrDG).

Figure 8. Immunohistochemical expression of BDNF in the dorsal hippocampus. C-veh group (A1-A5),
Li-Pilo-veh group (B1-B5), Li-Pilo-PRM group (C1-C5), Li-Pilo-LCM group (D1-D5), Li-Pilo-PRM-LCM
group (E1-E5). Higher magnifications of the rectangles in all five groups are given. Scale bars = 200 um
(A1,B1,C1,D1,E1); 50 um (A2-A5,B2-B5,C2-C5,D2-D5,E2-ES5).

Representative images showing BDNF immunostaining in the control C-veh group
(A1-A5), Li-Pilo-veh group (B1-B5), Li-Pilo-PRM group (C1-C5), Li-Pilo-LCM group
(D1-D5), and Li-Pilo-PRM-LCM group (E1-E5). Higher magnifications of the rectangles in
all five groups are given. The immune response to BDNF in the C-veh group is moderate but
strongly reduced in the Li-Pilo-veh group, especially in CA3 hippocampal fields (A4, B4).
In the groups of experimental rats treated with antiepileptic drugs (Li-Pilo-PRM, Li-Pilo-
LCM, and Li-Pilo-PRM-LCM group), we observed a significant improvement in BDNF
levels, again, most detectable in the CA3 subfield (C4, D4, and E4) compared to the control
group of rats undergoing epileptic seizures.

The post hoc test demonstrated that only the Li-Pilo animals showed a significant
decrease in the BDNF expression in the CA1 (cornu ammonis 1) subfield of the hippocam-
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pus in comparison with the C-veh group (p = 0.002) (Figure 9A). The three experimental
groups with a model of TLE, which are treated with PRM/LCM or both drugs, significantly
increased the expression of the neurotrophic factor in the CA1 region compared to the
Li-Pilo-veh animals (p < 0.001, respectively).
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Figure 9. Effect of long-term treatment with perampanel (PRM) and lacosamide (LCM), singly or
in combination, on the BDNF levels (RU) in animals with a model of temporal lobe epilepsy: (A) in
the hippocampal CA1 subfield, ~ p < 0.05, Li-Pilo-veh vs. C-veh group; *** p < 0.001 Li-Pilo-PRM vs.
Li-Pilo-veh group; *** p < 0.001 Li-Pilo-LCM vs. Li-Pilo-veh group; *** p < 0.001 Li-Pilo-PRM-LCM
vs. Li-Pilo-veh group; no significance (N.S.), p > 0.05 C-veh group vs. Li-Pilo-PRM group; p > 0.05
C-veh group vs. Li-Pilo-LCM group; p > 0.05 C-veh group vs. Li-Pilo-PRM-LCM group; p > 0.05
Li-Pilo-PRM vs. Li-Pilo-PRM-LCM group; p > 0.05 Li-Pilo-LCM group vs. Li-Pilo-PRM-LCM group.
(B) in the hippocampal CA2 subfield, ~ p < 0.05, Li-Pilo-veh vs. C-veh group; ** p < 0.01 Li-Pilo-PRM
vs. Li-Pilo-veh group; * p < 0.05 Li-Pilo-LCM vs. Li-Pilo-veh group; ** p < 0.01 Li-Pilo-PRM-LCM vs.
Li-Pilo-veh group; no significance (N.S.), p > 0.05 C-veh group vs. Li-Pilo-PRM group; p > 0.05 C-veh
group vs. Li-Pilo-LCM group; p > 0.05 C-veh group vs. Li-Pilo-PRM-LCM group; p > 0.05 Li-Pilo-PRM
vs. Li-Pilo-PRM-LCM group; p > 0.05 Li-Pilo-LCM group vs. Li-Pilo-PRM-LCM group; (C) in the
hippocampal CA3 subfield, ~ p < 0.001, Li-Pilo-veh vs. C-veh group; *** p < 0.001 Li-Pilo-PRM vs.
Li-Pilo-veh group; *** p < 0.001 Li-Pilo-LCM vs. Li-Pilo-veh group; *** p < 0.001 Li-Pilo-PRM-LCM vs.
Li-Pilo-veh group; no significance (N.S.), p > 0.05 C-veh group vs. Li-Pilo-PRM group; p > 0.05 C-veh
group vs. Li-Pilo-LCM group; p > 0.05 C-veh group vs. Li-Pilo-PRM-LCM group; p > 0.05 Li-Pilo-PRM
vs. Li-Pilo-PRM-LCM group; p > 0.05 Li-Pilo-LCM group vs. Li-Pilo-PRM-LCM group and (D) in the
granular cell layer in the dentate gyrus, - p <0.01, Li-Pilo-veh vs. C-veh group; *** p < 0.001 Li-Pilo-PRM
vs. Li-Pilo-veh group; ** p < 0.001 Li-Pilo-LCM vs. Li-Pilo-veh group; *** p < 0.001 Li-Pilo-PRM-LCM vs.
Li-Pilo-veh group; ) p < 0.05 Li-Pilo-PRM-LCM vs. C-veh group; no significance (N.S.), p > 0.05 C-veh
group vs. Li-Pilo-PRM group; p > 0.05 C-veh group vs. Li-Pilo-LCM group; p > 0.05 Li-Pilo-PRM vs.
Li-Pilo-PRM-LCM group; p > 0.05 Li-Pilo-LCM group vs. Li-Pilo-PRM-LCM group.

89




Curr. Issues Mol. Biol. 2024, 46

In the CA2 subfield of the hippocampus, the Li-Pilo-veh group showed a significant
decrease in the BDNF expression compared to the saline animals (p = 0.04) (Figure 9B).
Chronic treatment with both groups, Li-Pilo-PRM and the one with the drug combination
Li-Pilo-PRM-LCM, showed a significant increase in the neurotropic expression compared
to the animals with a model of TLE (p = 0.006 and p = 0.004). The Li-Pilo-LCM group also
showed higher expression of BDNF in the CA2 subfield in comparison with the animals
with a model of TLE (p = 0.012).

The post hoc test revealed that the animals with epilepsy had a significantly lower
BDNF expression in comparison with the C-veh group in the CA3 region of the hip-
pocampus (p < 0.001) (Figure 9C). The three experimental groups treated with both drugs,
PRM and LCM, singly or in combination, showed an increase in the expression of the
neurotrophic factor compared to the Li-Pilo-veh rats in the same region (p < 0.001, respec-
tively).

No statistical significance of the neurotrophic factor expression in the three subfields
CA1, CA2, and CA3 was observed when comparing the C-veh group and the three groups
treated singly with PRM and LCM or in combination with both drugs, p > 0.05. In addition,
no difference was detected between the singly treated groups with PRM and LCM when
compared to the animals treated with both drugs (Li-Pilo-PRM-LCM), p > 0.05.

The analyses of variance revealed that the Li-Pilo-veh group showed a significant
decrease in the BDNF expression in the DG compared to the vehicle animals (p < 0.01), while
only the Li-Pilo-PRM-LCM rats showed an increase in the expression of the neurotrophic
factor compared to the C-veh group (p = 0.022) (Figure 9D). A tendency for a similar effect
was also observed by the Li-Pilo-LCM animals (p = 0.068). All three groups treated with the
ASMs—PRM and LCM singly or in combination with both—managed to increase the BDNF
expression in the DG in comparison with the Li-Pilo animals (p < 0.001, respectively). No
statistical significance of the neurotrophic factor expression in the DG was observed when
comparing the C-veh group and the animals treated singly with PRM and LCM, p > 0.05.
The mean values and S.E.M., found for BDNF expression, are presented in Supplementary
Table S2.

3.6. Cyclin D1 Immunohistochemical Expression

Immunohistochemical localization of Cyclin D1 in the dorsal hippocampus (Figure 10A-E)
in the cornu ammonis (CA1, CA2, and CA3) subfields, including in the dentate gyrus, and
granular cell layer (GrDg).

Representative images showing Cyclin D1 immunoexpression in the control C-veh
group (A1-Ab), Li-Pilo-veh group (B1-B5), Li-Pilo-PRM group (C1-C5), Li-Pilo-LCM group
(D1-D5), and Li-Pilo-PRM-LCM group (E1-E5). The insets show a higher magnification
in the granular layer of the dentate gyrus and the three parts of the cornu ammonis
hippocampal region. The immune response to Cyclin D1 is the most significant in the
Li-Pilo-veh group, especially in the CA3 hippocampal fields (B4). In all experimental
groups treated with antiepileptic drugs (Li-Pilo-PRM, Li-Pilo-LCM, and Li-Pilo-PRM-LCM
groups), a significant decrease in Cyclin D1 levels was shown, again most detectable in the
CA3 subfield (C4, D4, and E4).

The statistical analyses in the CA1 subfield of the hippocampus revealed that the
animals with a model of TLE showed a significant increase in the Cyclin D1 expression
(p < 0.001). The same effect was observed in the Li-Pilo-PRM and Li-Pilo-PRM-LCM animals
when compared with the C-veh group (p = 0.005, p < 0.001, respectively) (Figure 11A). In
contrast, all three groups with a model of epilepsy and treated with PRM/LCM singly or
in combination showed a decrease in the cyclin expression compared to the Li-Pilo-veh
animals (p < 0.001, respectively).

The post hoc test revealed that the animals with a model of epilepsy showed a signifi-
cant overexpression of Cyclin D1 in the CA2 hippocampal region compared to the C-veh
rats (p < 0.001) (Figure 11B). A decrease in cyclin expression was demonstrated by both
groups with a model of TLE and treated with PRM and LCM in comparison with the
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Li-Pilo-veh animals (p = 0.033 and p = 0.012, respectively). A tendency for such an effect
was demonstrated by the group treated with both drugs (p = 0.061).

Figure 10. (A-E). Inmunohistochemical expression of Cyclin D1 in the dorsal hippocampus. C-veh
group (A1-A5), Li-Pilo-veh group (B1-B5), Li-Pilo-PRM group (C1-C5), Li-Pilo-LCM group (D1-D5),
Li-Pilo-PRM-LCM group (E1-E5). Higher magnifications of the rectangles in all five groups are given.
Scale bars = 200 um (A1,B1,C1,D1,E1); 50 um (A2-A5,B2-B5,C2-C5,D2-D5,E2-E5).

In the CA 3 hippocampal subfield, the Li-Pilo-veh animals had significantly higher
Cyclin D1 protein expression (p < 0.001), while the opposite effect was observed in the three
groups, Li-Pilo-PRM (p = 0.002), Li-Pilo-LCM (p = 0.017), and Li-Pilo-PRM-LCM (p = 0.031),
compared to the C-veh rats (Figure 11C). Moreover, the same three experimental groups
with a model of epilepsy and treated with drugs showed a decrease in the expression of
the apoptotic factor compared to the Li-Pilo-veh animals (p < 0.001).

The analyses of variance demonstrated that the Li-Pilo-veh group showed a signif-
icant increase in the Cyclin D1 expression in the GrDG compared to the vehicle animals
(p < 0.001). The same effect was observed in the three groups treated with the drugs singly
or in combination (p < 0.001, Li-Pilo-PRM group compared to the C-veh group; p = 0.002,
Li-Pilo-LCM group compared to the C-veh group, and p < 0.001, Li-Pilo-PRM-LCM group
compared to the C-veh group) (Figure 11D). In contrast, the same three experimental
groups, Li-Pilo-PRM, Li-Pilo-LCM, and Li-Pilo-PRM-LCM, showed significantly lower
Cyclin D1 expression in this region in comparison with the Li-Pilo animals (p < 0.001,
respectively).
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Figure 11. Effect of long-term treatment with perampanel (PRM) and lacosamide (LCM), singly or in
combination, on the Cyclin D1 levels (RU) in (A) the hippocampal CA1 subfield, " p < 0.001 Li-Pilo-veh
vs. C-veh group, ~ p < 0.01 Li-Pilo-PRM vs. C-veh group, ** p < 0.001 Li-Pilo-PRM vs. Li-Pilo-veh
group; ** p < 0.001 Li-Pilo-LCM vs. Li-Pilo-veh group; ~ p < 0.001 Li-Pilo-PRM-LCM vs. C-veh group,
** p < 0.001 Li-Pilo-PRM-LCM vs. Li-Pilo-veh group; no significance (N.S.), p > 0.05 C-veh group vs.
Li-Pilo-LCM group, p > 0.05 Li-Pilo-PRM vs. Li-Pilo-PRM-LCM group; p > 0.05 Li-Pilo-LCM group
vs. Li-Pilo-PRM-LCM group (B) CA2 subfield, = p < 0.001 Li-Pilo-veh vs. C-veh group, * p < 0.05
Li-Pilo-PRM vs. Li-Pilo-veh group; * p < 0.05 Li-Pilo-LCM vs. Li-Pilo-veh group; N.S., p > 0.05 C-veh
group vs. Li-Pilo-PRM group; p > 0.05 C-veh group vs. Li-Pilo-LCM group; p > 0.05 C-veh group vs.
Li-Pilo-PRM-LCM group; p > 0.05 Li-Pilo-PRM vs. Li-Pilo-PRM-LCM group; p > 0.05 Li-Pilo-LCM group
vs. Li-Pilo-PRM-LCM group; p > 0.05 Li-Pilo-PRM-LCM vs. Li-Pilo-veh (C) CA3 subfield, ~ p < 0.001
Li-Pilo-veh vs. C-veh group; ~ p < 0.01 Li-Pilo-PRM vs. C-veh group; p <0.05, p <0.01 Li-Pilo-LCM vs.
C-veh group; p<0.05," p <0.001 Li-Pilo-PRM-LCM vs. C-veh group, *** p < 0.001 Li-Pilo-PRM vs. Li-
Pilo-veh group; " p < 0.05, Li-Pilo-LCM vs. C-veh group; *** p < 0.001 Li-Pilo-LCM vs. Li-Pilo-veh group;
" p <0.05 Li-Pilo-PRM-LCM vs. C-veh group; *** p < 0.001 Li-Pilo-PRM-LCM vs. Li-Pilo-veh group and
(D) in the granular cell layer in the dentate gyrus,  p < 0.001 Li-Pilo-veh vs. C-veh group; ~ p < 0.001
Li-Pilo-PRM vs. C-veh group; *** p < 0.001 Li-Pilo-PRM vs. Li-Pilo-veh group; ~ p < 0.01 Li-Pilo-LCM vs.
C-veh group; *** p < 0.001 Li-Pilo-LCM vs. Li-Pilo-veh group; ~ p < 0.001 Li-Pilo-PRM-LCM vs. C-veh
group; *** p < 0.001 Li-Pilo-PRM-LCM vs. Li-Pilo-veh group.
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In addition, no significant difference was detected between the singly treated groups
with PRM and LCM when compared to the animals treated with both drugs (Li-Pilo-
PRM-LCM), p > 0.05 on the Cyclin D1 hippocampal expression in all subfields and in the
granular cell layer of the DG (Figure 11). The mean values and S.E.M., found for Cyclin D1
expression, are presented in Supplementary Table S3.

4. Discussion

The current study was conducted to investigate the tolerability and effectiveness of a
single long-term administration and the combination of two third-generation ASMs with
unique mechanisms of action of PRM and LCM. We found that the rats with the model
of post-SE-induced TLE exerted various comorbidities such as impairment of different
cognitive domains and exploratory behavior. In addition, the two anticonvulsants, PRM
and LCM, administered singly in high doses, 3 mg/kg and 30 mg/kg, respectively, dur-
ing the epileptogenesis and chronic state of the model of TLE, reversed the behavioral
changes induced by SE. The combination of both drugs, administered in low doses of PRM
(0.5 mg/kg) and LCM (3 mg/kg), demonstrated similar anxiolytic and cognitive-improving
effects compared to the singly administered drugs in high doses. Moreover, in the animals
with a model of epilepsy, an activated process of apoptosis accompanied by reduced levels
of the neurotrophic factor was detected. In contrast, we observed a significant improvement
in the neurotrophic factor BDNF levels and decreased expression of the apoptotic factor
Cyclin D1 by the three groups treated with ASMs singly or in combination. All these data
suggest a disease-modifying effect of both drugs, which could be closely related to their
cognitive-enhancing effect.

Long-term neurophysiological deficits associated with epilepsy are strongly influenced
by extrinsic factors, such as early-onset epilepsy, SE high frequency, poor seizure control,
multiple polytherapy, etc. [40]. All these factors lead to progressive changes in brain
connectivity, resulting in cognitive decline [40—-42]. In line with other findings, in our study,
the animals with a model of TLE showed impaired spatial working memory, deteriorated
passive learning and memory, and decreased exploratory behavior. In contrast, long-term
treatment with PRM singly at a dose of 3 mg/kg managed to weaken the negative effect
of epilepsy and improve passive learning, facilitating the formation of spatial working
memory and long-term memory traces. PRM enhanced exploratory behavior, although the
drug failed to improve object recognition retrieval. Our data are in agreement with other
experimental studies that have found that PRM preserves spatial and recognition memory
as a result of the slowed-down appearance of spontaneous motor seizure activity and the
reduced SE-induced hippocampal cell death [43]. In compliance with our results is the
experimental model of ischemia where PRM (1.5 mg/kg) promotes memory consolidation
and retrieval as a result of anti-inflammatory, antioxidant, and anti-apoptotic activities [44].
In the study of Martins et al. [45], the drug promotes spatial cognitive performance, and the
observed result is due to the stimulation of GAP-43 expression, an essential protein for the
neurotrophic effects of BDNFE. Moreover, Aida et al. [46] demonstrated in an experimental
model of traumatic brain injury that pre- and post-PRM treatment attenuates the increased
hippocampal pro-apoptotic bax/bcl-xL ratio and reduces learning and memory deficits
assessed by the Morris water maze test in male adult rats. Multiple lines of evidence
suggest that different brain regions are associated with spatial and passive memory, namely
the hippocampus, amygdala, and prefrontal cortex [47].

In the present study, we found that long-term LCM treatment (30 mg/kg) improved
both spatial consolidation and retrieval and facilitated passive learning and formation of
memory traces in an experimental lithium—pilocarpine model of TLE. These results are
in agreement with our previous data in a similar model [34] and with other researchers
who have found neuroprotective and cognitive-improving effects of the drug in different
experimental models of hypoxic-ischemic brain injury [48], lipopolysaccharide-induced
neuroinflammation [49], and traumatic spinal cord injury [50]. The authors associate
most of these beneficial effects of LCM with antioxidant and anti-inflammatory activities,
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attenuated glial cell activation, and inhibited apoptosis in different brain regions, including
the hippocampus, cortex, and cerebellum.

To the best of our knowledge, no study has investigated the long-term effect of
the combination of low doses of PRM (0.5 mg/kg) and LCM (3 mg/kg) on cognitive
performance and the underlying mechanisms of the observed effects during the chronic
phase of an experimental model of TLE. We found that both drugs administered in low
doses produced similar effects compared to the singly administered drugs in high doses,
PRM (3 mg/kg) and LCM (30 mg/kg). Drug combination improved spatial working
memory as well as passive learning and the formation of long-term memory. The two
ASMs administered together managed to improve recognition memory while PRM failed to
facilitate its consolidation and retrieval. These results complement other studies that have
found a synergistic effect of PRM and zonisamide combination in a model of rat amygdala
kindling of TLE [13]. The authors found a pronounced threshold increase when zonisamide
administration is combined with different PRM doses. Moreover, better performance
on the Rotarod test for assessing motor function was revealed for the drug combination.
Additionally, it is important to note that zonisamide is an ASM and has a similar mechanism
of action as LCM through influencing the slow inactivation of voltage-gated sodium
channels [51]. The cognitive-enhancing effects of both drugs and their combination could
be a real advantage when compared to many other anticonvulsants, especially the older
ones, which usually lead to additional cognitive impairment in epileptic patients.

Anxiety is among the most common psychiatric comorbidity conditions that occur in
patients with epilepsy [52]. Increased stress or anxiety can be a result of the disease process
but, on the other hand, can also cause disease exacerbation. In the present study, we found
that animals with a model of TLE had less time spent in the aversive area of the maze,
and increased anxiety-like behavior was detected compared to the control rats. In contrast,
both drugs administered singly or in combination led to a pronounced anxiolytic effect.
Although data about the effect of PRM on levels of anxiety is quite scarce, a few recently
published studies are in agreement with our results. The authors have demonstrated the
anxiolytic activity of PRM in naive rats [53], in mice subjected to maximal electroshock
seizures [54], and in pentylenetetrazole-kindled mice [55]. The anxiolytic effect of LCM
in the current study is in agreement with single-source data showing decreased levels of
anxiety in patients with epilepsy [18,56-58].

Numerous molecular mechanisms could be underlying the pathogenesis of epilepsy
and can be influenced by the administered drug therapy. As BDNF is an important neu-
ronal modulator, regulating many critical aspects in the ontogenesis of neurons and the
development of synapses [14], we investigated its hippocampal expression. Our results
demonstrated impaired neuronal expression of the neurotrophic factor in the control group
of animals undergoing seizures. These results are in accordance with other studies, show-
ing that reduced hippocampal BDNF expression has been linked to impaired synaptic
connections, inhibited process of neurogenesis, and cognitive impairment [16,59-62]. Iden-
tical manifestations of this neurotrophin are observed in activated microglia as well as in
astrocytes. These results are in line with previous research, which considered BDNF as
the most important signaling molecule between neurons and glia, especially in conditions
of neuronal damage and cellular stress [19]. In our experiment, the two ASMs, PRM and
LCM, administered singly or in a low-dose combination, led to a significant improvement
of BDNF levels in all subfields of the hippocampus as well as in the GrDG. There is scarce
data about the effect of different ASMs on the BDNF levels. Our results are in line with
other studies revealing that combined drug interactions may affect, at least partially, the
normalization of BDNF levels in the stressed hippocampus [61]. A recent clinical study
revealed that serum BDNF levels are significantly increased in patients with epilepsy who
have received PRM or valproate treatment [63]. In contrast, experimental studies reveal that
some traditional ASMs like phenobarbital, topiramate, and lamotrigine can reduce mRNA
levels of BDNF and lead to cognitive deficits [64]. The expression of the neurotrophic factor
is increased during all processes of learning and memory in the hippocampus, which is
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related to improved cognitive function [16,65,66]. The neuroprotective microglia-neuron
physical interactions lead to the preservation of homeostasis in the CNS and, especially, in
the hippocampus [67].

Recent evidence reveals that epileptic seizures and the intake of certain medications
cause neuronal damage, leading to apoptotic changes in hippocampal cells and arrest of
the cell cycle. Therefore, the study of the expression of the apoptotic protein Cyclin D1
would determine the severity and direction of programmed cell death and could detect
probable neuronal damage with the presence of apoptotic cell changes [27,28]. In addition,
the correlation between neurotrophic and pro-apoptotic factors in the hippocampus has
been established for its ontogenesis but has not yet been sufficiently studied. Moreover,
there is a lack of information about the effect of different ASMs on Cyclin D1 expression.

According to Timsit et al. [27], Cyclin D1 is expressed histochemically in damaged
neurons of the hippocampus. Our results on the activity of cyclin D1, which has the
highest expression in the control group undergoing only epileptic seizures, are in line with
the above-mentioned study. On the other hand, we observed a significant reduction in
protein expression in all hippocampal subfields (CA1, CA2, and CA3, as well as in GrDG)
in the three groups treated with both ASMs, PRM and LCM, singly or in combination.
These results confirm the hypothesis that neuronal damage triggers the release of cell
cycle proteins, resulting in increased cell death [22,24,25]. Furthermore, neurodegenera-
tive manifestations are accompanied by microglial dystrophy, which, in turn, enhances
neuronal dystrophy [68,69]. Significant expression of Cyclin D1 in astrocytic glia has also
been reported [28,70], with neuron-astrocyte metabolic coupling given a crucial role in
learning and long-term memory [28,71]. All mentioned studies determine the Cyclin D1
manifestation exclusively in cells that undergo apoptotic changes after ischemic damage or
epileptic seizures. Therefore, many authors define Cyclin D1 as a kind of marker for the
occurrence of programmed cell death [27,72,73]. The consequences of epileptic damage in
the hippocampus are most significant in the vulnerable CA3 region, which is in line with
our results [27,74,75]. The correlation between neurotrophic and apoptotic factors in the
hippocampus is also different at different stages of injury. Cell signaling in the epileptic
hippocampus is defective at the beginning of the damage, while the neurotrophic factors
do not have a significant effect in the initial phases of the injury, but they are leading
at a later stage, especially in the granular cells of the dentate gyrus [37]. This could be
an important mechanism through which ASMs, which increase BDNF levels, improve
cognitive functions in epileptic patients.

A limitation of the present study is the use of only male rats. The conduction of the
experiment with female rats could be a subject of future research, as memory, anxiety
levels, as well as the BDNF and Cyclin D1 expression, can be influenced by the natural
fluctuations in the sex hormone levels during the ovarian cycle in female rats.

5. Conclusions

In conclusion, the present study demonstrates that chronic treatment with peram-
panel and lacosamide, singly in a high-dose or in a low-dose combination of both during
epileptogenesis and chronic states of an experimental model of Li-Pilo TLE has pronounced
cognitive-enhancing and anxiolytic effects. These beneficial outcomes could be associated
with increased expression of the neurotrophic factor BDNF and decreased levels of the
apoptotic factor Cyclin D1 in the neurons of the hippocampus. These additional mecha-
nisms of both ASMs could be essential for preserving neuronal survival and homeostasis
in the CNS and especially in the hippocampus, which could be an important advantage for
their choice compared to many other anticonvulsants.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cimb46120838/s1, Table S1: Summary of data of EPM test on
mean values + SEM; Table S2: Summary of data of BDNF expression in the hippocampus on mean
values + SEM; Table S3: Summary of data of Cyclin D1 expression in the hippocampus on mean
values & SEM.
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Abstract: Semaglutide (SEM), a glucagon-like peptide-1 receptor agonist, has garnered increasing
interest for its potential therapeutic effects in neurodegenerative disorders such as Alzheimer’s
disease (AD) and Parkinson’s disease (PD). This review provides a comprehensive description of
SEM’s mechanism of action and its effects in preclinical studies of these debilitating conditions.
In animal models of AD, SEM has proved beneficial effects on multiple pathological hallmarks
of the disease. SEM administration has been associated with reductions in amyloid-beta plaque
deposition and mitigation of neuroinflammation. Moreover, SEM treatment has been shown to
ameliorate behavioral deficits related to anxiety and social interaction. SEM-treated animals exhibit
improvements in spatial learning and memory retention tasks, as evidenced by enhanced performance
in maze navigation tests and novel object recognition assays. Similarly, in animal models of PD,
SEM has demonstrated promising neuroprotective effects through various mechanisms. These
include modulation of neuroinflammation, enhancement of mitochondrial function, and promotion
of neurogenesis. Additionally, SEM has been shown to improve motor function and ameliorate
dopaminergic neuronal loss, offering the potential for disease-modifying treatment strategies. Overall,
the accumulating evidence from preclinical studies suggests that SEM holds promise as a novel
therapeutic approach for AD and PD. Further research is warranted to elucidate the underlying
mechanisms of SEM’s neuroprotective effects and to translate these findings into clinical applications
for the treatment of these devastating neurodegenerative disorders.

Keywords: semaglutide; neuroprotective; Alzheimer’s disease; Parkinson’s disease; animal models

1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative condition marked by cognitive
decline, memory impairment, and eventual loss of executive function [1,2]. It accounts
for 50% to 75% of diagnosed dementia cases [3]. AD is classified into two types: senile
(sporadic), which is predominant in 95-98% of cases, and presenile (familial) [4,5]. It is
hypothesized that the neurodegenerative processes associated with sporadic AD may begin
as early as 20 years before the onset of clinical symptoms [6].

Parkinson’s disease (PD) is a prevalent condition among the elderly, characterized by
progressive neurodegeneration that significantly impacts patients’ lives, particularly when
left unmanaged [7,8]. Typically initiating around the ages of 60-65, though occasionally
manifesting earlier, it ranks among the most prevalent movement disorders [9-12]. Pri-
marily triggered by dopamine deficiency, PD chiefly involves the degeneration of neurons
responsible for dopamine production within the substantia nigra [10-14].

Various analogs of glucagon-like peptide-1 (GLP-1) have been examined for their
potential in AD and PD, including those that activate receptors for a single type of incretin
[single incretin receptor agonists—exenatide, liraglutide, lixisenatide, and semaglutide
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(SEM)] and those that activate receptors for both types of incretins (dual incretin receptor

agonists—Peptide 19, DA4-]C, DA5-CH, DA3-CH) [12-16].

SEM, a long-acting peptide-modified human GLP-1 receptor agonist resistant to pro-
tease, has been shown to significantly reduce blood glucose and glycated hemoglobin
(HbAlc) levels compared to short-acting agents [16-20]. It was approved for type 2 dia-

betes in the USA in 2017 and in Canada and Europe in 2018 for 1 mg SEM administered
subcutaneously once weekly, exhibiting a safety profile similar to other antidiabetic agents

and offering additional advantages [21,22]. In 2019 in the USA and 2020 in Europe, an

oral dose of a maximum of 14 mg daily of SEM received approval as type 2 diabetes

pharmacotherapy [10,21,22] so that doctors can choose the most suitable formulation for

the patients’ necessities (Figure 1) [10].

Semaglutide
Subcutaneous injection | Oral
Storage
ﬁiiia“ - in original packaging to protect
- refrigerator at a temperature from light and moisture
between 2°C to 8°C - no special temperature
conditions required
- once per week - once per day

NIE

- no specific instructions

- should follow specific
instructions daily

convenience and reduced

frequency of dosing

- convenience for frequent - patients with injection fears
travelling patients (fear of pain, concerns about
O - stability of blood medication correct administration, and side
level effects)
- easy to use prefilled pen device - flexibility in dosing, allowing
- reduced risk of medication- patients to take their medication
| e related side effects without the need for
- decreased frequency of medical refrigeration or special storage
visits conditions
Adherence
X - often better with once-weekly =\ | - improved compared to
H@ administration due to increased @ 1. | injectables

- dosing conditions must be
acceptable

Costs

g

- assess cost-effectiveness relative
to other treatments, factoring in
formulary and reimbursement

considerations

- assess cost-effectiveness relative
to other treatments, factoring in
formulary and reimbursement
considerations

Figure 1. Characteristics of subcutaneous and oral formulations of SEM.
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Nevertheless, in 2021, the FDA offered an additional approval for 2.4 mg of SEM,
administered once a week subcutaneously, as an adjunct able to reduce caloric intake in
individuals diagnosed with obesity (BMI higher than 30 kg/m? or higher than 27 kg/m?
with at least one comorbidity related to weight) [10,21,22]. Due to its pharmacokinetic
profile, SEM presents a slightly different toxicity profile when compared to other GLP-1
receptor agonists, such as less frequent injection site effects and hypoglycemic risk (that
can further increase when associated with insulin or sulfonylureas), but also more frequent
vomiting [9].

SEM boasts an extended half-life of 7 days in the bloodstream, allowing for once-
weekly administration at any time of the day, with or without food. The initial injectable
dose typically starts at 0.25 mg, while the regular dosage ranges from 0.5 to 1 mg [20].
Additionally, it is available in oral tablet form in strengths of 3, 7, or 14 mg, exhibiting
similar efficacy to subcutaneous doses. SEM stands out as the sole GLP-1 receptor agonist
offered in both injectable and oral pharmaceutical formulations [9,14,23]. With a 94%
homology to native GLP-1, SEM results in only 1% presence of antibodies against SEM or
GLP-1 post-treatment, thus minimizing the risk of allergic reactions [23,24]. Furthermore,
it can be excreted via both urine and feces, eliminating the need for dose adjustment in
cases of renal insufficiency [25,26]. An absorption enhancer (SNAC or sodium N-[8-(2-
hydroxybenzoyl)]-aminocaprylate) for SEM has been noticed due to its ability to protect
this GLP-1 agonist from proteolytic degradation within the stomach and also to facilitate
active intestinal transport [9].

The objective of this review is to offer an extensive description of SEM’s involvement
in the pathophysiology of AD and PD, emphasizing the drug’s mechanism of action and
its relevance in animal models of these disorders.

2. SEM Mechanism of Action

GLP-1 receptor agonists, also referred to as incretin analogs, play a crucial role in
maintaining glycemic control by stimulating natural mechanisms and responses to nu-
trient intake [25]. This process involves the release of the incretin hormone GLP-1 from
intestinal L cells following meals [26-28]. GLP-1 receptor agonists bind to specific receptors
distributed widely throughout the body, including pancreatic islets, renal, pulmonary,
cardiovascular, gastrointestinal, immune, and brain cells [19]. GLP-1 and GIP (glucose-
dependent insulinotropic polypeptide) receptors belong to the G protein-coupled B1 class
receptors (the secretin family), which can trigger the production of cAMP (cyclic adenosine
monophosphate) and undergo conformational changes upon activation [27]. The activation
of GLP-1 and GIP hormones consequently leads to delayed gastric emptying and mod-
ulation of insulin secretion [24,25]. However, shortly after their release, GLP-1 and GIP
are broken down by the enzyme dipeptidyl peptidase-4 (DPP-4), resulting in their short
half-lives as endogenous molecules [27-29].

As versatile peptides, GLP-1 receptor agonists, such as SEM, play a role in enhanc-
ing insulin and amylin secretion by stimulating pancreatic (3-cells while simultaneously
inhibiting glucagon secretion from pancreatic x-cells in a glucose-dependent manner. They
also decrease hepatic glucose production, increase feelings of satiety, and regulate appetite
through central mechanisms [19,29,30]. Additionally, GLP-1 is involved in promoting pan-
creatic 3-cell proliferation and preventing apoptosis [25]. SEM promotes insulin uptake in
peripheral tissues, resulting in weight loss, reduced risk of hepatic steatosis, and increased
lipolysis, making them beneficial for patients with type 2 diabetes and obesity [19,28].
Activation of GLP-1 receptors correlates with increased intracellular calcium levels and
ERK1/2 phosphorylation to stimulate insulin production [25,28]. Furthermore, SEM can
enhance glycolysis by upregulating GLUT2 transporters and glucokinase expression. SEM
also regulates tissue sensitivity to insulin [26].

These benefits arise from the activation of peripheral and central intestinal and brain re-
ceptors, particularly those located in hypothalamic satiety centers, which are also involved
in regulating perceptions of motivation and reward-related to food intake [19,23]. Acting as

102



Curr. Issues Mol. Biol. 2024, 46

a multifunctional peptide, brain-derived GLP-1 is synthesized by pre-proglucagon neurons
situated in the caudal area of the nucleus tractus solitarius (NTS) [30]. GLP-1 receptors are
expressed in various regions of the brain, including the frontal cortex, hippocampus, sub-
stantia nigra, and cerebellum [24]. Moreover, GLP-1 has the capacity to modulate diverse
brain functions such as water intake, energy homeostasis, thermogenesis, neural genesis,
degeneration, and responses to stress [31]. The amelioration of cognitive impairment has
led to the recommendation of GLP-1 receptor agonists for neurological deficits associated
with type 2 diabetes and obesity [28]. Additionally, most GLP-1 receptor agonists can
penetrate the blood-brain barrier (BBB) and initiate neuroprotective effects, as shown in a
murine study for the i.v. injection of 1 x 10° counts per minute of radioactively labeled
exenatide, lixisenatide, Peptide 17, Peptide 21, DA3-CH, DA4-]JC [18,32].

GLP-1 receptor agonists are distinguished by their prolonged half-life compared to
endogenous GLP-1, allowing them to remain bound to specific receptors for an extended
period [31]. Their safety profile includes a low risk of hypoglycemia, facilitation of weight
loss, beneficial cardiovascular and renal effects, reduced dosing frequency, and decreased
injection burden, leading to improved treatment adherence among patients [19,20]. Addi-
tionally, one of the most significant advantages of GLP-1 receptor agonists is their ability to
traverse the BBB to varying extents within the class [9,10]. Even when compared to other
long-acting agents, such as exenatide with extended release and dulaglutide, subcutaneous
SEM has demonstrated superior efficacy in improving glycemic control [28]. Furthermore,
SEM exhibits pleiotropic effects by correcting insulin resistance, protecting against glucol-
ipotoxicity, and inhibiting apoptosis [14,28]. This GLP-1 receptor agonist can also enhance
lipid profiles by activating an intrinsic gut-liver signaling pathway, thereby reducing VLDL
production [14]. Moreover, SEM has been shown to lower systolic blood pressure, protect
renal function, improve insulin resistance, and induce anti-obesity effects [14,32]. However,
recent research has focused on investigating the potential of SEM to provide neuroprotec-
tion and mitigate the progression of various neurodegenerative diseases. In this review, we
examine the therapeutic potential of SEM and its underlying neuroprotective pathways in
both AD and PD.

3. Therapeutic Potential of SEM in Neurodegenerative Diseases

Impaired cognitive function is associated with insulin resistance, as neuronal metabolism
and synaptic efficacy suffer from the desensitization of insulin signaling pathways [33,34].
Insulin is crucial in activating various growth factors that further stimulate brain receptors,
thereby regulating mitochondrial functionality, cellular energy utilization, cell survival, and
synaptic processes [33,35]. Reduced or delayed neuronal repair due to impaired insulin
signaling has been correlated with an increased risk of developing neurodegenerative patholo-
gies [33,35]. Since neurons cannot produce or store glucose, they rely on the activation and
sensitization of specific proteins acting as glucose transporters to prevent neurodegenera-
tion [35]. GLP-1 receptor agonists, more specifically SEM, can compensate for deficiencies in
insulin signaling by activating the same growth factor cascades as insulin [33,34]. Moreover,
recent research has unveiled the neurotrophic and neuroprotective activities of GLP-1 [36,37].

Neuronal loss in AD has been associated with neurocyte apoptosis [36,38]. However,
both insulin resistance and hyperinsulinemia can contribute to cognitive impairment in
adults, highlighting impaired tissue sensitivity to insulin as a pathogenic mechanism
in AD [29]. As demonstrated by Yu et al. in their experimental study using the water
navigation task, liraglutide has shown efficacy in preventing neuronal apoptosis [38]. GLP-1
receptor activation can also mitigate tau phosphorylation and amyloid (3 deposition, critical
factors in delaying the progression of AD [29,30]. GLP-1 receptor agonists (especially SEM)
have been found to reduce neuronal apoptosis, neuroinflammation, synapse loss, and
brain accumulation of advanced glycation end products, as concluded by a systematic
review [25].

Moreover, the onset of PD has been linked to type 2 diabetes and desensitized insulin
signaling [23,34,39]. In various mouse models of PD, GLP-1 mimetics have shown efficacy
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in reducing chronic neuronal inflammation, dopaminergic neuron loss, oxidative stress, and
a-synuclein levels, ultimately leading to improved motor coordination [23,34]. Activation
of GLP-1 brain receptors has been found to mitigate microglial neurotoxicity by inhibiting
Al astrocyte activity, thereby delaying neuronal death in neurodegenerative disorders [29].
Notably, liraglutide and lixisenatide demonstrated superior efficacy compared to other
short-acting agents in maintaining tyrosine hydroxylase expression, a crucial enzyme
in dopamine production [34]. In experimental mouse models, exenatide restored motor
functionality, while SEM prevented the loss of dopaminergic neurons by down-regulating
microgliosis and astrogliosis, thus reducing chronic inflammation [20,23,25]. Furthermore,
SEM normalized the expression of autophagy-related proteins in the substantia nigra
and striatum in mice, including P62, ATG7, Beclin, and LC3, leading to the alleviation of
oxidative stress and promotion of neurovascular reconstruction [31,32,39]. When compared
in equivalent doses in experimental PD models, SEM exhibited superior efficacy in restoring
mitochondrial functionality and antioxidative balance by enhancing autophagy [23,39].

SEM has been shown to reduce oxidative stress, a critical factor in NMDA excitotox-
icity. By lowering oxidative stress levels, SEM can help mitigate the damage caused by
excessive Ca?" influx and reactive oxygen species (ROS) generation [40]. This reduction
in oxidative stress also helps preserve the integrity and function of cholinergic neurons,
thereby supporting acetylcholine production [41,42].

SEM has been found to improve mitochondrial function, which could help protect
neurons from excitotoxic damage. Enhancing mitochondrial efficiency is crucial for main-
taining neuronal health and preventing the cascade of events leading to cell death in
AD [23,43].

By modulating the release and uptake of glutamate, SEM could help prevent the
overactivation of NMDA receptors, thereby reducing excitotoxicity. This regulation of
glutamate dynamics is essential for protecting neurons from the harmful effects of excessive
glutamate signaling [44—46].

Chronic neuroinflammation is a hallmark of AD and is exacerbated by NMDA
excitotoxicity. SEM exhibits anti-inflammatory properties, reducing the release of pro-
inflammatory cytokines and potentially lessening the neuronal damage associated with
excitotoxicity [44,47,48].

Although SEM’s primary mechanism is not the inhibition of acetylcholinesterase,
there is some evidence to suggest that GLP-1 receptor agonists can reduce the activity of
acetylcholinesterase, increasing the availability of acetylcholine in the brain, albeit this
effect is less pronounced compared to traditional acetylcholinesterase inhibitors used in AD
treatment. Furthermore, SEM can enhance the cholinergic system function by supporting
the growth and maintenance of cholinergic synapses [41,45].

Figure 2 shows the pathogenic mechanisms of AD and PD and the effects (decrease/
increase) produced by SEM therapy.

Various experimental studies have shown the neurotrophic effects of GLP-1 agonists,
although the exact mechanism of neuroprotection is not yet fully understood [18,20]. SEM,
especially, is considered a versatile multifaceted agent [49,50]; it can activate both the
production and signaling of neuronal stem cells [49].

Incretin signaling has also proven beneficial with regard to the outgrowth of the
essential synaptic components called neurites through a mechanism similar to that of the
nerve growth factor (NGF) [20,51]. Nevertheless, chronic administration of GLP-1 agonists
(for more than 4 weeks) in mice models of diabetes has led to early DCX-positive neurons in
the dentate gyrus area [51]. Neuronal precursors and other immature nervous cells usually
express DCX, a microtubule-associated protein, suggesting an active division process and
multiplication [51]. After binding and activating GLP-1 receptors, cAMP levels increase
rapidly and activate two pathways through PI3K (phosphoinositide 3-kinase) and protein
kinase A, being involved in protein and mitochondrial biogenesis while inhibiting neuronal
apoptosis [20,51]. Therefore, GLP-1 agonists have been associated with neurotrophic effects.
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Figure 2. The pathogenesis of AD and PD and the effects of SEM.

The PI3K/ Akt signaling pathway has been experimentally correlated with the neuro-
protective properties of SEM due to enhanced mitochondrial functionality and reduction
of neuro-apoptotic reactions [20]. Another GLP-1 agonist, exenatide, has initiated cellular
stem proliferation through ciliary neurotrophic factor (CNTF), increased Ki-67 gene expres-
sion, and also induced microglial activation with reduction of astrogliosis [51], suggesting
GLP-1 agonists utility in both AD and PD.

Even more, SEM PI3K/ Akt pathway activation led to inhibition of a proinflammatory
and neurodegenerative serine/threonine kinase (GSK3f or glycogen synthase kinase-3),
noted in various nervous system diseases [52,53]. However, regulation of GSK3f3 by treat-
ment GLP-1 agonists is complex and needs to be investigated in further experimental or
clinical studies. Among its neuroprotective and neurotrophic effects, SEM has activated
proteolytic and autophagic mechanisms that further led to the diminished accumulation
of a-synuclein and therefore maintained an equilibrium among dopaminergic neurons in
the substantia nigra in experimental-induced PD models [29,49]. This suggests a strong
correlation between SEM treatment and improved mitochondrial functionality with re-
duced impairment of autophagic and lysosomal pathways, which needs to be monitored in
clinical studies [20].
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4. SEM Pharmacokinetics in Animal Models

SEM, an acylated GLP-1 analog, emerges as a distinctive contender among the insulin
receptor agonists (IRAs) scrutinized by the Salameh team [18]. Unlike linear peptides
such as exenatide and lixisenatide, SEM exhibits acylation, a characteristic it shares with
liraglutide. Notably, the acylated dual agonist, Peptide 19, stands out for its significantly
greater lipid solubility compared to its counterparts, including liraglutide and SEM. This
heightened lipid solubility could potentially influence the pharmacokinetics and distri-
bution of Peptide 19 in vivo. Moreover, SEM demonstrates remarkable stability, with less
than 2% degradation in serum and less than 12% in the whole brain over the specified time
frame of 60 min [18,54-57]. In another study [58], the stability of SEM was evaluated under
four different storage conditions (i.e., 4 h at room temperature, 7 days at —70 °C, 24 h in the
autosampler, and freeze/thaw cycles). It was found that SEM exhibited average stability
ranging from 93.94% to 106.13% in plasma and 91.64% to 107.31% in brain tissue, with
no significant deviations observed under all tested conditions [58]. Such robust stability
positions SEM favorably when compared to other IRAs like DA3-CH, which experiences
higher degradation rates, indicating that SEM remains stable for routine analysis. These
structural and stability distinctions underscore SEM’s potential advantages in bioavailabil-
ity and durability, contributing to its unique profile within the landscape of insulin receptor
agonists [18,58-60].

Following intravenous administration, SEM plasma concentrations exhibited a multi-
exponential decline, with an average half-life (T1/2) of 9.26 &+ 1.06 h and an average
clearance and distribution volume estimated at 0.21 mL/min/kg (0.10 L/kg) [58]. In a
study on CD-1 mice conducted by Salameh’s team, the serum clearance of SEM labeled
with mCi Na 1251 was 2.5 h. Concerning subcutaneous administration, SEM plasma
concentration increased gradually, reaching peak concentration between 3 and 12 h, and
decreased with an average half-life of 7.22-8.99 h [18]. The absolute bioavailability of
SEM in rats was reported to be 76.65-82.85%. However, in humans, the half-life after s.c.
administration ranges between 165 and 183 h, with the highest bioavailability (89%) among
all GLP-1 agonists [59-62].

Brain influx rates were analyzed to assess SEM'’s ability to cross the BBB. It was
observed that there was no significant correlation between blood-to-serum (B/S) ratios
and exposure time, indicating a lack of transport. Additionally, SEM, along with other
tested IRAs, exhibited varying capabilities in accessing the brain parenchyma. Within a
15 min timeframe after i.v. injection, the majority of DA4-JC, DA3-CH, exenatide, Pep-
tide 17, and lixisenatide successfully entered the brain parenchyma. Conversely, Peptide
21 and liraglutide were predominantly sequestered in brain endothelial cells during the
same period, indicating an obstacle to complete passage across the capillary wall. No-
tably, SEM and Peptide 19 encountered challenges in reliable detection within the brain
parenchyma [18,58,63].

Despite the assertion that SEM generally does not penetrate the BBB, there is intriguing
evidence of localized distribution of SEM within the brain, particularly in the hypotha-
lamus [63,64]. Concentrations of SEM in the hypothalamus were notably higher than
those observed in other brain regions, exhibiting an average concentration and blood-brain
partition coefficient (Kp) that were 2.26- and 1.82-fold higher, respectively, compared to the
total brain following both intravenous and subcutaneous injections [58].

This localized distribution in the hypothalamus is significant as it aligns with the
proposed effects of SEM in the brain, such as neuroprotection. These effects are believed to
be associated with the interaction of SEM with GLP-1 receptors in the brain [64-68]. This
paradoxical finding underscores the complexity of SEM’s interaction with the brain and
challenges the conventional understanding of its BBB permeability.

5. SEM Potential Mechanism of Action in AD

AD is a progressive neurodegenerative disorder characterized by a decline in cognitive
function, memory impairment, and changes in behavior and personality. It is the most
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common cause of dementia among older adults. The pathological disturbances in AD are
multifaceted and involve a combination of genetic, molecular, and cellular mechanisms. The
primary pathological hallmarks of AD include amyloid-beta (A3) plaques, neurofibrillary
tangles (NFTs), neuroinflammation, and synaptic and neuronal loss [69].

Ap plaques are extracellular deposits of amyloid-beta peptides that accumulate in
the brain. These peptides are derived from the amyloid precursor protein (APP), which is
cleaved by the enzymes (-secretase and y-secretase. The accumulation of Af is thought
to result from an imbalance between production and clearance. The aggregation of A3
peptides leads to the formation of soluble oligomers, which are neurotoxic, and eventually
to the deposition of insoluble fibrils in plaques. The toxic oligomers disrupt synaptic
function, impairing communication between neurons. They also induce oxidative stress
and inflammatory responses, contributing to neuronal damage and cell death [70].

NFTs are intracellular aggregates of hyperphosphorylated tau protein. Tau is nor-
mally associated with microtubules, aiding in their stabilization and function in neuronal
transport. In AD, tau becomes abnormally phosphorylated, leading to its detachment from
microtubules and aggregation into paired helical filaments that form NFTs. The forma-
tion of NFTs disrupts the microtubule network, impairing axonal transport and leading
to neuronal dysfunction and death. The spread of tau pathology follows a stereotypical
pattern, starting in the entorhinal cortex and hippocampus before progressing to other
brain regions [71].

Neuroinflammation is a significant component of AD’s pathology. It involves ac-
tivating microglia and astrocytes, the brain’s resident immune cells, in response to A3
plaques and NFTs. Activated microglia and astrocytes release pro-inflammatory cytokines
and chemokines, contributing to a chronic inflammatory environment. This inflammation
exacerbates neuronal injury and promotes further A and tau pathology. Additionally,
chronic neuroinflammation can disrupt the BBB, leading to further neuronal damage [72].

Synaptic loss and neuronal death are key features of AD, leading to the clinical
symptoms of cognitive decline and memory impairment. The combined effects of A3
toxicity, tau pathology, and neuroinflammation result in synaptic dysfunction and loss.
Synapses are the primary sites of neural communication, and their loss directly correlates
with cognitive deficits. Neuronal death occurs through various mechanisms, including
apoptosis and necrosis, leading to brain atrophy [73].

Genetic factors play a significant role in AD, especially in early-onset cases. Mutations
in genes such as APP, PSEN1, and PSEN?2 are associated with familial forms of AD, leading
to increased production of A [74,75].

Cerebrovascular disease and impaired cerebral blood flow are increasingly recognized
as contributing factors in AD. Vascular dysfunction can exacerbate Af3 deposition and tau
pathology by impairing clearance mechanisms and promoting hypoxia and oxidative stress.
This can further enhance neuroinflammation and neuronal damage [76].

Increased oxidative stress, resulting from an imbalance between the production of
ROS and antioxidant defenses, is observed in AD. This leads to lipid peroxidation, protein
oxidation, and DNA damage, contributing to neuronal injury. Impaired mitochondrial
function is a hallmark of AD, leading to reduced energy production, increased ROS, and
activation of apoptotic pathways [77,78].

5.1. Cell Viability

SEM has shown protective effects against the detrimental effects of A(25-35 on SH-SY5Y
cells [35] and has also been found to activate the SIRT1/GLUT4 pathway [33,36,64-68,79,80].

5.2. Apoptosis Inhibition

SEM prevents A(25-35-induced apoptosis [39], as evidenced by elevated levels of the
prosurvival BCI2 protein and reduced levels of the proapoptotic Bax protein. BCI2 is recognized
for its anti-apoptotic function, whereas Bax promotes apoptosis [35]. This alteration in their
equilibrium implies a protective effect against programmed cell death [33,35,36].
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5.3. Enhanced Autophagy

Initially, A325-35 inhibits autophagy, but this inhibition is reversed in the presence of
SEM [24,32,35,39]. Autophagy is a cellular process involving the degradation and recycling
of cellular components. The reversal is confirmed by alterations in the expression of
key autophagy-related proteins: LC3II (a marker of autophagosome formation) increases;
ATGY7 (an essential autophagy-related protein) exhibits enhanced expression; P62 (a protein
degraded during autophagy) decreases; Beclin1 (a regulator of autophagy initiation) shows
increased expression [35,68,80].

5.4. SIRT1/GLUT4 Pathway

SEM enhances the expression of Sirtuin 1 (SIRT1), a protein involved in various cellular
processes such as glucose metabolism, energy regulation, and cellular stress response, as well
as the expression of GLUT4 (Glucose transporter 4), a pivotal protein facilitating glucose
transport into cells. GLUT4 holds particular significance in glucose metabolism [33,36]. The
interplay between SIRT1 and GLUT4, known as the SIRT1/GLUT4 pathway, appears to be
crucial [33,36,68]. This pathway likely contributes to the regulation of glucose metabolism,
potentially augmenting glucose uptake by cells, particularly in regions like the hippocampal
CAB3 region [33,36,68].

5.5. Improved AB and Tau Pathology

SEM appears to mitigate A pathology in the hippocampal CA3 region, imply-
ing a potential therapeutic effect on the aggregation or build-up of A, a hallmark of
AD [33,36,81,82]. Tau pathology involves the accumulation of abnormal tau protein, re-
sulting in neurofibrillary tangles within nerve cells [33,36]. Tau pathology is another
prominent characteristic of AD. SEM also exhibits the ability to alleviate tau pathology in
the same hippocampal CA3 region, suggesting a potential influence on the abnormal aggre-
gation or alteration of tau proteins, thereby contributing to the amelioration of AD-related
pathological changes [33,36,82-86].

5.6. Reduction of Neuroinflammation

Another potential mechanism proposed for SEM in the context of dementia, which may
also be extrapolated to AD, involves neuroprotection through the reduction of neuroinflam-
mation [84,85,87], particularly concerning microglial involvement in neurodegenerative
diseases. SEM has been demonstrated to decrease markers of systemic inflammation in
patients, and both liraglutide and SEM have exhibited anti-inflammatory effects by mitigat-
ing the development of atherosclerotic plaques in mouse models deficient in APOE and
LDLr [84,85,87].

6. SEM Potential Mechanism of Action in PD

The pathological disturbances in PD are complex and involve a combination of ge-
netic, molecular, and cellular mechanisms. The primary pathological hallmarks include
the loss of dopaminergic neurons in the substantia nigra, the presence of Lewy bodies,
neuroinflammation, oxidative stress, and mitochondrial dysfunction. The most prominent
pathological feature of PD is the selective loss of dopaminergic neurons in the substantia
nigra pars compacta. The degeneration of these neurons leads to a significant reduction in
dopamine levels in the striatum, a critical brain region involved in regulating movement.
The loss of dopamine disrupts the balance between the excitatory and inhibitory pathways
in the basal ganglia, leading to the characteristic motor symptoms of PD [16].

Lewy bodies are intracytoplasmic inclusions composed primarily of x-synuclein, a
presynaptic neuronal protein. The presence of Lewy bodies is a key histopathological
hallmark of PD. a-Synuclein undergoes misfolding and aggregation, forming insoluble
fibrils that are deposited as Lewy bodies within neurons. The aggregation of x-synuclein
is believed to impair various cellular functions, including synaptic vesicle trafficking,
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mitochondrial function, and protein degradation pathways, contributing to neuronal
death [88,89].

Neuroinflammation is a significant feature of PD, involving the activation of microglia
and astrocytes, the brain’s resident immune cells. Activated microglia and astrocytes release
pro-inflammatory cytokines and chemokines, creating a chronic inflammatory environment.
This inflammation contributes to neuronal injury and exacerbates the progression of the
disease. Neuroinflammation may be triggered by the presence of x-synuclein aggregates
and other cellular debris resulting from neuronal degeneration.

Oxidative stress plays a crucial role in the pathogenesis of PD. It results from an
imbalance between the production of ROS and the brain’s ability to detoxify these reactive
intermediates. Dopaminergic neurons are especially vulnerable to oxidative stress due
to dopamine metabolism, which generates ROS. Oxidative stress can damage cellular
components, including lipids, proteins, and DNA, leading to neuronal dysfunction and
death. The accumulation of oxidized dopamine and «-synuclein also contributes to the
formation of Lewy bodies [90,91].

Mitochondrial dysfunction is a well-established feature of PD, affecting neurons
energy metabolism and viability. Mitochondria are responsible for ATP production through
oxidative phosphorylation. In PD, there is evidence of impaired mitochondrial function,
including deficiencies in complex I activity of the electron transport chain. This leads
to reduced ATP production, increased ROS generation, and the activation of apoptotic
pathways, contributing to neuronal death [92,93].

Genetic factors contribute significantly to the pathogenesis of PD, especially in fa-
milial cases. Mutations in these genes are associated with autosomal recessive forms of
PD. They are involved in mitochondrial quality control, and their dysfunction leads to
impaired mitochondrial function and increased susceptibility to oxidative stress [94]. An-
other pathological feature in PD is impairment of the ubiquitin-proteasome system and
autophagy-lysosome pathway. These pathways are essential for the clearance of dam-
aged proteins and organelles. Dysfunction in these systems leads to the accumulation of
misfolded proteins and cellular debris, contributing to neuronal death [95,96].

7

6.1. Inhibition of Cell Death and Neurodegeneration

Following the 6-OHDA treatment, there was a notable decrease in cell viability.
Nonetheless, the administration of either SEM or liraglutide reversed this decline in cell
viability. Notably, no discernible differences were observed between the effects of SEM and
liraglutide treatments [23].

Treatment with SEM improved neurodegeneration, especially in the ventral posterior
medial and lateral nuclei of the thalamus (VPM/VPL) in Pla2g6—/— mice [97].

Untreated PD mice exhibited significant downregulation of BCIxL and BCI2. However,
SEM treatment increased levels of both BCIXL and BCl2, restoring them to levels found in
wild-type controls [97]. Zhang et al. (2018) demonstrated that MPTP induces apoptosis
by inhibiting mitochondrial enzyme complex I, and SEM partly reverses this process
by modulating BCI2 and Bax levels (Table 1) [32]. Additionally, SEM interferes with
mechanisms leading to the accumulation and aggregation of x-synuclein (x-syn), reducing
a-syn expression and potentially preventing the spread of toxic forms of x-syn between
neurons, thus promoting neuronal survival [24,31,35,97-103].
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In the MPTP murine model of PD, which disrupts dopamine synthesis in the brain,
both SEM and liraglutide restore dopamine synthesis. SEM proves more effective than
liraglutide in normalizing TH expression [14,24,30,32], potentially by reducing the num-
ber of damaged dopaminergic neurons [30,32]. SEM’s efficacy in this context might be
attributed to its ability to protect dopaminergic neurons against stress and damage rather
than directly enhancing dopamine synthesis. In another murine PD model involving 6-
hydroxydopamine (6-OHDA), SEM shields against 6-OHDA-induced damage to dopamin-
ergic neurons in the substantia nigra [20,30]. Another potential mechanism involves
restoring glial cell line-derived neurotrophic factor levels (GDNEF), crucial for the survival
of midbrain dopamine neurons implicated in PD [20,24,30,32,99-101]. Interestingly, SEM
does not significantly impact the recovery of dopamine synthesis in the substantia nigra;
however, the administration of DA5-CH exhibits higher dopamine levels [30,32,99-101].
This suggests that while SEM plays a critical role in maintaining the viability and function
of dopaminergic neurons, its effects on dopamine synthesis might be indirect, focusing
more on neuronal survival and health rather than directly increasing dopamine production
(Figure 3).

Protection of dopamine neurons
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0n mitochondrial function

-protection against apoptosis
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Figure 3. Mechanism of action of SEM and its impact on dopamine in AD and PD.

SEM activates GLP-1 receptors, triggering cAMP/PKA and PI3K/Akt pathways,
reducing oxidative stress and pro-inflammatory cytokines. This protects dopaminergic
neurons therefore enhancing dopamine synthesis and preventing apoptosis. In PD, it
improves motor control and slows neurodegeneration. In AD, it reduces beta-amyloid
plaques and enhances cognitive function.
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6.2. GSK3p Levels

Treatment with SEM improved GSK3[ levels in a murine model of PD, restoring them
to levels comparable to those seen in wild-type animals. Additionally, phosphorylated
GSK3[3 Y216 protein levels, which were elevated in untreated PD mice, returned to wild-
type levels after SEM treatment (Table 1) [97].

6.3. CREB Gene Expression

Treatment with SEM elevated CREB mRNA levels in Pla2g6—/— mice, reinstating
expression levels to those seen in wild-type controls [97].

6.4. Inflammation Response

Treatment with SEM markedly decreased CD68 immunoreactivity in all affected brain
areas compared to controls [97].

Untreated mice displayed significantly heightened microglial activation compared to
wild-type controls in various brain regions. SEM treatment notably decreased microglial ac-
tivation, except in the cerebellum [97]. The study conducted by Zhang’s team [20,30,32] also
revealed a decrease in microgliosis in the substantia nigra, thereby improving the chronic
inflammation response in the brain. PD animals exhibited significant astrogliosis in various
brain regions; SEM treatment alleviated astrogliosis, particularly in the hippocampus, with
no statistically significant difference observed in the thalamus and cerebellum [97], but
also in the substantia nigra [20,30,32]. SEM demonstrates greater efficacy in reducing
astrogliosis and microgliosis compared to liraglutide [30,32,103].

6.5. Oxidative Stress

Both SEM and liraglutide reduce oxidative stress, as measured by 4-hydroxynonenal
biomarker levels. SEM displays greater effectiveness in diminishing oxidative stress by
inhibiting the formation of ROS [20,30,32,102]. Both SEM and liraglutide protect against
the detrimental effects of 6-OHDA by suppressing the elevation of ROS levels within
cells. While exposure to 6-OHDA resulted in a notable increase in ROS levels, neither
SEM nor liraglutide alone affected ROS levels compared to the control group. However,
when combined with 6-OHDA, both SEM and liraglutide effectively lowered ROS levels,
with SEM exhibiting superior efficacy in reducing ROS levels compared to liraglutide
(Table 1) [23].

6.6. Autophagy Regulation

The activation of Beclin-1 [20,23,32] initiates autophagosome formation, initiating the
process of autophagy. The protein ATG7 is essential for lysosome formation and contributes
to the delayed neurodegeneration of dopamine (DA) neurons. P62, a critical cargo adaptor
for selective autophagy, plays a central role in clearing misfolded proteins. SEM enhances
the expression of Beclin-1, ATG7, and LC3 (leading to increased conversion of LC3B-I to
LC3B-1I) [20,30,32], as well as P62. This suggests that the drug mitigates autophagy of
dopaminergic neurons, potentially promoting neuroprotection [32].

6.7. Effects on Mitochondrial Membrane Potential (A'Ym)

Both SEM and liraglutide counteract the damage inflicted by 6-OHDA on AYm and
mitochondrial dysfunction. Administration of either SEM or liraglutide alone does not
impact A¥Ym levels [23]. However, when SEM or liraglutide is co-administered with
6-OHDA, there is a significant improvement in AYm levels, indicating the prevention of
6-OHDA-induced mitochondrial toxicity. Notably, SEM demonstrates greater efficacy than
liraglutide in enhancing AYm levels [23].
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7. SEM Effects on Motor Recovery
7.1. AD
7.1.1. Open Field Test

There were no statistically significant differences observed in the total motor distance
and the percentage of time spent in the central area among the four groups. The drug
interventions did not influence the motor ability and spatial exploration ability of the
mice [33,36].

7.1.2. Novel Object Recognition Test

During the familiarization phase, no statistically significant differences were observed
in the percentage of time spent exploring the first and second objects among the groups.
However, in the testing phase, there was a significant difference in the novel object index
(NOI) among the groups. The transgenic PD mice demonstrated a decreased NOI compared
to WT mice (p < 0.01), and treatment with SEM increased NOI in PD mice (p < 0.05). Notably,
this effect was reversed by the SIRT1 inhibitor EX527 [33,36].

7.1.3. Y-Maze Task

No significant variance was observed in the total number of arm entries across the
various groups. However, a notable distinction was evident in the percentage of correct
spontaneous alternations among the groups. Notably, transgenic PD mice displayed a
decrease compared to WT mice (p < 0.05), and treatment with SEM partially mitigated this
decline (p < 0.05). It is noteworthy the protective effect was reversed by EX527 [33,36].

7.2. PD
7.2.1. Rotarod Test

Pla2g6— /— mice untreated demonstrated significant progressive deficits from 10 to
14 weeks compared to age-matched wild-type controls [97]. However, Pla2g6—/ — mice
treated with 0.5 ug/g SEM did not display significant deficits in rotarod performance at
any measured time point compared to wild-type controls [97]. MPTP impeded the mice’s
ability to remain on the rotating rod for 3 min [32,103]. Post-hoc analysis revealed no
difference between the control and SEM or liraglutide groups but a notable distinction
between the control and MPTP groups. Both liraglutide and SEM ameliorated bradykinesia
and imbalance induced by MPTP, with SEM showing greater efficacy [32,103].

7.2.2. Vertical Pole Test

Commonly employed to evaluate locomotor function and hind limb strength, the
vertical pole test revealed that untreated Pla2g6— /— mice exhibited notable progressive
deficits beginning at 9 weeks. Administration of 0.5 ug/g SEM led to a marked enhance-
ment in vertical pole test performance from weeks 9 to 13, although statistical significance
was not sustained at 14 weeks [97].

7.2.3. Open Field Test

Untreated Pla2g6—/ — mice exhibited mobility parameter abnormalities at 12 weeks
compared to the wild-type controls. Pla2g6—/— mice treated with high-dose SEM (0.5
ug/g—more than three times higher than the equivalent dose given to adult diabetics via
subcutaneous administration) showed similar results to age-matched wild-type controls
for most parameters, with notable differences observed in freezing time at 12 weeks [97].
Conversely, MPTP injection decreased spontaneous locomotion and overall travel time in
mice [30,32]. Post-hoc analyses revealed no distinction between the control and liraglutide
or SEM groups but a significant contrast between the control and MPTP groups [32]. SEM
demonstrated greater efficacy than liraglutide in restoring MPTP-induced impairments in
locomotor and exploratory activity [32]. In another study by Zhang et al. [103], there was
an overall disparity in distance traveled, with no discrepancy between the control group
and groups treated with liraglutide or SEM. However, significant variances were noted
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between the control and MPTP groups, MPTP + liraglutide and MPTP + SEM [103]. Both
liraglutide and SEM normalized MPTP-induced impairments in locomotor and exploratory
activity [103]. No significant distinction was observed between the MPTP + SEM and MPTP
+ liraglutide groups [103], despite SEM demonstrating superior benefits over liraglutide in
the previous study [32].

7.2.4. Footprint Test (Motor Coordination)

MPTP induced postural and gait abnormalities in mice, resulting in a significant
overall difference between groups. Post-hoc analyses showed no distinction between
the control and liraglutide or SEM groups but a notable difference between the control
and MPTP groups. Both liraglutide and SEM ameliorated the abnormal posture and gait
induced by MPTP, with SEM demonstrating greater effectiveness [32,103].

7.2.5. Grip Strength Test

SEM and liraglutide both enhanced muscle strength impaired by MPTP, with SEM
showing greater efficacy compared to liraglutide [103].

7.2.6. Apomorphine-Induced Rotation

Variations in rotational behavior among the experimental conditions were evident,
with significant differences observed across all groups [30]. The sham + saline group did
not display contralateral rotations upon apomorphine challenge [30]. Both the 6-OHDA +
saline group and the 6-OHDA + SEM group exhibited a notable increase in contralateral
rotations following apomorphine injection compared to the sham + saline group (p <
0.0001) [30]. The 6-OHDA + SEM group showed a significant difference from the 6-OHDA
+ saline group (p < 0.001). Moreover, the 6-OHDA + DA5-CH group displayed significant
differences from both the 6-OHDA + saline group (p < 0.001) and the 6-OHDA + SEM
group (p < 0.0004) [30]. The study suggests that DA5-CH exhibits greater potency than
SEM in safeguarding the brain against 6-OHDA toxicity [30].

8. Conclusions

In summary, the studies indicate a diverse potential for SEM in alleviating neurode-
generative mechanisms, offering valuable perspectives for its therapeutic use in associated
conditions. The literature collectively presents compelling evidence regarding the neu-
roprotective capabilities of SEM in AD and PD. The drug mitigates AD pathology and
associated symptoms, such as memory impairment, by fostering glycolysis through the
GLP-1/SIRT1/GLUT4 pathway.

SEM proves effective in normalizing impaired motor function, preserving dopamine
levels, reducing inflammation, oxidative stress, and apoptosis, and enhancing autophagy
to safeguard against dopaminergic neuron loss in models of motor impairment.

Despite the promising preclinical results, further research is essential to fully eluci-
date the underlying mechanisms of SEM’s neuroprotective effects. Understanding these
mechanisms is imperative for optimizing SEM’s therapeutic potential.

The ongoing clinical trials of SEM in AD and PD aim to provide crucial insights
into SEM’s therapeutic potential, mechanisms of action, and optimal dosing strategies.
Successful outcomes from these trials could lead to new, effective treatment options for
millions of individuals affected by AD and PD, ultimately improving their quality of life
and offering hope for better disease management.
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Abstract: We profiled the gene expressions in the hypothalamic paraventricular nuclei of
12 male and 12 female pups from a standard rat model of infantile spasms to determine
the sex dichotomy of the neurotransmission genomic fabrics. Infantile spasms were trig-
gered in rat pups prenatally primed with two doses of betamethasone followed by the
postnatal repeated administration of N-methyl-D-aspartic acid to induce spasms. Publicly
available microarray data were used to characterize each gene in each condition for both
sexes by the independent transcriptomic features: average expression level, control of
the transcript abundance, and expression correlation with every other gene. This study
revealed substantial sex differences in the expression level, control, and inter-coordination
of the investigated genes among the studied groups. The transcriptomic differences assist
in providing a molecular explanation of the behavioral differences and development of
infantile epilepsy spasm syndrome in the two sexes.

Keywords: Adcyb; cholinergic synapse; dopaminergic synapse; GABAergic synapse; gluta-
matergic synapse; serotonergic synapse; synaptic vesicle cycle; transcriptomic network

1. Introduction

This report presents an analysis of experimental data on the hypothalamic paraventric-
ular nucleus (PVN) and complements a large study aiming to determine the consequences
of infantile spasms (infantile epilepsy spasm syndrome; IESS) on the neurotransmission
transcriptome within the hypothalamic nuclei in a male and female rat model of IESS.
The analyses encompassed the KEGG-constructed pathways: the synaptic vesicle cycle
(SVC) [1] and glutamatergic (GLU) [2], GABAergic (GABA) [3], cholinergic (ACh) [4],
dopaminergic (DA) [5], and serotonergic (5HT) [6] synapses. Previously, we have shown
that prenatal priming with betamethasone increases the occurrence of clinical spasms in the
prenatal betamethasone—postnatal N-methyl-D-aspartic acid (NMDA) model and identified
the activation of several hypothalamic nuclei (i.e., arcuate nucleus and paraventricular
nucleus) during the spasms [7,8]. Thus, we first studied the spasm-induced transcriptomic
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alterations in the hypothalamic arcuate nucleus (ARC) and the efficacy of two anti-IESS
treatments [9,10].

IESS (formerly infantile spasms, also West Syndrome) represents a unique and devas-
tating seizure syndrome of infancy [11,12]. IESS affects one out of each 3200-3400 infants
with a yearly occurrence of approximately 1700 new cases in the US [13]. The syn-
drome consists of (1) characteristic epileptic spasms during infancy (3—24 months of age),
(2) interictal hypsarrhythmia (large amplitude and asynchronous waves) on the electroen-
cephalogram (EEG), and (3) developmental or psychomotor arrest/delay [13]. IESS-specific
FDA-approved first-line therapy is hormonal (adrenocorticotropin; ACTH, or corticos-
teroids such as prednisone, prednisolone, or methylprednisolone) or vigabatrin [14-16].
However, these treatments neither fully alleviate the condition nor are they free of serious
side effects [17,18]. Many patients with IESS may die within the first years of life or suffer
from permanent developmental deficits [19]. This poor prognosis necessitates a search for
novel treatment targets. Interestingly, IESS has sex preponderance affecting more boys than
girls (from 1.5:1.0 to 1.1:1.0) [20-22].

We have developed a model of IESS in infant rats, which includes prenatal priming
with betamethasone and an early postnatal trigger of spasms by NMDA [7], which can be
repetitive [23]. The spasms triggered by NMDA in the betamethasone-primed rat brain
are tightly linked to early development, are semiologically similar to spasms observed
in human patients with IESS, share similar EEG patterns, and respond to ACTH, corti-
costeroids (methylprednisolone), or vigabatrin treatment [23-25]. This model has been
independently reproduced and validated [26-28]. The disorganized EEG recordings seen
in this model, as well as in the human condition of IESS [12], indicate altered brain circuitry,
presumably caused by impaired inter-neuronal communication via neurotransmitters [9].
Our previous imaging studies indicated that the hypothalamus represents a critical hub
that may participate in the control of spasms [7].

Among the brain regions, the hypothalamus is responsible for performing numer-
ous neuroendocrine functions through the neuronal networks located in its specialized
nuclei [15]. The paired paraventricular nuclei of the hypothalamus, located in the anterior
hypothalamus adjacent to the sides of the third ventricle, are central to regulating the
stress response and emotions leading to addictive behavior [14-16], as well as to promoting
satiety [17,18] through excitatory synaptic transmission circuits [17,18]. The PVN is also
critical for the synthesis of vasopressin to regulate blood pressure and oxytocin for the
control of stress responses and has connections to the brain stem to control sympathetic
circuitry [19,29].

The PVN consists of an intricate network of neurons interconnected by cholinergic [20],
dopaminergic [21], GABAergic [22], glutamatergic [7], and serotonergic [23] synapses, each
classified according to the neurotransmitter used in the synaptic vesicle cycle [24]. GLU is
a primary excitatory neurotransmitter [26] and GABA is the most abundant inhibitory [27]
synapse in the mammalian central nervous system, and thus, both are associated with
the fundamental functions of the nervous system [28,29]. Other neurotransmitters and
their corresponding synapses also play important roles in behavior. Accordingly, the
ACh synapse facilitates learning, memory, and attention [30,31], the DA synapse controls
learning, memory, motivation, and reward [32-34], and the 5HT synapse is involved in
learning and memory, emotion, abnormal mood, and cognition [35-37].

Given the inextricable link between synaptic sex-specific brain organization and
behavior, the development of neurological diseases suggests potentially distinct brain
neuronal wiring, most likely related to the organizational effects of sex hormones [38—40].
Among others, we have previously reported a substantial sex dichotomy in the gene
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networking and topology of the rat hypothalamic cytoskeleton [41], as well as in the
myelination [41] and GLU and GABA synapse genomic fabrics. We defined the genomic
fabric of a functional pathway as the most inter-coordinated and stably expressed gene
network whose encoded proteins are responsible for that function [8].

In the present study, at the time of the animal sacrifice on postnatal day (P) 16, their
developmentally programmed sex differences are already irreversible. Although the gonads
become active in males and females around P28-P30 (rat puberty), the males are exposed to
gonadal steroid surges prenatally, and most importantly, to the neonatal testosterone surge
between PO and P5. The role of sex hormones in modulating brain activity in epilepsy is
well documented (e.g., [30,31,42,43])

2. Materials and Methods
2.1. Animals, Treatments, and Tissue Collection

We used the offspring of timed-pregnant Sprague Dawley rats (Taconic Farms, Ger-
mantown, NY, USA), purchased on gestational day 8 (G8). Dams were housed in our
AAALAC-accredited animal facility with free access to chow and water on a 12 h light-
dark cycle (lights on at 7:00 a.m.). All experiments were approved by the New York Medical
College Institutional Animal Care and Use Committee (IACUC) and conform to the NIH
Guide for the Care and Use of Laboratory Animals, 8th edition.

On their G15, 10 pregnant females were injected twice with either saline or 0.4 mg/kg
of betamethasone phosphate (Sigma-Aldrich, St. Louis, MO, USA). After birth on G23
(designated as P0), pups were weighed and sexed. Some of the prenatal betamethasone-
primed male and female pups received N-methyl-D-aspartic acid (NMDA) on P12, P13, and
P15 to trigger spasms. Spasms were followed for 60 min after the trigger. The remainder of
the betamethasone-primed male and female pups were injected with the corresponding
volume of saline for control (no spasms). Animals were euthanized on P16 under deep
CO; inhalation anesthesia, the pups were quickly perfused with ice-cold saline, the brains
were removed, and the PVNs were dissected. The tissue was immediately snap frozen in
dry ice for further processing. There were 6 groups labeled by three letters where the first
is the sex (M/F), the second is the priming saline/betamethasone (S/B), and the third is the
presence (Y/N) of spasms: MSN, FSN, MBN, FBN, MBY, and FBY (or analogously SN, BN,
and BY for each sex). No more than two male and two female pups from each litter entered
the experiments so that each group was composed of pups collected from two mothers.

2.2. Microarray and Data Processing

Profiling the gene expressions of technical replicates convinced us that Agilent microar-
rays (Agilent, Santa Clara, CA, USA) were not only better priced but, with our improved
wet protocol, had a lower technical noise than the Illumina MiSeq and NextSeq 550 (Illu-
mina, San Diego, CA, USA) available to us at the time. Most genomists use 3 biological
replicas per condition, and we used 4 (x3 conditions = 12 per sex), which considerably
increased the statistical relevance. However, more than 4 replicas would only increase the
experiment costs without improving the statistical significance because of the inherent
technical noise of the method.

Total RNA was extracted with the Qiagen RNeasy mini-kit (Qiagen, Venlo, Nether-
lands), the concentration was determined with a NanoDrop ND-2000 Spectrophotometer
(ThermoFisher Scientific, Thessalonikis, Greece), and purity was determined with the
Agilent RNA 6000 Nano kit in an Agilent 2100 Bioanalyzer. Total RNA was reverse tran-
scribed in the presence of Cy3/Cy5 dUTP, and the incorporation of the fluorescent tags
was determined with the NanoDrop. Fluorescently labeled RNAs were hybridized with
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the dual-mode Agilent-028282 Whole Rat Genome Microarray 4x44K v3, printed with
4 arrays of 45,220 spots with a total of 37,520 sequences, out of which 30,100 were mapped
to at least one gene (16,066 unigenes). The arrays were scanned and primarily analyzed
with an Agilent G4900DA SureScan Microarray Scanner Bundle (dual laser scanner + PC
data system + Feature Extraction Software G4464AA). The wet protocol and the raw data
were deposited in the publicly accessible Gene Expression Omnibus databases [44—46].
All spots affected by local corruption or with foreground fluorescence less than twice the
background in one microarray were disregarded, and background-subtracted foreground
fluorescence signals were normalized to the median, and the results were averaged for
every set of spots redundantly probing the same gene. Normalization to the median gene
expression provides a comparable expression of individual genes across biological replicas,
otherwise affected by the errors in sizing the samples.

According to our Genomic Fabric Paradigm [47], the expression of each quantifiable
gene is characterizable by three independent measures: AVE = average expression level
(1), REC = Relative Expression Control (2), and COR = expression correlation with each
other gene (3). AVE shows how much the gene is expressed with respect to all other genes,
REC indicates the influence of the homeostatic mechanisms, while COR justifies the gene
networking in functional pathways. Together, AVE, REC, and COR, defined by the below
formulas, provide the most theoretically possible comprehensive characterization of the
transcriptome topology:

Vi,j=1 + N &Vs= MSN, FSN, MBN, FBN, MBY,FBY

. ol (©)
AVE = sz . 7C wztha Zk . 1k 1)
<Dclk>1k

(©)

o, is the background-subtracted fluorescence of the spot probing for which the gene

(©)

in replica k (=1, 2, 3, 4) of sample s, < gy > is the net fluorescence of the median gene, and

()

a; ’ is the average net fluorescence over all biological replicas.
(©)
© — o, [ LREVE)
REC;” = log, o | 2
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<RE v > is the median REV (2b)
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REV is computed using the midinterval of the x? distribution of the coefficient of

variation in the normalized expression levels across biological replicas. REV shows how
spread the expression levels are across the biological replicas of that particular type of
sample. The expression controls in two conditions of the same sex or one condition in both
sexes were compared through the fold-change (FC), negative for down-regulation:
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COR analysis [48] was used to identify the p < 0.05 significant inter-gene synergis-
tic/antagonistic/independent expressions. This analysis is the prerequisite to determine the

CORSS.) = correl | log, 3)

most active transcriptomic networks interlinking (here) the genes involved in neurotrans-
mission. It is important to remember that the statistically significant positive correlation
means that the expression of either gene stimulates the expression of the other, the neg-
ative correlation points out the opposite tendency, while independence reveals the total
decoupling of the encoded products of the two genes. COR analysis can also be used to
test the validity of the wiring in the KEGG-constructed pathways under normal condi-
tions (M/F)SN and quantify their remodeling in the imposed conditions (M/F)BN and
(M/F)BY. Moreover, by comparing the results in males and females, one can find whether
the documented effects of the sex hormones on neurotransmission [49-51] should include
the differences in the expression control and organization of gene transcriptomic networks
beyond differential expression levels.

The transcriptomic influential powers of individual genes computed using the measure
termed “Gene Commanding Height”, GCH, that combines the expression control and the
median of the expression coordination with all other genes:

2
GCH' = exp (RECEC) + <(2COR§;)) > > @)
j

The top gene (highest GCH) in each condition was termed the Gene Master Regulator
(GMR). Pending of the type of genetic manipulation, the GMR might be the most legitimate
target for the gene therapy aiming to destroy or to stimulate the proliferation of the most
abundant clone in that condition [52].

The expression of a gene is considered significantly regulated when comparing BN
with SN and BY with BN for each sex or significantly different when comparing the two
sexes within the same condition if it satisfies the composite criterion (4). For the absolute
fold-change x| and the p-value of the heteroscedastic ¢-test of means” equality [53],

x(compared vs reference) S CUT(compared vs reference)

i i (5)
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2.3. KEGG-Constructed Functional Neurotransmission Pathways

The analyses were directed toward genes associated with the KEGG (Kyoto Encyclo-
pedia of Genes and Genomes, [54])-constructed pathways: synaptic vesicle cycle (SVC,
denoted by “0” in the column “Path” of tables below), and glutamatergic (GLU, “1”),
GABAergic (GABA, “2”), cholinergic (ACh, “3”), dopaminergic (DA, “4”), and serotonergic
(5HT, “5”) synapse [1-6]. We were able to quantify properly in all samples: 69 out of 80 of
the KEGG-listed SVC genes, 90 out of 115 GLU genes, 67 out of 90 GABA genes, 80 out of
113 ACh genes, 111 out of 132 DA genes, and 71 out of 130 5HT genes. The pathways are
partially overlapping, with several genes shared by two or more pathways. For instance,
Gnai2 is part of all five types of synapses and Mapk3 of the glutamatergic, cholinergic, and
serotonergic synapses.

3. Results
3.1. There Is Little Sex Dichotomy of the Most Highly Expressed Neurotransmission Genes

Table 1 presents the top five genes associated with the functional pathways, SVC (“0”),
GLU (“17), GABA (“2”), ACh (“3”), DA (“4”), and 5HT (“5”), which exhibited the largest
expression levels in each sex in all three conditions. Of note is the almost unchanged gene
hierarchy according to their normalized (to the median gene) expression levels, although
their expression was a little higher in females (see Table S1 in Supplementary Materials for
the ratio “x” of the (M/F) expression levels according to definition (5a)). For instance, with
respect to the median gene expression, the DA gene Caly has 126 x more transcripts than the
median gene in male SN (but 195X in female SN), 139 x in male BN (but 143 x in female BN),
and 126 x in male BY (but 155 in female BY). For comparison, the table also includes the
non-neurotransmission genes (no number in the “Path” column) with the largest expression
levels (Cst3 and Rpl41), indicating that the neurotransmission genes are among the most
highly expressed in the PVN transcriptome. However, although these top five genes in
the analyzed neurotransmission functional pathways were practically not differentially
expressed, other neurotransmission genes presented statistically significant differential
expression between the two sexes. However, it is interesting to note the differences among
the three conditions for each sex.

3.2. Sex Dichotomy in the Expression Control and Alteration by IESS

Tables 2 and 3 present the most and the least controlled neurotransmission genes in
the paraventricular nodes of both sexes in all three conditions as quantified by the Relative
Expression Control (REC) score. Positive RECs indicate how many times a gene is under
stricter control than the median gene, while a negative REC indicates how many times the
gene is less controlled than the median of that group of samples.

The most controlled genes (highest positive RECs) are most likely critical for cell
survival and phenotypic expression, while the least controlled genes might be essential
for the cell adaptation to the slight environmental changes like those differentiating the
biological replicas. Supplementary Tables S2 and S3 list the ratios of the relative control
strength (RCS) scores of the same genes between the two sexes in all three conditions.

One of the most controlled neurotransmission genes in the IESS female PVN, Gng10,
is part of all five types of synapses analyzed in this study. Of note are the substantial
differences between the two sexes in all three conditions, as well as the switch from very
controlled in (M/F)SN to less controlled in (M/F)BN of Atp6v0b, Calml4, and Atp6v1b.
Interestingly, the dopaminergic gene, Th, with a very loose control in male SN, became
strictly controlled in the condition of spasms.
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We believe that the reason why the expressions of some genes were left free to fluctuate
is to provide adaptation to the changes in the environmental conditions. Thus, Gnb3 and
Gngb were the most flexibly expressed genes in the BN condition of both male and female
PVNs five synapse pathways.

Figure 1 illustrates the substantial sex differences in the gene expression control by
plotting the RECs of the most (1a) and the least (1b) controlled genes in the three conditions
of the hypothalamic paraventricular nuclei of rat pups subjected to the three conditions. It is
remarkable that genes such as Pik3r5, ThTrpcl, Erg28, Mapk10, and Creb3 are over-controlled
in some conditions and less controlled in others, indicating differences in the regulatory
homeostatic mechanisms.

(a) Most Controlled Genes
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Figure 1. Relative Expression Control (REC) of the extremely controlled and extremely flexibly
expressed neurotransmission genes in comparison with all other genes in the male and female
paraventricular nuclei of rats with/without betamethasone priming, with/without ISEE NMDA
triggering. (a) Top controlled (highest REC). (b) Most flexibly expressed genes. Note the substantial
differences among the three conditions in each sex as well as between the two sexes in each condition.

3.3. Sex Differences in the Unaltered State of the Six Neurotransmission Pathways

Figure 2 presents the statistically significant (i.e., satisfying the composite criterion of
p < 0.05 + absolute expression ratio > CUT) differential expression of the SVC (a), GLU (b),
GABA (c), ACh (d), DA (e), and 5HT (f) pathways’ genes between males and females in the
unaltered state (SN) of the paraventricular hypothalamic nucleus. In this figure, the female
transcriptome is the reference and the male is the referred, so that the red background
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indicates a significantly higher expression in males while a green background specifies

higher expression in females.
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Figure 2. Sex differences in the unaltered (SN) state of the KEGG-constructed pathways: (a) synaptic
vesicle cycle, (b) Glutamatergic Synapse, (¢) GABAergic, (d) cholinergic, (e¢) dopaminergic, and
(f) serotonergic synapses in the PVNs of males and females. The red/green background of the gene
symbols indicates whether that gene was significantly over/underexpressed in the males with respect
to the females’ tissue, while the yellow background indicates that the expression difference was
not significant. Differentially expressed genes: Abat (4-aminobutyrate aminotransferase), Adcy2/5/8
(adenylate cyclase 2/5/8), Akt1 (v-akt murine thymoma viral oncogene homolog 1), Atp6vicl (ATPase,
H+ transporting, lysosomal V1 subunit C1), Chrnb4 (cholinergic receptor, nicotinic, beta 4 (neuronal)),
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Gabra4/d/31 (gamma-aminobutyric acid (GABA) A receptor, alpha 4/delta/gammal), Gnb4 (guanine
nucleotide-binding protein (G protein), beta polypeptide 4), Gng5 (guanine nucleotide-binding
protein (G protein), gamma 5), Grikl (glutamate receptor, ionotropic, kainate 1), Homer1 (homer
homolog 1 (Drosophila)), Itpr1/2 (inositol 1,4,5-trisphosphate receptor, type 1/2), Kenj14 (potassium
inwardly rectifying channel, subfamily ], member 14), Kras (Kirsten rat sarcoma viral oncogene),
Mapk11 (mitogen-activated protein kinase 11), Napa (N-ethylmaleimide-sensitive factor attachment
protein, alpha), Pik3ca (phosphoinositide-3-kinase, catalytic, alpha polypeptide), Pld1 (phospholipase
D1), Ppplca (protein phosphatase 1, catalytic subunit, alpha isozyme), Ppp3cc (protein phosphatase
3, catalytic subunit, gamma isozyme), Slc18a3 (solute carrier family 18 (vesicular acetylcholine
transporter), member 3), Rapgef3 (Rap guanine nucleotide exchange factor (GEF) 3), Slc1a2 (solute
carrier family 1 (glial high-affinity glutamate transporter), member 2), Slc18a3 (solute carrier family 18
(vesicular acetylcholine transporter), member 3, and Slc6al/7 (solute carrier family 6 (neurotransmitter
transporter), member 1/7).

3.4. Sex Differences Between the Significantly Regulated SVC Genes in the PVNs by the Induction
of Spasms in the Betamethasone-Primed Rats

Figure 3 presents the statistically significant (p < 0.05, absolute fold-change > CUT)
regulations in the SVC functional pathway following the induction of the spasms in the
betamethasone-primed state (BYS/BNS) of the PVNs of male and female rats.

Out of the sixty-nine quantified SVC genes, one was up-regulated in males while four
were up-regulated in females. Three SVC genes were down-regulated in males versus
two in females. Interestingly, two down-regulated genes in males, Atp2a2 and Cplx2, were
up-regulated in females, indicating opposite effects of triggering the infantile spasms in the
two sexes.
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Figure 3. Sex differences in the regulome of the KEGG-constructed synaptic vesicle cycle (SVC) of
the betamethasone-primed PVN following the induction of the spasms. (a) Male rats. (b) Female
rats. The red/green background of the gene symbols indicates whether that gene was significantly
over/underexpressed in the males with respect to the females’ tissue, while the yellow background
indicates that the expression difference was not significant. Differentially expressed genes: Ap2a2
(adaptor-related protein complex 2, alpha 2 subunit), Atp2a2 (ATPase, Ca++ transporting, cardiac
muscle, slow twitch 2), Atp6v0c (ATPase, H+ transporting, lysosomal V0O subunit C), Atp6v1c1/32,
Cplx2 (complexin 2), and Slcé6al.

3.5. Sex Differences Between the Significantly Requlated GLU Genes in the PVN by the Induction
of Infantile Spasms in the Betamethasone-Primed Rats

Figure 4 presents the statistically significant (p < 0.05, absolute fold-change > CUT)
regulations in the GLU functional pathway following the induction of the spasms in the
betamethasone-primed state (BYS/BNS) of the PVNs of male and female rats. Out of the
ninety quantified GLU genes, four genes were up-regulated and three were down-regulated
in males, compared to two up-regulated and one down-regulated in females. Interestingly,
Adcy5, included in all five synaptic pathways, was down-regulated by IS in males but
up-regulated in females, indicating opposite effects of IS on the two sexes.

3.6. Sex Differences Between the Significantly Regulated GABA Genes in the PVN by the
Induction of Infantile Spasms in the Betamethasone-Primed Rats

Figure 5 presents the statistically significant (p < 0.05, absolute fold-change > CUT)
regulations in the GABA functional pathway following the induction of the infantile spasms
in the betamethasone-primed state (BYS/BNS) of the PVNs of male and female rats. Out
of the sixty-nine quantified GABA genes, four were up-regulated and two were down-
regulated in males, compared to one up-regulated and four down-regulated in females,
with Adcy5 being down-regulated in males but up-regulated in females.

3.7. Sex Dichotomy of the Genes” Transcriptomic Networks

Figure 6 shows the significant differences between the two sexes in the correlated expres-
sions of SVC genes. Panel (a) presents the SVC gene pairs that are oppositely correlated in the
two sexes, while, as shown in panels (b) and (c), several independently expressed gene pairs
in one sex became significantly synergistically or antagonistically expressed in the other.
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Figure 4. Significantly regulated genes in the KEGG-constructed Glutamatergic Synapse (GLU)
pathway of the betamethasone-primed PVNs of male (a) and female (b) rats following the induction
of the infantile spasms. The red/green background of the gene symbols indicates whether that
gene was significantly up/down-regulated by the induction of spasms in the betamethasone-primed
animals, while the yellow background indicates not significant regulation. Regulated genes: Adcy2/5,
GIs (glutaminase (Gls), nuclear gene encoding mitochondrial protein), Glul (glutamate-ammonia
ligase), Gnail (guanine nucleotide-binding protein (G protein), alpha inhibiting activity polypeptide
1), Kenj3 (potassium inwardly rectifying channel, subfamily J, member 3), and Trpc1 (transient receptor
potential cation channel, subfamily C, member 1).
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Figure 5. Significantly regulated genes in the KEGG-constructed GABA synapse (GABA) pathway
of the betamethasone-primed PVNs of male (a) and female (b) rats following the induction of the

infantile spasms. The red/green background of the gene symbols indicates whether that gene was

significantly up/down-regulated by the induction of spasms in the betamethasone-primed animals,

while the yellow background indicates not significant regulation. Regulated genes: Adcy2/5, Gabral,
Gabrq, Gabarapl2 (GABA(A) receptor-associated protein like 2), GIs, Glul, Gnail, Gng3, Slc12a5, and
Slc6al (solute carrier family 6 (neurotransmitter transporter), member 1).
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Figure 6. Significant sex dichotomy in the expression correlations among the SVC genes. (a) Gene
pairs that switch their significant synergistic (red square) or antagonistic (blue square) correlation
from male to the opposite in female. (b) Independently expressed gene pairs (yellow square) in males
that became significantly synergistically (red square) or antagonistically (blue square) correlated in
females. (c) Significantly correlated gene pairs in males that are independently expressed in females.
Interesting genes: Ap2al/m1 (adaptor-related protein complex 2, alpha 1/m1 subunit), Atp2a2 (ATPase,
Ca++ transporting, cardiac muscle, slow twitch 2), Afpv0a2/4 (ATPase, H+ transporting, lysosomal VO
subunit A2/4), Atp6v0dl1/el (ATPase, H+ transporting, lysosomal V0 subunit D1/el), Atp6v1b2/e1/g2
(ATPase, H+ transporting, lysosomal V1 subunit B2/E1/G2), Cacnala (calcium channel, voltage-
dependent, P/Q type, alpha 1A subunit), Cplx2 (complexin 2), Cpne3 (copine III), Dnm2 (dynamin
2), Nsf (N-ethylmaleimide-sensitive factor), Rab3a (RAB3A, member RAS oncogene family), Slc1a2
(solute carrier family 1 (glial high-affinity glutamate transporter)), and Uncl3c (unc-13 homolog C).

Figure 7 shows the significant differences between the two sexes in the correlated
expressions of GLU genes. Panel (a) presents the genes that are oppositely correlated in
the two sexes. Thus, four antagonistically expressed gene pairs in males were switched
to synergistically expressed in females (Gls2—Gng13, Gnaol—Gria2, Gngb—Itprl, Grm2—
Slc38a2), while two others (Gnaol—Gng8, 1zts3—Prkcg) were switched from synergistically
expressed in males to antagonistically expressed in females. Moreover, as shown in panels
(b) and (c), several independently expressed gene pairs in one sex became significantly
synergistically /antagonistically expressed in the other. All these differences indicate
distinct molecular mechanisms involved in the glutamatergic synaptic transcription.
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Figure 7. Significant sex dichotomy in the expression correlations among the GLU genes. (a) Gene
pairs that switch their significant synergistic (red square) or antagonistic (blue square) correlation in
one sex to the opposite in the other. (b) Significantly synergistically (red square) and antagonistically
(blue square) correlated gene pairs in males that were independently (yellow square) expressed
in females. (c) Significantly independently (yellow square) expressed genes in males that were
significantly synergistically (red square) or antagonistically (blue square) expressed in females.

3.8. Sex Dichotomy of the Genes” Hierarchy

Table 4 lists the most influential neurotransmission genes (higher GCH) and the Gene
Master Regulators in all six groups of the profiled samples. The relevant neurotransmission
genes, Gnb4, Gng10, and Gng12, are part of all five synaptic pathways. GCHs were computed
using the software #GENE COMMANDING HEIGHT# [52]. Of note is the substantially
lower GCH scores of the top neurotransmission genes with respect to the corresponding
GMRs in the six groups: Erg28 (40 vs. 20 for Pik3r2 in MSN), Erap1 (70 vs. 26 for Abat
in FSN), Tmem238 (162 vs. 16 for Gphn in MBN), Taf8 (38 vs. 14 for Grm8 in FBN), and
Tmem134 (78 vs. 19 for Mapk10 in MBY, respectively, 78 vs. Homerl in F-BYS).
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Table 4. The Gene Commanding Height (CGH) scores of the most influential neurotransmission
genes compared to those of the Gene Master Regulators in all six groups of profiled samples.

Male Female
Gene Description PATH SN BN BY SN BN BY
Pik3r2 phosphoinositide-3-kinase, regulatory subunit 2 3 20 4 1 2 3 1
Gng12 guanine nucleotide binding protein (G protein), gamma 12 12345 8 2 8 5 1 8
Ppplca protein phosphatase 1, catalytic subunit, alpha isozyme 4 7 9 4 2 6 4
Ppp2ria protein phosphatase 2, regulatory subunit A, alpha 4 7 3 2 3 1 2
Calml4 calmodulin-like 4 4 6 2 3 2 1 3
Abat 4-aminobutyrate aminotransferase 2 3 4 5 26 6 5
Pld1 phospholipase D1 1 1 1 2 17 1 2
Slc6a7 solute carrier family 6 (neurotransmitter transporter), member 7 0 4 1 4 11 1 4
Gabral gamma-aminobutyric acid (GABA) A receptor, alpha 1 2 1 2 4 8 2 4
Homerl homer homolog 1 1 1 2 13 8 2 13
Gphn gephyrin 2 3 6 0 3 2 0
Ap2a2 adaptor-related protein complex 2, alpha 2 subunit 0 1 16 3 2 2 3
Creb3I1 cAMP responsive element binding protein 3-like 1 34 1 14 4 3 1 4
Gng10 guanine nucleotide binding protein (G protein), gamma 10 12345 2 11 4 2 3 4
Gabbrl gamma-aminobutyric acid (GABA) B receptor 1 2 1 10 5 5 2 5
Grm8 glutamate receptor, metabotropic 8 1 2 1 5 3 14 5
Cpne3 copine III 0 2 2 2 1 14 2
Atp6vlh ATPase, H+ transporting, lysosomal V1 subunit H 0 4 3 6 2 12 6
Atp6v0el  ATPase, H+ transporting, lysosomal, VO subunit el 0 3 1 1 3 12 1
Gabarapl2  GABA(A) receptor-associated protein like 2 2 3 8 7 1 10 7
Mapk10 mitogen activated protein kinase 10 4 2 6 19 1 1 19
Homer1 homer homolog 1 1 1 2 13 8 2 13
Th tyrosine hydroxylase 4 1 1 11 2 1 11
Gnb4 guanine nucleotide binding protein (G protein), beta polypeptide 4 12345 3 5 10 6 1 10
Glul glutamate-ammonia ligase 12 1 1 10 3 5 10
Mapk10 mitogen activated protein kinase 10 4 2 6 19 1 1 19
Homer1 homer homolog 1 1 1 2 13 8 2 13
Th tyrosine hydroxylase 4 1 1 11 2 1 11
Gnb4 guanine nucleotide binding protein (G protein), beta polypeptide 4 12345 3 5 10 6 1 10
Glul glutamate-ammonia ligase 12 1 1 10 3 5 10
Erg28 ergosterol biosynthesis 28 homolog 40 6 1 3 7 1
Erapl endoplasmic reticulum aminopeptidase 1 2 2 2 70 2 2
Tmem238  transmembrane protein 238 4 162 3 3 4 3
TAF8 RNA polymerase II, TATA box binding protein
Taf8 (TBP)—associlte};l factor i 1 ! 3 > 38 3
Tmem134  transmembrane protein 134 2 7 78 5 2 78
Tmem134  transmembrane protein 134 2 7 78 5 2 78

4. Discussion

While a certain sex-specific prevalence of IESS in boys was discovered in large cohort
studies [22], and we also saw trends to increased susceptibility in males, this never reached
statistical significance in our relatively small experimental cohorts (<20 per sex group) on
an [ESS rat model. Nevertheless, the very sensitive and unbiased transcriptomic analyses
were able to provide a glimpse of the significant sex dichotomy in the genomic molecular
machinery.

The analyses of six neurotransmission pathways in the PVNs of male and female rats
at P16 revealed substantial transcriptomic differences between the two sexes, which extend,
although at different levels, to the betamethasone prenatally primed pups with and without
NMDA-triggered spasms.

Beyond traditional gene expression studies that are limited to quantifying the ex-
pression profile, our approach incorporates two additional independent measures of the
individual genes: the control of transcripts” abundances and the inter-coordination of their
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expression. Together, the three independent measures provide the most comprehensive
characterization of the two sexes” PVN transcriptomic topologies and their differential
remodeling in infantile spasms.

Although the tissue pieces were very small, they were still heterocellular, which is
one major limitation of this study. In the worst scenario, the non-significant change in
genes, when comparing different conditions for the same sex or different sexes for the same
condition, might result from up-regulation in a particular phenotype and down-regulation
in another. However, taking a particular type of cell from its natural environment would
have a larger effect on the transcriptome, as we proved by profiling cortical astrocytes and
precursor oligodendrocytes when co-cultured and cultured separately [55-57].

We found (Table 1) few sex differences between the expression levels of the top
neurotransmission genes. For instance, the active regulator of intracellular Ca?* release,
Caly, has the largest expression level among all neurotransmission genes in the PVNs
of both sexes in all three investigated conditions. An abundance of Cali transcripts was
between 126 and 195 times larger than the expression level of the median gene in the
respective group, close enough to Cst3 and Rpl41, the top-expressed genes in the entire
transcriptome. Cali, localized in the neuron dendritic spines, is related to D1 dopaminergic
transmission and schizophrenia [31,32]. However, the expression of Caly (Table 2) was less
controlled than the median gene in all groups, REC = —0.98 in MSN, —0.41 in FSN, —1.26
in MBN, —0.90 in FBN, —0.85 in MBY, and —0.69 in FBY, indicating remarkable flexibility.

As seen in Table 2, the most controlled neurotransmission genes are as follows: Pik3r2
and Abat in the two SN groups, Pik3r5 and Grm8 in BNSs, and Th and Trpcl in BYSs.
Interestingly, a mutation of Pik3R2 was associated with familial temporal lobe epilepsy [58],
and its overexpression may reduce cell viability and boost autophagy and apoptosis [59].
GABA transaminase deficiency caused by a mutation of Abat leads to neonatal epilepsy [60],
while activation through the FOXA2/ABAT/GABA axis mediates the development of
brain metastasis in lung cancer [61]. Therefore, the high control of these two genes in the
normal condition (SN) prevents neurotransmission alterations associated with IEES in the
corresponding sex.

Moreover (see Supplementary Table S2 for the M/F ratios of RCS), neurogenes like
Mapk10 in SN, Pik3r5 (BN), and Th (BY) are strictly controlled in males but allowed to
fluctuate in females in the corresponding conditions. In contrast, genes like Abat and Gabbr1
in SN and Trpcl (BY) are flexibly expressed in males but strictly controlled in females in
the corresponding conditions. Both Mapk10 and Gabbr1 are considered potential targets for
vascular dementia treatment [62,63]. The differences are even larger for the top controlled
genes in each condition, with Erg28, Tmem238, and Oxsr1 very strictly controlled in males
but much less controlled in females, while the opposite is observed for Erap1, Cul7, and Tac2.
All these differences point to distinct homeostatic mechanisms that control the transcripts’
abundances.

The effect of IEES triggering in betamethasone primed rats (BY condition) has distinct
sex-dependent effects on genes” RCSs (Supplementary Table S3). While the RCSs of Pik3r2
are increased by IEES in males (by 6.49x), with little effect on females, that of Gnal is
increased in females (by 8.84x). Gnal having greater effects on female than on male
dystonia was recently documented in a population study [64].

There are also substantial sex differences among the most flexibly expressed neuro-
transmission genes (Table 3) in all three conditions: Calml1 vs. Mapk10 in SN, Drd2 vs. Creb3
in BN, and Clock vs. Grinl in BY. Interestingly, all the top flexible genes are included in the
dopaminergic synapse pathway. Although several other reports discussed sex differences

141



Curr. Issues Mol. Biol. 2025, 47, 380

in the expressions of neurotransmission genes and their encoded proteins (e.g., [65-69]),
here, we report, for the first time, the sex dichotomy in gene expression control.

Th, a rate-limiting enzyme (tyrosine hydroxylase) in dopamine, epinephrine, and
norepinephrine biosynthesis [70], has a spectacular (by 44.51 x) RCS increase in IESS with
respect to the healthy counterpart in males (Supplementary Table S3), which is also 14.58 x
larger than in females” BYSs. Therefore, we consider that Th might be a potential gene
therapy target for future research for a male with IESS but not for a female with IESS.

In contrast, the control strength of Creb3 in females decreased significantly (by 8.68 x) in
both BN and BY conditions (Supplementary Table S3). The Creb3 protein tethers chromatin
to the cell’s inner nuclear membrane and prevents karyoptosis, a type of cell death caused
by DNA release into the cytosol [71]. Therefore, the high expression flexibility of the
encoding gene makes both cholinergic and dopaminergic transmission more adaptable to
prenatal corticosteroids, even in the absence of IS.

Figure 2a shows a higher synaptic vesicle acidification following endocytosis but a
lower neurotransmission uptake in male versus female PVNs. Apparently, these differences
indicate that in males, there is a higher efficiency in recycling the synaptic vesicles, yet a
decreased release of neurotransmitters compared to females. However, as demonstrated
in Figure 3a,b, IESS induction does not cause an overall imbalance of the synaptic vesicle
cycle in either sex. Interestingly, reports by others demonstrated that some factors, such as
exposure to diazepam [72] or maternal immune activation [73], affect the synaptic vesicle
cycle pathway. We further found substantial differences between the significantly regulated
genes by IESS in males (Figure 2a) and in females (Figure 2b). For instance, while in males,
the ATPase Atp2a2 (also known as. Serca?), is involved in actively pumping Ca?* from
the cytosol into the endoplasmic reticulum and is a candidate gene for IESS [74] is down-
regulated, it is up-regulated in females. We can speculate that this calcium homeostasis
regulator [75] may be responding to different cytosolic calcium conditions after betametha-
sone/spasm exposure in males and females. While ATP2A2 is a monogenic cause of Darier
disease (a skin disorder with neuropsychiatric abnormalities), the prevalence of epilepsy
in this condition is higher than in the general population [76]. Interestingly, our unpub-
lished in vitro data (not stratified for sex) indicate that hippocampal LTP is diminished
after prenatal betamethasone exposure, and this effect is independent of NMDA-induced
spasms, and increasing the number of subjects and stratification by sex may fully reveal
the biological importance of this finding.

Figure 2b indicates lower glutamatergic transmission in control saline-injected (i.e.,
SN) males compared to the female PVNSs, caused by the underexpression of Grikl and
Slcla2 in the presynaptic neuron. The higher expression of Grik1 in women relative to that
in men was also detected in patients with depression [77]. Through the underexpression of
Gabra4, Gabrd, and Gabrdg1, Figure 2c confirms the report [78] of male rats lagging behind
females in the development of the ionotropic of GABA-A receptors. The underexpression
of the G proteins Gnb4 and Gngb in males with respect to their female counterparts was
common to all five investigated synapse pathways (Figure 2b—f). These G proteins are
involved in the presynaptic inhibition, diminishing the release of glutamate, GABA, and
Ach release in the synaptic cleft [79,80]. However, the effect of the reduced expression of the
G proteins is compensated by the increased expression of the inositol 1,4,5-trisphosphate
receptors Itpr1 and Itpr2 (Itpr3 was not quantified). The activation of these receptors releases
Ca?* (which controls almost all important cellular processes [81]) from the intracellular
IP5-sensitive storage [82].

The differences between the two sexes also appear in the regulomes of SVC (Figure 3),
GLU (Figure 4), and GABA (Figure 5) pathways after the induction of IESS. For instance,
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the presynaptic synaptic vesicle regulatory protein Cplx2 (complexin 2), whose variants
affect cognition and memory in schizophrenic patients [83,84], is down-regulated in males
(Figure 3a) but up-regulated in females (Figure 3b). A very recent study looking at the
percentage reads of new isoforms identified new CPLX2 isoforms not only in patients
with schizophrenia but also in patients with epilepsy [85]. Our finding of altered Cplx2
expression indirectly corroborates a study on chronic mild stress that links Cplx2 to the
anxiety-susceptible experimental rat group [86]. The expression of several genes (e.g.,
Kcnj3 and Trpcl) was not affected in one sex (female) but was significantly regulated
in the other. These findings suggest that dissimilar pathological processes affected the
neurotransmission in the two sexes. Among others, our result explains why the suppression
of the potassium channel encoded by Kcnj3 impairs prelimbic cortical function in male but
not female mice [87].

Figure 6 presents the spectacular differences between the male and female statistically
significant SVC pathway transcriptome networks. Thus, three antagonistically expressed
gene pairs in males (Atp6v0a2—-Atp6v0a4, Atp6vlg2—Dnm2, Dnm2-Nsf) were switched to
synergistically expressed pairs in females, while the pair Cacnala—Slc6a7 was switched
from synergistically expressed in males to antagonistically expressed in females (Figure 6a).
Moreover, six independently expressed gene pairs in males were significantly synergis-
tically or antagonistically correlated in females (Figure 6b), and eight synergistically or
antagonistically expressed in males were independently expressed in females (Figure 6c).

Given the roles of v-ATPase subunits in phagocytosis, endocytosis, and autophagy [88],
it would be interesting to study the functional consequences of the opposite expression
coordination of Atp6v0a2 and Atp6v0a4 in the two sexes. Of note is the sex discrepancy in the
expression correlation of the dynamin Dnm2, responsible for vesicle recovery after releasing
the neurotransmitters into the synaptic cleft, with the v-ATPase Atp6v1g2 involved in
vesicle acidification needed for neurotransmitter uptake. Also surprising is the antagonistic
expression of Nsf (which removes the cis-SNARE complex [89]) and Dnm2 in males, while
they are supposed to stimulate each other’s expression (as it happens in females).

Likewise, we found substantial sex differences in the transcriptomic networks of the
GLU pathway. Thus, the antagonistically expressed pairs in males, Gng13-Gls2, Gria2-
Gnaol, Itpr1-Gngb, and Slc38a2-Grm?2, are synergistically expressed in females, while the
synergistically expressed pairs in males, Gng8-Gnaol, and Prkcg-Lzts3, are antagonistically
expressed in females (Figure 6a). In addition, six significantly correlated gene pairs in males
are independently expressed in females, and 20 (sic/) independently expressed pairs in
males are significantly correlated in females. The opposite expression correlations of Gng13
with GIs2 in the two sexes suggest an opposite relationship between mitophagy and the
feedback inhibition of glutamate release. Such coordination might have consequences on
the epilepsy occurrence [90], where GIs2 is down-regulated (as we also found, Figure 4a).

All these transcriptomic network differences indicate distinct molecular mechanisms
responsible for the formation of synaptic vesicles, the release of neurotransmitters, and the
response by the post-synaptic neurons in the PVNs of the two sexes. The neurotransmission
differences are most likely responsible for different brain circuitries in males and females
(e.g., [91-93]).

Interestingly, we observed that the genes involved in neurotransmission are not among
the most influential in both male and female rats subjected to each of the three conditions.
Yet, the most prominent genes in the IESS condition, Grm8 (male) and Mapk10 (female), have
documented implications in epilepsy (e.g., [94-96]). However, the present study pinpoints
Tmem134, a protein located in the perinuclear region of the cytoplasm, involved in RNA
splicing [97] and associated with obesity [98], as the best target for the gene therapy of IESS
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in rats of both sexes based on symmetrical expression change in both sexes. Additionally,
our model suggests a significant involvement of hypothalamic nuclei, such as the arcuate
nucleus [7], also participating in the control of food intake. Tmem134 is also involved in
the regulation of the NF-kappaB pathway [33]. Activity in this pathway is increased after
seizures, and the down-regulation of this pathway attenuates seizures [99]. Hence, affecting
this pathway through Tmem134 may provide a feasible way for the control of spasms. In
previous reports, we assumed and verified [52,100] that the manipulation of genes with higher
GCHs has greater consequences on the transcriptome, the top gene, named the Gene Master
Regulator (GMR), being the most influential, whose silence might be lethal for the cell.

There are several limitations of this study. First, a sample size of 12 is too low to
provide reliable stratification by sex, especially if biological variables such as spasms or
body weight are considered. Second, our transcriptomic data were not further validated in
a proteomic experiment. This may discount the observed effects only to the transcriptome
without translation to the effector proteins. Since, in addition to translation, protein
abundance is affected by several post-translational modifications, and the genes” expression
correlations do not exactly overlap the protein—protein interactions, our results are relevant
only at the transcriptomic level, and integration with epigenetic and proteomic data is
needed to strengthen the conclusion. However, our electrophysiology data [101], as well
as a behavioral study [102], indicate electrophysiological as well as behavioral effects of
prenatal betamethasone exposure, though larger sample sizes would be required for proper
stratification by sex. Finally, the effects of repetitive spasms during development (P12,
P13, P15) on behaviors and delayed seizure susceptibility are still being investigated and
therefore are missing as comparators.

5. Conclusions

Our transcriptomic analysis of six neurotransmission pathways in the PVNs of P16 12
male and 12 female rats revealed substantial sex differences, persisting even in prenatally
betamethasone-primed pups, regardless of NMDA triggering of IESS. By integrating ex-
pression level, transcript abundance control, and expression inter-coordination, we provide
the most theoretically possible comprehensive transcriptomic characterization of these
differences. Nonetheless, because transcript abundances and protein content are not propor-
tional [103,104] (gene transcription is triggered by the necessity to maintain a certain level
of proteins), our results cannot be automatically translated into sex-dependent proteome
topology and remodeling by IESS.

Sex-specific transcriptomic shifts in synaptic vesicle cycling, glutamatergic, and
GABAergic pathways suggest distinct pathological mechanisms, influenced by the sex
hormones [105-107]. We found that gene co-expression patterns differed, highlight-
ing the fundamental sex-dependent synaptic organization that determines brain circuits
(e.g., [108-110]). This study extends our previous findings of sex transcriptomic dichotomy
in regions of the brain [8-10], heart [111,112], and kidneys [113].

Finally, in our rat model, Tmem134 (encoding cytosolic and membrane proteins likely
involved in the cytokine pathway [33]) emerged as the most influential gene for IESS
pathology in both sexes. Nevertheless, the dominance of Tmem134 is surprising and
deserves to be tested in further experiments on the same IEES rat model.
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Abstract: Transmembrane protein 106B (TMEM106B), which is a type II transmembrane protein, is
believed to be involved in intracellular dynamics and morphogenesis in the lysosome. TMEM106B is
known to be a risk factor for frontotemporal lobar degeneration and has been recently identified as
the receptor needed for the entry of SARS-CoV-2, independently of angiotensin-converting enzyme
2 (ACE2). A missense mutation, p.Asp252Asn, of TMEM106B is associated with hypomyelinating
leukodystrophy 16 (HLD16), which is an oligodendroglial cell-related white matter disorder causing
thin myelin sheaths or myelin deficiency in the central nervous system (CNS). However, it remains
to be elucidated how the mutated TMEM106B affects oligodendroglial cells. Here, we show that
the TMEM106B mutant protein fails to exhibit lysosome distribution in the FBD-102b cell line, an
oligodendroglial precursor cell line undergoing differentiation. In contrast, wild-type TMEM106B
was indeed localized in the lysosome. Cells harboring wild-type TMEM106B differentiated into ones
with widespread membranes, whereas cells harboring mutated TMEM106B failed to differentiate. It
is of note that the output of signaling through the lysosome-resident mechanistic target of rapamycin
(mTOR) was greatly decreased in cells harboring mutated TMEM106B. Furthermore, treatment with
hesperetin, a citrus flavonoid known as an activator of mTOR signaling, restored the molecular and
cellular phenotypes induced by the TMEM106B mutant protein. These findings suggest the potential
pathological mechanisms underlying HLD16 and their amelioration.

Keywords: TMEM106B; oligodendrocyte; differentiation; hesperetin; mTOR

1. Introduction

Transmembrane protein 106B (TMEM106B) is a type Il transmembrane protein [1]
whose membrane protein family generally plays a key role not only in sustaining various
organelle functions but also in cell morphogenesis and, in turn, tissue development [1-4].
TMEM106B is specifically localized in the late endosome and lysosome membranes [1,2].

Detailed studies using mice illustrate that TMEM106B is expressed primarily in oligo-
dendroglial precursor cells and early maturating oligodendroglial cells in the central
nervous system (CNS) [2]. The expression profiles of TMEM106B are preserved in humans
and TMEM106B exhibits high expression levels in oligodendroglial lineage cells [2]. Inter-
estingly, the overexpression of TMEM106B in mouse oligodendroglial cells enlarges the
lysosomal size, leading to dysfunction in the endosomal and lysosomal system and abnor-
mal cell morphologies [3,4], underscoring the critical relationship between TMEM106B and
oligodendroglial cell morphogenesis.

On the other hand, in rat hippocampal and cortical neurons, the decreased expression
of the TMEM106B protein results in enhanced retrograde lysosomal trafficking in neuronal
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dendrites, reducing their branching [5]. In this context, the knockdown of microtubule-
associated protein 6 (MAP6) restores the balance of anterograde and retrograde lysosomal
trafficking, preventing dendrite loss [5]. It is therefore thought that TMEM106B regu-
lates lysosome morphologies, cell morphologies, and putative cellular functions in both
oligodendroglial and neuronal cells [5,6].

Hypomyelinating leukodystrophies (HLDs) are a group of hereditary neuropathies
involving thin and aberrant oligodendroglial cell plasma membrane-derived myelin mem-
branes in the CNS [7-12]. Oligodendroglial cells are a type of glial cell in the CNS and
are responsible for the formation of myelin sheaths, which are essential in controlling
saltatory conduction and protecting nerve axons [13-16]. HLDs are rare, occurring in 1 in
250,000 to 500,000 people. Typical clinical features include impaired motor development,
progressive limb spasticity, nystagmus, and a gradual decline in cognitive function [7-12].
The responsible genes have been identified following advances in nucleotide sequencing
technologies, including next-generation sequencing (NGS) techniques [9,10]. TMEM106B
is the gene product identified by such NGS techniques as being responsible for HLD type
16 (HLD16) [2]. The missense mutation p.Asp252Asn (an Asp252-to-Asn mutation) is
associated with HLD16 [2]. Brain magnetic resonance imaging (MRI) demonstrates that
HLD16 has many typical HLD symptoms, with thin myelin sheaths or some brain regions
exhibiting complete myelin deficiency. In addition, many cases display common clinical
symptoms, including nystagmus and motor impairment, as well as characteristic symptoms
such as hypotonia [2,17-19]. There are no known treatments for HLD16, including thin
myelin sheath-related dementia associated with TMEM106B [2,17-20].

Herein, we report that the HLD16-associated TMEM106B mutant protein fails to ex-
hibit lysosome distribution in the FBD-102b cell line, a mouse oligodendroglial cell line
involved in the formation of myelin-like widespread membranes [21-24]. In contrast, the
wild-type TMEM106B was indeed localized in the lysosome. While cells harboring the
wild-type TMEM106B exhibited morphologically differentiated phenotypes, those harbor-
ing TMEM106B p.Asp252Asn failed to differentiate. Decreased levels of phosphorylation
of lysosome-related mechanistic target of rapamycin (mTOR) signaling output molecules,
such as the ribosomal S6 and translational 4E-BP1 proteins, were observed in cells har-
boring mutated TMEM106B. Hesperetin, a citrus flavonoid, is known for its role as an
mTOR signaling activator [25,26] and for its neuronal and glial protective effects [27,28].
Hesperetin resulted in the retention of these phenotypic defects. These results suggest
that the HLD16-associated mutation of TMEM106B may contribute to blunted morpho-
logical differentiation through the decreased phosphorylation of the ribosomal S6 protein
and 4E-BP1.

2. Materials and Methods
2.1. Antibodies, Plasmids, and siRNAs

The key antibodies and plasmids are listed in Table 1.

Table 1. Key materials used in this study.

Anti-lysosomal-associated Santa Cruz )
membrane protein 1 (LAMP1) Biotechnology sc-20011 J0919 IF, 1:100

Immunoprecipitation (IP),

. Santa Cruz : 0.5 ug per 500 pg of cell
Anti-Rab5 Biotechnology 5c-46692 B2124 extracts; immunoblotting (IB),
1:50
. Santa Cruz ) IP, 0.5 ug per 500 ug of cell
Anti-Rab7 Biotechnology 5c-376362 F1023 extracts; IB, 1:50
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Table 1. Cont.

. Santa Cruz y IP, 0.5 ug per 500 ug of cell
Anti-Arf6 Biotechnology se-7971 E0919 extracts; IB, 1:50
Anti-green fluorescent MBL 598 084 IF, 1:100,000; IB, 1:1000
protein (GFP)
Anti-myelin proteolipid g
. Atlas Antibodies HPA004128 8115828 1B, 1:1000
protein 1 (PLP1)
Anti-myelin basic protein (MBP) BioLegend 836506 B225469 1B, 1:500; IF, 1:100
Anti-Sox10 Santa Cruz 5¢-365692 J0720 IB, 1:500
Biotechnology
Anti-actin (also called MBL M177-3 007 1B, 1:500
pan-bata-type actin)
Anti-e[F4EBP1 (phosphorylated abcam ab75767 GR88680-14 IB, 1:2500
T37-specific)
Anti-elF4EBP1 abcam ab32024 GR239794-12 IB, 1:5000
Anti-ribosomal protein S6 .
(phosphorylated 5240 and 5244) abcam ab215214 GR3205097-3 1B, 1:10,000
Anti-ribosomal protein S6 Santa Cruz sc-74459 D2921 1B, 1:500
Biotechnology
Anti-IgG (H+L chain) (mouse) .
pAb-HRP MBL 330 366 IB, 1:5000
Anti-IgG (H+L chain) (rabbit) .
pAb-HRP MBL 458 354 IB, 1:5000
Alexa Fluor TM 488 goat Thermo Fisher .
anti-mouse IgG (H+L) Scientific AT1001 774904 IF, 1:500
Alexa Fluor TM 594 goat Thermo Fisher .
anti-mouse IgG (H+L) Scientific A11005 2179228 IF, 1:500
Alexa Fluor TM 488 goat Thermo Fisher )
anti-rabbit IgG (H+L) Scientific AT1008 751094 IF, 1:500
Alexa Fluor TM 594 goat Thermo Fisher .
anti-rabbit IgG (H+L) Scientific A11012 2018240 IF, 1:500
Hesperetin .Santa Cruz sc-202647 D1921 Final concentration, 10 pm
Biotechnology
. . FUJIFILM Wako Pure Final concentration, less
Dimethyl sulfoxide (DMSO) Chemical Corporation 047-29353 CDNO0170 than 0.1%
L Synthesized by 1.25 pug of DNA per 3.5 cm
pEGFP-C1-human TMEM106B GeneScript n.d. n.d. dish or 6 cm dish
pEGFP-Cl-human Synthesized by nd nd 1.25 pg of DNA per 3.5 cm
TMEM106B (D252N) GeneScript e h dish or 6 cm dish
. Isolated from 1.25 pg of DNA per 3.5 cm
pPEGFP-C1 (for mock transfection) pEGFP-C1-TMEM106B n.d. n.d. dich or 6 cm dish

2.2. Cell Culture, Differentiation, and Image Capture

The FBD-102b cell line is a mouse oligodendroglial precursor cell line (Riken, Saitama,
Japan). Cells were cultured on Nunc cell culture dishes (Thermo Fisher Scientific, Waltham,
MA, USA) in Dulbecco’s modified Eagle medium (DMEM)/F-12 medium (Nacalai Tesque,
Kyoto, Japan; Fujifilm, Tokyo, Japan)/10% heat-inactivated fetal bovine serum (FBS)/Pen-
Strep mixture (Thermo Fisher Scientific) in 5% CO, at 37 °C.

In order to induce differentiation, polylysine (Nacalai Tesque)-coated cell culture
dishes were cultured in medium with 1% fetal bovine serum for several days in 5% CO, at
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37 °C in the presence or absence of hesperetin. Cells with secondary branches from primary
ones or with myelin membrane-like widespread membranes (cells large enough to contain
a circle with a diameter of more than 50 um) were considered to represent differentiated
phenotypes [23,24].

The number of attached cells incorporating trypan blue (Nacalai Tesque) was estimated
to be less than 5% under these conditions [23,24]. Cell morphologies were captured and
preserved using microscopic systems equipped with i-NTER LENS (Micronet, Saitama,
Japan). The images in the figures are representative of multiple images and were analyzed
with the Image ] software ver. 1.54j (https://imagej.nih.gov/, accessed on 1 March 2024).

2.3. Transient and Stable Transfection

In accordance with the manufacturer’s instructions, the respective plasmids were
transfected using the ScreenFect A or ScreenFect A Plus transfection kit (Fujifilm). The
medium was replaced 4 h after transfection and generally used for more than 48 h after
transfection for experiments.

Stable clones were collected in the presence of 1 mg/mL of G418 (Nacalai Tesque)
in accordance with the manufacturer’s instructions. Under these conditions, the number
of attached cells incorporating trypan blue was estimated to be less than 5% in each
experiment at 48 h after transfection.

2.4. Fluorescence Images

Cells on coverslips were fixed with 4% paraformaldehyde (Nacalai Tesque) or 100%
cold methanol (Nacalai Tesque) and blocked with Blocking One (Nacalai Tesque). Slides
were incubated with primary specific antibodies preloaded with fluorescent dye-conjugated
secondary antibodies. The coverslips were mounted using the Vectashield mixture (Vector
Laboratories, Burlingame, CA, USA). Fluorescent images were collected and merged with a
microscopic system, FV3000 or FV4000, equipped with a laser scanning Fluoview apparatus
(both from Olympus, Tokyo, Japan), or the BZ-X700 microscopic system equipped with a
fluorescence apparatus (Keyence, Tokyo, Japan). The images in the figures are representa-
tive of multiple images and were analyzed using the Image J software. Merged percentages
are statistically depicted using merged image pixel values (yellow fluorescence) relative to
the image values showing TMEM106B (green fluorescence).

2.5. Cell Lysis and Polyacrylamide Gel Electrophoresis

Lysis buffer (50 mM HEPES-NaOH, pH 7.5, 150 mM NaCl, 3 mM MgCl,, 1 mM
dithiothreitol, 1 mM phenylmethane sulfonylfluoride, 1 pg/mL leupeptin, 1 mM EDTA,
1 mM Na3zVOy, 10 mM NaF, and 0.5% NP-40) was used for lysing [23,24]. Cell lysates were
denatured in pre-made sample buffers (Nacalai Tesque or Fujifilm). The denatured samples
were separated on pre-made sodium dodecyl sulfate-polyacrylamide gel (Nacalai Tesque
or Fujifilm).

2.6. Immunoblotting

The electrophoretically separated proteins were transferred to polyvinylidene fluoride
membranes (Fujifilm). The membranes were blocked with Blocking One. They were
immunoblotted using primary specific antibodies and in turn using peroxidase enzyme-
conjugated secondary antibodies. The immunoreactive bands in the membranes were
captured and preserved using the CanoScan LiDE 400 system (Canon, Tokyo, Japan).
Multiple sets of experiments were conducted in the immunoblotting studies, and the
quantification of the immunoreactive bands, using another sample’s immunoreactive band
as 100%, was performed with the Image ] software.

2.7. Immunoprecipitation of Intact Intracellular Components

Cells were extracted in an isotonic extraction buffer (50 mM HEPES-NaOH, pH 7.5,
125 mM NaCl, 3 mM MgCl,, 1 mM phenylethane sulfonylfluoride, 1 pg/mL leupeptin,
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1 mM EDTA, 1 mM Na3zVQy,, and 10 mM NaF) with short-term sonication. Cell extracts were
used for immunoprecipitation with the respective antibodies against intact intracellular
components [29,30]. The denatured, immunoprecipitated samples containing intracellular
components were separated on pre-made sodium dodecyl sulfate-polyacrylamide gel for
subsequent immunoblots using specific antibodies.

2.8. Statistical Analysis

Values are means =+ standard deviation (SD) from separate experiments. Intergroup
comparisons were performed using the unpaired ¢-test with Student’s or Welch'’s correction
in the Excel software (Microsoft, Redmond, WA, USA).

Differences were considered significant at less than 0.05. For all analyses, the investi-
gator was blinded to the sample conditions.

2.9. Ethics Statement

In accordance with a protocol approved by the Tokyo University of Pharmacy and
Life Sciences Gene and Animal Care Committee (Approval Nos. LS28-20 and LSR3-011),
techniques using genetically modified cells and related techniques were performed.

3. Results
3.1. Mutated TMEM106B Fails to Be Localized around the Lysosome, Whereas Wild-Type
TMEMT106B Is Localized around the Lysosome

To explore whether mutated TMEM106B changes its intracellular localization, we
transfected the plasmid encoding GFP-tagged mutated TMEM106B in FBD-102b cells.
Transfected wild-type TMEM106B exhibited lysosome organelle-like punctate structures
in cells [2-4], whereas mutated TMEM106B failed to be distributed primarily in punctate
structures (Figure 1A,B). Overall, 90% of the cells expressing mutated TMEM106B exhibited
abnormal localization (Figure 1C).

Thus, we investigated whether mutated TMEM106B was preferentially localized in
the lysosome. We stained cells transfected with mutated TMEM106B with the respective
organelle antibodies. Mutated TMEM106B did not primarily colocalize with antibodies
against endoplasmic reticulum (ER)-specific Lys-Asp-Asn-Leu (KDEL) antigen, 130 kDa
Golgibody protein GM130 antigen, and lysosomal-associated membrane protein 1 (LAMP1)
antigen (Figure 2A-C), suggesting that mutated TMEM106B is mostly unable to localize to
the lysosome.

To investigate whether mutated TMEM106B was present in other small vesicular
intracellular components, we prepared extracts from cells transfected with the plasmid
encoding EGFP-tagged TMEM106B or the mutant protein in an isotonic solution. Immuno-
precipitation data using antibodies against Arf6 as the vesicular marker protein around
the plasma membrane, the early endosome marker Rab5, and the late endosome marker
Rab7 [29-32] illustrated that the mutant protein, but not the wild-type version, was present
in a Rab7-positive intracellular component (Figure S1). The expression levels of transfected
proteins and marker proteins were comparable in cells expressing mutated and wild-type
TMEM106B.
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Figure 1. TMEM106B protein with the HLD16-associated D252N mutation is widely distributed
throughout the cytoplasmic regions. (A) FBD-102b cells (surrounded by white dotted lines) were
transfected with the plasmid encoding wild-type (WT) TMEM106B tagged with EGFP at its C-
terminus or EGFP-tagged TMEM106B with the D252N mutation. Transfected cells were stained with
DAPI for nuclear staining. Scan plots were created along the white dotted lines in the direction of
the arrows in the images. (B) Graphs showing fluorescence intensities (FI., arbitrary units) along the
white dotted lines in the direction of the arrows are presented at the bottom of the representative
fluorescence images. (C) Cells with abnormal, widely distributed structures were counted and
statistically depicted (** p < 0.01; n = 10 fields).
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Figure 2. Mutated TMEM106B is present in the lysosome. (A) Cells (surrounded by white dotted
lines) were transfected with the plasmid encoding mutated TMEM106B (D252N). Transfected cells
were stained with the respective antibodies against ER-specific KDEL, Golgi body-specific GM130,
and lysosome-resident LAMP1. Scan plots were created along the white dotted lines in the direction
of the arrows in the images. (B) Graphs showing fluorescence intensities (F.I, arbitrary units) along
the white dotted lines in the direction of the arrows are presented at the bottom of the representative
fluorescence images. (C) The respective merged percentages are depicted in bar graphs (1 = 3 fields).
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3.2. Cells Harboring Mutated TMEEM106B Fail to Exhibit Differentiated Phenotypes, Whereas
Cells Harboring Wild-Type TMEM106B Can Exhibit Them

Since mutated TMEM106B is unable to localize to lysosomes, we examined whether it
also affected the morphological differentiation in FBD-102b cells. Following the induction
of differentiation, cells harboring mutated TMEM106B failed to exhibit differentiating phe-
notypes with widespread membranes; in contrast, cells harboring wild-type TMEM106B
achieved differentiation (Figure 3A,B). These phenotypes were consistent with the de-
creased expression levels of oligodendrocyte differentiation/myelination marker proteins
proteolipid protein 1 (PLP1) and myelin basic protein (MBP) in cells harboring mutated
TMEM106B (Figure 3C,D). Oligodendrocyte lineage Sox10 and internal control actin pro-
teins were comparable in cells harboring mutated and wild-type TMEM106B. To confirm
the effect of mutated TMEM106B on the differentiating morphologies, we stained the cells
with an antibody against MBP. Mutated TMEM106B resulted in decreased differentiation
phenotypes (Figure S2A,B).
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Figure 3. Cells harboring mutated TMEM106B show decreased cell differentiation abilities. (A) Cells
harboring wild-type (WT) or mutated (D252N) TMEM106B were allowed to differentiate for 0 or 5 days.
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Cells surrounded with dotted red lines in the middle panels are magnified in the right panels. The
cell surrounded by a white dotted line is a typically differentiated one with widespread membranes.
(B) Differentiated cells are statistically depicted (** p < 0.01; n = 10 fields). (C) The lysates of cells at
5 days following the induction of differentiation were immunoblotted with the respective antibodies
against differentiation markers PLP1 and MBP, cell lineage marker Sox10, and internal control
actin. (D) Quantification of immunoreactive bands, using control immunoreactive bands as 100%, is
depicted in the respective graphs of PLP1, MBP, Sox10, and actin (** p < 0.01; n = 3 blots).

Next, we checked the phosphorylation levels of the ribosomal S6 and translational
4E-BP1 proteins as the output molecules of mTOR signaling, which is essential for oligo-
dendrocyte differentiation/myelination [15,16]. As expected, their phosphorylation levels
were greatly decreased in cells harboring mutated TMEM106B, whereas the protein expres-
sion levels of ribosomal S6 and translational 4E-BP1 were comparable in cells harboring
mutated and wild-type TMEM106B (Figure 4A,B), indicating that mutated TMEM106B has
the ability to decrease morphological differentiation.
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Figure 4. Cells harboring mutated TMEM106B show decreased phosphorylation levels of ribosomal
S6 and translational 4E-BP1 proteins. (A) The lysates of cells at 5 days following the induction of
differentiation were immunoblotted with the respective antibodies against phosphorylated ribosomal
S6 and translational 4E-BP1 proteins (pS6 and p4E-BP1). Total ribosomal S6 and translational 4E-BP1
protein (S6 and 4E-BP1) bands are also presented. (B) Quantification of immunoreactive bands, using
control immunoreactive bands as 100%, is depicted in the respective graphs of pS6, S6, p4E-BP1, and
4E-BP1 (** p < 0.01; n = 3 blots).
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3.3. Hesperetin Recovers Phenotypes in Cells Harboring Mutated TMEM106B

We investigated whether hesperetin, a citrus flavonoid known as an mTOR signaling
activator with cell-protective effects [25,26], recovered the phenotypes in cells harboring
mutated TMEM106B. When we treated the cells harboring mutated TMEM106B with hes-
peretin, the cellular phenotypes were recovered (Figure 5A,B). Consistently, the expression
levels of oligodendrocyte differentiation/myelination marker proteins were recovered
(Figure 5C,D). To confirm the effect of hesperetin on the differentiating morphologies, we
stained cells with an antibody against MBP. Hesperetin resulted in increased differentiation
phenotypes (Figure S2C,D). Similarly, the phosphorylation levels of the ribosomal S6 and
translational 4E-BP1 proteins in cells harboring mutated TMEM106B were also recovered

(Figure 6A,B).
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10 pm hesperetin (DMSO as the vehicle). Cells surrounded with dotted red lines in the middle
panels are magnified in the right panels. The cell surrounded by a white dotted line is a typically
differentiated one with widespread membranes. (B) Differentiated cells are statistically depicted
(** p <0.01; n = 10 fields). (C) The lysates of cells at 5 days following the induction of differentiation
were immunoblotted with the respective antibodies against differentiation markers PLP1 and MBP,
cell lineage marker Sox10, and internal control actin. (D) Quantification of immunoreactive bands,
using hesperetin plus immunoreactive bands as 100%, is depicted in the respective graphs of PLP1,
MBP, Sox10, and actin (** p < 0.01; n = 3 blots).
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Figure 6. Hesperetin recovers decreased phosphorylation levels of ribosomal S6 and translational
4E-BP1 proteins in cells harboring mutated TMEM106B. (A) The lysates of cells at 5 days following
the induction of differentiation in the presence or absence of hesperetin were immunoblotted with
the respective antibodies against phosphorylated ribosomal S6 and translational 4E-BP1 proteins
(pS6 and p4E-BP1). Total ribosomal S6 and translational 4E-BP1 protein (56 and 4E-BP1) bands are
also presented. (B) Quantification of immunoreactive bands, using hesperetin plus immunoreactive
bands as 100%, is depicted in the respective graphs of pS6, S6, p4E-BP1, and 4E-BP1 (** p < 0.01;n =3
blots).

In addition, following treatment with hesperetin, mutated TMEM106B was present as
organelle-like punctate structures (Figure S3). As observed in the subcellular distribution
of wild-type TMEM106B, treatment with hesperetin localized the mutant TMEM106B to
the lysosome (Figure 54), indicating that hesperetin recovers the phenotypes observed in
mutated TMEM106B.

As control experiments, we confirmed the effect of hesperetin on the phenotypes in
cells harboring wild-type TMEM106B. Hesperetin did not affect the cellular phenotypes, as
indicated by marker protein expression (Figure S5), nor did it influence the phosphorylation
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levels of the ribosomal S6 and translational 4E-BP1 proteins (Figure S6). These findings
suggest that hesperetin may specifically affect cells harboring mutated TMEM106B.

4. Discussion

It is well known that lysosome dysfunction and/or dysfunctional signaling around
the lysosome is broadly linked to neurodegeneration [33,34]. Mutations in lysosome gene
products including the TMEM106B protein are associated with many types of glial and
neurological diseases [1-6]. Recent studies on brain diseases illustrate the role of the
TMEM106B protein in regulating many aspects of lysosomal function [1-6]. It is believed
that this protein is indispensable for lysosomal function in glial and neuronal cells [1-6].
For example, in the TMEM106B-deficient Oli-neu oligodendroglial cell line, the protein
expression levels of LAMP1 and cathepsins D and L are greatly decreased, revealing that the
TMEM106B protein contributes to supporting the biomaterial degradation abilities in the
lysosomes in oligodendroglial cells [35]. In patients with genetic dementia, the expression
levels in the neuronal and oligodendroglial cells of the brain tissue are downregulated;
conversely, those of dementia-associated progranulin are upregulated [35]. It is likely that
the decreased expression or deficiency of TMEM106B is linked to some brain diseases [5,6,
36]. The TMEM106B protein is critically involved in controlling organelle function, such as
the intracellular retrograde movement of lysosomes [1-6]. While the TMEM106B protein is
a transmembrane protein in the lysosome [5,6], we have observed that HLD16-associated
mutation causes the TMEM106B protein to affect Rab7-positive intracellular components.
These components are known to correspond to late endosomes that link to the lysosomal
organelle [31,32]. The HLD16-associated mutation may cause the TMEM106B protein to
adopt an abnormal conformation, possibly forming small aggregates that are prone to
degradation in the lysosome. This alteration could impair TMEM106B’s intended role on
the cytoplasmic side of the lysosome.

There exists the possibility of a toxic gain of function for the HLD16-associated
TMEM106B protein. This protein is also implicated in neurodegenerative diseases such
as Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis (ALS), and fron-
totemporal lobar degeneration (FTLD) [37—44]. In addition, the BioGRID website (see
https:/ /thebiogrid.org/, accessed on 1 March 2024) bioinformatically identifies more than
300 molecules of actual and putative TMEM106B-binding proteins. Among those listed
are some brain disease-associated proteins. Their protein complexes appear to be present
under certain conditions, such as liquid-liquid phase separation (LLPS) in cytoplasmic
and/or extracellular regions [45,46]. In FTLD-related risk single-nucleotide polymorphism
(SNP) carriers, as one of the examples, mutated TMEM106B protein-derived filaments are
increased, precisely correlating with the dysfunction of ALS type 10 (ALS10)-associated
43 kDa nuclear RNA /DNA-binding protein (TDP-43) [44]. It is possible that the differen-
tially localized HLD16-associated TMEM106B mutant protein could undergo denaturation
and aggregation, especially in long-term cell culture. Alternatively, the differentially local-
ized TMEM106B mutant protein might inhibit the function of TMEM106B-binding proteins
or other proteins. In either scenario, future studies will help to elucidate the cellular patho-
logical changes occurring in myelinating oligodendroglial cells, which typically have a
long lifespan.

It is unclear how the HLD16-associated mutation of TMEM106B decreases the phos-
phorylation levels of the ribosomal S6 and translational 4E-BP1 proteins as the output
molecules of mTOR signaling. These proteins are typically localized around the lysosome
as part of a molecular complex resembling a signalosome [47-50]. The TMEM106B protein
has multifunctional roles in the lysosome, contributing to the maintenance of lysosomal
homeostasis [5,6]. Therefore, mutated TMEM106B, which fails to be localized in the lyso-
some, may affect mTOR signaling around the lysosome to decrease the activity leading to
the phosphorylation of the ribosomal S6 and translational 4E-BP1 proteins. However, it
remains to be established whether the function and localization of TMEM106B are indeed
linked to mTOR signaling [47-50].
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It is noteworthy that signaling through mTOR plays an essential role in oligoden-
droglial cell differentiation and myelination [15,16]. Transgenic mice overexpressing Akt
kinase, a central molecule in the mTOR signaling pathway, typically experience enhanced
oligodendroglial cell differentiation and myelination, causing enhanced myelination [51].
Similarly, almost all positive regulators composed of mTOR signaling around the lysosome
are involved in triggering proper myelination [52-54]. These findings suggest a possi-
ble connection between TMEM106B and mTOR signaling, which is required for proper
myelination [2].

The naturally prenylated flavonoid fraction from Glycyrrhiza glabra or astilbin, as
the major flavanonol derived from Hypericum perforatum, has the ability to stimulate the
enzymatic activity of Akt kinase as well as mitogen-activated protein kinase (MAPK) [55,56].
Although it is unlikely that hesperetin is contained in the G. glabra or H. perforatum fraction,
hesperetin or its unidentified hesperetin metabolic derivatives stimulate or modulate the
enzymatic activity of Akt kinase, acting upstream or downstream of mTOR in some types
of cells [57,58]. These effects may also be relevant in oligodendroglial cells [13-16]. It
is thought that flavonoids including hesperetin reduce neuroinflammation, rather than
directly affecting cells and tissue, in neurodegenerative diseases such as Alzheimer’s
disease, Parkinson’s disease, and ALS [59,60]. However, although the direct intracellular
molecular targets related to mTOR signaling are unknown so far, hesperetin has been
reported to modulate the activity of several signaling molecules. One of them is tyrosine
phosphatase 1B (PTP1B), which exhibits broad substrate specificity. PTP1B is a negative
regulator of tyrosine phosphorylation for insulin receptor substrate 1 (IRS1) and molecules
associated with mTOR signaling and Akt kinase, acting as direct downstream molecules
of IRS1 [55]. Since these molecules are important for differentiation and myelination in
oligodendroglial cells [15,16], it can be assumed that hesperetin directly promotes their
differentiation and myelination by regulating the activity of PTP1B. While hesperetin
target molecules such as PTP1B may not be therapeutic targets for underlying diseases
such as HLD16, hesperetin can promote oligodendroglial cell differentiation and possible
myelination in pathological conditions and reverse disease states, at least at the molecular
and cellular levels.

In the present study, we observed that the HLD16-associated TMEM106B mutant pro-
tein is localized throughout the cytoplasmic region. Cells harboring mutated TMEM106B
exhibit decreased morphological differentiation along with decreased ribosomal S6 and
translational 4E-BP1 phosphorylation compared to those harboring the wild type. Con-
versely, hesperetin recovers the mutated TMEM106B-induced phenotypes. Further detailed
studies will promote our understanding of not only the mechanism by which mutated
TMEM106B decreases morphological differentiation in primary cells and mice but also the
ways in which hesperetin can recover defective phenotypes. Such studies will allow us to
clarify the molecular picture between the HLD16-associated TMEM106B mutant protein
and signaling around the lysosome. Given that TMEM106B has been identified as the recep-
tor required for the entry of SARS-CoV-2, independently of angiotensin-converting enzyme
2 (ACE2) [61,62], and it causes oligodendroglial pathological effects [63,64], studies focused
on TMEM106B may reveal a link to oligodendroglial molecular and cellular pathologies
that is stronger than previously anticipated.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cimb46080478/s1, Figure S1: Immunoprecipitation of respective
antibodies against intracellular component marker proteins; Figure S2: Cells harboring mutated
TMEM106B show decreased cell differentiating abilities; Figure S3: Following the treatment with
hesperetin, TMEM106B mutant protein localizes to punctate structures; Figure S4: Following the treat-
ment with hesperetin, TMEM106B mutant protein localizes to the lysosome; Figure S5: The effects of
hesperetin on cells harboring wild type TMEM106B. Figure S6: The effects of hesperetin on phospho-
rylation levels of ribosomal S6 and translational 4E-BP1 proteins; Figure S7: Original-size images
of immunoblots from figures; Figure S8: Original-size images of immunoblots from Supplemental
Figure S1; Figure S9: Original-size images of immunoblots from Supplemental Figures S5 and Sé6.
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