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REVIEW ARTICLE
Pathogenesis and current therapeutic
approaches for Parkinson’s disease

Raxida Umar'® and Hao Lyu?*

'Department of Clinical Medicine, School of Medicine, Shenzhen University, Shenzhen, Guangdong,
People’s Republic of China

2Department of Neurosurgery, Shenzhen Second People’s Hospital, Shenzhen, Guangdong,
People’s Republic of China

Abstract

Parkinson’s disease (PD) is a common neurodegenerative disorder among the
elderly, characterized by a spectrum of motor and non-motor symptoms. Motor
symptoms, including resting tremor, bradykinesia, rigidity, and postural instability,
typically emerge as the predominant clinical features in advanced stages, signifying
irreversible neurodegenerative changes. Early detection, accurate diagnosis,
and timely intervention are crucial for improving prognosis and quality of life in
patients with PD. Treatment options for PD remain a hot topic within the medical
community. Pharmacotherapeutic approaches have expanded beyond traditional
agents such as levodopa, monoamine oxidase inhibitors, and dopamine agonists
to include novel drugs, including a-synuclein misfolding inhibitors and glucagon-
like peptide 1 receptor agonists, which have demonstrated promising efficacy.
Surgical interventions, particularly deep brain stimulation, continue to play a
pivotal role in symptom management and are widely applied in clinical practice.
Recent advancements in understanding the pathogenesis of PD have catalyzed
the development of innovative treatment strategies. Emerging therapies, including
gene therapy and stem cell therapy, offer transformative potential by addressing the
underlying disease mechanisms. These therapies hold distinct advantages, such as
controlling the pathological progression of PD, restoring damaged brain function,
and minimizing treatment-associated adverse effects, positioning them as promising
candidates for future standard-of-care approaches. This review summarizes the latest
research progress in the understanding of PD pathogenesis and treatment, aiming to
provide guidance for the clinical management of PD.

Keywords: Parkinson's disease; Pathogenesis; Deep brain stimulation; Gene therapy;
Stem cell therapy

1. Introduction

With the global population aging at an accelerating pace, Parkinson’s disease (PD), the second
most common neurodegenerative disease, has shown a steady rise in incidence. Between
2000 and 2023, the global prevalence of PD increased from 1.18% to 3.81%." Pathologically,
PD is characterized by the degeneration of dopaminergic neurons in the substantia nigra,
the abnormal aggregation of o.-synuclein (ot-syn) in the form of Lewy bodies, neurofibrillary
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tangles, mitochondrial dysfunction, and inflammatory
responses.>’ Clinically, PD manifests as a spectrum of motor
symptoms, including tremors, bradykinesia, and rigidity, as
well as non-motor symptoms, such as cognitive impairment,
emotional disturbances, sleep disorders, and autonomic
dysfunction.* PD not only significantly impairs patients’ daily
functioning and quality of life but also imposes significant
psychological and economic burdens on patients and their
families. Current treatment options for PD encompass
pharmacotherapy, surgical interventions, gene therapy, stem
cell therapy, and traditional Chinese medicine, among others.
In clinical practice, a comprehensive treatment approach is
commonly adopted to slow disease progression and alleviate
symptoms. Given the growing prevalence and complexity of
PD, its pathogenesis and treatment strategies remain a hot
topic in the medical field.

2.The pathogenesis of PD
2.1. Dysfunction and loss of dopaminergic neurons

The dysfunction and loss of dopaminergic neurons in the
substantia nigra pars compacta (SNpc) plays a significant
role in the pathogenesis of PD. Their progressive
degeneration leads to motor impairments such as
bradykinesia, resting tremors, and muscle rigidity, which
are hallmark features of PD. Although numerous studies
have established a correlation between dopaminergic
neuronal loss and PD, the underlying mechanisms remain
unclear. SIRT2, a nicotinamide adenine dinucleotide-
dependent protein deacetylase primarily localized in the
cytoplasm, regulates various cellular pathways through
the deacetylation of multiple substrates. Research in
cellular and animal models of PD has shown that SIRT2
translocates from the cytoplasm to the nucleus, a process
that promotes dopaminergic neuronal death. This nuclear
translocation is facilitated by phosphorylation at Ser331
and Ser335, mediated by cyclin-dependent kinase 5,
which is essential for this process.” The myeloid cell-
specific triggering receptor 1 (TREM-1), expressed on the
surface of microglia and neutrophils, has been implicated
in PD. Elevated levels of serum soluble TREM-1 in PD
patients positively correlate with disease severity and
motor impairment intensity. In a subacute PD mouse
model, microglial TREM-1 levels significantly increased
after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) injection. TREMI knockout (KO) in these
models provided neuroprotection and prevented MPTP-
induced dopaminergic neuronal death, likely through the
inhibition of neutrophil infiltration and suppression of pro-
inflammatory cytokines. TREM-1 can further exacerbate
neuroinflammation by activating downstream spleen
tyrosine kinase, and TREM-1 activation in neutrophils
mediates apoptosis of dopaminergic neurons.

In addition, studies have identified a specific cleavage
of UNC5C at positions N467 and N547 by asparagine
endopeptidase (AEP) in the substantia nigra of PD patients,
as well as in human o-syn transgenic mice, neurotoxin-
induced PD mouse models, and neurons derived from
pluripotent stem cells. This cleavage exhibits an age-
dependent increasing trend and negatively correlates with
netrin-1 levels. Blocking netrin-1 induces the activation of
AEP and caspase-3, leading to the cleavage of the UNC5C
protein into pro-apoptotic fragments, which promotes
apoptosis of dopaminergic neurons.”

In summary, these studies highlight diverse mechanisms
contributing to dopaminergic neuronal degeneration in
PD, including the nuclear translocation of SIRT2, TREM-1-
mediated interactions between microglia and neutrophils,
and the proteolytic cleavage of the UNC5C receptor. These
findings offer new perspectives for understanding the
pathophysiology of PD and suggest potential targets for
the development of new therapeutic strategies.

2.2. Neuroinflammation

Neuroinflammation, involving a variety of cells and
molecules such as microglia, astrocytes, T cells, and
various inflammatory mediators, plays a decisive role
in the progression of PD. Both pre-clinical experiments
and clinical studies have provided substantial evidence
supporting the involvement of neuroinflammation in
PD. The development of PD is mediated by multiple
inflammatory signaling pathways.

The nuclear factor kappa B (NF-xB) pathway, a
critical nuclear transcription factor, is involved in diverse
pathophysiological processes, such as immune responses,
inflammatory reactions, and cell growth and death.
NF-kB is expressed in all cells of the nervous system
and regulates neuroinflammation by controlling the
expression of tumor necrosis factor (TNF), interleukin
1, and monocyte chemoattractant protein-1.*° Research
using in vivo CRISPR-Cas9 screening has identified
apoptosis induced by p53 activation, mediated through
the TNF-o-NF-kB pathway, as a primary cause of
dopaminergic neuronal loss. Furthermore, the TNF-a
inhibitor adalimumab has demonstrated significant
neuroprotective effects, increasing the survival of
dopaminergic neurons and promoting functional
recovery in PD mouse models."

Toll-like receptors (TLRs), as pattern recognition
receptors, serve as key triggers of innate immune
inflammatory responses. Literature indicates that TLR4-
mediated immune inflammatory responses play a
crucial role in PD, as well as other neurological diseases
such as stroke and Alzheimer’s disease.!! The NLRP3
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inflammasome is also implicated in PD pathogenesis
and progression, with the TLR4/TAKI1/IRF7 pathway
regulating NLRP3 expression and activity, influencing
dopaminergic neuronal apoptosis.'

Emerging studies highlight the cyclic guanosine
monophosphate-adenosine monophosphate synthase—
Stimulator of Interferon Genes (cGAS-STING) signaling
pathway as an essential component of the innate immune
system involved in PD. The cGAS-STING signaling
pathway regulates numerous cellular processes, such as
autophagy, protein synthesis, glycolipid metabolism, DNA
damage repair, cellular senescence, and various forms of
cell death.

PRKN and PINKI, two genes associated with early-
onset PD, play essential roles in mitophagy, the clearance
of damaged mitochondria. Research shows that exhaustive
exercise in Prkn- and Pink1-KO (Prkn”-and Pink1’") mice
induces a pronounced inflammatory phenotype. With
aging, Prkn’; mutator mice accumulate mitochondrial
DNA mutations, leading to an inflammatory response.
Interestingly, the absence of STING mitigates this
inflammatory response and rescues dopaminergic
neuronal loss and motor deficits in aged Prkn”’~; mutator
mice."

Withaferin A, a naturally occurring compound with
neuroprotective effects, has shown potential in PD
treatment. Whole-genome deep sequencing has linked
withaferin As neuroprotective effects to the DJ1-NRF2-
STING pathway in the SNpc. Studies using transgenic
mice (DjI1-KO, Nrf2-KO, STINGgt/gt, and STING-KO)
and immunostaining techniques have confirmed the
significant role of STING in PD pathogenesis."®

Mechanistically, the cGAS-STING pathway is activated
in response to pathogen invasion, mitochondrial damage,
or genomic instability, which leads to the accumulation
of cytoplasmic double-stranded (ds) DNA. The DNA
receptor cGAS recognizes this dsDNA and catalyzes the
formation of the secondary messenger 2°3’-cGAMP from
GTP and ATP. cGAMP subsequently binds to the receptor
protein STING homodimer located on the endoplasmic
reticulum membrane, initiating a conformational
change that activates STING. The synthesis of cGAMP is
considered the critical first step in activating the cGAS-
STING pathway.

In mammals, the catalytic activity of cGAS is triggered
by its interaction with dsDNA, a process that has been
extensively studied and is now well understood through
structural and biochemical research.” It has been found
that PD is associated with aging and the senescence of
astrocytes. Further investigations have revealed that the

c¢GAS-STING-YY1 axis promotes astrocyte aging by
upregulating the expression of LCN2, thereby facilitating
the progression of PD.'

In summary, various inflammatory pathways, including
NF-xB, TLR signaling, and the cGAS-STING pathway, are
closely interconnected and contribute to the occurrence
and progression of PD.

2.3. a-Synuclein aggregation

o-Synuclein is the main component of Lewy bodies, a
pathological hallmark of neuronal degeneration in PD. The
abnormal aggregation and propagation of ¢t-syn are closely
related to the onset and progression of PD. Enriched
at pre-synaptic sites, oi-syn associates with vesicles and
membranes. In its pathological form, it exerts detrimental
effects at the synapse during early disease stages, disrupting
vesicle clustering and altering the post-synaptic response to
neurotransmitters, ultimately impairing synaptic plasticity.

A recent finding in PD research highlights the self-
restrictive oligomerization of o-syn on membranes. This
process may be associated with the pathological functions
of oi-syn, affecting its roles both pre- and post-synaptically."”
Breakthroughs in imaging techniques have significantly
improved the visualization of o-syn pathology in animal
models and PD patients. Researchers have developed a
small molecule ligand, C05-05, for in vivo visualization
of o-syn deposits in the brain. Using optical and positron
emission tomography (PET) imaging techniques,
C05-05 enables the tracking of fibril formation along
neural pathways and the subsequent destruction of these
structures. In vitro experiments have demonstrated the
high-affinity binding of 18F-C05-05 to 0.-syn aggregates in
human brain tissue. Notably, compared to healthy controls,
an enhanced PET-detectable 18F-C05-05 signal has been
observed in the midbrain of PD and dementia with Lewy
bodies patients, marking the first in vivo visualization of
o-syn pathology in these diseases.*®

0-Syn not only accumulates intracellularly but also
spreads to other cells through intercellular interactions.
This spread extends from the brain to the gut and
other peripheral tissues through the vagus nerve. Such
transcellular and trans-tissue propagation increases o-syn
accumulation across multiple brain regions, exacerbating
PD symptoms. Furthermore, a-syn interacts with tau
protein, co-localizing within Lewy bodies and affecting
o.-syn pathology in PD.

Researchers have developed gut PD mouse models
expressing oi-syn N103 or tau N368 with a red fluorescent
protein in the enteric nervous system, but not in the
brain. These models simulate the spread of c-syn and
tau co-pathology from the gut to the brain, accompanied
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by related behavioral impairments. Findings from these
models revealed that o-syn and tau co-pathology initially
manifest in the gut, followed by propagation to the dorsal
motor nucleus of the vagus or the nucleus of the solitary
tract, and subsequently to other brain regions. This
progression was associated with behavioral deficits in
SYN103* and/or TAU368*" transgenic mouse models."”

In summary, o-syn plays a central role in the
pathophysiological processes of PD. It serves not only as
a biomarker for disease diagnosis but is also intricately
connected to the disease’s pathogenesis and therapeutic
strategies.

2.4, Oxidative stress

Oxidative stress refers to a state of cellular damage
resulting from an imbalance between the generation of
reactive oxygen species (ROS) and the body’s antioxidant
defenses. The brain, due to its high metabolic activity, is
particularly vulnerable to oxidative stress. Numerous
central nervous system diseases, such as PD, Alzheimer’s
disease, Huntington’s disease, and ischemic diseases, are
associated with oxidative stress.?

Oxidative stress is considered a critical factor in
the development of PD, with key sources including
mitochondrial dysfunction, dopamine metabolism, and
neuroinflammation. Mitochondrial abnormalities lead
to ROS production and disrupt calcium homeostasis,
ultimately leading to neuronal apoptosis. Pathogenic
gene products associated with PD, such as DJ-1, PINK1,
Parkin, o-syn, and LRRK2, affect mitochondrial function
in complex ways, leading to increased ROS production and
increased susceptibility to oxidative stress. Dysfunctions
in these gene products impair mitochondrial clearance,
further exacerbating oxidative stress.*'

In addition, oxidative stress is closely linked to
neuroinflammation. By affecting the ubiquitin-proteasome
system and mitophagy, oxidative stress promotes the
accumulation of ROS, forming a vicious cycle that
intensifies neuronal damage.*** Studies have also pointed
out that oxidative stress contributes to PD through the
MHC-I pathway. In SH-SY5Y cells treated with 1-methyl-
4-phenylpyridinium, silencing PINK1 via specific
small interfering RNA resulted in increased MHC-I
expression, indicating that oxidative stress may regulate
MHC-I expression through the PINK1 pathway, thereby
contributing to PD onset.”

Moreover, ROS production in cells is regulated by
LRRK?2 kinase,* further underscoring its role in oxidative
stress-related processes. Despite the central role of
oxidative stress in PD pathogenesis and its involvement
in various cellular processes and molecular pathways,

treatment strategies targeting oxidative stress have yet
to achieve success in clinical trials. However, a deeper
understanding of PD-related gene products and oxidative
stress response mechanisms offers potential avenues for
novel treatment strategies. Future research should focus
on further elucidating these mechanisms to develop more
effective neuroprotective strategies for PD.

2.5. Mitochondrial dysfunction

Mitochondria, as the center of cellular energy metabolism,
play a critical role in maintaining neuronal health,
and their dysfunction can severely impact the nervous
system. Studies have pointed out that mitochondrial
damage is associated with various neurological diseases,
including PD, Alzheimer’s disease, Huntington’s disease,
and amyotrophic lateral sclerosis.®> The abnormal
aggregation of o-syn, a hallmark pathological feature of
PD, impairs the dynamic balance of mitochondria. When
0-Syn aggregates abnormally, it impairs mitochondrial
motility and alters axonal transport. This disruption in
mitochondrial transport can result in energy deficits and
increased oxidative stress, further exacerbating neuronal
damage.”*” Furthermore, a decline in the clearance
capacity of the autophagy-lysosome system can contribute
to the abnormal aggregation of o.-syn.”

Proteins encoded by PD-related genes, such as PARKIN,
PINK]1, and DJ-1, are involved in mitochondrial metabolic
pathways.” These genes play a role in mitophagy, the
selective degradation of damaged mitochondria. Impaired
mitophagy leads to increased ROS generation, which
exacerbates neuronal damage.”

Mitochondrial dysfunction is a key factor in the
pathogenesis of PD and holds significant potential for
the development of new therapeutic strategies. Further
research is needed to elucidate the complex interactions
between mitochondrial dynamics, oxidative stress,
and neuroinflammation in PD. Understanding these
mechanisms is crucial for designing targeted therapies
aimed at preventing or reversing the progression of this
debilitating disease.

2.6. Environmental and genetic factors

Approximately 5 - 10% of PD cases are monogenic inherited
diseases, highlighting the significant role of genetic
susceptibility in the pathogenesis of PD.* Researchers have
developed methods to enrich and perform transcriptomic
analysis of dopaminergic neurons from PD patients and
control groups, identifying 10 distinct dopaminergic
neuron subpopulations. Using the Slide-seq technology,
the spatial localization of these subpopulations within the
SNpc was determined, revealing that the SOX6_AGTRI1
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group was most enriched in the ventral tier of the SNpc.
The finding suggests that genetic risk factors for PD may
selectively affect these susceptible neuron populations.*!

In genetic forms of PD, genes such as SNCA, LRRK2,
and VPS35 are inherited in an autosomal dominant
manner, while PRKN, PINKI, DJjI, and other genes
follow autosomal recessive inheritance. In addition,
variations in genes such as ATPI13A2, DCTNI1, DNAJCe,
FBXO7, PLA2G6, and SYNJI are associated with X-linked
inheritance and atypical PD phenotypes.*

Environmental factors such as occupational exposure
and lifestyle also contribute to the occurrence and
progression of PD.

3. Treatment for PD
3.1. Pharmacological treatment

Pharmacological treatment is essential for controlling
symptoms, slowing disease progression, and improving
the quality of life for PD patients. Advances in research
on PD pathogenesis have driven the development of novel
pharmacological therapies, offering new hope for patients.
Ongoing studies continue to expand the range of drug
options, offering promising avenues for more effective
symptom management and disease modification.

3.2. Conventional medication
3.2.1. Levodopa

Levodopa, a precursor of dopamine, is converted into
dopamine in the central nervous system and plays an
irreplaceable role in the treatment of PD. The half-life of
levodopa in the blood is approximately 1 - 3 h, and its
efficacy tends to decline with age and disease progression.*
In addition, long-term use of levodopa is associated with
side effects such as the wearing-off phenomenon, on-oft
phenomenon, and dyskinesia, which can significantly
impact patients’ quality of life® To address these
challenges, the development of new levodopa formulations
aimed at extending its half-life and mitigating side effects
has become a research hotspot. New formulations, such
as levodopa/carbidopa intestinal gel and sustained-
release levodopa preparations, have successfully extended
levodopa’s half-life in the bloodstream.** Levodopa
inhalant (CVT-301) is rapidly absorbed through the lungs,
reaching the brain within about 10 min, and provides rapid
relief of PD symptoms during off periods.*

3.2.2. Monoamine oxidase-B inhibitors

Monoamine oxidase-B inhibitors (MAO-B) reduce
dopamine degradation by inhibiting monoamine oxidase
activity. MAO-B inhibitors not only alleviate motor and

non-motor symptoms in patients but also delay disease
progression. Over time, MAO-B inhibitors have evolved
from non-selective, irreversible inhibitors to highly
selective, reversible inhibitors.

The first generation of MAO-B inhibitors had significant
side effects, such as the “cheese effect,” which limited their
clinical application. The second generation, represented
by selegiline and rasagiline, addressed selectivity issues to
some extent but formed irreversible covalent bonds with
the enzyme through an N-propylamine group. The third
generation, such as safinamide, features reversible and
highly selective inhibitors, further improving safety and
efficacy.?*38

3.2.3. Catechol-O-methyltransferase (COMT)
inhibitors

COMT is an enzyme responsible for the metabolism
of dopamine and other catechol compounds. COMT
inhibitors are recommended as first-line adjunctive therapy
to levodopa, effectively improving motor fluctuations in
PD patients by increasing “on” time while reducing “off”
time.

The main COMT inhibitors currently used in clinical
practice include entacapone, tolcapone, and opicapone.
Entacapone and opicapone are peripheral COMT
inhibitors, while tolcapone crosses the blood-brain barrier
and inhibits COMT activity within the brain. Opicapone,
a newer COMT inhibitor, overcomes some limitations of
earlier generations by offering sustained enzyme inhibition
without the toxicity observed with previous agents.**!

3.2.4. Dopamine agonists

Dopamine agonists stimulate dopamine receptors on the
post-synaptic side of dopaminergic neurons, enhancing
the body’s response to dopamine stimulation. These drugs
are effective in controlling both motor and certain non-
motor symptoms of PD.

Commonly used dopamine receptor agonists include
non-ergoline agonists (such as pramipexole, ropinirole, and
rotigotine) and ergoline agonists (such as bromocriptine
and cabergoline). Dopamine agonists can be used as
an initial treatment for early-stage PD or as adjunctive
treatment for advanced-stage PD.***

Studies suggest that, compared with levodopa, dopamine
agonists may reduce the risk of motor complications
during the initial years of treatment. However, their long-
term effects and tolerability require further investigation.
Non-ergoline dopamine agonists show promise in treating
both motor and non-motor symptoms, but side effects and
limited bioavailability restrict their broader application.*!

Volume 3 Issue 4 (2024)

doi: 10.36922/gtm.5082


https://dx.doi.org/10.36922/gtm.5082

Global Translational Medicine

Parkinson’s: From cause to cure

3.3. New drug development

New drug development in PD pharmacotherapy remains
a major area of research focus. o.-Syn, a protein encoded
by the SNCA gene and composed of 140 amino acids,
plays a role in cellular DNA repair.*® However, under
pathological conditions, its abnormal aggregation forms
Lewy bodies, showing certain neuronal toxicity. Therefore,
o.-syn misfolding inhibitors have demonstrated promising
results in clinical trials for PD treatment.” In addition,
research has highlighted the neuroprotective potential of
glucagon-like peptide 1 receptor agonists, c-Abl inhibitors,
and ceftriaxone in animal models of PD with dementia.**
As our understanding of the pathogenesis of PD
advances, the development of more targeted drugs in PD
pharmacotherapy is anticipated, offering improvements in
long-term prognosis and quality of life for patients.

3.4. Surgical treatment

With advancements in medical technology, surgical
treatment has become increasingly important in managing
PD. Initially, surgical interventions primarily focused on
symptom relief, such as through deep brain stimulation
(DBS). Over time, surgical approaches have evolved from
simple stimulation therapies to nerve nucleus destruction
and, more recently, cell transplantation, providing PD
patients with a broader range of treatment options.

3.4.1. DBS

DBS is a procedure that alleviates symptoms in PD patients
by implanting electrodes to stimulate specific brain areas,
such as the subthalamic nucleus (STN) or the globus pallidus
internus (GPi). The STN is the preferred target for stimulation,
effectively controlling tremors, bradykinesia, rigidity, and
dyskinesia, while also enabling a reduction in medication
dosage.”” In a clinical trial investigating DBS, PD patients
were randomly assigned to two groups: The experimental
group received bilateral STN DBS in addition to optimal drug
treatment (ODT), whereas the control group received ODT
alone. Subjects were followed for 2 years, mainly through
outpatient visits over the past 5 years. Compared with the
control group, the experimental group required less daily
levodopa, and the probability of needing additional drug
treatment within 5 years was reduced to 0.06 times that of
the control group. Furthermore, the incidence of worsening
clinical symptoms, such as resting tremor, was reduced to
0.21 times that of the control group.”® These findings indicate
that early STN DBS reduces medication dependency and
improves motor symptoms in PD patients.

A meta-analysis examined the long-term (1 - 3 years)
effects of STN or GPi DBS on cognitive functions in PD
patients, primarily focusing on cognitive domains such

as memory, executive function, language, and mood.
Results indicated that post-DBS, PD patients experienced
slight improvements in anxiety and depressive symptoms
compared to pre-operative levels; however, declines were
observed in long-term memory, language fluency, and task-
specific performance. The study also pointed out that these
cognitive impacts may improve over time.* While DBS
significantly improves motor symptoms in PD patients, its
long-term effects on certain cognitive functions warrant
further research to balance its therapeutic effects and
cognitive side effects.

2.4.2. Focused ultrasound ablation (FUSA)

FUSA is a non-invasive treatment that uses focused
ultrasound waves to disrupt specific brain areas. In a
randomized controlled trial, 94 PD patients were divided
into two groups: the experimental group received FUSA
treatment (69 patients), whereas the control group
underwent sham surgery (25 patients). All patients
exhibited motor disabilities during the “off” period (off-
medication state, defined as discontinuing anti-Parkinson’s
medication for at least 12 h) and motor complications,
such as motor fluctuations and dyskinesias, during the “on”
period (on-medication state, after taking anti-Parkinson’s
medication).

A positive outcome was defined as at least a 3-point
decrease in the motor disability score during the “off”
period or the dyskinesia score during the “on” period.
After a 3-month follow-up, the positive outcome rate in
the experimental group was 69%, compared to 32% in the
control group. Furthermore, the experimental group showed
significant improvements in both MDS-UPDRS III (Motor
Disability Score) and UDysRS (Dyskinesia Score) compared
to the control group.”® FUSA offers new hope for PD patients
due to its high safety profile, ease of operation, minimal
side effects, and significant therapeutic effects. However,
technological challenges remain, such as ensuring precise
targeting and evaluating therapeutic outcomes. Further
research and exploration are needed to optimize FUSAs
application in PD treatment.

In addition to FUSA, surgical treatments for PD include
neuroablative surgery, neural implantable prosthetic devices,
and cell transplantation. Surgical treatment for PD is a
complex process that requires individualized assessment by
health-care professionals. Close monitoring of the patient’s
condition and active collaboration between patients and
clinicians is essential to achieve optimal therapeutic outcomes.

3.5. Stem cell therapy

Advances in technology and medicine have positioned
stem cell therapy as a promising and innovative treatment
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method that has garnered increasing attention in clinical
settings. It is currently used in the clinical treatment of
diseases across 11 major human systems. Stem cell therapy
offers a novel treatment approach, with its core concept
centered on replacing lost dopaminergic neurons through
stem cell transplantation to rebuild neural function. Stem
cells, characterized by self-renewal and multi-lineage
differentiation, primarily include mesenchymal stem cells
(MSCs), embryonic stem cells (ESCs), neural stem cells
(NSCs), and induced pluripotent stem cells (iPSCs).!

First, MSCs, which belong to adult stem cells, are
currently the most widely used in clinical practice. In
one study, researchers recruited 23 PD patients, with
12 patients in the experimental group receiving MSC
transplantation and 11 patients in the control group
undergoing drug therapy without placebo injection. The
researchers assessed motor and non-motor symptoms
using the MDS-UPDRS score (Section III), the Hamilton
Depression Scale, the Pittsburgh Sleep Quality Index, the
Epworth Sleepiness Scale, the Non-Motor Symptoms Scale,
and the 39-Item PD Questionnaire. Assessments were
conducted before transplantation and 1 and 3 months after
transplantation. The results indicated that motor and non-
motor symptoms in the experimental group significantly
improved compared to the control group after MSC
transplantation.”> A meta-analysis of the clinical effects of
MSC treatment for PD revealed that MSCs could improve
motor and memory function in pre-clinical PD models and
offered certain protective effects on dopaminergic neuronal
function. The study further noted that transplanting MSCs
containing neurotrophic factors into the brain’s striatum
had the strongest impact on improving motor function
and protecting dopaminergic neuronal function.”

Second, ESCs, isolated from early embryos, can
differentiate into mature dopaminergic neurons.
Researchers induced the differentiation of human ESCs
into midbrain dopaminergic neurons, named TED-A9.
After transplanting midbrain dopaminergic neurons into
the right brain of a rat PD model, measurements taken
16 weeks later showed a significant improvement in
dopamine secretion in the experimental group compared
to the control group. At 11 months post-transplantation,
DNA content analysis confirmed the presence of human
cells in the rat brain without affecting survival rates or
causing tumor formation.™

Third, NSCs, capable of differentiating into neurons,
oligodendrocytes, and astrocytes, have been explored in PD
treatment. In one study, researchers transplanted human
NSCs (ANGE-S003) into PD patients through the nasal
mucosa. Patients were divided into three groups based
on transplant doses: 1.5 million, 5 million, and 15 million

units. They were followed for 12 months, with assessments
conducted using the MDS-UPDRS score. Results indicated
that from the 3 month of follow-up, MDS-UPDRS scores
continued to improve compared to baseline, with the most
significant improvement observed at 6 months, averaging
a decrease of 19.9 points across the three treatment groups.
Notably, the degree of clinical symptom improvement was
not correlated with the transplant dose.*

Finally, iPSCs, with the potential to differentiate into
cells or tissues of all three germ layers, are increasingly
being applied in clinical applications. Researchers induced
human iPSCs into midbrain organoids (hMOs) resembling
fetal ventral mesencephalon tissue and transplanted them
into a PD mouse model. Observations conducted over
12 weeks following transplantation revealed surviving A9
midbrain dopaminergic neurons in the striatum. The study
indicated that the axons of hMO-derived neurons extended
and integrated into the mature central nervous system,
thereby alleviating motor dysfunction in PD mice.*

Stem cell therapy for PD represents a cutting-edge field
of medical research with positive results from laboratory
studies and preliminary clinical trials. However, further
clinical data are needed to verify its long-term efficacy and
safety.

3.6. Gene therapy

Gene therapy involves introducing normal or therapeutic
exogenous genes into target cells through specific
mechanisms, influencing their gene expression and thereby
altering the biological characteristics of the target cells
to achieve therapeutic purposes. Gene therapy, with its
precision, safety, and effectiveness, is gradually transitioning
from laboratory research to clinical applications. As
research on PD advances, the role of genetic abnormalities
in PD pathogenesis is becoming increasingly evident.
High-penetrance genes associated with PD include SNCA,
VPS35, PINK1, PARK7, and PLA2G6; variable-penetrance
genes include LRRK2 and GBA; and genes related to PD
but potentially unrelated to pathogenicity include HTRA2,
UCHLI, GIGYF2, and EIF4G1.°7®

At present, adeno-associated virus (AAV)-based gene
therapy has shown tremendous potential in the treatment
of central nervous system diseases. A review highlighted
that clinical studies suggest AAV gene therapy has certain
therapeutic effects on neurodegenerative diseases such
as PD and Alzheimer’s disease, neuromuscular diseases
such as spinal muscular atrophy and amyotrophic
lateral sclerosis, and lysosomal storage diseases such
as mucopolysaccharidosis and Pompe disease.”® In
addition, gene therapies targeting the expression of glial
cell line-derived neurotrophic factor, cerebral dopamine
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neurotrophic factor, aromatic L-amino acid decarboxylase,
and glutamate decarboxylase have shown promising results
in PD animal models, though further clinical research is
required to clarify their efficacy and safety.*

Dopamine transporter deficiency syndrome (DTDS)
is a progressive and life-threatening neurodegenerative
disease. As children with DTDS age, they exhibit
“Parkinsonian symptoms,” such as bradykinesia and
rigidity, which resemble those seen in PD. Researchers first
pointed out that the activity of the dopamine transporter
(DAT) in DTDS patients is significantly reduced. This low
DAT activity not only leads to reduced expression of key
enzymes involved in dopamine synthesis but also induces
apoptosis of midbrain dopaminergic neurons. Introducing
the normal human SLC6A3 gene into the midbrain
dopaminergic neurons of DTDS patients significantly
increased DAT activity. Subsequently, researchers
constructed a recombinant AAV2 vector expressing
human SLC6A3. When this AAV recombinant virus
was injected into a mouse model of DAT dysfunction, it
was found that DAT expression improved significantly,
accompanied by enhanced survival rates and reduced
motor impairments.*

Recent advancements in gene therapy have enabled
the selective regulation of neural circuits affected by PD,
improving symptoms in PD animal models. D1-MSN and
D2-MSN are medium spiny neurons in the striatum that
express dopamine receptor 1 or 2, respectively. D1-MSN
promotes movement, whereas D2-MSN inhibits it, both
receiving signals from the substantia nigra. Researchers
modified AAV to construct a novel vector, AAV8RI12,
incorporating a promoter highly expressed in D1-MSN
and a chemogenetic manipulation effector. To test this
vector’s effectiveness and specificity, researchers injected
AAV8R12-G88P3-HA-hM3Dq, which expresses the
designed receptor (DREADD) effector hM3Dq activated
by a specifically designed drug, into the substantia nigra
of mice. Behavioral analysis revealed that activation of
D1-MSN in the mouse brain improved motor function.
In addition, the research results suggest that this
gene therapy can regulate signal pathways related to
D1-MSN. Subsequently, researchers used a PD model in
non-human primates (macaque monkeys) for further
investigation. Using the same AAV8RI2 therapy, they
observed significant improvements in PD-related motor
symptoms of the macaques: tremor symptoms disappeared
completely, bradykinesia improved markedly, and motor
abilities showed varying degrees of recovery.®" Although
there is currently no cure for PD, gene therapy has emerged
as a promising treatment approach, showing tremendous
potential in slowing disease progression and improving the

quality of life for patients. However, most gene therapies
remain in the clinical trial phase, and their long-term
safety and efficacy must be verified through extensive
clinical research.

3.7.Traditional Chinese medicine treatment

Acupuncture, a major component of traditional Chinese
medicine, involves the stimulation of specific acupoints
on the human body through needling or moxibustion to
regulate the flow of Qi and blood, as well as the meridians,
thereby alleviating clinical symptoms and treating diseases.
As an important part of the traditional Chinese medical
treatment system, acupuncture, and moxibustion therapy
have been increasingly applied in clinical practice in
recent years. A substantial number of clinical studies have
indicated that acupuncture and moxibustion therapy can
alleviate both motor and non-motor symptoms in patients
with PD.

In addressing emotional disorders such as anxiety
and depression, an 8-week acupuncture and moxibustion
therapy intervention resulted in a 0.22-point difference
in Hamilton Anxiety Scale (HAM-A) scores between the
observation group (PD patients) and the control group.
Compared to pre-treatment levels, the HAM-A scores in
the observation group decreased by 7.03 points.®* Sleep
disorders, which are common among some PD patients
and can exacerbate the condition, have also been shown
to improve with acupuncture. Researchers divided PD
patients with sleep disorders into a treatment group
receiving real acupuncture (RA) and a control group
receiving sham acupuncture (SA). Parkinsons disease
sleep scale (PDSS) scores were recorded at 4 and 8 weeks
of follow-up. Results indicated that both the RA and SA
groups showed improvements in PDSS scores compared
to baseline, with increases of 29.65 and 10.47 points,
respectively. Furthermore, the RA group exhibited
significantly greater improvements in PDSS scores than
the SA group at both 4 and 8 weeks, with increases of 19.75
and 20.24 points, respectively.®

Acupuncture therapy has also demonstrated certain
therapeutic effects on the motor symptoms of PD patients.
After 4 weeks of combined acupuncture therapy and
traditional PD treatment (traditional treatment refers to
the standard medical treatment, which includes levodopa,
carbidopa-levodopa, dopamine agonists, anticholinergics,
amantadine, etc.), the acupuncture group exhibited
significant improvements compared to the traditional
treatment group. Specifically, gait rhythm was significantly
reduced, whereas stride amplitude, single support
time, and swing amplitude were significantly increased.
Moreover, the UPDRS scores (related to walking and
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balance) were markedly decreased. These results suggest
that acupuncture therapy can improve gait stability and
postural balance in PD patients.*

The clinical effectiveness of acupuncture for PD has
been confirmed to some extent, although its mechanism
of action requires further in-depth study. Research in PD
mouse models has shown that acupuncture stimulation
affects  melanin-concentrating  hormone (MCH)-
mediated reactive gliosis, providing a protective effect
on dopaminergic neurons in the SNpc. Furthermore,
acupuncture enhances glutamatergic synaptic plasticity
in the hippocampus. These changes collectively improve
motor disorders and memory deficits in PD. Projections
from MCH neurons, specifically MCHM/4>c and
MCH"""PC, play major roles in alleviating motor disorders
and memory deficits, respectively.®® Acupuncture treatment
shows promising potential in managing PD. Future
research should focus on elucidating the mechanisms of
acupuncture in PD therapy and developing personalized
treatment strategies to enhance therapeutic outcomes.

4, Conclusion

As science and technology continue to advance across
generations, the treatment of PD is poised to explore new
possibilities. With an increasing understanding of the
pathogenesis of PD, future research is expected to focus
more on individualized treatment and precision medicine,
aiming to develop personalized therapeutic strategies
tailored to the specific conditions of individual patients. In
addition, advancements in gene-editing technologies and
stem cell therapies will likely expand the range of treatment
options for PD.

In recent years, significant progress has been made in
the treatment of PD. A variety of approaches, including
pharmacotherapy, surgical interventions, gene therapy, and
stem cell therapy, as well as rehabilitation and psychological
support, have provided patients with a broader spectrum of
options. However, further in-depth research is essential to
achieve the goals of personalized treatment and precision
medicine, ultimately improving therapeutic outcomes and
enhancing the quality of life for patients with PD.
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Abstract

Senescence is an independent risk factor and plays a critical role in altering vascular
structure and functions. Reportedly, senescence accelerates pathological processes
and notably increases the risk of cardiovascular diseases, such as atherosclerosis,
which are the leading causes of mortality worldwide. Therefore, understanding
vascular senescence mechanisms is essential for controlling the increasing incidence
and mortality of cardiovascular diseases. This review highlights the progress in
research on the various mechanisms underlying the senescence of endothelial cells,
smooth muscle cells, and macrophages - such as stem cell senescence, metabolic
dysregulation, mitochondrial autophagy (mitophagy) impairment, and ferroptosis
- and summarizes various antisenescence strategies to target these mechanisms.
Key interventions include restoration of the nicotinamide adenine dinucleotide/
reduced nicotinamide adenine dinucleotide (NAD*/NADH) ratio and administration
of metformin and acarbose to regulate blood glucose levels, which balances the
cellular energy and redox. Further, stem cell therapies, rapamycin administration,
and melatonin supplementation demonstrate substantial potential. In addition,
exercise, dietary modification, and caloric restriction support senescence mitigation.
These strategies illustrate the multifaceted nature of senescence and highlight the
potential of integrated therapeutic approaches to extend the health span and delay
age-related diseases. This review provides a comprehensive summary of age-related
metabolic pathways and explores promising antisenescence therapeutic strategies,
thereby providing valuable insights into the prevention, diagnosis, and treatment of
senescence-related vascular diseases.

Keywords: Senescence; Cardiovascular disease; Vascular disease; Metabolism; Stem cells

1. Introduction

Senescence represents a state of cell cycle arrest exhibited in all cells, tissues, organs, and
the entire organism. It constitutes an inevitable, time-dependent process that ultimately
disrupts cellular homeostasis and limits the reparative capacity of cells for repairing,
further leading to a generalized decrease in physiological functions throughout the body.
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Senescence can be classified into two types:
physiological and pathological. Physiological senescence
refers to the natural degeneration that occurs in organisms
with age, whereas pathological senescence refers to
age-related changes that manifest in young organisms
because of various factors, such as obesity, inflammation,
and metabolic disorders. Vascular senescence is crucial
for the development of several vascular diseases,
including atherosclerosis, vascular calcification (VC),
hypertension, arterial aneurysm, arterial dissection, and
peripheral vascular diseases. Therefore, understanding the
fundamental mechanisms underlying vascular senescence
to develop effective strategies for preventing and treating
age-related vascular diseases is imperative.

1.1. Overview of senescence

Although not a disease, senescence increases an organism’s
vulnerability and triggers various pathological conditions.
There are 12 senescence biomarkers (Table 1): genomic
instability, telomere attrition, epigenetic alterations, loss
of proteostasis, disabled macroautophagy, deregulated
nutrient sensing, mitochondrial dysfunction, cellular
senescence, stem cell exhaustion, altered intercellular
communication, chronic inflammation, and dysbiosis.'

2. Types of senescence
2.1.Vascular senescence

Blood vessels serve as crucial conduits that transport blood
and nutrients throughout the body, maintaining vital life
activities.” In humans, senescence typically starts with
vascular senescence, leading to alterations in blood vessel
morphology and functions. Vascular senescence is an
intrinsic physiological and pathological process regulated
by various risk factors, such as genetics, the environment,

Table 1. Senescence biomarkers

and lifestyle. Reportedly, an individual’s genetic background
considerably influences blood vessel elasticity and wall
thickness. Specific genes are closely associated with
vascular senescence, and as individuals age, alterations in
these gene expressions contribute to arterial stiffness and
diminished elasticity. Moreover, environmental factors,
such as prolonged exposure to smoking and environmental
pollution, as well as an unhealthy lifestyle characterized
by a high-fat, high-sugar diet, augment oxidative stress,
and endothelial cell damage and result in severe vascular
senescence and inflammatory responses, accelerating the
progression of atherosclerosis.>* This process is characterized
by notable alterations, such as lumen enlargement, intima-
media thickening, elastic fiber disruption and fracturing,
increased collagen fiber deposition, and augmented vascular
stiffness. In addition, prominent features of vascular
senescence include VC, remodeling, intravascular plaque
formation, decreased sensitivity to vasoactive factors, and
reduced neovascularization capacity.*

2.2. Cellular senescence

Cellular senescence refers to the irreversible cessation
of proliferation in normal cells, characterized by their
withdrawal from the cell cycle.’ The accumulation of senescent
cells in various tissues primarily drives senescence.® Cellular
senescence involves the gradual loss of cellular ability to
withstand stress and damage over time, further declining the
cellular function and survival rate. This manifests as systemic
functional decline throughout the body, slowed metabolism,
and the emergence of aging characteristics. Naturally, cellular
senescence is an intrinsic clock-driven process in which cells
undergo aging over time, even in the absence of important
external stress. Reportedly, cells in the senescent stage often
show cell cycle arrest in the G1 or G2 phase due to the
activation of specific pathways — such as the tumor protein

Level Phenotype Clinical indicators References
Vascular level Vascular stiffening PWYV, ABI, PP, and ePWV 77,78
Calcification CACS 79
Cellular level Endothelial dysfunction CD8*CD28 T-cells 72
Cell cycle arrest p15™KEE p16INKA p21€P1 p53, and pRb 80
DNA damage P-yH2AX, ATM, and ATR 81
Molecular level Plasma proteins IGF1 82
Metabolic changes SA-B-gal 6
SASP IL-6 and IL-8 8

Abbreviations: PWV: Pulse wave velocity; ABI: Ankle brachial index; PP: Pulse pressure; ePWV: Estimated pulse wave velocity; CACS: Coronary artery
calcium score; p15™5: Cyclin-dependent kinase inhibitor 2B (CDKN2B); p16™*4: Cyclin-dependent kinase inhibitor 2A (CDKN2A);

p21¢*!: Cyclin-dependent kinase inhibitor 1 (CDKN1A); p53: Tumor protein p53; pRb: Retinoblastoma protein; P-yH2AX: Anti-phosphorylated
histone H2AX antibody; ATM: Ataxia-telangiectasia mutated; ATR: ATM and Rad3 related; IGF1: Insulin-like growth factor 1; SA-B-gal: Senescence-
associated B-galactosidase; SASP: Senescence-associated secretory phenotype; IL-6: Interleukin-6; IL-8: Interleukin-8.
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p53 (p53)/p21 and cyclin-dependent kinase inhibitor 2A
(pl6™*4)/retinoblastoma pathways. These pathways act as
critical checkpoints that prevent the cells from continuing
to divide at specific thresholds related to time-dependent or
intrinsic signals.” Thus, senescence is a response to external
damage and an intrinsic physiological mechanism evolving
because of the accumulation of cell cycle arrest signals over
time or senescence is not exclusively a response to external
damage; it is an intrinsic physiological mechanism that
evolves because of the accumulation of cell cycle arrest
signals over time. Typical features of senescent cells include
cell cycle arrest and the development of a senescence-
associated secretory phenotype (SASP), characterized by the
secretion of proinflammatory chemokines (e.g., chemokine
[C-X-C motif] ligand [CXCL]1 and CXCLS), cytokines
(e.g., interleukin [IL]-6, IL-10, IL-8, and tumor necrosis
factor-alpha [TNF-a]), growth factors, and reactive oxygen
species (ROS).® Cellular senescence underlies and triggers
the development of various diseases, particularly age-related
ones, and cellular senescence is reportedly involved in cardiac
remodeling, atherosclerosis, and heart failure> Next, we
will focus on the mechanisms underlying endothelial cells,
smooth muscle cells, macrophages, and stem cell senescence
(Figure 1).

2.2.1. Endothelial cell senescence

Vascular endothelial cells are located in the intima of
blood vessels, exerting regulatory effects over vasodilation,

Oxidative stress
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Gl ©o0,0
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Cell cycle arrest
vl
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ROS Productiont

vasoconstriction, maintenance of blood vessel wall integrity,
and blood pressure regulation. Endothelial cell senescence
remarkably contributes to vascular senescence by inducing
heightened secretory and proinflammatory cytokine activities,
as well as exhibiting an enlarged and flattened appearance,
which is a characteristic of cellular senescence. Consequently,
the presence of senescent endothelial cells impairs endothelial
function and reduces vasodilation ability, resulting in ischemia
across multiple organs. In addition, these cells display increased
polyploidy levels, along with elevated senescence-associated
[-galactosidase activity, and telomere shortening.” Moreover,
the SASP in endothelial cells underscores age-related
alterations that play a pivotal role in arterial dysfunction.'’

Endothelial cell senescence is an important predisposing
factor for various cardiovascular diseases.!! For example,
endothelial cell senescence can locally recruit macrophages
to the subendothelium, in which they transform into
foam cells owing to SASP alterations. In addition,
senescent endothelial cells can modulate the phenotypic
transformation of smooth muscle and inflammatory cells
through exosome secretions, thereby promoting plaque
formation and increasing atherosclerosis susceptibility.?
Senescent endothelial cells also upregulate pathways
associated with arterial remodeling (e.g., transforming
growth factor  and matrix metalloproteinase [MMP]
pathways), which may promote atherosclerosis. As
senescent markers, p53 and p2l1 usually increase in

Senescence

Figure 1. Mechanisms underlying senescence; senescent cells undergo cell cycle arrest at the GO phase, a process regulated by diverse molecular
mechanisms. Initially, ROS accumulation, DNA damage, telomere shortening, and oxidative stress contribute to cellular senescence. Various senescence
markers, including p16™44, p21°"!, p53, and p-yH2AX, are upregulated during this senescence process. Next, senescent cells exhibit elevated SA-f3-gal
activity, secretion of SASP factors, and alterations in metabolic pathways. Image created by the authors.

Abbreviations: ROS: Reactive oxygen species; p16™**: Cyclin-dependent kinase inhibitor 2A (CDKN2A); p21“*': Cyclin-dependent kinase inhibitor 1
(CDKN1A); p53: Tumor protein p53; p-yH2AX: Anti-phosphorylated histone H2AX antibody; SA-f3-gal: Senescence-associated [3-galactosidase; SASP:
Senescence-associated secretory phenotype.
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senescent cells; p21 is a downstream cell cycle-dependent
kinase (CDK) of phosphorylated p53 and functions as a
cell cycle inhibitor by binding to and inhibiting CDK2,
preventing the transition from the G1 to the S phase of
the cell cycle.” For example, young mice with defective
endothelial DNA repair exhibit elevated p21 expression in
their endothelial cells, thereby developing atherosclerosis.'!

2.2.2. Smooth muscle cell senescence

Vascular smooth muscle cells (VSMCs) exhibit remarkable
plasticity and undergo phenotypic transformation owing
to various pathological stimuli, such as proinflammatory
cytokines and mechanical stretch."* VSMC senescence
promotes atherosclerosis and arterial calcification, leading
to decreased arterial compliance and impaired elastic
reservoir function, which serves as the pathological basis
of diseases, such as hypertension, and represents an
independent risk factor for heart failure."”

VSMCs' phenotypic transformation plays a crucial
role in vascular senescence. Cellular senescence
promotes the transformation of VSMCs to SASP, and this
phenotypic transition enhances the synergistic effects,
accelerating arterial senescence.'® A study on mouse
models of senescence and hypertension demonstrated
that levels of contractile markers (e.g., a-SM-actin and
calponin) decreased and those of synthetic markers (e.g.,
osteopontin) increased in both models. Furthermore,
this effect was pronounced in the senescence and
hypertension combination, accompanied by a decrease
and an increase in protein kinase B and mitogen-activated
protein kinase signaling, respectively, indicating reciprocal
regulation of VSMC phenotypic switching."” However, the
phenotypic switch of VSMCs offers novel insights into the
development of aneurysms.'¢ A recent study demonstrated
that age-related nuclear factor (erythroid-derived 2)-like 2
(NRF2) dysfunction acts as a contributing factor to VSMC
senescence and VC in VSMC-specific Nrf2-knockdown
mice. In addition, repressors of DNA-binding 2 (Id2) - a
core downstream gene regulated by NRF2, along with
Id2 overexpression - can alleviate VC induced by NRF2
silencing-induced VC and VSMC senescence. These
findings highlight the protective role played by the NRF
2-ID2 axis against calcification by counteracting VSMC
senescence.'®

2.2.3. Macrophage senescence

Macrophages are immune cells that primarily respond
to immune challenges through phagocytosis, removing
damaged cells and cellular debris. In contrast, macrophage
senescence is characterized by persistent cell cycle arrest
and a secretory phenotype associated with chronic, low-
grade inflammation-like senescence.

Lipopolysaccharides can upregulate the expression of
bromodomain-containing protein 4, which is involved in
inflammation-induced macrophage senescence, through
nuclear factor kappa B (NF-xB) pathway activation.
Senescent macrophages are characterized by morphological
changes, SASP, DNA damage response, and promotion of
lipid uptake associated with atherosclerosis."” Reportedly,
extracellular signal-regulated kinase 5 (ERK5) promotes
atherosclerotic plaque formation and senescence-
associated phenotype secretions via aryl hydrocarbon
receptor signaling in macrophages, particularly in the
ERKS5 S496A KI mouse model.*® Moreover, at the onset of
atherosclerosis, senescent foamy macrophages accumulate
in the endothelium, inducing an atherosclerotic process
with increased levels of inflammatory cytokines (e.g.,
IL-1o0 and TNF-a), chemokines, and metalloproteinase
(e.g., Mmp3 and Mmp13). However, in advanced lesions,
senescent cells contribute to plaque destabilization by
enhancing metalloproteinase production, including elastic
fiber degradation and fibrous cap thickness reduction.”
These findings suggest that macrophage senescence
promotes atherosclerosis development and maturation. In
addition to other senescent cells, endothelial cells (marked
by pl6™) and VSMCs, senescent macrophages drive
atherosclerotic plaque formation and create a conducive
environment for further growth of lesions.*

2.2.4. Stem cell senescence

Stem cells possess the capacity for self-renewal and
multilineage differentiation. Under normal conditions,
adult stem cells exist in a quiescent state in many tissues.
However, alterations in the tissue microenvironmentactivate
these cells, which is essential for tissue homeostasis.”

When stem cells become senescent, the organism
experiences a reduction of cells capable of participating
in the renewal processes, resulting in senescence when
homeostasis is disrupted. Therefore, stem cell senescence
is considered a crucial characteristic and driving force
of organismal senescence and various senescence-
related diseases.* A comprehensive understanding of the
mechanisms underlying stem cell senescence can identify
strategies for preserving and promoting the regenerative
capacity of stem cells to maintain tissue function during
senescence. Multiple molecular mechanisms are involved
in stem cell senescence, with key doctrines including
(1). oxidative stress damage: excessive ROS accumulation

induces oxidative stress and cellular senescence -
a hallmark of senescent stem cells.”” In stem cells,
oxidative stress damages proteins, lipids, and DNA
and activates senescence-associated genes, such as
p53 and p16™**, inducing stem cells into a senescent
state?
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(2). Telomeres and telomerase: telomeres play an essential
rolein maintainingchromosomeintegrityand regulating
cell division, whereas telomere dysfunction drives the
initiation and progression of cellular senescence, along
with associated diseases.”” With each cellular division,
telomeres undergo gradual shortening. Once they reach
acritically lowlength, cells stop dividing and enter a state
known as replicative senescence.”® Research shows that
silent mating-type information regulation 2 homolog-1
(SIRT1 or sirtuin 1) protects mesenchymal stem cells
(MSCs) from age-related DNA damage by inducing
the expression of telomerase reverse transcriptase and
enhancing telomerase activity while exerting no effect
on telomere length. In addition, SIRT1 upregulates
tripeptidyl peptidase 1 (TPP1) — a key component of
the shelterin complex responsible for the protection of
chromosome ends from DNA damage. Consequently,
SIRT1 mitigates age-related MSC senescence through
multiple mechanisms, including TPP1 upregulation,
increased telomerase activity, and reduced DNA
damage.”” Conversely, SIRT1 overexpression reverses
the senescence phenotype associated with MSC
senescence®

(3). Protein  homeostasis theory: impaired protein
homeostasis results in aberrant protein folding and
accumulation of damage within cells, leading to
cellular dysfunction, tissue and organ impairment, and
organismal senescence.”® The mitochondrial unfolded
proteinresponse (UPR™)isindispensable for maintaining
cellular homeostasis and proteostasis. In stem cells,
UPR™ activation is critical for sustaining mitochondrial
function. However, the effectiveness of UPR™ may
diminish with senescence or prolonged stress, resulting
in mitochondrial dysfunction and protein misfolding or
aggregation. Consequently, this deterioration impairs the
vitality and self-renewal capacity of stem cells, thereby
accelerating their senescence™

(4). Epigenetic theory: this refers to alterations in the
epigenetic landscape, including histone modifications,
chromatin remodeling, and DNA methylation.”
Reportedly, senescence in hematopoietic stem cells is
associatedwithalteredpatternsofhistonemodifications,
particularly a reduction in trimethylation of lysine 27
on histone H3 (H3K27me3), reducing the activity of
hematopoietic stem cells and potentially contributing
to their senescence and dysfunction.® When
hematopoietic stem cells age, there is often a global
decline in DNA methylation levels, predominantly
characterized by reduced methylation within CpG
island regions,” which contributes to genomic
instability and abnormal gene expression, accelerates
senescence, and contributes to the development of

atherosclerosis.” Similarly, senescence and changes
in DNA methylation affect VSMC functions, resulting
in structural and functional abnormalities in blood
vessel walls, further developing hypertension.*

3. Other senescence mechanisms
3.1. Dysregulation of cellular metabolism

Cellular metabolism is fundamentally essential for
maintaining various physiological functions, including
senescence. Recent studies have identified seven
metabolites closely associated with senescence, exhibiting
antisenescence effects across different species;” these
metabolites include nicotinamide adenine dinucleotide
(NAD*), a-ketoglutarate, tryptophan, methionine,
spermidine, triglycerides, and cholesterol, of which NAD*
exerts a notable influence on senescence in various model
organisms. NAD* serves as a critical coenzyme in the
tricarboxylic acid cycle and actively participates in glucose
metabolism, insulin secretion, and protein homeostasis
while playing an indispensable role in preventing cellular
senescence and age-related diseases.” As a group of NAD*-
dependent deacetylases, the SIRT family (including seven
members, SIRT1-SIRT?7) plays a pivotal role in senescence
and age-related diseases in mammals.*

Under normal physiological conditions, the activity
of NAD*-dependent SIRT1 is enhanced in endothelial
cells, which can directly deacetylate and activate DNA
repair proteins or regulate DNA repair by activating the
related transcription factors.** In addition, SIRT1 can
reduce ROS production by upregulating the expression
and activity of superoxide dismutase 2 (SOD2), further
enhancing DNA stability, reducing DNA damage and
mutations, maintaining normal endothelial cell and blood
vessel functions, and decelerating senescence.*

The characteristic of age-related disorders includes a
decrease in NAD" levels in tissues, potentially affecting
SIRT activity and contributing to age-related metabolic
disorders.”” NAD* dysregulation is considered a
substantial risk factor for vascular senescence. On the
one hand, reduced NAD" can lead to DNA damage and
mitochondrial dysfunction, promoting the development
of senescence. On the other hand, low levels of NAD*
during senescence alter metabolic activity in cells, affecting
SASP development. This secretory phenotype and the
progression of cellular senescence are linked to specific
metabolic changes rather than simply being attributed to
high metabolic demands.”” Reportedly, SIRT1 activity is
associated with mitochondrial function, and a decrease in
SIRT activity can impair the deacetylation of peroxisome
proliferator-activated receptor y coactivator 1o, leading
to dysfunctional electron transport chain complexes
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and adenosine triphosphate (ATP) synthase, thereby
inhibiting mitochondrial biogenesis and causing energy
metabolism disorders (Figure 2).*' Furthermore, reduced
SIRT1 activity can inhibit mitochondrial autophagy
(mitophagy), accumulating damaged mitochondria and
decreasing antioxidant enzymes, such as SOD2, which
results in increased oxidative stress, vascular stiffness,
vascular senescence, and a higher risk of atherosclerosis.*
Moreover, knocking out SIRT1 in MSCs in mice leads to fat
tissue loss, indicating that SIRT1 coordinates antioxidant
responses and inhibits cellular senescence to protect
adipogenesis.” SIRT1 mitigates cellular senescence by
deacetylating cell cycle-related proteins, such as p53.
Furthermore, it inhibits inflammatory pathways, such as
NF-kB, for reducing the release of SASP factors alleviating
inflammation, and delays cellular senescence.” Research
has also been conducted on other members of the SIRT
family. For example, Sirt2 - as an epigenetic regulator —
can regulate vascular senescence through the cytoplasm-
mitochondrial shuttle mechanism.** Sirt3 maintains
metabolic homeostasis and the redox balance through
deacetylation, providing a new perspective for treating
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senescence.” Sirt6 has also been associated with the
improvement of dyslipidemia, cellular senescence, and left
ventricular hypertrophy.*?

3.2. Mitochondrial autophagy disorder

Mitochondria are essential organelles for ATP production
and play a critical role in maintaining cellular energy
homeostasis.** Mitochondrial dysfunction can expedite
senescence by disrupting the cytoplasmic NAD*/reduced
nicotinamide adenine dinucleotide (NADH) ratio and
increasing ROS production ROS. Impaired mitophagy,
which is crucial for removing damaged mitochondria,
accumulates dysfunctional mitochondria, which further
exacerbates oxidative stress and accelerates the senescence
process.*

Mitophagy can be broadly categorized into ubiquitin-
dependent and non-ubiquitin-dependent pathways.
The ubiquitin-dependent pathway, which is the most
extensively studied, primarily relies on the ubiquitination
of mitochondrial surface proteins to facilitate mitophagy.*
The key proteins in the ubiquitin-dependent pathway are
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Figure 2. Mechanism of senescence induced by NAD* and the SIRT family; (A) NAD* levels in endothelial cells increase, leading to upregulation of SIRT1
activity. (1) SIRT1 deacetylates and activates DNA repair proteins (e.g., Ku70 and XRCC1), promoting HRR and NHE]J. (2) SIRT1 deacetylates and activates
FOXO, regulating multiple gene expressions involved in DNA repair and antioxidation. (3) SIRT1 regulates the expression and activity of SOD2, thereby
reducing ROS production. (B) NAD* levels in endothelial cells decrease. Because NAD" is a cofactor of SIRT1, decreased NAD* levels decrease SIRT1
activity. (1) Decreased SIRT1 activity hampers PGC-1o deacetylation, inhibiting mitochondrial biogenesis. (2) Decreased SIRT1 activity impairs mitophagy,
accumulating damaged mitochondria. (3) Decreased SIRT1 activity results in decreased expression of antioxidant enzymes (e.g., SOD2), increased ROS
production, and oxidative stress. Image created by the authors.

Abbreviations: NAD": Nicotinamide adenine dinucleotide; SIRT1: Silent mating-type information regulation 2 homolog-1; HRR: Homologous
recombination repair; NHE]: Non-homologous end joining; FOXO: Forkhead box transcription factor; SOD2: Superoxide dismutase 2; ROS: Reactive
oxygen species; PGC-1at: Alpha subunit of peroxisome proliferator-activated receptor-y coactivator-1.
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phosphatase and tensin homolog-induced putative kinase
1 (PINK1) and ubiquitin ligase (Parkin RBR E3 ubiquitin-
protein ligase [Parkin]). Under normal conditions, PINK1
is guided to the mitochondrial inner membrane by a
mitochondrial targeting sequence, in which it is cleaved
and hydrolyzed. However, when the mitochondria are
damaged, their membrane potential decreases, further
accumulating PINK1 on the outer membrane of the
mitochondria. In addition, Parkin, as an E3 ubiquitin
ligase, is recruited to the damaged mitochondria, in
which it undergoes phosphorylation and activation by
PINK1.* Mitophagy within atherosclerotic plaques plays
a crucial role in decomposing and eliminating excessive
or impaired mitochondria.”” Therefore, mitophagy
represents a potential therapeutic target for stabilizing
atherosclerotic plaques, preventing plaque rupture, and
slowing atherosclerosis progression.* PINKI1 can also
recruit autophagy receptor proteins (e.g., optineurin
and nuclear dot protein 52) to linear granules through
ubiquitin phosphorylation. These receptors facilitate the
aggregation of microtubule-associated protein 1 light chain
3 (LC3), enabling engulfment of damaged mitochondria
by autophagosomes. In addition, dysregulation of PINK1-
mediated mitophagy may contribute to the progression
of cardiovascular diseases. Mitochondrial dysfunction is
closely linked to the development of conditions such as
atherosclerosis, hypertension, and heart failure. Modulating
PINK1 function could enhance mitophagy, potentially
alleviating these vascular disorders.” Non-ubiquitin-
dependent pathways involve mitophagy receptors rather
than surface proteins. In the PINK1-Parkin-independent
pathway for mitophagy, PINK1 directly recruits autophagy
receptor proteins (e.g., NIX, BNIP3, and FUNDCI)
through ubiquitin phosphorylation. These receptors can
facilitate the recruitment of LC3 and Parkin, promoting
the formation of mitochondrial phagosomes, independent
of PINKI’s direct influence.”® Similarly, mitophagy is
also affected by external stimuli, such as excess ROS,
nutrient deprivation, and cellular senescence, leading to
pathological states such as neurodegenerative diseases,
metabolic disorders, and senescence (Figure 3).

3.3. Ferroptosis

Ferroptosis is a novel form of regulated cell death that
differs from other known cell death types, such as apoptosis
and necrosis. It is characterized by the accumulation of
ferrous iron (Fe?*) and oxidative attack on cellular and
mitochondrial membranes by polyunsaturated fatty
acids.”

Recent studies have demonstrated that pro-ferroptosis
signaling contributes to vascular NAD* loss, cellular
senescence, remodeling, and stiffness by promoting

ferritin autophagy mediated by nuclear receptor
coactivator 4. Conversely, the inhibition of ferroptosis
signaling or the activation of peroxisome proliferator-
activated receptor gamma delays vascular senescence,’
indicating that targeting pro-ferroptosis signals may offer
a promising strategy for treating senescence or age-related
cardiovascular diseases.

4, Antisenescence strategies
4.1. Metabolic intervention

Metabolism is fundamental to cellular and tissue functions,
encompassing energy production, nutrient use, and waste
elimination, and is essential for maintaining cellular
homeostasis. Metabolism dysregulation can disturb the
cellularenergybalance, redoxstate,and overall functionality,
subsequently impacting general health and senescence.*
Metabolic regulation involves several critical processes,
including modulation of the NAD*/NADH ratio, blood
glucose control, and caloric restriction. The NAD*/NADH
ratio plays a crucial role in maintaining the cellular redox
balance and energy metabolism, consequently influencing
the overall metabolic efficiency. Effective blood glucose
regulation is essential for sustaining metabolic homeostasis
and preventing metabolic disorders. In addition, caloric
restriction enhances mitochondrial function and reduces
oxidative stress, which contributes to improved metabolic
health and an extended lifespan.® These interconnected
factors collectively facilitate metabolic regulation and
overall well-being.

4.1.1. NAD*/NADH ratio

In redox equilibrium, ROS plays diverse roles in various
pathophysiologicalreactions,whicharecloselyassociatedwith
an increased NAD*/NADH ratio and L-2-hydroxylglutaric
acid accumulation. Increased circulating c-hydroxy-butyric
acid levels are associated with an increased NAD*/NADH
ratio and impaired glucose metabolism.** Restoring NAD*
levels through precursor supplementation reestablishes
the NAD*/NADH ratio, delaying cellular senescence and
reducing vascular damage. Three main strategies have been
explored for increasing NAD+ levels: (1) supplementing a
synthetic precursor of NAD (dietary supplement), such as
[-nicotinamide mononucleotide and nicotinamide ribose,
both of which can be obtained through one’s diet and are
predominantly used in clinical practice; (2) activating key
enzymes involved in NAD biosynthesis, including o-amino-
[-carboxylicmuconate-g-semialdehyde decarboxylase and
the rate-limiting enzyme of the remedial pathway amino
phosphoribosyl transferase;*® and (3) regulating enzymes
related to NAD* degradation to maintain cell health
and homeostasis.” Increasing NAD* levels can enhance
endothelial cell function, improve vascular relaxation, and
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Figure 3. Mitophagy PINK1-Parkin signaling pathway; (1) external stresses, such as increased ROS, mitochondrial DNA mutations, toxic chemicals,
and nutritional deficiencies, induce mitochondrial damage and depolarization, leading to the loss of mitochondrial membrane potential. (2) The
decreased mitochondrial membrane potential (A¥m) impedes the translocation of PINKI into the inner mitochondrial membrane, causing its
accumulation on the outer mitochondrial membrane, in which it recruits and activates Parkin. (3) Upon phosphorylation and activation by PINK1,
Parkin catalyzes the transfer of ubiquitin molecules (p62, OPTN, and NDP52) onto specific substrates within the mitochondria for subsequent
degradation. (4) Following ubiquitination, autophagy receptor proteins accumulate on the outer membrane of the mitochondria and facilitate
binding with autophagosomes through LC3. (5) The ubiquitinated mitochondrial substrates are recognized and engulfed by autophagosomes
to form autophagolysosomes. (6) Eventually the autophagolysosomes containing mitochondria undergo degradation. Image created by authors
Abbreviations: PINK1: PTEN-induced putative kinase 1; Parkin: Parkin RBR E3 ubiquitin-protein ligase; ROS: Reactive oxygen species; p62: Ubiquitin-

binding protein p62; OPTN: Optineurin; NDP52: Nuclear dot protein 52; LC3: Microtubule-associated protein 1 light chain 3.

improve blood flow, further preventing and alleviating
atherosclerosis.

4.1.2. Blood glucose levels

Metformin can regulate the insulin/insulin-like growth
factor-1 (IGF1) signaling pathway to reduce blood glucose
levels and slow down senescence.”® Simultaneously, it can
activate the 5' adenosine monophosphate-activated protein
kinase (AMPK) pathway, thereby participating in the
enzyme activity of ATP synthesis and decomposition and
reducing energy consumption. Reportedly, metformin can
modulate vascular senescence by activating the AMPK-
SIRT1/SIRT6 axis, which delays age-related atherosclerosis.”
At present, clinical studies conduct randomized controlled
trials to investigate the potential antisenescence properties
of metformin and explore how the baseline metabolic health
status affects treatment efficacy. Such studies suggest that
baseline metabolic health is key to determining the efficiency
of metformin in retarding senescence, claiming that metabolic
pathways may be essential for antisenescence therapies.*

Acarbose (ACA) - an o-glucosidase inhibitor - is
clinically used as a hypoglycemic agent because of its
ability to reduce the intestinal absorption of simple
sugars.® The current understanding is that ACA may

potentially extend the lifespan through mechanisms akin
to caloric restriction® and that carbohydrates contribute
to senescence, leading to widespread concern about
the impact of hyperglycemia on age-related diseases.
Considerably, there is widespread interest in exploring
ACAS potential as an antisenescence agent.®

4.1.3. Caloric restriction

Caloric restriction diets lead to alterations in the gut
microbiota of mice, reducing the levels of effector
memory T and B cells in the gut and delaying immune cell
senescence, specifically within the colon.®® These findings
suggest that modifications in the gut microbiota may
underlie the observed attenuation of immune senescence
across multiple organs because of caloric restriction.

4.2. Stem cell intervention

Stem cell antisenescence replenishes the stem cells in the
body.** Clinical trials have shown that stem cell therapy
is a promising treatment for cardiovascular diseases.
For personalized stem cell therapy, individual disease
parameters play a crucial role in determining the optimal
choice of cell type, dosage, and delivery method.®® At
present, several pharmacological interventions targeting
stem cell senescence are being explored.
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4.2.1. Rapamycin

The mammalian target of rapamycin protein (mTOR)
is a vital regulatory factor involved in cellular growth
and proliferation.® By inhibiting mTORCI1, rapamycin
reduces cellular growth, proliferation, and metabolic rate,
while enhancing autophagy. These effects highlight the
potential of rapamycin and its analogs, such as everolimus
and sirolimus, in the research and treatment of cancer,
senescence, and various metabolic disorders. Rapamycin
can reportedly improve health conditions associated with
senescence, extend the lifespan of model organisms, and
reduce the incidence of age-related diseases.” mTOR
inhibition delays stem cell senescence and prolongs the
lifespan of eukaryotes. Further, rapamycin can delay the
senescence of dental pulp stem cells by inhibiting protein
homeostasis and impaired intercellular signal transduction
and regulating mitochondrial dysfunction.®® The results of
clinical trials conducted on the skin have also shown that
rapamycin administration reduces pl6™* expression,
which is consistent with cellular senescence and suggests
that rapamycin therapy is a potential antisenescence
treatment.®

4.2.2. Melatonin

MSCs are a commonly used source for various stem
cell-based therapies. Melatonin is a highly effective
antioxidant predominantly used for treating insomnia,
jet lag, depression, anxiety, pre-menstrual syndrome, and
menopausal symptoms and supporting immune system
functions. Although initially recognized for its role in
regulating sleep and circadian rhythms, melatonin possesses
substantial antioxidant properties. It effectively neutralizes
free radicals and mitigates oxidative stress through
several mechanisms - direct free-radical scavenging,
enhancement of endogenous antioxidant enzyme activity,
and improvement of the cellular antioxidant defense
system.” These actions position melatonin as a remarkably
effective agent in combating senescence, inflammation, and
cellular damage, exceeding initial expectations. Research
demonstrates that melatonin enhances the expression
of heat shock protein family A (Hsp70) member 1-like,
which subsequently promotes mitophagy and facilitates
the removal of damaged mitochondria.”” In addition,
melatonin exhibits antioxidant properties that alleviate
age-related oxidative stress, protecting the functionality of
MSCs and ultimately delaying MSC senescence.”!

4.3. Other interventions
4.3.1. Exercise

Chronic endurance exercise training (=8 weeks) can
improve age-induced SIRT3 inhibition regardless of

age. Therefore, long-term regular exercise serves as an
effective intervention for enhancing SIRT3 expression
and mitigating age-related diseases.”’ Regular physical
activity and exercise play a pivotal role in the primary and
secondary prevention of cardiovascular diseases.”

4.3.2. Dietary regulation

Reducing the content of branched-chain amino acids
in the diet can simulate starvation and extend the
lifespan of fruit flies.” In addition, mMTORC1 modulates
growth factor signaling by regulating cell anabolism
and nutrient sensing through the RagGTPase signaling
pathway. Reduced intracellular nutrition levels inhibit
the RagGTPase signaling pathway, which suppresses the
mTORCI signaling pathway. Therefore, manipulation of
the diet composition, such as caloric restriction, fasting, or
dietary protein content increase, can inhibit the mTORCI1
signaling pathway and delay senescence progression.”

5. Conclusion

Senescence is a complex physiological process that
intensifies with advancing age and leads to structural and
functional changes in tissues and organs. Cardiovascular
diseases are the leading cause of mortality worldwide and
are attracting broad research attention. In recent years,
senescence has been identified as a significant risk factor
for cardiovascular diseases, highlighting the importance of
understanding its impact on the vascular system. Notably,
investigations into cellular senescence mechanisms
have focused on endothelial cells, smooth muscle cells,
macrophages, and stem cells because of their direct
influence on vascular function and contribution to the
development and progression of cardiovascular diseases.
Senescence involves multifaceted mechanisms, such as
stem cell senescence, cellular metabolic dysregulation,
mitophagy, and ferroptosis.

This review aimed to comprehensively summarize
the mechanisms underlying senescence, while proposing
potential strategies to counteract them, with the goal of
offering new therapeutic insights into diseases related
to vascular senescence. Strategies targeting stem cell
senescence may involve interventions in the stem cell
microenvironment, aimed at delaying senescence. Cellular
metabolic dysregulation might be achieved through
optimizing metabolic pathways and enhancing metabolic
regulation. Mitochondrial function protection and
optimization might be achieved by applying antioxidants,
whereas intervention in ferroptosis requires the regulation
of iron metabolism and related pathways.

When cardiovascular diseases coexist with other
systemic conditions, such as diabetes, metabolic syndrome,
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or neurodegenerative diseases, treatment complexity
substantially increases. For instance, patients with diabetes may
experience reduced effectiveness of standard antihypertensive
treatments because of endothelial dysfunction and chronic
inflammation. Furthermore, the accumulation of advanced
glycation end products triggers oxidative stress.”” When
cardiovascular diseases coexist with neurodegenerative
diseases (e.g., Alzheimer’s disease), there is a synergistic
exacerbation of vascular damage and acceleration of vascular
senescence. Vascular lesions contribute to diminishing
cerebral perfusion, whereas neuroinflammation compromises
the integrity of vascular walls, culminating in blood-brain
barrier dysfunction, further deteriorating cognitive function.”

Despite the systematic review and analysis of these
mechanisms, there are some shortcomings in clinical
application. For example, the safety and efficacy of certain
medicines in clinical settings need further exploration. In
addition, mechanisms and treatment strategies specific
to certain senescence-related vascular diseases require
a profound discussion and could focus on validating the
clinical relevance of these mechanisms and exploring
effective treatment methods for addressing the challenges
posed by vascular senescence-related diseases.
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Abstract

Post-traumatic stress disorder (PTSD) is a severe neuropsychiatric condition
characterized by anxiety-related symptoms, including intrusive memories. However,
the exact anatomic location of traumatic memories remains unclear. Traumatic
imagery may involve the amygdala and posterior cingulate cortex, rather than
the hippocampus. Besides the central nervous system, cells and even proteins can
process information and store memories. For instance, >36% of cardiac transplant
recipients inherit donor personality traits, emphasizing that tissues can store and
recall memories. Moreover, physical therapists mention “musculofascial memories,’
that is, the ability of muscles and fascia to retain the memory of past injuries and adapt
their function accordingly. Immune cells record previous infections, demonstrating
the broader perspective of memory storage in the body. At the cellular level,
psychological stress induces premature cellular senescence, a survival program
characterized by proliferation arrest; resistance to apoptosis; and a toxic secretome
known as the senescence-associated secretory phenotype (SASP). SASP contains
brain-derived neurotropic factor (BDNF), a neurotrophin linked to fear memory that
is frequently elevated in the peripheral blood of patients with PTSD. Endothelial cells
(ECs), the tiles paving the lumen of large and small vessels, age earlier than other
cells in patients with severe mental illness, including PTSD. Senescent ECs release
SASP directly into the systemic circulation, spreading senescence throughout the
body. In this narrative review, we hypothesize that ECs store traumatic memories and
SASP-associated BDNF activates traumatic imagery. We also discuss membrane lipid
replacement, mitochondrial transplantation and transfer, and several natural and
synthetic compounds that may counteract endothelial senescence and SASP.

Keywords: PTSD; Psychological trauma; Traumatic amnesia; Traumatic hypermnesia;
Cellular senescence
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Traumatic memories in PTSD

1. Introduction

Post-traumatic stress disorder (PTSD) is characterized by
numerous memory-related symptoms, including traumatic
amnesia, hypermnesia, and intrusive thoughts related to
the traumatic event.!

Cerebral endothelial cells (CECs) are an important
source of brain-derived neurotrophic factor (BDNF),
producing 50 times more BDNF levels than neurons,
suggesting that these cells play a substantial role in
PTSD.** In fact, BDNF regulates stress hormones and the
vulnerability to stress-related disorders.? BDNF level is
elevated in the peripheral blood of patients with PTSD and
is believed to be a biomarker of this pathology.

The BDNF receptor tropomyosin receptor kinase B
(Trk-B) is crucial for neuronal plasticity, survival, and
growth as well as for long-term potentiation (LTP).” In
contrast, the receptor for pro-BDNE, the p75 neurotrophin
receptor (p75NTR), which mediates the apoptosis of
hippocampal and amygdalar neurons, probably accounts
for the brain volume reduction in patients with PTSD.¢ In
fact, a study in neuroimaging has associated PTSD with
brain volume loss, involving the hippocampus, amygdala,
insular cortex, and anterior cingulate cortex, suggesting
that these areas suppress traumatic memories.”

CECs express abundant monocarboxylate transporter
(MCT), a lactate-transporting molecule because these cells
utilize lactate as their primary energy source.** A recent
study linked lactate to spatial memory enhancement,
suggesting a beneficial effect of glycolysis on the brain.
Conversely, lactylation, a post-translational modification
of histone protein lysine residues (Kla), is associated with
neuropsychiatric disorders, including PTSD.!" Moreover,
our research group reported an association between
lactylation and the pathogenesis of traumatic memories in
patients with PTSD.!

CECs regulate blood flow to the brain and interact
with the surrounding parenchyma, playing a significant
role in the pathogenesis of dementia and further linking
memory to endothelia.’? Senescent CECs represent a
significant burden of senescent cells in the body. Excessive
lactate production links these senescent ECs to PTSD and
cardiovascular disease (CVD).131¢

The proprotein convertase subtilisin/kexin family
member 3 (FURIN), a newly identified player in
neuropsychiatric illness, is highly expressed in CECs and
plays a vital role in cellular senescence by interfering with
BDNF maturation.””" Furin is a proprotein convertase
that transforms precursor proteins into biologically active
forms, including pro-BDNF into BDNE. Its ability to
activate toxins or pathogens, such as anthrax, by proteolytic

cleavage brought furin to the forefront of bioweapon
research, where it remains up to the present day.**

In lipid metabolism, furin activates lipoprotein lipase
(LPL), an enzyme that regulates the plasma levels of
triglycerides and high-density lipoproteins (HDL). Both
triglycerides and HDLs have been implicated in stress-
related disorders, including PTSD.*

Interest in furin resurfaced during the COVID-19
pandemic, as the virus exploits this protein to increase
infectivity. Nevertheless, the viral exploitation of furin
disrupts plasmin and BDNE potentially predisposing
individuals to PTSD.* Hence, COVID-19 was associated
with a higher prevalence of PTSD, as this condition was
promoted by excessive isolation and lockdown as well as
furin disruption and altered BDNF levels.”® Furthermore,
because BDNF is a part of the SASP, its elevated levels in the
peripheral blood of patients with PTSD may be explained.”
We suggest that non-cerebral BDNF is detrimental and likely
induces cellular senescence, including cognitive deficit.

Psychological stress is associated with premature
cellular aging, a phenotype characteristic of several
mental illnesses, including schizophrenia (SCZ) and
PTSD. Psychological stress triggers sterile inflammation,
activation of the NOD-like receptor family pyrin domain-
containing 3 (NLRP3) inflammasome, and generation
of interleukin (IL)-1) and IL-18, a family of cytokines
associated with neuroinflammation, anxiety, or psychosis.*

In this narrative review, we explore the existing
knowledge regarding senescent ECs in PTSD and
discuss several natural and synthetic compounds that
may counteract endothelial senescence, SASP, and
mitochondrial transplant or transfer.

2. Traumatic memories are decentralized

Unlike conventional memories, traumatic imprinting
is believed to occur in the right amygdala and posterior
cingulate cortex.”* Here, emotionally charged memories
are processed without the involvement of the hippocampus
and are experienced as though they occur in the present
moment.”> Recent studies have demonstrated that
dysfunctional peripheral blood mononuclear cells could
cause or exacerbate PTSD, suggesting that extracerebral cells
and tissues are detrimental to traumatic recall.’>** This raises
the question, can cognition generally “dwell” in peripheral
tissues? In fact, early studies have found that single cells or
unicellular life forms can process and recall information.***

2.1.What is decentralized cognition?

Cognition and memory are precious human assets that
make us unique and distinct from other species. Therefore,
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cognitive functions may be distributed throughout the
body to reduce the risk of memory loss due to brain injuries
or pathology. They are probably encoded in the molecular
networks of all cells. For instance, the cellular cytoskeleton
communicates with the proteins of the extracellular matrix
through integrins and lipid rafts (membrane windows that
unite intracellular and extracellular molecular networks),
generating global assemblies.*

The proteins in molecular networks are believed to
encode memory in a quantum manner by altering the
conformational dynamics of various molecules. Proteins
have wunique properties that facilitate information
processing and storage. Proteins fold along specific lines
such as in origami, connect instantly with each other in
a Lego-like manner, and, such as transformers, build new
structures from the old components. Proteins can also exist
as two-state systems, engendering logic gates, the building
blocks of quantum circuits.”

Themolecular network-mediated memoryallows storing
information in neurons and most body cells, engendering
a decentralized “blockchain” cognition. Conditions such
as phantom limb, pseudocyesis, psychogenic blindness,
or cardiac transplant recipients adopting the donor’s
personality traits demonstrate that cells and molecules can
harbor memories and behavioral patterns.’*?*

In severe mental illness (SMI), including PTSD,
cells throughout the body undergo premature cellular
senescence, a phenotype triggered by dysfunctional tight
junctions.”*! At the level of the gut and blood-brain
barrier (BBB), senescent cells increase permeability further,
enabling microbial migration into the host circulation
and eventually reaching the brain. Senescent glial cells
and multipotent stem cells stop replicating or replicate
sporadically. In contrast, the opposite phenomenon occurs
in cancer, with the occurrence of uncontrolled proliferation,
suggesting that senescence and tumorigenesis act like the
two faces of Janus.

Ancient viruses inherited from our predecessors,
namely, human endogenous retroviruses (HERVs), dwell
in our DNA, comprising approximately 8% of the genome.**

HERV:s are activated by different pathologies, including
cancer, SMI, and contemporary viruses, including SARS-
CoV-2, the etiologic agent of the COVID-19 pandemic.*”
Some HERVs have become “domesticated” and “work”
for the human host. For instance, HERV-W ENV encodes
a placental protein that, under pathological conditions,
may cause infertility.** Another example is the activity-
regulated cytoskeleton-associated (Arc) protein derived
from an ancestral virus, which is expressed primarily in the
brain, promoting synaptic plasticity, learning, and LTP.*>*¢

Anecdotally, we recall a patient with cysticercosis
who was treated years earlier. He behaved, walked,
and generally talked. The only complaints were mild
forgetfulness and word-finding difficulties. The resident
physician performed a dementia work-up, including an
MRI of the brain. We observed surprising results and
wondered how this patient could be alive. He had very
little brain parenchyma left. Although numerous cysts
were detected throughout his CNS, he appeared to be
minimally impaired. This individual and others like him
are proof that information and memories are stored not
only in the brain but also in cells throughout the body. This
may explain the patient’s normal functioning despite the
loss of cerebral volume. In fact, the amount of information
in the DNA, which is present in every single cell of the
body, ensures that the genetic information is not lost or
altered. Moreover, our muscles and tendons “remember”
the old postures we have long abandoned. Immune cells
recall previous infections, as shown by studies that 36% of
patients with heart transplants inherit bits and pieces of the
donor’s personality.®®*

2.2. Cellular senescence

In 1961, Leonard Hayflick found that human somatic
cells do not replicate indefinitely but exit the cell cycle
after 40 - 60 divisions, the so-called Hayflick’s limit.*®
These cells enter a state of replicative senescence marked
by proliferative arrest in which they remain alive, have an
active metabolism, and release toxic molecules known as
the SASP.

A few decades later, it was discovered that in addition
to replicative senescence, human cells can activate the
senescence program in response to various insults,
including damaged DNA or plasma membranes, suggesting
that senescence is a default state responsible for averting
cell/neuronal loss.

Over the past few years, it became clear that SMI also
triggers cellular, including neuronal and CEC, senescence,
thereby disrupting the BBB, a characteristic of several
neuropsychiatric disorders.

At present, the exact mechanism of how mental illness,
including PTSD, triggers senescence remains unclear.
Nevertheless, it may involve viruses because virus-
mediated lipid peroxidation may activate senescence.
For instance, under normal circumstances, cholesterol
negatively regulates cellular senescence, whereas oxidized
cholesterol triggers this phenotype.* Furthermore, in
neuropsychiatric illnesses, including PTSD, cells become
senescent before reaching Hayflick’s limit, whereas cancer
cells never undergo senescence and continue to replicate
indefinitely.® An anticancer therapeutic strategy involves
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inducing senescence in malignant cells by infecting them
with viruses to block their replication.” Moreover, people
with SMI show a lesser increase in the number of human
hippocampal progenitor neurons compared with that in
the general population, linking the cognitive deficit to the
cell cycle of these undifferentiated cells. It remains unclear
why some undifferentiated cells proliferate incessantly,
such as HeLa cells, whereas others do not. Pursuing this
line of research may bring progress in both cancer and
mental illness.

3. Cellular immortality against human
mortality

In contrast to SMI, cancer cells replicate and increase in
number for several decades, as observed in HeLa cells.

The term HeLa is derived from Henrietta Lacks, an
African American woman from Baltimore who had cervical
cancer and died in the early 1950s at the age of 31 years. Cells
taken from her body (without her knowledge or consent)
were developed into the HeLa cell line, which has been used
for research and has contributed to several innovations,
including the human papillomavirus (HPV) vaccine, HIV
medications, and more recently, COVID-19 vaccines.

HeLa cells, which endogenously express furin, and
Trk-B, the BDNF receptor, may be suitable for investigating
PTSD.?>* For instance, gravity can decelerate the cell cycle
of HeLa cells, suggesting that biophysical strategies, such
as whole-body vibration, play a role in treating cancer and
mental illness.>*

The HeLa case sparked legal and ethical debates, which
are still ongoing, over an individual’s rights to his/her
genetic material and tissues.

The HeLa cell line was kept alive for more than 70 years,
emphasizing that cancer cells are immortal and not subject
to Hayflick’s limit. There were exciting developments and
anecdotes regarding Hela cells during the Cold War,
which led to the discernment of the role of gravity in
cancer. For instance, in the 1960s, scientists in the Soviet
Union became interested in HeLa cells as they intended to
explore cancer behavior at zero gravity.”® Therefore, HeLa
cells, obtained from the Johns Hopkins University, were
sent on the first orbit flight around the earth in 1961 with
Yuri Gagarin, the first Soviet astronaut. HeLa cells were
sent again with other Soviet missions, including Vostok 4
in 1962, Vostok 5 and 6 in 1963, Voskhod 1 in 1964, and
Zond 5 in 1968.%° These space experiments concluded that
compared with normal cells, which maintained average
growth at zero gravity, HeLa cells became more aggressive,
dividing faster with each trip, suggesting that zero or low
gravity accelerates cancer growth.

In 1971, Richard Nixon signed the National Cancer Act,
known as the “War on Cancer” As part of this legislature,
the US and USSR began cooperating in cancer research.
Nevertheless, due to bilateral mistrust, the exchanged
HeLa cells were contaminated, sabotaging several research
projects by infecting other cell cultures in both countries
and ultimately exacerbating Cold War tensions.

The COVID-19 pandemic has placed a new emphasis
on cellular proliferation and cancer, reviving the interest
in forcing cellular senescence on cancer cells to stop
proliferation.””*®

Altogether, both cancer and mental illness ignore
HayflicK’s limit, with the former driving uncontrolled
proliferation and immortality, whereas the latter by
deficient proliferation and premature mortality.

4. Role of furin in the human stress
response

Furin is rapidly becoming a significant player in the
pathogenesis of neurodegenerative and neuropsychiatric
diseases, opening a potential avenue for new interventions.’
For instance, furin inhibitors prevent N-methyl-d-
aspartate (NMDA)-mediated neuronal injury; therefore,
targeting furin may exert procognitive and possibly
antipsychotic effects. For instance, a previous study found
that furin can improve dendritic morphogenesis, memory,
and learning.”

Both psychological and biological stressors alter
organismal homeostasis, forcing the system to adopt
behavioral or physiological changes to restore the functional
balance.®® The immediate response to stressors consists of
sympathetic-adreno-medullar activation, whereas the
hypothalamus-pituitary-adrenal axis responds later.®"*

PTSD is frequently comorbid with CVD, and the
amygdala processes both psychological and biological
stressors.®*® For instance, the basolateral amygdala (BLA)
processes aversive stimuli, whereas the central nucleus
of the amygdala (CeA) responds to stress-associated
changes in vital signs, such as blood pressure and redox
alterations.*> 8

Dysfunction of two opposite systems, angiotensin II
(ANG II) and oxytocin (OXT), has been implicated in both
PTSD and CVD.®” Consistent with this, human CECs
express abundant OXT receptors, which are believed to
protect against stroke.” BDNE, expressed in the amygdala,
opposes OXT, thereby promoting fear learning’>”
Interestingly, furin acts as a common denominator
for stroke and myocardial infarction, suggesting its
involvement in reducing OXT levels by upregulating
BDNF levels.”™
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4.1.Like good and bad cholesterol, there is good
and bad BDNF

BDNF can positively and negatively affect human health.*
We hypothesize that there are two sources of BDNF:
cerebral cells and extracerebral cells. With senescence,
each group of cells produces even more BDNE

Normal BDNF promotes LTP, learning, memory, and
euthymic mood. The “good” BDNF is neuroprotective,
preventing neurodegenerative diseases, and is upregulated
by exercise. In contrast, the “bad” BDNE an SASP
component, promotes long-term depression (LTD),
dysthymic mood, premature senescence, and learning
difficulties.

Both the “good” and “bad” BDNF forms are probably
tumorigenic. Therefore, cancer cells, including HeLa cells,
overexpress BDNF-associated furin.™

4.2. Psychological stress and vascular aging

Cellular senescence, the building block of organismal
aging, is a default program of replicative arrest in
which cells permanently exit the cell cycle, rewire their
metabolism, and secrete SASP. When DNA damage is
substantial, the cell activates the senescence program,
and repairing the genome requires replicative arrest.”
Senescence affects ECs first, probably to increase the
levels of BDNEF, an angiogenesis-promoting neurotrophin
that facilitates the sprouting of new vessels to replace the
damaged ones.””®”® In fact, senescent cells upregulate
BDNF because this growth factor is a component of
the SASP and is spread locally in a paracrine/exocrine
manner.”® In PTSD, a condition marked by premature
cellular senescence, BDNF levels are probably elevated
due to cellular senescence.”

BDNF is derived from pro-BDNE an inactive precursor
protein that requires proteolytic cleavage by furin or
plasmin to be converted into the biologically active form.
Furin protein, encoded by FURIN, is a calcium (Ca*')-
dependent serine protease that plays a vital role in the
activation of numerous endogenous and exogenous
proteins into functional molecules. Furin and plasmin
activate BDNF, whereas plasminogen activator inhibitor-1
(PAI-1) inhibits plasmin and suppresses the proteolytic
activity of furin.®

Over the past few decades, furin has attracted the
attention of researchers and clinicians for two reasons;
first, the weaponization of anthrax by the Soviet Union in
the 1950s and 1960s, and second, its vital role in COVID-
19 infectivity. The former triggered an intensive biological
arms race, which stopped only after the “Sverdlovsk
anthrax outbreak of 1979” that killed 64 people.’! The

collective memories of anthrax weaponization programs
and the discovery of FURIN in 1990 raised the question
of whether other pathogens, especially viruses, could be
manipulated to increase infectivity (gain of function).

Nonetheless, despite the pandemic and reemergent
worldwide concerns regarding the weaponization of this
virus, COVID-19 contributed to a better understanding
of furin, the convertase usurped by the SARS-CoV-2
to cleave the S (spike) protein into SI and S2, thereby
increasing infectivity. An arginine-rich sequence, PRRAR
(proline-arginine-arginine-alanine-arginine), which
hijacks human furin, facilitates the viral morbidity of
SARS-CoV-2.

In neuropsychiatric illness, the levels of furin,
previously implicated in SMI, decrease in patients with
SCZ, dementias, and PTSD and increase in patients with
epilepsy, suggesting a novel neuropsychiatric target.®®
Furthermore, as furin is intertwined with the serotonergic
system, increased BDNF levels can contribute to the
spread of fear-mediated behavior.®® Furthermore, several
cancers upregulate BDNE, probably due to its angiogenetic
properties, which may facilitate metastatic dissemination.®
In fact, because ECs release large amounts of BDNF, their
exploitation can result in the total control of this growth
factor.”

Pro-BDNF acts on p75NTR, whereas BDNF interacts
with Trk-B. The former induces LTD, whereas the latter
induces LTP, learning, and memory. LTP promotes the
growth of neurites and dendritic spines, increasing the
gray matter volume and lowering aggressive behavior.*”#

We shall next focus on PTSD and the most recent
molecular and clinical insights.

4.3. Do microtubules encode traumatic memories?

Upregulated BDNF interacts with Trk-B, inhibiting
glycogen synthase kinase-3 (GSK-3), an enzyme implicated
in cellular senescence that is overactive in patients with SCZ,
PTSD, bipolar disorder, and dementias (approximately
10% of patients with frontotemporal dementia behavioral
variantexhibit dysfunctional GSK-3).Infact, GSK-38 (also
termed tau kinase) promotes the hyperphosphorylation of
tau (p-tau), a marker of tauopathies, including Alzheimer’s
disease (AD). In patients with PTSD, GSK-3f and p-tau
levels are elevated; however, in patients with SCZ, both tau
and p-tau levels are decreased.®

Under physiological circumstances, tauisa microtubular
stabilizer believed to participate in tubulin memory
storage and retrieval. Microtubules (MTs) are cytoskeletal
components formed by tubulin polymerization and held
together by tau. It was hypothesized that the MT lattices
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encode memories in a quantum manner through calcium-
calmodulin-dependent protein kinase II (CaMKII).”

Recent pre-clinical studies showed that social stress
disrupts memory by impairing tubulin polymerization,
thereby linking traumatic amnesia and hypermnesia,
documented in PTSD, to microtubular pathology.’"*
PTSD-related intrusive memories may depend on the
degree of tau phosphorylation.

Under physiological conditions, GSK-3[3 phosphorylates
tau protein, stabilizing the conformation of MTs.
Nevertheless, excessive tau phosphorylation destabilizes
MTs, altering not only recall but also behavior.*®*
MT-destabilizing agents, including chemotherapeutics,
colchicine, and fluorides, are associated with defective
recall and behavioral disturbances.”*** Because the same
agents activate microglia, it is not surprising that these cells
have been implicated in behavioral disturbances.*

Recent research has demonstrated that the tau protein
engages in brain oscillatory activity, contributing to
the rapid oscillations implicated in higher cognitive
functions.”

Altogether, under pathological conditions, GSK-3f3
may engage in the hyperphosphorylation of tau protein,
thereby maintaining traumatic memories and fear.

5. Therapeutic strategies

We had previously discussed potential novel therapies for
PTSD.?% Here, we describe a unique strategy, membrane
lipid replacement (MLR) augmented with kaempferol
and berberine. This combination of natural compounds
suppresses GSK-3f activity through three distinct
mechanisms, thus averting tau hyperphosphorylation.

5.1. Membrane lipid replacement

MLR is a technique that utilizes healthy, natural
glycerophospholipids  to  substitute the oxidized
components of the plasma membrane lipid bilayer,
thus restoring the physiological fluidity of the cell and
mitochondrial membranes. The membrane lipid bilayer
comprises phospholipids, cholesterol, and ceramide, which
disrupt neurotransmission when oxidized. Oxidized lipids,
including oxysterols, phospholipids, and toxic ceramide,
are gradually replaced with natural glycerophospholipids,
restoring membrane homeostasis.

A subclass of glycerophospholipids are plasmalogens,
lipids containing a vinyl-ether bond that comprises
up to 20% of the total membrane lipid.” Plasmalogen
levels may decrease in the brain tissue of patients with
AD, suggesting that plasmalogen supplementation is
beneficial.'®

Studies have demonstrated that MLR, an oral
supplementation with natural phospholipidsand antioxidants,
halts the dissemination of cellular senescence to neighboring
healthy cells by inhibiting SASP.'**' (Figure 1). Furthermore,
MLR facilitates not only cell membranes but also the damaged
mitochondrial inner and outer membranes with natural lipid
species. In fact, the loss of lysophosphatidylethanolamine
(LPE), phosphatidylglycerol (PG), and phosphatidylinositol
(PI) in senescent mitochondria causes organelle death.
Conversely, replacement with healthy lipids may promote
mitochondrial homeostasis.*

5.2. Phosphoinositide-dependent kinase 1 (PDK-1)
inhibitors

In contrast to the long-held belief that cellular senescence
and proliferation arrest are irreversible, groundbreaking
data now suggest a promising avenue for intervention.
PDK-1 inhibitors, particularly kaempferol, can potentially
reverse the senescent phenotype.'® This discovery
opens up new possibilities for research and treatment in
biochemistry, pharmacology, and neurology. Furthermore,
combining PDK-1 inhibitors with MLR and berberine
may offer a novel approach to antipsychotic treatment
that avoids the typical adverse effects associated with
conventional antipsychotics.

5.3. Kaempferol

Kaempferol is a flavonoid that reduces lipid peroxidation
and directly inhibits GSK-3B."° It also exhibits
antimicrobial, anti-inflammatory, antioxidant, antitumor,
cardioprotective, neuroprotective, and antidiabetic
activities.!” Due to GSK-3f inhibition, the effects of
kaempferol are similar to those of lithium and several
antipsychotics, indicating its probable efficacy against
psychosis and mood instability without the side effects of
conventional psychotropic drugs (Figure 1).

Kaempferol possesses antioxidant properties and scavenges
reactive oxygen species. It also deactivates the nuclear factor
kappa-light-chain-enhancer of activated B cell (NF-xB)
signaling, indicating anti-inflammatory properties and the
ability to reduce neuroinflammation'® as shown in Table 1.

5.4. Berberine

Berberine is a plant alkaloid extracted from Hydrastis
canadensis, Phellodendron chinense, Coptis chinensis, and
Berberis aquifolium. It has been used in Asia for centuries
due to its antimicrobial and antihelminthic properties.
Berberine has been used to treat CVD, hyperlipidemia,
diabetes, and hypertension as it reduces toxic levels
of ceramide, lowering the insulin resistance caused by
this toxin. Furthermore, berberine recently received
attention as a potential anticancer agent, a property

Volume 3 Issue 4 (2024)

doi: 10.36922/gtm.3974


https://dx.doi.org/10.36922/gtm.3974

Global Translational Medicine

Traumatic memories in PTSD

Replace

Toxic
Oxysterols

Serine 9

GSK3-Beta
Inactive

Prevents
Activation

KAEMPFEROL

Serine 9

GSK3-Beta
Active

Figurel.MLRsuppliesnaturalglycerophospholipidstoreplacetheoxidized phospholipids, cholesterol,and ceramide. Under normal circumstances, lipidsfrom
the membrane bilayer activate Akt, inhibiting GSK-3[3 by phosphorylation at serine 9. Without lipidomic input, GSK-3f suppresses p53, disrupting genomic
repair. Kaempferol prevents GSK-3p activation, whereas berberine inhibits ceramide, preventing serine 9 phosphorylation.'” Image created by the authors
Abbreviations: MLR: Membrane lipid replacement; SCZ: Schizophrenia; SLD.: Schizophrenia-like disorders.

related to altering the cell cycle dynamics, autophagy,
and cellular senescence.'” In fact, berberine ameliorates
cellular senescence by inhibiting cyclins and p16.1*° It
also inhibits oxidized ceramide and, indirectly, GSK-3f3
through serine 9. Moreover, berberine alleviates anxiety,
suggesting its beneficial effects in patients with PTSD.!!!
In ECs, berberine inhibits proliferation, suggesting its
antimetastatic effects.'?

More studies are required on the potential use of these
natural compounds as antipsychotic drugs because current
clinical data are sporadic.

6. Mitochondrial transfer and
transplantation

Mitochondria are intracellular organelles that were
previously bacteria, became “domesticated,” and currently
function in symbiosis with human cells. Mitochondria
generate energy in the form of ATP and play a significant
role in preventing neuropathology, including depression,
marked by several symptoms, including low power.'*!
Nevertheless, their role does not end here; these organelles

also regulate life and health span.'# Studies of people in the
Blue Zones, areas with the highest number of centenarians,
have identified socialization and interconnectedness as the
primary keys to longevity.'* As mitochondria power the
social brain, they probably increase the lifespan.'**

Mitochondria are now known to leave the cell and
function in the extracellular compartment, playing
a role in regulating metabolism and immunity. Cell-
free mitochondrial DNA (cf-mtDNA) is a marker of
inflammatory disease whose levels increase due to
psychological stress and social isolation.'” Cf-mtDNA is a
measure of psychological stress that can be used as a PTSD
biomarker."”® For instance, loneliness and socialization
deficits are associated with increased cf-mtDNA-toll-
like receptor 9 (TLRY) signaling. Reducing cf-mtDNA
signaling with deoxyribonuclease I (DNase I) attenuates
stress associated with impaired social behavior.'”
Furthermore, isolation-upregulated cf-mtDNA acts as a
damage-associated molecular pattern (DAMP), activating
inflammation. Inflammation without pathogens, known
as “sterile is implicated in psychological stress.!*'¥
Therefore, measuring cf-mtDNA levels may explain why
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Table 1. A summary of the natural inhibitors of PDK-1 and foods that contain these active ingredients

PDK1 inhibitor Mechanism of action Plant References

Kaempferol GSK-3p inhibitor Fruits, vegetables, and herbs 113

Quercetin Reduces lipid peroxidation Onions, kale, and broccoli 114

Myricetin Anticancer, antidiabetic, and antiobesity and Oranges, berries, tomatoes, nuts, and tea 115
cardiovascular protection

Epigallocatechin-3 gallate Immunoregulation and neuroprotection Green tea 116

Lupiwighteone isoflavone Cell cycle arrest and apoptosis and activates the Glycyrrhiza glabra; Lotus pedunculatus 117
Nrf2/ARE pathway

Delphinidin Antiangiogenic activities Citrus fruits 118

Honokiol Antidepressant and antitumorigenic Cherries, berries, and grapes 119

Rutin Reduces the formation of reactive oxygen Oranges, lemons, grapes, peaches, limes, 120

species

and buckwheat

some individuals develop PTSD while others do not
(vulnerability quantification). A recent study strictly
explored this aspect in veterans with war-related and
unrelated stressors and demonstrated that cf-mtDNA
levels reflect glucocorticoid sensitivity in individuals with
PTSD, a measure of susceptibility."*

Altogether, mitochondria serve as more than just
energy-producing batteries; their involvement in stress
places them at the interface of biological and psychological
stressors.

As a former bacterium, the mitochondrion has
retained the ability to communicate with intestinal
microbes, contributing to the gut-brain axis. For instance,
metabolites produced by gut microbes interact directly
with mitochondria in the brain, regulating their function.
In this regard, short-chain fatty acids by the gut microbiota
cross the BBB, influencing the mitochondria and alleviating
the symptoms of depression.'*!

Mitochondria contain GSK-3f3, a kinase implicated in
SMLI, including PTSD. Lithium, berberine, and kaempferol
inhibit the activity of GSK-3 P, thereby decreasing the
risk of death of the organelle. Furthermore, the transfer of
mitochondria from astrocytes to neurons ensures energy
availability in the CNS.

6.1. Mitochondrial transplantation

Mitochondrial transplantation experiments started in the
1980s when naked organelles were coincubated with various
cell types to facilitate internalization."** Using originally
HeLa cells and mesenchymal stem cells as mitochondrial
sources, this transplantation technique took 1 - 2 h to
supply organelles to the target, mitochondria-depleted
cells.'** Successful mitochondrial transplantation is
currently possible on several cell types, and for instance,
on cardiomyocytes, which can be confirmed by the

presence of mitochondrial DNA (mtDNA) in the cardiac
circulation.'®

Mitochondrial transplantation for rescuing neurons
from apoptosis or ferroptosis is now possible and was
performed successfully in both animals and humans.
Nevertheless, to the best of our knowledge, it has not been
attempted as a treatment for mental illness."*

Rescuing the mitochondrion using MLR, kaempferol,
andberberineisastrategy to prevent GSK-3f overactivation
by toxic ceramides, oxysterols, or oxidized phospholipids.
Moreover, serotonin reuptake inhibitors (SSRIs) facilitate
mitochondrial transfer, emphasizing potential strategies
for restoring neurometabolic homeostasis in SMI and
neurodegeneration.

6.2. Mitochondrial transfer

Under physiological or pathological conditions,
intercellular mitochondrial transfer can occur via tunneling
nanotubes (TNTs) or extracellular vesicles (EVs).

Non-canonical mitochondrial transfer can occur
through cell-cell fusion, synaptosomes, or dendritic
networks. Cell-cell fusion can occur in senescent neurons
that reenter the cell cycle but cannot complete replication,
remaining indefinitely in a fused state.

Besides its role in the intracellular compartment, a
growing body of evidence indicates that under physiological
or pathological conditions, mitochondria can be secreted
into the extracellular space, where they play a vital role in
regulating metabolism or immunity.'”

Pre-clinical research has shown that mitochondrial
transplantation  decreases LPS-induced depression,
indicating its possible therapeutic application for PTSD or
major depressive disorder (MDD)."*® Antidepressant drugs
belonging to the SSRI category improve mitochondrial
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transfer from astrocytes to neurons, suggesting a non-
synaptic antidepressant mechanism.

6.3. Mitochondrial transfer or transplantation for
premature cellular senescence

Novel studies have reported that the addition of
healthy mitochondria to the system can reverse cellular
senescence markers, including [-galactosidase, p21,
and pl6."*° Interestingly, the “bad” BDNF was shown to
halt mitochondrial transfer from astrocytes to neurons,
whereas SSRIs facilitated this process.!?”

7. Conclusion

Similar to other neuropsychiatric conditions, PTSD is
associated with premature senescence in ECs, including
CECs. The levels of BDNF, a component of the detrimental
senescent secretome, increase in patients with PTSD and
may represent a biomarker. In addition to the “bad” BDNF
in SASP, the “good” BDNF promotes brain plasticity,
learning, and LTP.

Although there is extensive research on protein
alterations in various pathologies, cell membrane lipids
remain less scrutinized. The COVID-19 pandemic, with
its hijacking of furin and subsequent LPL dysfunction, has
completely changed this perspective.

We hypothesize that extracerebral BDNE, released as part
of the SASP by ECs, exerts detrimental effects such as LTD,
impaired plasticity, and cognitive impairment by interfering
with mitochondrial transfer from astrocytes to neurons.

The pandemichasalso shed light on cellular proliferation
and cancer, reviving interest in inducing malignant cells to
activate the senescence program to inhibit cell growth.
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Abstract

In recent years, the biomedical field has witnessed significant advancements at
the intersection of technology and biology. Metallic, polymeric, and carbonaceous
materials have emerged as crucial components in developing and enhancing
cutting-edge technologies. The properties of these materials, such as particle size,
stability, and surface chemistry, are determined by their synthesis methods, which, in
turn, enable specific applications. These materials are primarily synthesized through
top-down and bottom-up techniques, each characterized by distinct preparation
conditions, precursor materials, and catalytic processes. However, conventional
synthesis methods often require substantial energy consumption, hazardous solvents,
and non-renewable precursors, leading to environmental concerns and long-term
costs. This review aims to provide an overview of the primary approaches and recent
efforts to optimize the production and preparation processes of nanomaterials
for biomedical applications. It addresses the advantages and limitations of green
synthesis methods compared to traditional chemical and physical methods, offering
an objective overview of green synthesis. In addition, it provides insights into the pre-
clinical and clinical statuses of various nanomaterials. These efforts aim to mitigate
the environmental impact of biomedical material synthesis by adopting eco-friendly
strategies, such as minimizing energy consumption, utilizing environmentally
friendly precursors, and embracing environmentally benign catalytic methodologies,
while still leveraging traditional techniques.

Keywords: Green synthesis; Biomedical applications; Nanomaterials; Eco-friendly
materials; Carbonaceous materials

1. Introduction

Biomedicine is a multidisciplinary field in the medical realm, featuring biological and
technological advances. It encompasses many applications such as drug delivery, tissue
engineering, prosthetics, and biotechnology.! Metallic materials, ceramics, polymers,
cells, and tissue are used in biomedical applications. However, the mechanical, chemical,
and biological properties of these materials can be further improved or tuned by
changing the size and structure of said materials. Because of this, nanotechnology
has been proposed as an approach to control the previously mentioned properties.?
Nanotechnology is defined as the development of particles, materials, or molecular
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structures with dimensions in the nanometer scale
(generally with at least one dimension between 1 and
100 nm).’ Nanomaterials have been useful for applications
in dentistry,*> water treatment,® drug delivery,”® and food
science.’ The characteristics of these materials such as shape
and size can be controlled by changing the conditions in
which they are synthesized. In addition, these parameters
have an impact on the physical and chemical properties
of the material. For instance, Suchomel et al.’® proposed a
size-controlled synthesis of Au nanoparticles and evaluated
the effect of this characteristic on the catalytic activity of
the material.'® On the other hand, Zhang et al.'! presented
a size-tunable synthesis of rhodium nanostructures and
subsequently studied their plasmonic properties.

Nanomaterials are generally synthesized through top-
down (e.g., milling, laser ablation, etching) and bottom-up
(e.g., chemical vapor deposition [CVD], hydrothermal
method)approacheswithvarying conditions of temperature
and pressure.' However, many of these approaches require
the usage of excessive amounts of energy and temperature
along with the usage of solvents that are harmful to
the environment. Because of this, green synthesis of
nanomaterials has been proposed as an alternative to
reduce the impact of producing these materials. Green
synthesis of materials and nanomaterials is defined as the
usage of methods and procedures that intend to reduce
or eliminate toxic waste, energy consumption, secondary
products, and chemical accidents and, on the other hand,
utilize catalysts, renewable resources, and more ecological
solvents and precursors.”*** Nanomaterials synthesized
through green methods exhibit improved antimicrobial
activity and improved reducing and stabilizing properties.
For instance, Saratale et al.'® demonstrated that varying the
amount of bio-reducing agents affects these characteristics
in metallic nanoparticles.” The main advantages of
green synthesis methods over traditional top-down and
bottom-up approaches can be seen in the environmental
impact they have as they generally do not require toxic
solvents (or they can be replaced by less toxic alternatives),
use lower synthesis temperatures and pressures (although
some of them require specific equipment such as
microwave-assisted and laser ablation methods, which
require increased amounts of energy) and have a lower
carbon footprint overall, as presented by the 12 principles
of green chemistry."”

In this review, we examine nanomaterials employed for
biomedical applications and investigate green approaches
to their fabrication. These approaches offer the potential
to create sustainable materials while simultaneously
controlling biological, chemical, and physical properties
by altering their morphology, shape, and size. Finally, we
discuss future perspectives and summarize key conclusions.

2. Metallic nanomaterials

Metallic nanomaterial synthesis involves both top-down
and bottom-up methods. Researchers more commonly
use bottom-up chemical and biological techniques for
biomedical applications.'® These methods typically utilize
a metal precursor and a stabilizing agent to prevent
nanoparticle agglomeration in an aqueous medium."”
However, bottom-up methods often require high
temperatures or toxic solvents to produce the desired
nanomaterial. To address this issue, researchers have
proposed green approaches using bioactive components,
such as fungi, microorganisms, and plant materials as
precursors and natural substances or solvents as stabilizing
agents.”® Figure 1 illustrates the key aspects of these
green approaches and some applications of the resulting
nanomaterials. The most prominent examples of these
nanomaterials for biomedical applications include silver,
copper, titanium zinc, and gold nanoparticles (AuNPs).

2.1. Silver nanoparticles (AgNPs)

AgNPs have garnered significant attention in the
biomedical field for their potent antibacterial and
antimicrobial properties coupled with low toxicity. As
depicted in Figure 2, AgNPs find diverse applications
in the biomedical realm, including cancer therapy,
wound dressings, antibacterial scaffolds, and protective
clothing.*® Green synthesis of these nanomaterials
involves the biological reduction of Ag* to Ag’ using
species or compounds derived from plants or organisms,

. @

Nanomaterials

Figure 1. A schematic showing the list of metallic and metallic oxide
nanomaterials and their wide range of applications. The figure was created
using BioRender (https://www.biorender.com/).
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Figure 2. Main biomedical applications of AgNPs. Reproduced from
Sabarees et al.?! Copyright © 2022, The Author(s).
Abbreviation: AgNPs: Silver nanoparticles.

such as viruses, microalgae, fungi, yeast, and bacteria.
Alternatively, physical methods, such as laser, microwave,
and ionizing irradiation can facilitate AgNP synthesis,
eliminating the need for chemical reagents.”** However,
this comes at the cost of increasing the energy input for a
reduced preparation time needed to produce the material,
with microwave irradiation requiring between 100 Wh
and 400 Wh,* laser irradiation 400 — 1500 Wh depending
on the laser type* and ionization irradiation requiring a
comparable amount of energy.

The main parameters that control the antimicrobial
activity of AgNPs are size, shape, and colloidal state.”
Green approaches have been made to synthesize this
material while at the same time controlling the previously
mentioned properties. Rautela et al. proposed a one-step
procedure utilizing Tectona grandis seed extract and silver
nitrate (AgNO,) as the silver precursor. The proposed
synthesis produced spherical AgNPs with sizes of 10 —
30nm.* Ashrafet al.” synthesized AgNPs utilizing AgNO,
as the precursor with aloe vera leaf extract as the solvent
and reducing agent. In addition, AgNPs were evaluated
against advanced glycation end-products (AGEs), a
substance present in diabetes complications, showing an
inhibitory effect in said compounds.” Regarding physical
methods, Seku et al.*® synthesized AgNPs through a
microwave-assisted procedure using Cochlospermum
gossypium as the reducing agent, a naturally abundant
polysaccharide component.*® Although AgNPs are
renowned for their antimicrobial activity against

many pathogens and green synthesis does increase the
biocompatibility of these materials, this activity can also
negatively impact human cells and tissues in the long
term as noted by Mao et al’’ who presented how the
production of reactive oxygen species, which are some of
the substances responsible for the antimicrobial effect of
AgNPs and can also cause apoptosis, DNA damage, and
autophagy in human cells.”’ This also occurs with other
types of metallic nanoparticles, such as Cu/CuO,** Au®,
and ZnO.*

2.2. Copper and copper-based nanoparticles
(CuNPs)

CuNPs are common materials in biomedical applications
due to their antimicrobial properties and low toxicity.””
These properties are derived from the metallic ions
formed during synthesis, which induce a decrease in the
transmembrane electrochemical potential of the bacteria,
which consequently causes an integrity loss of the cell
membrane leading to oxidative stress and cellular death
(Figure 3).** Due to this mechanism, CuNPs have been
proposed for bone implants, photocatalytic activity,”
cancer therapy, wound dressings, and oral applications.*®
For example, van Hengel et al.* implemented CuNPs on
TiO, implants to prevent implant-associated infections,
specifically the ones caused by Staphylococcus aureus.*® In
general, the chosen synthesis method may have a more
significant impact on specific applications over others.
For instance, CuNPs are preferred for wound dressing
applications over other metallic nanomaterials as they
promote skin regeneration more efficiently.** However,
this is not the case for surface plasmon resonance (SPR)
applications in which Au or AgNPs are preferred.”
Although the proposal of CuNPs for these and other
applications has been studied, the standardization of these
is challenging as there is no regulatory framework for
nanomaterials since these materials have a wide variety of
shapes and sizes that affect their properties, especially their
cytotoxicity.

The main approaches to synthesizing Cu and Cu-based
nanomaterials consist of chemical methods such as
thermal decomposition and chemical reduction methods.
Betancourt-Galindo et al.** synthesized CuNPs using
copper chloride, sodium oleate, and phenyl ether as solvent
agents, using a temperature of 250°C.*> Aguilar et al.”
generated Cu NPs through a chemical reduction method
at room temperature using sodium borohydride and
polyvinylpyrrolidone as reducing and stabilizing agents,
respectively.*® Although the latter described method is
generally considered a “greener” approach in contrast
with the thermal decomposition method, the usage of a
chemical reduction route may cause aggregation of the
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Figure 3. Graphical representation of antibacterial mechanism of copper nanoparticles (CuNPs). Reproduced from Mohsin Ali et al.** Copyright © 2021,

The Author(s).
Abbreviation: CuNPs: Copper nanoparticles.

nanomaterial, which is why the selection of the stabilizing
agent is as important as the temperature control in the
thermal reduction route.**

Along with the usage of a stabilizing agent, the reducing
agent is one of the components that determine the main
characteristics of the synthesized nanomaterial. One of
the most common approaches to making a green solvent
consists of the usage of a plant extract. For instance, Mali
et al.® synthesized CuNPs using a Celastrus paniculatus
Wild. Leaf extract with a particle size of 2 - 10 nm.*
However, green reducing and stabilizing agents are not
limited to plant extracts. Jiménez-Rodriguez et al.*
managed to synthesize Cu,0 nanocubes utilizing starch
as a capping agent, which controlled the aggregation and
particle size of the material.*

2.3. Titanium dioxide nanoparticles

Titanium dioxide is mainly utilized for drug delivery, cell
imaging, and biosensors due to its catalytic, photocatalytic,
and antibacterial properties, as shown in Figure 4. TiO,
exists in three forms depending on the crystallographic
nature of the material: Anatase, brookite, and rutile.*® TiO,
is mainly applied in water purification, energy conversion,
and agriculture. For instance, Horvéth et al.* proved the
decontamination of water by using a TiO, nanowires/
carbon nanotubes (CNTs) nanocomposite photocatalytic
filter.* Gohari et al.,>® on the other hand, evaluated the
effect of different concentrations of TiO, NPs (0, 50, 100,
and 200mg/L) on agronomic traits of Moldavian balm
(Dracocephalum moldavica L.).*°

TiO, nanomaterials are usually synthesized through
routes such as sol-gel and hydrothermal methods. The
sol-gel process usually consists of the transition of a material
from a colloidal liquid (sol) into a solid phase (gel).”' The

hydrothermal method consists of the use of an aqueous
solution in steel vessels (autoclaves) with controlled
temperature and pressure parameters.’”> However, both
procedures require the usage of high temperatures, which
consequently involve the need for high electrical power
input.

To reduce the impact of the production of TiO,
nanomaterials synthesis, green routes have been proposed
mainly utilizing green chemical reduction methods. For
instance, Aravind et al.®® used jasmine flower extract as
a reducing agent and titanium tetra isopropoxide as a
titanium precursor.” Sethy et al.** utilized Syzygium cumini
extract as a capping agent to produce photocatalytic TiO,
nanoparticles (TiO, NPs) for the removal of lead from
water. In addition, the required temperature for synthesis
(80°C) is considerably reduced compared to the traditional
hydrothermal method (150°C).

2.4. Zinc oxide (ZnO) nanoparticles

Zinc is a trace element that is essential for many enzymes
in the human body such as carbonic anhydrase and
alcohol dehydrogenase.”*** ZnO nanomaterials are some
of the most common ZnO materials used in electronic and
optical applications due to their semiconducting, optical,
and piezoelectric properties.”” ZnO is also known for its
antibacterial activity enabled through interference with the
surface and/or core of bacteria.”® Because of this property,
ZnO has been used in ointments for the treatment of
injuries throughout centuries, dating back to ancient
Egypt.” In the current age, the biological and biomedical
applications of ZnO include biosensing, anti-inflammatory
activity, drug, and gene delivery.

Nanomaterials have attracted interest as platforms
for the development of biosensors to detect various
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Figure 4. Main biomedical applications of titanium dioxide nanoparticles (TiO, NPs). Reproduced from Zhou et al.”” Copyright © 2024, The Author(s).
Abbreviations: hv: The function of sunlight represented in photochemical reactions; OVs: Oxygen vacancies.

biomolecules such as enzymes and proteins.® For instance,
Paltusheva et al.*! prepared a fiber optic-based biosensor
coated with ZnO for the detection of the CD44 protein.
The inclusion of ZnO nanoparticles (ZnO NPs) allowed
for an increase in spectral amplitude and sensitivity
to the changes in the refractive index of the analyzed
environment.® The anti-inflammatory mechanism
consists of the inhibition of the inducible nitric oxide
synthase (iNOS) enzyme, as seen in Figure 5. On drug
and gene delivery, ZnO NPs are generally utilized for
the treatment of cancer due to their cytotoxic properties
against cancerous cells. Sharma et al® prepared
doxorubicin-loaded ZnO NPs to evaluate the therapeutic
efficacy of the combination of said compound with ZnO,
showing an increase in this parameter.®’

The main green methodologies for the synthesis of ZnO
NPs include the sol-gel method and chemical reduction
from green extracts. The former consists of using a zinc
precursor and sodium hydroxide as a reducing agent to
form a suspension (usually in water or methanol) followed
by precipitation of the nanoparticles.® The latter method
generally involves the usage of a green plant extract to
reduce a zinc precursor to form a suspension, following
a similar principle to that of the sol-gel method.®® For
example, Jayachandran et al. proposed a plant-mediated
approach using Cayratia pedata leaf extract to reduce zinc
nitrate hexahydrate, producing ZnO NPs with an average
size of approximately 52 nm.®

2.5. AuNPs

AuNPs have analogous properties to other metallic
nanoparticles such as size and shape-related optoelectronic

properties, high surface-to-volume ratio, biocompatibility,
and low toxicity.”*® However, the key property that allows
the implementation of AuNPs in biomedical applications
is SPR, a phenomenon where the electrons present on the
surface of a metallic material are excited by photons of
the incident light, which propagate parallel to the surface
of the material.®® This principle is mainly utilized for the
fabrication of SPR sensors for the detection of biomarkers,
as shown in Figure 6.”° This property is determined by
the shape of the nanoparticle, classified based on its
dimensions as one-dimensional (nanorods, nanowires,
nanotubes), two-dimensional (nanoplates), and three-
dimensional (nanotadpoles, nanodumbbells). The degree
of anisotropy in these structures determines their source
of plasmon absorption in the visible and near-infrared
regions.”’ The main biomedical applications of AuNPs
include biosensing,”> photothermal, and photodynamic
therapy.”

The method proposed by Turkevich et al™ is the
most widely used method for the preparation of AuNPs
with the previously mentioned variety of shapes and
sizes. This method consists of the treatment of hydrogen
tetrachloroaurate (HAuCl,) with citricacid in water at boiling
temperature. The nucleation of the AuNPs can be controlled
by varying the HAuCl,citric acid ratio, as shown in the
study performed by Frens.” Green approaches to synthesize
this nanomaterial, as with other metallic nanoparticles; aim
to replace the reducing agent (citric acid) with a green extract
from plants. However, an added advantage of this approach
is the reduced preparation temperature, as seen in the work
of Liet al.,” who used a Mentha longifolia leaf extract at room
temperature with a wet chemistry method to prepare AuNPs
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Figure 5. Anti-inflammatory mechanism of ZnO NPs. Reproduced from Agarwal et al.®> Copyright © 2018, Agarwal et al.
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Figure 6. Representation of a Kretschmann-based surface plasmon
resonance biosensor. Reproduced from Nguyen et al.” Copyright © 2015,
The Author(s).

Abbreviation: PSP: Propagating surface plasmon.

with an average size of 36 nm. Although the green synthesis
of AuNPs presents many environmental advantages, some
limitations are present as the standardization of green
reducing agents such as plants and bacteria are difficult

due to variations in phytochemicals and metabolites,
respectively.””’® Purification and further characterization
of green reducing agents are needed for a method as robust
as traditional wet chemistry methods.” However, the usage
of these green-reducing agents circumvents the need for
chemical-reducing agents and stabilizers, which may reduce
costs in the production of green AuNPs.® In light of this,
more studies aiming to standardize green synthesis should
be prioritized to advance and promulgate these methods.
In addition, novel synthesis methods such as supercritical
fluid,** electrochemical®’, and ionic liquid-mediated®
synthesis should be evaluated further to determine their
advantages and disadvantages in comparison to both green
and traditional synthesis methods. The standardization of
innovative synthesis methods for AuNPs requires a multi-
disciplinary approach. For example, in biomedical sensing
applications, SPR behavior should remain consistent when
employing green synthesis approaches, such as those
using plant or bacterial extracts. In addition, thorough
characterization is essential to define key attributes, such as
crystal structure (through X-ray diffraction), size (measured
by dynamic light scattering), and morphology (using
scanning and transmission microscopy), as well as to assess
how different conditions impact these properties. Finally,
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while green methods provide a sustainable alternative,
traditional synthesis methods remain valuable as their
parameters and behaviors often parallel those of green
approaches.®

2.6. Zeolitic imidazolate framework (ZIF)

Metal-organic frameworks (MOF) are materials formed
by metallic ions and organic ligands that possess specific
properties such as low density, high surface-to-volume
ratio, and porosity. As with other nanomaterials, these
properties are controlled by the size and shape of the
material, specifically thelength, structure, and coordination
mode of the organic ligands.® ZIF is a subgroup of MOFs
with additional physical and chemical properties such as
chemical and thermal stability, pore control, and variety in
their structure,®*” as noted by Park et al. who reported 12
types of ZIF materials, with two of them (ZIF-8 and ZIF-11)
having high stability of up to 550°C and chemical resistance
to boiling water and organic solvents.* As with other
MOFs, ZIFs are formed by the reaction of transition metals
(e.g., Zn, Co, Fe) with organic ligands such as imidazole
or imidazole derivatives (Figure 7). For the previously
mentioned reaction, the typical synthesis methods are
solvothermal and hydrothermal synthesis with a wide
range of reaction temperatures (from room temperature up
to 200°C) and times (from hours to days). In this instance,
solvents such as ethanol and N, N-dimethylformamide, or
mixtures of organic solvents, which decompose in toxic
components and consequently result in risks and pollution
for the environment, are utilized.

The formation of ZIF materials can be adapted to
follow the principles of green synthesis by the usage of
greener solvents, reduced synthesis temperatures, and
renewable materials as well as other synthesis methods
such as microwave-assisted synthesis® and ultrasound-
assisted synthesis.”? Kenyotha et al. proposed a water-based

N
4
q»\CHa + Zn(NO3),.6H,O0 —m>
H

2-methyl-1H-imidazole Zinc Nitrate

(2-Melm)

synthesis of ZIF-8 with 2-methyl imidazole as a hydrogen
bond donor and quaternary ammonium salts as a hydrogen
bond acceptor, obtaining a ZIF-8 material with increased
CO, uptake without the need for a toxic solvent.” On lower
synthesis temperatures, ZIF-67 films were prepared by Lo et
al. using ultralow temperature-CVD (ULT CVD) at 140°C
under an argon atmosphere, providing a synthesis method
suitable for direct application on electronic devices.”* The
main biomedical applications for ZIF materials include
drug delivery, antimicrobial activity, biosensors, and
imaging. Magnetic Fe,O,®ZIF-8 NPs were proposed by Cai
et al.” for the release of norfloxacin through a pH-sensitive
mechanism, along with antimicrobial activity against
Escherichia coli.”® Studies like this one are necessary to
decide the release conditions by MOFs as one of the greatest
challenges is the non-uniform drug release, compromising
effective drug concentration. In addition, although
antimicrobial activity is desirable, long-term damage can
occur to human cells as well.”® Limitations of MOFs can
also be seen in biosensing and imaging applications.”*
Even though many studies have been conducted on in vitro
samples, most of them did not report an evaluation of real
samples such as urine, blood, or tissues.'®!*> MOFs have
potential in the biomedical area but further studies must be
carried out for more specific applications.

3. Carbon nanomaterials
3.1. Carbon nanotubes

The first successful synthesis of CNTs was conducted by
lijima'® through an arc-discharge evaporation method.
These nanotubes are classified by their structure as
single-walled (SWCNTs), double-walled (DWCNTs), and
multi-walled (MWCNTSs) carbon nanotubes, as shown
in Figure 8."* CNTs have been recently introduced in
pharmacy and medicine for drugs, biomolecules and
gene delivery, tissue regeneration, and biosensors.'*%

ZIF-8 with soldate structure

Figure 7. Structure of ZIF-8: Zn (polyhedral), N (sphere), and C (line) obtained from the reaction between 2-Melm and Zn(NO,),. Reproduced from

Kouhdareh et al.”® Copyright © 2023, The Royal Society of Chemistry.
Abbreviation: ZIF: Zeolitic imidazolate framework.

Volume 3 Issue 4 (2024)

doi: 10.36922/gtm.4698


https://dx.doi.org/10.36922/gtm.4698

Global Translational Medicine

Eco-friendly biomedical materials: A review

Qian et al. synthesized a CNT gel scaffold for targeted
drug delivery and in vitro osteogenesis, which resulted
in beneficial effects on adipose-derived stem cell activity
and osteogenic differentiation.'” On biosensors, Gupta et
al. fabricated an electrochemical non-enzymatic glucose
sensor based on a set of CNTs microelectrodes. The sensor
was evaluated by quantifying glucose in non-diabetic
human blood and diabetic patient urine samples.'®

Carbon nanotubes usually are synthesized by CVD.
High-temperature techniques, such as laser ablation'!
or arc discharge,'' were previously used but have been
substituted by CVD methods since the geometric and
morphological characteristics can be more accurately
controlled at lower temperatures (below 800°C) while also
having the option to synthesize other types of nanotubes at
higher temperatures. For instance, Chan et al.""? synthesized
MWCNTs at 600 °C with a heating rate of 10 °C/min, while
Ding et al. prepared semiconducting SWCNTs at 920°C.'"?

The main strategies for the green synthesis of CNTs
include the usage of greener precursors and catalysts along
with the optimization of methodologies to reduce the
environmental impact. The Principles of Green Chemistry
must be considered when defining the precursors, catalysts,
purification, and gas emissions during synthesis.”
Examples of this include the work of Adeniran and Mokaya
who synthesized CNTs using carbon tetrachloride as a
precursor and ferrocene/Ni as substrate/catalyst at 180°C,
reducing the energy input required for CNTs formation.'*
Tripathi et al. used plant extracts as precursors for synthesis
using a CVD process at 575°C.'"

3.2. Graphene and graphene oxide (GO)

Graphene consists uniquely of carbon atoms bound
together by sp? hybrid bonds to form a honeycomb
structure. On the other hand, GO is a layered structure with
=0, -OH, -O- and -COOH functional groups attached to
the edges of the layer."® The oxygen content present in GO
may be reduced through chemical or thermal methods to
form reduced GO."!"'* Drug delivery,'”” biosensing,''s!"?,
and implants'® are the major applications of GO. Both
top-down and bottom-up approaches are used for the

SWCNT DWCNT

Figure 8. Schematic representation of single-walled (SWCNT), double-
walled (DWCNT), and multi-walled carbon nanotube (MWCNT).
Reproduced from Patil et al.' Copyright © 2021, The Author(s).

preparation of these materials. Top-down approaches
consist of separating graphite from graphene layers;
however, these methods require high energy in the form
of heat or electricity while at the same time offering a
low yield.”” Among the bottom-up approaches, CVD is
considered one of the most efficient, offering high quality
and yield. In addition, this method allows the formation
of graphene directly on the desired surface, as shown in
the work of Xu et al., who deposited graphene on a thin
metallic surface.'”? Graphene and its derivatives, such
as GO and reduced GO (rGO), have gained significant
research interest due to their exceptional properties and
advancements in synthesis methods, making them readily
available for various applications (Figure 9).'*

Pure graphene green synthesis is generally limited to
the usage of relatively high temperatures (over 100°C)
compared to its previously mentioned derivatives, as
shown in the work of Gurtnli et al,’** who prepared
graphene from flake graphite using salts at 500°C, and
Bindumadhavan et al., who prepared graphene from GO at
100°C using a wet chemistry approach.'” As with graphene,
the preparation of GO requires a high energy input and
earlier preparation of pure graphene for oxidation. Greener
methods are more common in the preparation of reduced
GO from graphene. Similar to metallic nanomaterials,
green extracts can be used to prepare rGO materials. For
example, Meka Chufa et al. prepared rGO using a Vernonia
amygdalina extract through a green wet chemistry
approach requiring a relatively low temperature (50°C).'*

4, Liposomes

Liposomes are lipid-based vesicles that have gained
significant attention in biomedical research due to their
unique properties and versatility in various applications. They
consist of a lipid bilayer structure, such as cell membranes,
enclosing an aqueous core. This composition allows
liposomes to encapsulate hydrophilic substances within their
core and incorporate hydrophobic compounds within the
lipid bilayer.'*”'*® Figure 10 shows the general structure of a
liposome and its different biomedical applications.'®

They have been extensively used in biomedical
applications as follows:

a) Drug delivery. Liposomes have been extensively
explored as drug-delivery vehicles. They can
encapsulate drugs within their aqueous core or lipid
bilayer and efficiently transport them to specific
target sites in the body. Liposomes can improve the
pharmacokinetics and biodistribution of drugs,
enhance their stability, and enable controlled release,
resulting in improved therapeutic efficacy and reduced
side effects.

Volume 3 Issue 4 (2024)

doi: 10.36922/gtm.4698


https://dx.doi.org/10.36922/gtm.4698

Global Translational Medicine

Eco-friendly biomedical materials: A review

Biol‘unctionalization
with proteins

iologica
Small Molecular
Drug Delivery

Bone & Teeth
Implantation

Differentiation Of €
Stem Cells & Scaffolds Fo APP““ﬁm's
Mammalian Cell Cultur: \ ‘

Graphene '
( Antibacterial Eﬂ‘ects>/ ’

Cancer Treatment

Biosensing & Bioimagi@

Figure 9. Schematic representation of biomedical applications of graphene. Reproduced from Priyadarsini et al.’*® Copyright © 2018, The Author(s).

Fungal
infections

v

“» Cancer

{ Liposomal 1}
A formulations

)

Figure 10. Different biomedical applications of liposomes. Reproduced
from Luiz et al.'*® Copyright © 2023, The Author(s).

b) Gene delivery. Liposomes offer a promising approach
for delivering genetic material, such as DNA or RNA,
into cells for gene therapy or genetic research. Cationic
liposomes can interact with negatively charged nucleic
acids, forming lipoplexes that can be taken up by cells.
Liposomes protect the genetic material from degradation
and ease its intracellular delivery, allowing for potential
gene editing or gene expression modulation.

c) Vaccines. Liposomes have been used in vaccine
development to enhance immune responses. They

d)

e)

can encapsulate antigens or adjuvants, mimicking
pathogens and helping antigen presentation to
immune cells. Liposomal vaccines can improve the
stability and immunogenicity of antigens, leading to
better immune system activation and potentially more
effective protection against infectious diseases.
Imaging. Liposomes can be functionalized with
imaging agents, such as fluorescent dyes or contrast
agents, for various imaging techniques, including
optical imaging, magnetic resonance imaging (MRI),
and positron emission tomography (PET). These
liposomal formulations can enable targeted imaging
of specific tissues or cells, aiding in disease diagnosis
and monitoring treatment response.

Theranostics. Liposomes can combine therapeutic
and diagnostic functionalities, creating theranostic
platforms. By incorporating both therapeutic agents
and imaging agents within the same liposomal
formulation, these systems can simultaneously
deliver therapy to target sites while providing real-
time imaging to monitor treatment efficacy. Thus,
it is worth noting that liposome technology is
continuously evolving, and ongoing research aims to
enhance their stability, improve targeting strategies,
and explore novel applications in areas such as cancer
treatment, infectious diseases, and regenerative
medicine. Liposome preparation methods follow the
same concept: emulsification of lipids in an aqueous
medium. These methods include the thin-film method,
which consists of the formation of a thin film of lipids
in a rotary evaporator flask followed by hydration
and removal of layer;'* the pro-liposome method
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Table 1. List of nanomaterials utilized for pre-clinical and clinical applications

Material Method Studied application Material size  References
TiO, NPs Chemical reduction method with ~ Antibacterial, anti-inflammatory, anti-fungal 32 -48 nm 53
jasmine flower extract and anti-microbial activities
CuO NPs Chemical reduction method with  Antibacterial activity against Staphylococcus 28 nm 135
plant extract (Achillea millefolium  aureus, Mycobacterium tuberculosis,
leaf) Escherichia coli, Klebsiella pneumoniae, Proteus
mirabili, Corynebacterium diphtheriae and
Streptococcus pyogenes, and antifungal activity
against Candida albicans, Aspergillus flavus,
Microsporum canis and Candida glabrata
ZnO NPs Chemical reduction method with  Antibacterial activity against K. pneumoniae, 433 -83.1 nm 136
fruit extract (Myristica fragrans) E. coli, etc.; antidiabetic activity; cancer
treatment
Fe,O, NPs Chemical reduction method with  Antimicrobial activity, enzyme inhibition, and 29 nm 137
Sageretia thea extract antioxidant activity
PU/GNp nanocomposite In situ polymerization with Biocompatibility study through MTT assay 35 - 56 nm 138
poly(e-caprolactone)diol and (GNp)
hexamethylene diisocyanate (HDI)
AgNPs Chemical reduction method with  Antibacterial activity against S. aureus (Gram- 90 nm 139
Cucumis prophetarum extract positive) and Salmonella typhi (Gram-negative)
bacteria, and antiproliferative activity against
cancer cells
Carbon dots Chemical oxidation of graphene Fluorescent properties for biosensing and 3.0 - 6.4nm 140
oxide and carbon nanoonions bioimaging applications
SWCNTs Purified SWCNTs with HNO, and ~ Curcumin delivery system and environmental 170.4 nm 141
purified water. Functionalized applications
with curcumin through solvent
evaporation
ZIF-8°Fe, O /NAD'ENF MOF  Functionalization of Fe,O, NPs Enzymatic cascade biotransformations ~20 nm 142

with 4-carboxyphenylboronic acid

Abbreviations: GNp: Graphene nanoplatelet; MOF: Metal-organic framework; NPs: Nanoparticles; PU: Polyurethane; SWCNTs: Single-walled carbon

nanotubes; ZIF: Zeolitic imidazolate framework.

consists of dissolving lipids in water and ethanol at
60°C to create a lipid paste, which is then hydrated
with water;”®! and injection methods performed by
injecting the lipid suspension in water.'*

The optimization of these methods through green
approaches mainly focuses on reducing the formation
temperature of liposomes and using green sources for the
lipids utilized. For instance, Hou et al. managed to produce
liposomes at a relatively low temperature (35°C) by using
a vacuum-rotatory evaporation.'® A similar technique was
used by Siyadatpanah et al. by preparing liposomes at 45°C
through a vacuum evaporation method."** However, both
works use chloroform for liposome formation, a toxic non-
green solvent.

5. Pre-clinical and clinical status of different
nanomaterials

As mentioned in earlier sections of this review,
nanomaterials are becoming more common in the

biomedical field for clinical applications. Furthermore,
in some instances, these materials can be prepared or
synthesized through sustainable and green methodologies
without sacrificing their physicochemical and biological
properties. Table 1 presents a list of pre-clinical applications
of different eco-friendly nanomaterials.>>'3*4!

In recent research, various nanoparticles have
been synthesized using eco-friendly plant extracts and
functionalized polymers for targeted applications in
biomedicine and environmental science. TiO, NPs,
produced through chemical reduction with jasmine
flower extract, have demonstrated antibacterial,
anti-inflammatory, antifungal, and antimicrobial activities,
with particle sizes ranging from 32 to 48 nm.” Similarly,
CuO NPs synthesized using Achillea millefolium leaf extract
exhibits potent antibacterial effects against pathogens such
as S. aureus and M. tuberculosis, along with antifungal
properties, at an average size of 28 nm."** ZnO NPs, created
with Myristica fragrans fruit extract, have shown promise
in antibacterial and antidiabetic applications and even
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cancer treatment, with sizes ranging between 43.3 and
83.1 nm."*® Meanwhile, Fe;O5; NPs derived from Sageretia
thea extract exhibit antimicrobial, enzyme inhibition, and
antioxidant activities at a size of 29 nm."*® Polyurethane/
graphene nanoplatelet (PU/GNp) nanocomposites,
synthesized by in situ polymerization, were tested for
biocompatibility through MTT assays, with GNp sizes
ranging from 35 to 56 nm."” Ag NPs from Cucumis
prophetarum extract demonstrated antibacterial and
antiproliferative activities against S. aureus and Salmonella
typhi, with a size of 90 nm."”® Carbon dots produced
through the chemical oxidation of GO and carbon nano-
onions offer fluorescent properties suitable for biosensing
and bioimaging, sized between 3 and 6.4 nm."** SWCNTs
functionalized with curcumin through solvent evaporation
serve as a curcumin delivery system, with additional
environmental applications and an approximate size of
170.4 nm." Finally, ZIF-8°Fe,O,/NAD*ENF MOF was
used for enzymatic cascade biotransformations.'*!

6. Future perspectives

Green synthesis methods for nanomaterials often
involve extracting the desired material from a precursor
similar to traditional approaches. However, these green
techniques typically yield lower outputs than conventional
methods, and it remains challenging to fully optimize
each methodological aspect to ensure a wholly sustainable
approach. In addition, traditional wet chemistry methods
employ a continuous production process that aligns
well with scalable industrial applications, whereas green
synthesis is usually conducted in batch processes, posing
scalability limitations. Advancing green synthesis will
require further research to develop methodologies that
enhance efficiency and effectiveness, reduce environmental
impact, and maintain high performance. This research
should extend beyond the nanomaterials covered in this
article to include ceramic nanoparticles, other MOFs, and
lipid-based, and polymeric nanoparticles, which could also
benefit from the methods discussed here.

7. Conclusions

The methods employed for the synthesis of nanomaterials
have traditionally had negative impacts on the environment;
however, they can be fine-tuned to produce comparable
results while minimizing their environmental impact. The
physical and chemical properties of the nanomaterials
presented for biomedical applications, as well as their
synthesis methods, can be manipulated to control their
behavior and activity. Despite the potential benefits of
green synthesis, it stays challenging with limitations such
as low yield and difficulties in extracting raw materials
from natural sources. To fully realize the potential of green

synthesis methods, these challenges must be addressed,
and efforts must be made to establish these methods as
standard procedures.
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A simple manual neck examination predicts
the apnea-hypopnea index obtained from
polysomnography
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'Department of Psychiatry, Faculty of Medicine, University of Ottawa, Ottawa, Ontario, Canada
2Department of Sleep Research, University of Ottawa Institute of Mental Health Research, Ottawa,
Ontario, Canada

*Department of Psychiatry, The Ottawa Hospital, Ottawa, Ontario, Canada

Abstract

While questionnaires are common ways to screen patients suspected of having sleep
apnea, the “gold standard” of diagnosis by nocturnal polysomnography is not easily
available in many clinical settings. This is particularly true outside of Europe and North
America. Even in the latter, there are long waiting lists for assessment and the costs
of polysomnography are high. In this study, we created a new screening test based
on a simple physical examination that we called the Douglass gagging test (DGT). It
involved the clinician pressing lightly on a seated patient’s anterior neck above the
thyroid cartilage while the patient inspired deeply. Airway breath sounds were rated
on a five-point scale. Using this scale with a series of 224 consecutive patients referred
toanurban sleep disorders center, we successfully predicted the severity of the apnea-
hypopnea index (AHI) as measured by polysomnography. Using multivariate Poisson
regression, the DGT was then compared to the ability of other rating scales that are
based on physical examination to predict AHI: the Friedman tonsil size scale (rated 0
- 4), and the modified Mallampati scale (classes 1 — 4) which assesses visibility of the
soft palate. Other predictors included sex, age, Epworth sleepiness scale (ESS), and
body mass index (BMI). The regression coefficients showed strong prediction of AHI
by the DGT and weaker prediction by age, sex, and BMI. There was non-significant
prediction by the Friedman and Mallampati scales. In conclusion, this simple test,
which requires only 30 s to perform, constitutes a viable clinical screening tool for
sleep apnea. It might be particularly useful in rural or underdeveloped areas where
complex diagnostic equipment such as the polysomnogram is not easily available.
Further investigation of the DGT in larger samples and different populations is
warranted.

Keywords: Sleep apnea diagnosis; Airway sounds; Mallampati score; Friedman tonsil
index; Oropharynx; Tongue base; Polysomnography

1. Introduction

Since the original description of obstructive sleep apnea (OSA) by Guilleminault et al.
at Stanford University Sleep Disorders Center,' where the nocturnal polysomnogram
(NPSG) was developed in the late 1970s,* this previously unrecognized condition has
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been found to occur internationally at the rate of 12% of
the general population for all types of sleep-disordered
breathing (SDB, minor to severe) and at the rate of 5% for
moderate to severe OSA.> While these authors noted some
racial, ethnic, and geographic differences, they showed
that the condition is found in all countries and populations
at approximately the same rate, attesting to its biological
etiology. In most cases, its etiology is attributed to reversible
obstruction of the “soft” airway, that is, the airway superior
to the vocal cords. OSA has strong associations with
pathological daytime sleepiness, hypertension, type 2
diabetes, and myocardial infarction.* The most common
and least invasive treatment is continuous positive airway
pressure (CPAP) for OSA, but various otolaryngological
surgeries that produce various outcomes against SDB have
been proposed.’

Since 1976, OSA has been reliably identified through an
NPSG. Recently, milder forms of SDB such as hypopneas
and the even milder respiratory event-related arousals
(RERAs) have been identified and found to cause sleep
disruption similar to OSA in many patients,® although
they cause less hypoxia. Due to the diverse definitions of
RERAs, we did not assess them in this study.

For many years, the NPSG has been the only definitive
way to identify SDB. However, in North America and
Europe, despite most major hospitals having a sleep
laboratory, it is still a scarce resource in rural and isolated
areas. In many other countries, NPSG is essentially
unavailable. While NPSG is still regarded as the “gold
standard” for diagnosis of SDB, it is also a labor-intensive
procedure that presently costs upwards of US$ 1000 per
night” and even existing sleep disorders centers have long
waiting lists.

For this reason, other methods that enable instant and
economical identification of SDB have been proposed.
In this context, a simple screening test that could easily
detect the characteristics of SDB is required so that the
patient could be referred for more rigorous diagnosis
and treatment. Such screening tests fall into one of four
categories: (i) patient self-report questionnaires (see
below); (ii) simple physical examination methods;*’
(iii) portable “wearable” electronic devices'®" that
essentially perform some or all of the functions of an
NPSG; and (iv) high-technology devices such as skull
imaging through computed tomography (CT) scan,
magnetic resonance imaging (MRI), cranio-facial X-ray,
or ultrasound evaluation of the upper airway, although the
latter equipment is not the focus of the present paper.

Numerous questionnaires have been validated against
NPSG for the identification of OSA. These include: STOP-
Bang,'? Berlin Questionnaire,”* SDB subscale of the Sleep

Disorders Questionnaire (SDQ)-2,'* the NoSAS,”* and
the OSA50.' There have also been several critical reviews
of these and other questionnaires'”"® focusing on their
sensitivity to the presence of SDB and their specificity
in excluding other diagnoses. This is usually reported
as a receiver operating characteristics (ROC) analysis
using the NPSG as the gold standard. In summary, very
few questionnaires have a sensitivity over 70% with a
simultaneous specificity of over 60%, and therefore, their
positive and negative predictive values leave much to be
desired, considering the modest fraction of the population
who suffer OSA or milder SDB. While questionnaires
can be suggestive of SDB, they fall considerably short of
a diagnosis on which treatment decisions could be made.

Physical examinations that have been used to predict
the presence of SDB include: body weight and body
mass index (BMI); neck circumference; and oral cavity
examination rating scales such as the modified Mallampati
(MM) soft palate position scale (scored 1 - 4) and the
Friedman tonsil size (FTS) scale® (scored 0 — 4 with “0”
indicating that tonsils have been removed). As these two
tests have been performed in different ways by different
clinicians, Yu and Rosen? summarized the accepted way
to perform them and also reviewed individual papers
and meta-analyses that showed a modest but significant
prediction of OSA by both techniques. In brief, the MM
palate assessment is performed with the mouth wide open
and the tongue protruded, while in the FTS, the tonsil size
is rated with the tongue at rest in the open mouth. Yu and
Rosen concluded that there was still debate about the utility
of these two rating scales due to their relatively modest
correlations with polysomnographic OSA diagnosis,
higher correlations in men compared to women, and low
inter-rater reliability (kappa = 0.36).

Confusion in the literature arises due to a second
rating scale proposed by Friedman, the “Friedman
tongue position” (FTP) scale, which to simplify, is an MM
examination with the tongue in the rest position. The FTP
was not employed in the present study. Therefore, in the
present paper, MM refers exclusively to assessment of palate
position and visibility, while the FTS refers exclusively to
tonsil size.

It can be seen from the above discussion that almost
all non-NPSG diagnostic methods are essentially
observational and correlational in nature. Only modern
“wearable” electronics that replicate some or all of the
functions of an NPSG are truly diagnostic, yet they
come at a significant cost and their results require expert
interpretation. Even the gold standard NPSG is only a
snapshot of a single night of sleep, which may or may not
include supine rapid eye-movement (REM) sleep — where
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apneas are usually worse due to the normal REM paralysis
of striate muscles. Although assessment of breathing under
anesthesia with manual pressure applied on the throat*
has been proposed, this is virtually the only provocative
test available for SDB and is not practical for most patients.

The rationale for the present study was to examine if
a rapid, simple, and non-invasive stress test of airway
collapse could be devised for use by any physician in the
course of a general physical examination. For maximum
utility, it was crucial that it should be executed without the
use of specialized equipment and with the patient awake.
Such a test could potentially produce a graded rating scale
to predict airway collapsibility in sleep, perhaps performing
better than the above demographic, morphometric, or
questionnaire methods. This daytime test would need to
be validated against NPSG. Our solution was a simple
“gagging test” that uses mild standardized pressure against
the anterior neck of the patient while they are seated and
performing a moderately deep inspiration.

This study was approved by the Research Ethics Board of
the University of Ottawa Institute of Mental Health Research
at the Royal Ottawa Hospital (approval no.: 200620).

2. Materials and methods
2.1. Materials

This study included 224 sequential referrals, usually by
their general practitioner, to a sleep disorders clinic at a
university-affiliated hospital in a large Canadian urban
center. The presenting complaint was either disturbed
sleep or suspected sleep apnea.

At the consultation visit, patients completed the
Epworth Sleepiness Scale (ESS)* and had BMI calculated
from their measured height and weight. The same
examining physician (the first author) assessed all patients,
to reduce error variance. At the ear-nose-throat portion
of the physical examination, the physician recorded the
FTS and MM scales, then filled out a rating of airway
sounds - the Douglass gagging test (DGT) - as described
in section 2.2. No specialized equipment was used for the
examination. Since the DGT and all examination data
were collected before the NPSG, this study was double-
blind with respect to the apnea-hypopnea index (AHI)
measured on the NPSG.

All patients then underwent a standard NPSG using
procedures and methods promulgated by the American
Academy of Sleep Medicine (AASM),** which includes
regular assessments of technician inter-rater reliability. The
16-channel NPSG was recorded using the Embla Sandman
Elite sleep-diagnostic hardware and software system. Sleep
waveforms and SDB were recorded on computer disk

(Windows 10 operating system) and scored the next day
by Registered Polysomnographic Technicians (RPsgT)
using the above published AASM criteria. The NPSG
data of interest were the AHI, along with sleep continuity
measurements.

2.2. Method 1

Note that the DGT rating scale presupposes relatively
normal waking airflow in the collapsible airway. Conditions
such as excessive bronchial secretions, allergic reactions,
acute asthma, or uncontrollable coughing would invalidate
the test. The DGT was performed using the following
procedures:

e  Patient sits in an upright position, with mouth closed
(unless nose is completely obstructed, in which case
the mouth can be open a few millimeters). The patient
is instructed to begin a moderately deep inspiration.
The examiner applies thumb pressure to the patient’s
neck just after the inspiration commences.

e The “fingerprint” part of the examiner’s thumb is
applied to the anterior mid-line of the patient’s neck,
immediately above the thyroid cartilage, with the
fingers loosely cupping the patient’s neck.

e A thumb press with a force of 3 Newtons is applied
to the anterior neck. This force was not measured
with any engineering devices; rather, a clinical
approximation to the desired 3-Newton force was
made as follows: the single examiner (first author)
practiced lifting a 300-gram weight with a string tied
to his thumb. Subjectively, this force was found to be
similar to compressing by 1 cm the side of a 20 cm tall
thin-walled single-use water bottle, which was used to
practice the maneuver.

e The direction of thumb force starts from the position
above the thyroid cartilage but is then angled vertically
and posteriorly at about 45 degrees, aiming toward
the skull vertex. The intended purpose of the force
is to provoke airway collapse between the base of the
tongue and the posterior oropharynx.

e Even in a slim normal female, this force causes nil to
minimal airway obstruction noise. In contrast, even
heavy male sleep apnea patients with thick necks
were noted to experience severe to complete airway
obstruction (nil breath sounds) during this mild
challenge to airway patency.

2.3. Method 2

To assess airway collapsibility, airway sounds while throat
pressure is applied during inspiration are rated on the
DGT, a 5-point scale (0 - 4):

e 0= Nil audible airflow;

e 1 =Minimal but discernable sounds of airflow;
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e 2 =Loud airflow noise with some tactile fremitus;

e 3 =Continuous fremitus and loud gurgling during the
inspiration;

e 4 = Complete airway obstruction (i.e., silence); harsh
glottal stop.

2.4. Statistical analysis

The statistical software employed was the “MASS: glm”
package of the R Statistical System, version 4.3.3. A cross-
tabulation table of sex versus AHI with Chi-squared
analysis was used to illustrate sex differences in AHIL

We used Poisson regression with a proportional odds
model to predict the AHI from three airway predictor
variables (numerical scoring ranges in brackets): MM
classes (1 — 4), FTS scale (0 - 4), and DGT (0 — 4). Other
predictor variables included age, sex, BMI, and ESS. The
regression coefficients were reported in both raw and
exponentiated form to facilitate comparisons.

To accommodate this statistical model, the AHI from
the NPSG was also quantized into five ordered categories,
labeled as follows: 0 = Normal (0 < 5 respiratory events/h);
1=Mild (5 < 15 events/h); 2 = Moderate (15 < 30 events/h);
3 = Moderately severe (30 < 60 events/h); and 4 = Very
severe (60+ events/h).

3. Results

The patient group comprised 124 males and 100 females.
Because we required at least 60 min of polysomnographic
sleep for the AHI estimate to be reliable, eight males and
one female had to be removed from the dataset, leaving
a total of 215 subjects. Those patients removed tended to
have very severe apnea that disrupted their sleep, which
may have reduced the power of the statistical results.

The mean age of the male and female subjects was 47.2 +
14.2 years and 48.2 + 15.5 years, respectively. Mean BMI of
the males was 29.5 + 6.4 kg/m? and of the females was 30.7
* 9.4 kg/m?. Mean sleep efficiency of the males was 58.5
* 30.4% and of the females was 67.7 + 26.4%. Total sleep
time was 232 + 136 min for the males and 282 + 127 min
for the females. Mean wake after first sleep onset (WASO)
for the males and the females was 59.9 + 52.9 min and 65.7
* 64.7 min, respectively. Mean AHI of the males was 30.2 +
27.0 events/hr and of the females was 20.5 + 26.1 events/hr.
Mean minimum arterial oxygen saturation of the males and
the females was 87.8 + 14.6% and 87.2 + 16.6%, respectively.
The average duration of the longest apnea was 26 + 20.1 s in
the males and 19.6 £ 15.5 s in the females.

Table 1 shows a cross-tabulation by sex and AHI
category. There was a significant difference in the pattern
of severity, with males having more of the severe SDB and

less of the mild SDB than the females (%> = 21.36, df = 4,
p = 0.0003). Table 2 shows the results of the multivariable
Poisson regression of the variables predicting AHI
category. Among these, the DGT significantly predicted
the AHI score while the MM, FTS, and ESS scales did not.
Also shown are some less significant predictors of AHI
category, namely age, sex, and BML

Table 1. Cross-tabulation of frequency by sex and AHI
category

Gender AHI category

0 1 2 3 4
F 14 38 25 18 4
M 7 21 38 31 19

Note: Males had significantly worse apnea-hypopnea index (AHI) on
nocturnal polysomnogram (x’=21.36, df=4, P=0.0003). See text for
explanation of AHI categories. Numbers in the body of the table are
frequency counts.

Table 2. Multivariate Poisson regression model

Coefficient Exp (Coeff) S.E. Z-value Pr(>|z|)

(Intercept) -0.678 0.507 0.281 -2.408 0.016*
Age 0.007 1.007 0.003 2.210 0.027*
Sex (male) 0.301 1.351 0.102 2.953 0.003**
BMI 0.018 1.018 0.006 2.952  0.003**
ESS_level mild -0.030 0.970 0.118 -0.262 0.793
ESS_level mod 0.052 1.053 0.233  0.225 0.821
ESS_level severe ~ —0.271 0.762 0.242 -1.121 0.262
DGT 0.140 1.150 0.039 3.541 0.0004***
FTS Tonsils 0.009 1.009 0.053  0.180 0.857
MM Palate 0.015 1.015 0.049 0.307 0.759

Null deviance: 144.583 on 214 degrees of freedom
Residual deviance: 96.113 on 205 degrees of freedom
AIC: 646.74

Notes: This multivariate Poisson regression model used a 5-point
apnea-hypopnea index (AHI) scale (see text) as the dependent variable
and the three anatomical rating scales (Douglass gagging test [DGT],
Friedman tonsil size scale [FTS], modified Mallampati scale [MM]; see
text) as well as body mass index (BMI), Epworth sleepiness scale (ESS;
reference level “normal”), age, and sex (reference level “female”) as
predictor variables. The ESS, MM, and FTS scales were not statistically
significant and did not successfully predict the AHI. **P<0.001,
**P<0.01, *P<0.05.

Abbreviations: AIC: Akaike information criterion; Coeff: Regression
coeflicient from the Poisson regression; DGT: Douglass gagging test;
Exp (Coeff): Base of the natural logarithms exponentiated by Coeff,
which can be interpreted as follows: A one-point increase in DGT, such
as from 0 to 1, predicted a 1.15 point increase in the AHI scale; FTS
Tonsils: Friedman tonsil size scale; MM Palate: Modified Mallampati
soft palate position scale; Pr(>|z|): Statistical significance of Coeff;

S.E.: Standard error of Coeff; Z-value: Multivariate Z-score from the
regression.
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Figure 1. Dot plot of 215 patients who were assessed by the Douglass
gagging test, whose 0 — 4 scale is shown on the X-axis. Some dots
represent more than one patient. The logarithmic vertical Y-axis shows
the distribution of the apnea-hypopnea index (AHI) of these patients
as measured on nocturnal polysomnogram. Dotted blue line is a least-
squares regression fit for illustrative purposes but see the Poisson
regression in Table 2 for accurate regression parameters. Solid blue line
indicates AHI = 5 per hour, so all patients below this line have a “normal”
AHL

Figure 1 shows the AHI observed in patients at various
levels of the DGT. A horizontal line indicates the AHI level
below which a patient is regarded as “normal”

4, Discussion

Creation of the DGT was successful in that it has now been
validated against the AHI derived from a polysomnogram
on each patient. In other words, the DGT does predict
the presence of SDB, as measured by AHI, from a simple
30-second office examination. In the present study, the
performance of the DGT in this regard was superior to that
of the MM and FTS scales, neither of which succeeded in
significantly predicting the AHI, although as noted above
they did achieve significant prediction in some previous
studies. Interestingly, it has been reported that tonsil size
is relatively non-predictive of AHI, and that patients who
have had tonsils removed as a child have even a slightly
worse AHI than those who did not.*» BMI has been found
to be a predictor of AHI in a previous publication,? as was
the case in the present study.

One possible reason that the DGT is superior to a rating
of palate shape or tonsil size is that DGT is in effect a “stress
test” of the complex system of anatomy and muscle tone that
maintains a patent airway against the negative pressure of
inspiration. In other words, it does not rely on an assessment
of static anatomical features such as tonsils, tongue, soft
palate, BMI, or neck circumference - although, taken
together, these could all possibly contribute to airway collapse
in different patients. In contrast, apnea questionnaires focus

on self-reported symptoms such as snoring and daytime
sleepiness but do not assess the abnormal physiology that
treatments such as CPAP are designed to correct.

An important but unanswered question is, “which site
of airway obstruction is identified by the DGT?” Although
the DGT is initiated at the tongue base/hyoid area, we do
not as yet have manometry data to indicate exactly which
levels of the airway are affected by the DGT. Given the
superior-posterior direction of its force vector, the DGT
could possibly be affecting higher levels of the airway.
However, there have been several experimental and review
papers that have identified the sites of obstruction in
various OSA patients.

Katsantonis et al.?’ studied 20 OSA patients during
NPSG, 19 of whom were male, using a catheter with four
pressure transducers placed at posterior nasopharynx,
tip of uvula, level of the hyoid bone/base of the tongue,
and mid-esophagus. In 14/20 patients, obstruction was
confined to the oropharynx; this extended to the base of
the tongue in 7/20; another 6/20 had collapse only at the
base of the tongue or hypopharynx.

Demin et al® used a catheter with five solid state
pressure transducers during NPSG on 24 male and six
female OSA patients. Transducers were located from the
nasal cavity to the esophagus. They found three main sites of
obstruction during sleep: 9/30 had obstruction primarily at
the soft palate; 15/30 had obstruction both at the soft palate
and the tongue base; and 6/30 had obstructions alternating
between nasopharynx, soft palate, and tongue base. Pressure
abnormalities correlated to AHI (r = 0.471) but more
robustly with longest duration of apnea (r = 0.800).

An extensive review article by Stuck and Maurer®
reported evidence from a number of airway evaluation
methods, including the Mueller maneuver, X-ray
cephalometry, CT, MRI, endoscopy during sleep, and
pressure manometry at various sites. The clinical Mueller
maneuver involves observing three levels of the airway with
a flexible endoscope while the awake patient voluntarily
inhales with nose and mouth closed. They concluded that
the sites of obstruction found by the Mueller maneuver
do not reliably reflect the sites that occur during sleep
and its reliability is questionable. Combining data from
23 papers, Table 1 of their paper shows a cross-tabulation
of sites of obstruction that have been identified using
various methods of airway assessment. Overall, the sites of
obstruction were found to be palatal (47%), retro lingual
(23%), combined (14%), epiglottal (4%), and unknown
(12%). Their review of multi-channel pressure recordings
concluded that there is high sensitivity and specificity of
these techniques with respect to apneas detected on the
NPSG and also a high night-to-night reliability.

Volume 3 Issue 4 (2024)

doi: 10.36922/gtm.4548


https://dx.doi.org/10.36922/gtm.4548

Global Translational Medicine

New neck examination for sleep apnea

In summary, it is possible that the DGT only detects
OSA obstruction at the base of the tongue; alternatively,
it might detect multi-site obstructions as noted above. In
any case, it is possible that some sites of obstruction would
not be identified by the DGT, thereby producing a false-
negative result. The answer to this question will have to
await a comparison of the DGT versus sleep manometry
of the airway.

One limitation of the present study is that it was
performed with patients who were already suspected by
their referring doctor of having a sleep disorder, possibly
OSA. They were not a random sample of the general
population; therefore, the DGT may not achieve the same
significant prediction of AHI if used for much wider
screening. This will need to be addressed in future large
validation studies.

Typically, statistical regressions of the type used in
the present study are performed separately for males and
females. However, considering the relatively small sample
size of this study, it was decided to pool the sexes to get
results that were more statistically reliable and instead to
enter sex as one of the predictor variables in the regression
model. Future validation studies will need to be done
separately on males and females.

Another limitation of this study is that it was done
on North American patients whose ethnicity was
overwhelmingly white-European, so the findings may
not be generalizable to other racial, ethnic, or geographic
populations.*® Therefore, research on more diverse
populations is necessary to confirm the efficacy and
universality of this test; these should include a reasonable
proportion of participants who do not have OSA, to
provide an adequate “floor” for the statistical distribution.
In addition, much larger sample sizes will be required in
future studies.

The present findings are encouraging but preliminary.
The next step would be to do an ROC analysis of the
DGT. This test would be used to define a “cut-oft” DGT
rating that corresponds to the threshold between normal
and abnormal AHI values on the NPSG. To make the
analysis clinically relevant, the cutoff point should be
chosen so that cases regarded as positive on the DGT
would predict levels of AHI that would merit dental or
CPAP treatment in a sleep disorders center. This is not to
say that milder levels of SDB such as RERAs are clinically
irrelevant but the purpose of the DGT is to identify the
need for treatment of significant SDB. The ROC would
also provide values for the sensitivity, specificity, positive
predictive value (PPV), and negative predictive value
(NPV) of the DGT. Sensitivity refers to the ability of the
DGT to detect SDB if it is present. Specificity refers to the

ability of the DGT to specifically exclude SDB if it is not
present. NPV and PPV refer to the number of patients
who would need to be evaluated by DGT to find one who
merited treatment. These values vary depending on the
prevalence of SDB in the population studied. Finally,
the DGT has not yet been compared to more complex
anatomical assessments such as cranio-facial X-ray, CT,
MRI, or other in vivo tests such as airway sound analysis
when asleep, or airway patency under anesthesia. It is
possible that further aspects of the DGT could be brought
to light by such comparisons.

5. Conclusion

The DGT has been successfully validated against the AHI
derived from a night of polysomnography. In addition, its
prediction of the AHI proved to be superior to ratings of
tonsils or soft palate alone. A DGT is a simple addition
to any routine physical examination, requiring minimal
preparation by the examiner and requiring only 30 s
to perform. In contrast to questionnaires about sleep
apnea, it does not rely on the patient’s reading ability,
language skills, or memory. In other words, the DGT is
an objective test. However, in other studies, the FTS scale,
MM scale, sex, BMI, and several self-report sleep apnea
questionnaires have also shown significant correlations to
polysomnographic AHI, which is the gold standard. The
DGT appears to be a novel addition to the above anatomical
evaluations, perhaps tapping a new source of variance in
the evaluation of the airway in OSA. In the absence of a
sleep laboratory, a general practitioner could combine
all of the above measures to make a rational decision on
whether to refer the patient to a specialist, or in an isolated
setting, to consider emergent treatment.
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Abstract

This study aimed to compare sub-Tenon’s and retrobulbar blocks during vitreoretinal
surgery in terms of postoperative pain and surgeon experience. This prospective study
included 53 patients scheduled for 23-gauge pars plana vitrectomy underlocal anesthesia.
Patients were nonrandomly assigned to receive a xylocaine injection through either the
transconjunctival sub-Tenon'’s or retrobulbar routes, supplemented with intravenous (IV)
sedation (midazolam +fentanyl). A sharp needle was used for both techniques. In the sub-
Tenon'’s group, anesthetic injection was initiated through subconjunctival administration
after prepping and draping. Pain was assessed immediately postsurgery and the following
day using a standardized questionnaire. Patient and surgeon satisfaction levels, along
with complications in each group, were recorded. Of the 53 patients, 42 (79%) received
the sub-Tenon’s block and 11 (21%) received the retrobulbar block. No statistically
significant differences in pain scores, patient satisfaction, or surgeon satisfaction were
found between the groups. Postoperative pain and surgeon satisfaction were negatively
correlated in both groups (B = —0.465; P < 0.001), and a moderate-to-high correlation
was observed between patient and surgeon satisfaction (B = 0.686; P < 0.001). Overall,
sub-Tenon’s and retrobulbar blocks showed comparable effectiveness in terms of
postoperative pain and patient and surgeon satisfaction in vitreoretinal surgery, with no
significant differences in outcomes or complication rates.

Keywords: Retrobulbar block; Sub-Tenon's; Vitreoretinal surgery; Local anesthesia;
23-gauge vitrectomy; Ocular pain questionnaire

1. Introduction

In ophthalmic surgery, anesthesia not only relieves pain but also facilitates extraocular
muscle akinesia.! An increasing preference for local anesthesia in ophthalmic surgeries
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enables quicker postoperative mobilization and patient
discharge.”® Three principal techniques - retrobulbar,
peribulbar, and sub-Tenons block - are available for
delivering anesthetic agent around the cranial nerves
supplying the eye. The route of administration and the
anatomical location of delivering the medication are the
main difference, but all aim to numb the nerves supplying
the ocular tissue. The difference in delivering medication
may influence their efficacy and safety.®”

In retrobulbar and peribulbar anesthesia, a needle
delivers anesthetics directly into intraconal and extraconal
spaces, respectively. In the retrobulbar technique, the
needle enters the intraconal space, located behind the globe
within a cone of muscles and connective tissues. Anesthetic
injection in this space blocks the optic, oculomotor,
trochlear, and abducens nerves, preventing the movement
of the extraocular muscles and immobilizing the eye during
surgery. The retrobulbar block also numbs the cornea,
conjunctiva, uvea, and sclera by blocking the ciliary nerves,
providing approximately 45 min of anesthesia — typically
sufficient for many ophthalmic procedures. Conversely,
the peribulbar technique involves injecting anesthetic into
the extraconal space, which is outside the cone of muscles,
around the globe. While it offers similar anesthetic effects
as retrobulbar anesthesia, peribulbar anesthesia requires
a larger volume, has a delayed onset, and often does
not achieve akinesia. This technique provides broader
anesthesia around the eye, which can be beneficial in
certain surgical contexts.

Both techniques, however, carry risks. Although rare,
globe perforation is a serious complication of blind needle
penetration, particularly in myopic eyes with longer axial
lengths and thinner sclera in retrobulbar anesthesia.
Peribulbar anesthesia carries similar risks but at alower rate.
Myopic patients with scleral anomalies, such as staphyloma,
face an increased risk.® Retrobulbar hemorrhage is another
potential complication of retrobulbar anesthesia, which
may occur if the needle punctures an artery or vein,
leading to proptosis, ecchymosis, lid swelling, and elevated
intraocular pressure. These conditions are threaten vision.
If hemorrhage occurs, emergent lateral canthotomy and
cantholysis should be performed, and the planned eye
surgery should be postponed. In addition, admission and
vision monitoring may be necessary due to the risk of
retrobulbar rebleeding. The venous puncture may lead to
slower bleeding with eventual chemosis.

Other possible complications of retrobulbar anesthesia
include ptosis, chemosis, extraocular muscle injury, central
retinal artery occlusion, optic nerve damage, proptosis, and
hypertonia. These risks emphasize the need for precision
from an experienced ophthalmologist or anesthesiologist

and careful monitoring during the administration of
retrobulbar anesthesia to minimize risks and ensure
patient safety.>*'* Brainstem anesthesia may occur due
to retrograde anesthetic flow from the ophthalmic artery
to the cerebral or internal carotid artery or due to dural
puncture around the optic nerve. This lethal complication,
while rare, can manifest as apnea, bradycardia, hypotension,
and seizures. Surgical teams must be aware of preventive
measures and equip the ophthalmic surgery room with
resuscitation equipment.

First described in 1884, the sub-Tenon’s capsule block
gained popularity for cataract surgery in 1994.**!* Tenon’s
capsule, composed of dense elastic and vascular tissue,
forms a sleeve-like covering for the extraocular muscles
and globe, extending from the limbus to optic nerve. The
sub-Tenon’s space, between the sclera and Tenon’s capsule,
contains ciliary nerve endings (Figure 1). Injection of
anesthetics into the episcleral area allows the medication
to diffuse through the posterior Tenon’s capsule into the
retrobulbar space without penetrating the orbital space,
thus reducing the risk of life-threatening complications.
Anesthesia diffuses along the extraocular muscle sheaths
and into the eyelid, providing akinesia and analgesia
within minutes. Anesthetics may be administered through
a conjunctival incision, followed by blunt cannula infusion
or by transconjunctival needle penetration into the sub-
Tenon’s space.*!* Subconjunctival hemorrhage, hematoma,
chemosis, orbital cellulitis, extraocular muscle paresis,
and optic neuropathy have been reported following sub-
Tenon’s injection.’®!” There is also an increase likelihood
of vomiting following pars plana vitrectomy for the repair
of retinal detachment due to eye manipulation and the
oculo-emetic and oculo-cardiac reflexes.’® Regarding the
rate of complications with these three techniques,"” some
studies indicate that sub-Tenon’s anesthesia has a lower

Figure 1. Illustration of injection sites for sub-Tenon’s and retrobulbar
blocks
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complication rate than other techniques®*, whereas others
report no significant differences.

Although multiple studies have compared these three
techniques, results on complication rates and eflicacy
are inconclusive.5®!12202328 Few studies have directly
compared retrobulbar and sub-Tenon’s anesthesia in
vitreoretinal surgeries or assessed postoperative pain,
surgeon experience, or satisfaction in vitreoretinal
cases.”” As sub-Tenon’s anesthesia appears safer, we
aimed to assess its potential as an alternative to retrobulbar
block. This study aimed to compare sub-Tenon’s and
retrobulbar techniques in vitreoretinal surgeries, with
a focus on postoperative pain, nausea, vomiting, and
surgeon experience.

2. Materials and methods

This comparative case series involved consecutive patients
who underwent posterior pars plana vitrectomy under local
anesthesia, with or without concurrent cataract surgery,
at Farabi Eye Hospital. All surgeries included scleral
indentation and laser. Participants were nonrandomly
assigned to receive either sub-Tenon’s or retrobulbar
anesthesia, with the technique alternating daily. Exclusion
criteria included a history of substance use, chronic
pain, major psychiatric disorders, and cerebrovascular
or neurologic diseases. The Human Research Ethics
Committee of Tehran University of Medical Sciences
approved the study protocol (refer to Appendix). This
study was in accordance with the principles of the Helsinki
Declaration. All patients provided oral and written
informed consent.

After transferring the patients to the operating room,
sedative medications (0.02 mg/kg midazolam and 1 mg/kg
fentanyl) were administered intravenously in both groups
for anxiety reduction and cooperation during injection. In
the retrobulbar group, we injected 3 - 4 mL of 2% xylocaine
(with or without hyaluronidase) in the retrobulbar space
from the inferotemporal part of the eyelid using a 23- or
25-gauge needle of 1.5 inches (38 mm) in length before
sterile preparation and draping. Ocular massage was
performed after injection to distribute the drug effectively.
This additional step is crucial in ensuring that the drug
is adequately dispersed, providing adequate anesthesia
throughout the surgical procedure.

In the sub-Tenon’s group, we applied topical anesthetic
in the eye. This initial step was intended to provide
preliminary numbness of the ocular surface and minimize
discomfort before prepping with betadine, followed by
careful sterile preparation and draping. We used a 27-gauge
needle to puncture the conjunctiva in the inferotemporal
and/or superotemporal areas of the sub-Tenons space

to inject 3 — 5 mL of 2% xylocaine. An additional 1 cc of
2% xylocaine was injected subconjunctivally, with 0.5 cc
administered on each nasal and temporal side at the site
where the sclerotomy incision would be made. Ocular
massage at the injection site was performed to promote
faster diffusion of the anesthetic.

In both groups, additional sedation was administered
and documented if patients experienced discomfort during
surgery. Patients were also provided with acetaminophen
tablets during the 24-h postoperative period if they
reported pain.

A questionnaire designed to assess postoperative pain
and comfort levels were administered to each patient
twice: once immediately after surgery in the recovery
room and again 24 h postsurgery. This dual assessment
helped confirm the reliability of evaluations regarding
patients’ pain and satisfaction levels over time (Appendix).
Questions regarding patient pain and comfort levels
during surgery and in the recovery room were analyzed as
separate items to better assess the overall patient experience
in the operating theater. The patient questionnaire, which
utilized a Visual Analog Scale, scored responses on a
4-point scale with ratings of excellent (8 - 10), good (6
- 8), fair (3 - 6), and poor (0 - 3). In addition to pain
and comfort assessments, occurrences of intraoperative
and postoperative nausea, vomiting, and ophthalmic
complications were recorded through patient and surgeon
feedback. The investigator assessing the patients was
blinded to the method of local anesthesia used. Surgeon
satisfaction factors included surgery duration, adequate
akinesia, hemorrhage occurrence, and patient comfort
during the procedure. All surgeries were performed by
one expert (N.E.) to ensure consistency in technique and
approach. Each surgery involved ocular pathology that
required scleral indentation and laser photocoagulation
during vitrectomy.

Data were entered into SPSS Statistics for Windows,
version 23 (IBM Corp., Armonk, New York) and analyzed
using descriptive statistics, including mean and standard
deviation for quantitative valuesand numberand percentage
for qualitative values. The normality of quantitative
data was assessed using the Kolmogorov-Smirnov test.
Variables with normal distribution were compared using
an independent t test, whereas nonparametric variables
were analyzed using the Mann-Whitney U test. Spearman
correlation was used to evaluate variable associations. A p
value of <0.05 was considered statistically significant.

3. Results

Fifty-three participants (29 males [55%]) were included in
the study, with a mean patient age of 64.84 + 11.6 years
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(SD) and a range of 39 — 98 years. The mean participant
weight was 70.3 + 14.8 kg (range, 47 - 120 kg). Eleven
patients received retrobulbar anesthesia, and the remaining
42 patients received sub-Tenon’s capsule anesthesia.

No patient required additional sedation beyond initial
administration. Six patients in the sub-Tenon’s group and
none in the retrobulbar group reported postoperative
nausea and/or vomiting. In our study, one surgery was
excluded due to retrobulbar hemorrhage (Figure 2). No
statistically significant differences were observed between
the two groups regarding demographic factors such as
age, sex, and weight. Similarly, no statistically significant
differences in reported pain scores, patient or surgeon
satisfaction, or patient discomfort during surgery, in the
recovery room, or 24 h postsurgery were found between
the groups (P > 0.05; Table 1).

A negative correlation was found between patient pain
scores and surgeon satisfaction in both groups (B: —0.465;
P < 0.001), indicating that increased patient pain was

Figure 2. A patient presenting with retrobulbar hemorrhage following
retrobulbar anesthesia injection, resulting in rescheduled surgery.
Emergent canthotomy and cantholysis were performed immediately. The
image shows notable chemosis, total ptosis due to periorbital edema, and
ecchymosis of the eyelids.

Table 1. Comparison of patient pain score, patient
satisfaction, and surgeon satisfaction among groups

Sub-Tenon’s Retrobulbar  P-value
anesthesia (n=42)  anesthesia
(n=11)

Pain during surgery 2.74 £2.57 3+3.16 0.964
Pain at recovery 1.46 +1.92 1.91 +2.07 0.511
Pain 24 h after surgery 0.52+1.25 1.09 + 1.58 0.111
Patient satisfaction 9.74 + 091 9.82 +0.60 0.948
Surgeon satisfaction

Weak 0 0 0.814

Good 3(7.1) 1(9.1)

Very good 7 (16.7) 1(9.1)

Excellent 32 (76.2) 8 (81.9)

associated with lower surgeon satisfaction. A moderate—
high positive correlation was observed between patient and
surgeon satisfaction (B: 0.686; P < 0.001), suggesting that
higher patient satisfaction was linked to greater surgeon
satisfaction (Figure 3). These findings underscore the
interconnected nature of patient and surgeon satisfaction
and highlight the influence of patient pain levels on overall
satisfaction with the surgical experience.

4. Discussion

Our study found no significant differences in pain scores,
patient satisfaction, and surgeon satisfaction between
retrobulbar and sub-Tenon’s anesthesia, each supplemented
by intravenous (IV) sedation for vitreoretinal surgery.
These results suggest that both anesthetic methods provide
comparable outcomes for managing intraoperative
discomfort and achieving satisfactory surgical results.

Previous studies have reported a higher complication
rate, such as retrobulbar hemorrhage, with retrobulbar
techniques, but we observed no such difference. However,
this may be attributed to the small sample size in our
retrobulbar group as well as the lack of data on underlying
systemic conditions. Patients scheduled for pars plana
vitrectomy often present with systemic conditions requiring
anticoagulants, such as hypertension, cardiovascular
disorders, and diabetes.”” Given the higher likelihood of
retrobulbar hemorrhage in patients on anticoagulants and
a low tendency to discontinue this medication by primary
doctors, an anesthetic technique with a lower risk of
complications is preferable in these cases.

Given these considerations, evaluating the choice
of anesthetic technique within the context of a patients
overall health is crucial. In settings where systemic
conditions and the use of anticoagulant medications are
common, selecting an anesthetic method with a lower risk
of complications is essential.

Two studies assessed the efficacy of sub-Tenon’s and
retrobulbar anesthesia in vitreoretinal surgery, finding both
techniques to be comparably effective.”**” Reichstein et al.?*
noted that a history of scleral buckle placement influenced
the preference for retrobulbar over sub-Tenon’s anesthesia.
Their study concluded that sub-Tenon’s anesthesia is as
effective and safe as retrobulbar anesthesia for vitreoretinal
surgeries and could potentially replace retrobulbar
anesthesia. No complications, such as conjunctival
chemosis, retrobulbar hemorrhage, or globe perforation,
were observed in either group.”® In these studies,??
anesthesia was administered following IV sedation and
before preoperative sterile preparation. However, in our
study, we administered sub-Tenon’s block after sterile
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Figure 3. Graphs illustrating the relationship between patient and surgeon satisfaction (A) and between patient pain scores and surgeon

satisfaction (B). Identical scores are represented by a single dot in each graph.

preparation after sedation, but the retrobulbar block was
administered before sterile preparation. This approach
could save preincisional time with sub-Tenon’s block, as
preoperative preparation can commence immediately after
sedation. Future studies should investigate the timing of
surgical protocols when using sub-Tenon’s anesthesia,
which allows the surgeon to scrub and proceed directly to
local injection and surgery.

Lai et al.” reported that patients receiving either sub-
Tenon’s or retrobulbar anesthesia experience little or no
pain during and after vitreoretinal surgery; however,
patients in the sub-Tenon’s group reported lower pain
levels the day after surgery.

Another study compared trans-sub-Tenon’s retrobulbar
block (TSTRB), sub-Tenon’s block (STB), and peribulbar
block (PBB) in vitreoretinal surgeries, evaluating analgesia,
akinesia, intraoperative pain, and postoperative pain.
TSTRB, extending STB into the retrobulbar space, was
the most effective in achieving akinesia and prolonging
postoperative analgesia. Notably, two patients receiving STB
reported moderate postoperative pain, whereas patients
in the other groups reported only mild pain. No patients
in the TSTRB group required postoperative analgesia.
Another notable finding was that the postoperative pain
score for patients receiving STB was higher than the other
two groups. The study concluded that TSTRB is preferable
in both sub-Tenon’s and peribulbar anesthesia.'' However,
we did not examine the TSTRB technique in our study.

Alpay et al’ evaluated sub-Tenons anesthesia in
comparison to retrobulbar anesthesia, concluding that it
effectively controls pain during vitreoretinal surgery and
could serve as an alternative to retrobulbar anesthesia.
However, postoperative pain was not measured in this study.

Franco et al* assessed pain levels in patients
administered sub-Tenon’s anesthesia during vitreoretinal
surgery. Patients reported a mean postoperative pain score

of 2.4, with seven patients scoring above 3. These findings
suggest that sub-Tenon’s anesthesia is generally effective
and safe, with the potential to become a preferred method
for vitreoretinal surgeries in the future. Surgeons reported
high satisfaction with sub-Tenon’s anesthesia, citing
its advantages in terms of patient comfort and surgical
experience. In this study, patients’ pain levels were assessed
only during and immediately after surgery. The study
exclusively investigated STB without comparing it with
other anesthesia methods, and postoperative pain was not
measured.

A detailed study on anesthesia for 25-gauge vitrectomy
compared retrobulbar, sub-Tenons, and medial canthus
episcleral anesthesia methods, focusing on intraoperative
and postoperative pain levels. Remarkably, none of the
patients, regardless of the anesthesia type used, reported
any postoperative pain or discomfort. This result indicates
that all three anesthesia techniques effectively managed
pain throughout the vitrectomy, providing a pain-free
postoperative experience for the patients involved.*

In a study by Xu et al.,** patients undergoing pars plana
vitrectomy with sub-Tenon’s anesthesia reported less pain
than those receiving retrobulbar anesthesia during surgery
and on the first postoperative day. In addition, sub-Tenon’s
anesthesia was more effective in inducing akinesia and
controlling eye movements compared to retrobulbar
anesthesia. However, they did not administer supplemental
IV sedation, possibly contributing to increased discomfort
in the retrobulbar group. IV sedation, often a combination
of opioid and/or benzodiazepine, is typically used to
enhance patient comfort and reduce intraoperative stress
by inducing retrograde amnesia. This approach can help
patients relax, reduce anxiety, and minimize movement
during surgery. However, it is not without risks, as it
requires an anesthesiologist monitoring of heart rate and
blood pressure and preparation for potential complications,
including apnea, airway obstruction, allergic reactions,
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drowsiness, and disorientation. Without IV sedation,
introducing the needle around the eye, particularly in the
retrobulbar space, can be very uncomfortable and painful
for the patient. Consequently, the results of both this and
our study suggest that comparisons between the efficacy
of retrobulbar injection and sub-Tenon’s technique may
be influenced by the presence or absence of IV sedation.*
Similarly, Haider et al.* compared topical, sub-Tenon’s, and
retrobulbar anesthesia for pars plana vitrectomy without
supplemental IV sedation, finding that topical anesthesia
was the least painful method. Although topical anesthesia
showed the lowest pain scores, retrobulbar anesthesia, with
amean perioperative pain score of 10.87 and a postoperative
score of 13.73, was deemed the most convenient.

In our sub-Tenon’s group, we added a preliminary step
involving the subconjunctival injection. The resulting
chemosis, although potentially disruptive to surgical
procedures, could be alleviated by conjunctival massage,
which helped provide more reliable pain relief, particularly
during conjunctival manipulation at the start of surgery
and during trocar placement. This massage step could
fill the time gap needed to achieve complete anesthetic
infiltration in the retrobulbar space, thus enhancing
patient comfort and allowing surgery to proceed sooner.
Alternatively, the time required for this massage could
offset the time saved between the retrobulbar block and
sterile preparation. Therefore, it is unclear if sub-Tenon’s
capsule anesthesia is faster than retrobulbar anesthesia.
However, like the sub-Tenon’s method, the retrobulbar
technique also requires massage to disperse the anesthesia
and prevent elevated intraocular pressure, especially when
hyaluronidase is not used.

We conducted the STB using a sharp 27-gauge needle,
a common practice in clinical settings. However, some
experts advocate using an angiocatheter due to its superior
safety profile, as its design may lower complication risks
during the procedure. Nevertheless, a significant drawback
of the angiocatheter is that it often requires a conjunctival
incision, which could extend the procedure duration and
be uncomfortable for the patient.

All our surgeries involved two painful steps—namely,
intraoperative indentation and laser photocoagulation—
which were well tolerated by patients in both groups.
When ocular anesthesia faded during prolonged surgeries,
necessitating reinjection, the sub-Tenon’s technique was
more feasible. In one study comparing sub-Tenon’s and
retrobulbar anesthesia for trabeculectomy in glaucoma
surgery, additional sedation was more frequently required
in the retrobulbar group, as was postoperative analgesia.
This study also showed that the sub-Tenon’s method
required a lower volume of local anesthetic.'* In another

study on cataract surgery, STB was associated with lower
pain scores.® A separate study showed that although
the need for resedation was lower with the retrobulbar
technique, the sub-Tenon’s group reported higher patient
satisfaction during surgery.*

Although STB is known to be less effective in inducing
akinesia compared to other anesthetic techniques, this
did not impact surgeon performance in our study. An
experienced surgeon can stabilize the globe using probes
inserted into the trocars; however, this level of proficiency
may be challenging for less experienced trainees. In our
study, the factor most affecting surgeon satisfaction was
the level of perceived patient discomfort. This patient-
reported discomfort had a notable impact on surgeon
satisfaction, underscoring the significance of patient
comfort in enhancing the overall surgical experience.

One of the limitations of the current study is the selection
bias resulting from the nonrandomized allocation of patients
into groups. The unequal distribution of patients in the
two study groups and the small sample size are significant
limitations. We also recognize that the lack of blinding
could introduce bias, as evaluators may have known the
participants’ group assignments. In addition, the duration
of the vitreoretinal surgeries per anesthesia group was not
recorded, and we did not exclude patients with diabetes or
hypertension, which could influence perceived pain levels.

5. Conclusion

Our results suggest that sub-Tenon’s anesthesia, combined
with subconjunctival injection, has similar efficacy to
retrobulbar block in patients undergoing pars plana
vitrectomy in our cohort. Sub-Tenon’s anesthesia may
serve as a suitable alternative to retrobulbar anesthesia
in some vitreoretinal surgery patients. Compared with
the retrobulbar technique, sub-Tenon’s anesthesia is less
invasive, involves a shorter learning curve, and has a lower
risk of complications and fewer preparatory steps.
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Appendix

PRE OP QUESTIONNAIRE

Patient Number

Patient Name

Age

Gender

Education Level

Height

Weight

Anesthesia Method

Duration of Surgery

Medical History:

Diabetes

Hypertension

Joint and Muscle
Pain
Low Back Pain

Migraine and
Headache
Major Depressive
Disorder
Contact Lens Use

Medications Used for Sed:

Midazolam

Fentanyl

Lidocaine

Other Medications

Please rate your pain by circling the number that best describes your pain
immediately after surgery.

0 1 2 3 4 5 6 7 8 9 10
No Pain Pain As Bad As You Can Imagine

Please rate your pain by circling the number that best describes your pain in the
recovery room.

0 1 2 3 4 5 6 7 8 9 10

No Pain Pain As Bad As You Can Imagine

Please rate your nausea and vomiting by circling the number that best describes
your nausea and vomiting in the recovery room.
0 1 2 3 4 5 6 7 8 9 10

No Nausea and Vomiting Severe Nausea and Vomiting

Please rate your satisfaction by circling the number that best describes your satisfaction.

Dissatisfaction Great
Satisfaction
Patient Satisfaction 0 1 2 3 4 5 6 7 8 9 10
Immediately After Surgery
Patient SatisfactionInThe [ 0 1 2 3 4 S 6 7 8 9 10
Recovery Room.
Surgeon Satisfaction 0 1 2 3 4 5 6 7 8 9 10
POST OP QUESTIONNAIRE (24 hours after surgery)
Please rate your pain by circling the number that best describes your pain at its
worst in the last 24 hours.
0 1 2 3 4 5 6 7 8 9 10
No Pain Pain As Bad As You Can Imagine
Please rate your pain by circling the number that best describes your pain at its
least in the last 24 hours.
0 1 2 3 4 5 6 7 8 9 10
No Pain Pain As Bad As You Can Imagine
How many hours after the operation did the pain start?
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Blood laboratory parameters can predict
relapse-free survival of patients with advanced
squamous cell lung cancer and adenocarcinoma
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Abstract

The aim of the work was to study the relationship between the concentration of
cells and proteins in the blood of patients with Stage Ill squamous cell lung cancer
(SCLC) and adenocarcinoma (AC) before surgical treatment and the duration of the
relapse-free period after tumor resection to develop prognostic models for relapse-
free survival in these diseases. Using logistic regression equations, the models
incorporated variables included cytokeratin 19 fragment antigen 21-1 (CYFRA 21-1)
concentration, the proportion of lymphocytes expressing the C-X-C motif chemokine
receptor 1 (CXCR1), and monocytes expressing the C-X-C motif chemokine receptor
2 for SCLC. For AC, the models included the CYFRA 21-1 concentration, lymphocytes
expressing the CXCR1 receptor, and the eosinophil-to-monocyte ratio. These models
can predict the probability of tumor recurrence based on measurements of blood
parameters in the pre-operative period, with a prediction efficiency of 87.7% for
SCLC and 89.0% for AC.

Keywords: Squamous cell lung cancer; Adenocarcinoma; Relapse; Prognosis;
CYFRA 21-1; CXCR1; CXCR2; Stage llI

1. Introduction

Lung cancer (LC) is one of the most common forms of malignant tumors. According
to the histological structure, 80 — 85% of LC cases are classified as non-small cell LC
(NSCLC)." Within the NSCLC category, two main histological types are distinguished:
adenocarcinoma (AC) and squamous cell LC (SCLC).?

In most patients, NSCLC is diagnosed at an advanced stage, often with disease
metastases present. About 30% of all NSCLC cases are patients with Stage III disease."?
According to the TNM classification,’ Stage III NSCLC is a heterogeneous group
of tumors that differ in size, the presence of invasion into surrounding mediastinal
structures, and damage to the mediastinal lymph nodes. These are categorized as stage
IIIA (T1-2N2, T3N1, T4N0-1), Stage IIIB (T1-2N3, T3-4N2), and Stage ITIC (T3-4N3),
each of which determines the particular treatment regimen. Surgical treatment is
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typically performed for stage IITA and some stage IIIB
cases, often supplemented with neoadjuvant and/or
adjuvant chemotherapy, sometimes in combination with
radiation therapy.?

Different treatment regimens are aimed at preventing
disease recurrence. Despite this, the prognosis in patients
with Stage III NSCLC remains poor. For patients with
T1-4N0-2, the overall 5-year survival rate after treatment
varies from 36% to 82%."? The median survival rate for
stage III NSCLC generally does not exceed 20 months,
with no more than 20% of patients surpassing the 5-year
survival barrier>® At the same time, patients with the
same TNM stage may have different outcomes and the
likelihood of relapse. One of the approaches to optimizing
the effectiveness of treatment in this category of patients is
the ability to predict those at high risk of disease relapse.
They have a high risk of retaining hidden metastases
after surgical removal of the tumor, which significantly
contributes to disease recurrence, referred to as “relapse”

Early prediction of rapid relapse after treatment would
allow for the timely and targeted implementation of
neoadjuvant and adjuvant therapy, in addition to surgical
treatment. Therapeutic treatments are associated with
various side effects, but when targeted, they can provide
maximum benefit,> thereby increasing the survival of
patients with Stage III NSCLC. Therefore, predicting the
risk of tumor recurrence in patients with Stage IIT (T1-
4N0-2) NSCLC before treatment is highly relevant.

There is considerable evidence supporting the
relationship between systemic inflammation and cancer.*
On one hand, the inflammatory reaction creates conditions
for the development of cancer, and on the other hand, it
is a consequence of metabolic changes in tumor cells.
Inflammation in the tumor microenvironment plays a
role in the proliferation and survival of malignant tumor
cells, angiogenesis in tumor tissue, and metastasis.® Signs
of tumor-associated inflammation are the presence of cells
and inflammatory mediators (chemokines, cytokines)
in tumor tissue, similar to those observed in chronic
inflammation and reparation.

During transformation, many cells of epithelial or
mesenchymal origin begin to express chemokine receptors,
thereby utilizing these factors for migration and survival
at sites distant from the primary tumor. In particular,
the proinflammatory C-X-C motif chemokine ligand
8 (CXCLS8) exerts its effects by signaling through two
seven-transmembrane-segment receptors, C-X-C motif
chemokine receptor 1 (CXCR1) and receptor 2 (CXCR2).
Activation of the CXCL8-CXCRI1/2 signaling pathway
in the tumor microenvironment of numerous cancers
enhances tumor progression by promoting proliferation,

angiogenesis, migration, invasion, cell survival, and
involvement in organ-specific metastasis.® Another
chemokine that binds to the CXCR2 receptor is C-X-C
motif chemokine ligand 5 (CXCL5), which serves as an
attractant for granulocytes. The CXCL5/CXCR2 axis has
been shown to be important in the development of many
human cancers. The serum CXCL5 protein concentration
was significantly increased in NSCLC compared to healthy
volunteers. CXCL5 expression correlated with tumor size
and stage of NSCLC, lymph node metastases, and decreased
patient survival.” Our previous studies also showed
changes in the levels of these proteins in the blood of
NSCLC patients.® ! Their relationship with tumor process
descriptors was established, and the diagnostic efficiency
of their determination in this disease was calculated, which
in some cases exceeded that of classical markers.

An aggressive, rapidly growing tumor with multiple
metastases produces and secretes a large number of these
proteins into the blood serum, which indicates a poor
prognosis.!* Therefore, blood, being a minimally invasive
and the most accessible material, plays a crucial role in
the search for oncobiomarkers, including in patients
with NSCLC. Tumor cell components, or molecules
involved in the development of tumor tissue, circulating
in the bloodstream, have been studied as candidates
for malignant growth markers. These include the well-
established cytokeratin 19 fragment antigen 21-1 (CYFRA
21-1), squamous cell carcinoma (SCC) antigen, and
cancer embryonic antigen (CEA)." Subsequent studies
have shown that CEA and CYFRA 21-1, in addition to
their diagnostic value, also hold prognostic significance in
NSCLC.*'” However, determining the level of each of these
markers separately in blood serum has not demonstrated
sufficient specificity and sensitivity.

Researchers are increasingly focusing on other systemic
inflammatory markers in the blood, such as lymphocytes
(L), neutrophils (N), platelets (P)," C-reactive protein
(CRP), and albumin,® as well as their ratios,»?* as
prognostic markers in cancer. Interest in such indicators
is understandable, given that the quantitative and semi-
quantitative assessment of blood cells is a routine and
relatively inexpensive test, which is usually carried out for
every patient admitted to a clinic. Evaluating these results
to predict patient survival is a critical issue. For these
same purposes, the calculation of the systemic immune-
inflammatory index (SII), which has proven effective
in determining treatment strategies for a wide variety of
cancers,” and the inflammatory prognostic index (IPI),”
have been proposed. The advantage of these laboratory
indicators lies not only in their low cost but also in the
stability and reproducibility of the results. However,
the data obtained often contradict each other, and the
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correspondence between their concentration in the blood
and the tumor response in NSCLC is only 40 - 70%.%

To increase the diagnostic and prognostic efficiency
of these markers, there have been attempts to create
multianalytical panels incorporating these and other
indicators of tumor tissue metabolism.”’ However, to
date, there is still no informative single biomarker or
combination of biomarkers that can help in predicting
the recurrence of LC after diagnosis and before treatment
initiation. This is believed due to the lack of a standardized
study designs, patient stratification criteria, and the low
diagnostic sensitivity and/or specificity of the markers.?”

As histological subtypes of NSCLC, AC and SCLC
differ in etiology and course.® Thus, SCLC develops
significantly more often in smoking patients, while AC is
more associated with obesity. Compared to AC, SCLC is
more prevalent in men, whereas AC is more frequently
seen in women.

Both subtypes are characterized by symptoms,
including hemoptysis, dyspnea, chest pain, cough, and
general weakness. Changes in the level of some laboratory
parameters in the blood of patients, such as CRP
fibrinogen, and haptoglobin, also show similar patterns in
both subtypes.” In both cases, the disease often proceeds
without any clinical manifestations for extended periods,
leading to a late diagnosis (stage III or IV) in 45% of
patients with AC and SCLC.*

Compared with SCLC, AC is slightly more often
detected in patients with early-stage disease (I or II).*! In
patients with Stage I SCLC, the 5-year survival rate is 47%,
while for AC, this figure is almost twice as high (79%).? For
Stage IT AC and SCLC, the prognosis of the disease worsens
significantly. During this period, the 5-year survival rate for
patients with SCLC (32%) is also significantly lower than
for those with AC (50%). In patients with Stage IV SCLC
and AC, this figure drops to only 2% and 6%, respectively.?®

In SCLC, serum levels of CYFRA 21-1 and CEA have
been reported to associate with overall and relapse-free
survival.'> However, these studies were also conducted only
in patients with early-stage disease (I-1I). Patients with Stage
ITI were examined only in a mixed group with early stages.*?
Information on the role of blood laboratory parameters in
predicting relapse-free survival in patients with Stage III
SCLC, as well as with Stage ITI AC, was lacking.

Therefore, the aim of this study was to investigate the
potential use of pre-operative levels several indicators,
which characterize the cellular composition and
metabolism in the blood of patients with Stage ITI AC and
SCLC, to predict their relapse-free survival and make a
decision on the therapeutic strategy. A key condition for

selecting these indicators was to compare their prognostic
value with known marker, including CYFRA 21-1, SCC
antigen, and tissue polypeptide antigen (TPA).

2. Materials and methods
2.1. Study population

To substantiate the risk groups for tumor recurrence
in patients with operable Stage III (T1-4N0-2) SCLC,
a retrospective study was initially undertaken using
information from the Belarusian Cancer Registry database.
The study included 416 patients with newly diagnosed
SCLC (Table 1) and 451 patients with Stage IIT (T1-4N0-2)
AC (Table 2), between January 1, 2015, and December 31,
2021. The period of relapse development after treatment
was analyzed based on the results of 1-year observation,
due to the majority of NSCLC relapses develop within the
first year following treatment.*

The investigation of laboratory parameters was carried
out in a “study group” of 73 patients with newly diagnosed
SCLC (Table 1) and 77 patients with Stage III (T1-4N0-2)
AC (Table 2), who were admitted to the thoracic oncology
department of the N.N. Alexandrov Republican Scientific
and Practical Center for OMR between January 1, 2022,
and December 31, 2023. Inclusion criteria included a
newly diagnosed stage IIIA or IIIB SCLC, while exclusion
criteria were the presence of metachronous or secondary
cancer, and patient refusal to participate in the study. No
patient dropped out during the first year of observation.
Patients with TIN2MO, T2N2MO, T3N1MO, and T3N2MO
underwent surgical tumor resection (surgical volume - R0)
followed by 4 courses of adjuvant polychemotherapy,
consisting of a combination of vinorelbine (V) at 25 —
30 mg/m* and cisplatin (C) at 80 mg/m* Meanwhile, in
patients with T4NOMO, T4N1MO, and T4N2MO, two
courses of neoadjuvant chemotherapy, consisting of a
combination of V+C were administered, followed by
surgical tumor resection and two additional courses of
adjuvant polychemotherapy of V+C.

2.2, Ethical approval and consent

All patients provided written informed consent. The study
was performed according to the ethical regulations in
Belarus and approved by the Ethics Committee at Belarusian
State Medical University, protocol Ne2 from April 10, 2021.

2.3. Sample collection and analysis

Blood samples were collected from patients of the “study
group” before treatment (39 patients with SCLC and
40 patients with AC). Blood cell concentrations were
determined on a Sysmex XE-5000 hematology analyzer
(Sysmex Group, Japan). Albumin and CRP levels
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Table 1. Characteristics of patients with SCLC

Table 2. Characteristics of patients with AC

Parameter Retrospective Study P-value Parameter Retrospective Study P-value
group (%) group (%) group (%) group (%)
Number of patients, total 416 73 Number of patients, total 451 77
Age, years (M+0) 58+29 59+27 0.379 Age, years (M £ ©) 59+26 58+28 0.258
<40 17 (4.1) 2(2.7) <40 14 (3.1) 3(3.9)
41-50 72 (17.3) 13 (17.8) 41 -50 75 (16.6) 13 (16.9)
51-60 197 (47.4) 33 (45.2) 51 - 60 201 (44.6) 38 (49.4)
61-70 98 (23.6) 20 (27.64) 61-70 107 (23.7) 20 (26.0)
>70 32(7.7) 5(6.8) >70 54 (12.0) 3(3.9)
Gender 0.435 Gender 0.315
Male 297 (71.4) 56 (76.7) Male 329 (72.9) 58 (75.3)
Female 119 (28.6) 17 (23.3) Female 122 (27.1) 19 (24.7)
Smoking status, male 0.286 Smoking status, male 0.193
Former 18 (6.1) 7 (12.5) Former 21(6.4) 7 (12.5)
Current 267 (89.9) 46 (82.1) Current 285 (86.6) 48 (85.7)
Never 12 (4.0) 3(5.4) Never 23 (7.0) 3(5.4)
Smoking status, female 0.315 Smoking status, female 0.143
Former 20 (16.8) 2(11.8) Former 27 (22.1) 5(26.3)
Current 93 (78.2) 14 (82.4) Current 86 (70.5) 12 (63.2)
Never 6 (5.0) 1(5.9) Never 9(7.4) 2(10.5)
Stage III (based on 8™ edition of TNM staging of lung 0.421 Stage I1I (based on 8" edition of TNM staging of lung 0.329
cancer) cancer)
TIN2MO 46 (11.1) 7(9.6) T1IN2MO 50 (11.1) 7(9.1)
T2N2MO0 69 (16.6) 15 (20.5) T2N2MO0 72 (16.0) 16 (20.8)
T3N1MO 66 (15.9) 10 (13.7) T3N1IMO 72 (16.0) 9(11.7)
T4NOMO 48 (11.5) 9(12.3) T4NOMO 53 (11.8) 10 (13.0)
T4N1MO 50 (12.0) 9(12.3) T4N1MO 55 (12.2) 11 (14.3)
T3N2MO 76 (18.3) 12 (16.4) T3N2MO 84 (18.6) 13 (16.9)
T4N2MO 61 (14.7) 11 (15.1) T4N2MO 65 (14.4) 11 (14.3)
Degree of tumor differentiation 0.127 Degree of tumor differentiation 0.724
GI 150 (36.1) 23 (31.5) GI 168 (37.3) 25 (32.5)
GII 166 (39.9) 37 (50.71) GII 184 (40.8) 39 (50.6)
GIII 100 (24.0) 13 (17.8) GIII 99 (21.9) 13 (16.9)
Localization 0.519 Localization 0.357
Right lung 215 (51.7) 41 (56.2) Right lung 249 (55.2) 40 (51.9)
Left lung 201 (48.3) 32 (43.8) Left lung 201 (44.8) 37 (48.1)

Abbreviation: SCLC: Squamous cell lung cancer.

were determined using a biochemical analyzer AU680
(Beckman Coulter, USA) with original reagent kits. The SII
was calculated using the equation P x N/L, where P, N, and
L are platelets, neutrophils, and lymphocytes, respectively.
The IPI was calculated as ([CRP] x N)/(L x [albumin]),
while the systemic inflammatory response index (SIRI)
was calculated using the equation N x M/L, where M
represents monocytes.

Abbreviation: AC: Adenocarcinoma.

The concentrations of CYFRA 21-1 and SCC were
determined using an automatic Cobas e411 analyzer
(Rosche Diagnostics GmbH, Germany), based on the
principle of electrochemiluminescence."

The concentrations of CXCL5, CXCLS8, TPA, HIF -1a,
TuM2 PK, and hyaluronic acid were measured on a Brio
automatic ELISA analyzer (Seac, Italy) with ELISA kits
(FineTest, China)."?
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Blood cell receptors CXCR1, CXCR2, and CD44v6
were determined using a Navios flow cytometer (Beckman
Coulter, USA).B

2.4. Statistical analysis

The dependence of the relapse-free period duration on
the observation time was assessed using Kaplan-Meier
graphs. Single and multivariate Cox proportional hazard
models were used to analyze the relationship between
the determined laboratory parameters and survival.
Comparison of groups with different risks of NSCLC
relapse was performed using the Log-Rank test. The data
analysis included non-parametric statistics methods
(MedCalc Software, Belgium). Differences in the values
of the determined parameters between groups of patients
were evaluated using Mann-Whitney U-test. The overall
prognostic value of the laboratory tests was assessed by
constructing receiver operating characteristic (ROC)
curves, followed by calculating the area under the ROC
curve (AUC).* Statistical significance was defined as
P <0.05.

3. Results

Kaplan-Meier graphs show that the relapse-free survival of
patients with tumor descriptors TAN1MO0 and T4AN2MO in
SCLC (Figure 1A) and AC (Figure 1C) differs significantly

A
100

.........

TNM
— TIN2MO
-=-- T2N2M0

T3N1MO
—— T4N1MO
—— T4NOMO
—— T3N2MO
—— T4N2MO
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from patients with other TNM descriptors (T1N2MO,
T3N1IMO, T2N2MO0, T4ANOMO, and T3N2MO). In patients
with T4ANIMO (stage IIIA AC), the relapse-free survival
after treatment is lower than in patients with other T and N
variants of Stage IITA. In addition, patients with T3N2MO0
(stage IIIB) experience slower disease relapses than the
other T and N variants within the same stage. According to
the Kaplan-Meier graph (Figure 1A and C), the relapse-free
survival of patients 1 year after treatment can be divided
into two groups. One is characterized by a relatively high
survival rate, includes patients with TIN2MO0, T3N1MO,
T2N2MO, T4NOMO, and T3N2MO. The other group
typically with a shorter relapse-free period includes
patients with TANIMO and T4N2MO. The difference in
survival between these groups is statistically significant,
as indicated by the results of the Log-Rank test (Figure 1B
and D). The x? value for differences in relapse-free survival
between risk groups based on TNM stratification for
patients with operable Stage III SCLC is 10.25 (P = 0.017),
and for patients with AC, it is 10.31 (P = 0.025).

We compared several blood laboratory parameters
between the two risk groups of relapse-free survival for
Stage III SCLC patients (Table 3). Only the proportion of
lymphocytes with the CXCR1 receptor, monocytes with
the CXCR2 receptor, and the CYFRA 21-1 level showed
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Figure 1. Relapse-free survival of patients with Stage III squamous cell lung cancer (A and B) and adenocarcinoma (C and D), stratified by the TNM

classifications over the course of 12 months after the treatment.
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Table 3. Level of laboratory parameters in patients (stage III SCLC, study group) with low and high risk of relapse

Indicator Low risk High risk P-value
Neutrophilic leukocytes, x10°/L 5.13 (3.66; 6.57) 5.17 (3.81;7.14) 0.844
Monocytes, x10°/L 0.87 (0.68; 1.03) 1.03 (0.865 1.23) 0.121
Lymphocytes, x10°/L 2.38 (2.13; 3.07) 2.48 (2.09; 3.29) 0.728
Basophilic leukocytes, x10°/L 0.03 (0.02; 0.04) 0.04 (0.03; 0.07) 0.260
Eosinophilic leukocytes, x10°/L 0.14 (0.08; 0.23) 0.22 (0.17; 0.38) 0.298
Platelets, x10°/L 307.3 (257.8; 387.3) 313.8 (247.3; 391.5) 0.954
Neutrophilic leukocytes/Lymphocytes 1.99 (1.48; 3.28) 1.98 (1.35; 2.81) 0.789
Platelets/Lymphocytes 128.4 (84.5; 201.3) 120.3 (101.2; 137.2) 0.678
Lymphocytes/Monocytes 2.81(2.01; 3.81) 2.69 (2.17; 3.12) 0.465
Eosinophilic leukocytes/Monocytes 0.177 (0.092; 0.263) 0.291 (0.137; 0.414) 0.297
CXCRI, granulocytes, % 94.6 (92.5; 97.5) 94.6 (93.7; 96.9) 0.825
CXCRI, granulocytes, MFI 32.0 (28.5; 51.5) 32.9 (28.5; 53.0) 0.645
CXCR1, lymphocytes, % 0.90 (0.65; 1.65) 3.55 (2.85; 3.70) *0.001
CXCRI, lymphocytes, MFI 12.84 (3.50; 15.85) 12.85 (7.06; 14.85) 0.872
CXCR1, monocytes, % 0.61 (0.45; 19.65) 0.85 (0.40; 17.40) 0.316
CXCRI, monocytes, MFI 31.7 (3.6; 41.8) 33.5(17.9; 35.5) 0.591
CXCR2, granulocytes, % 91.8 (63.1;95.2) 92.5(72.9; 95.5) 0.993
CXCR2, granulocytes, MFI 66.4 (68.5; 98.7) 65.5 (51.6; 79.5) *0.029
CXCR2, lymphocytes, % 15.2 (10.5; 21.5) 15.0 (13.6; 18.5) 1.005
CXCR2, lymphocytes, MFI 12,9 (11.3;15.5) 13.5(11.5; 14.5) 0.933
CXCR2, monocytes, % 1.42 (0.60; 2.35) 2.55 (1.90; 3.70) 0.044
CXCR2, monocytes, MFI 62.3 (27.5; 75.5) 63.9 (37.9; 70.5) 0.581
CD44v6, granulocytes, % 2.22 (1.65; 4.15) 2.60 (1.75; 5.05) 0.745
CD44v6, granulocytes, MFI 2.70 (2.45; 3.50) 2.65 (2.10; 6.15) 0.849
CD44v6, lymphocytes, % 0.90 (0.25; 1.45) 1.05 (0.35; 1.75) 0.462
CD44v6, lymphocytes, MFI 3.85 (2.05; 6.50) 4.15 (1.85; 6.50) 0.323
CD44v6, monocytes, % 1.45 (0.25; 3.15) 1.40 (0.15; 1.85) 0.444
CD44v6, monocytes, MFI 3.95 (3.60; 35.45) 4.30 (2.45; 37.20) 0.483
Albumin, g/L 41.3 (38.9; 45.5) 42.5 (41.1; 44.75) 0.518
CRP, mg/dL 1.42 (0.39; 6.05) 1.67 (1.24; 4.85) 0.784
C-RB/Albumin 0.032 (0.01; 0.17) 0.036 (0.03; 0.13) 0.770
CXCL5, pg/mL 914.5 (679.8; 1542.7) 983.6 (753.9; 1713.8) 0.856
CXCLS, pg/mL 111.8 (101.1; 220.5) 118.1 (75.8; 267.3) 0.540
Hyaluronic acid, ng/mL 22.7 (20.8; 35.9) 24.5(21.8;25.2) 0.531
HIF-1a, pg/mL 3.17 (2.75; 3.95) 3.47 (2.71; 4.74) 0.922
SCC, ng/mL 2.76 (1.64; 5.37) 2.99 (2.04; 6.05) 0.591
TPA, pg/mL 953.0 (767.9; 1108.7) 1027.3 (805.0; 1229.3) 0.652
TuM2-PK, pg/mL 1830.0 (1493.7; 2173.3) 1829.0 (1428.5; 2329.6) 0.962
CYFRA 21-1, ng/mL 5.06 (3.22; 5.987) 7.53 (5.37; 18.15) *0.020
IPI 0.057 (0.012; 0.207) 0.092 (0.031; 0.229) 0.679
SII 673.3 (362.6; 1221.3) 597.6 (366.2; 1017.7) 0.641
SIRI 1.57 (1.04; 3.08) 1.84 (1.45; 3.15) 0.554

Note: * P<0.05 indicates the value is statistically significant.

Abbreviations: MFI: Mean fluorescence intensity; CXCR1: C-X-C motif chemokine receptor 1; CD44v6: CD44 variant isoform v6;

CXCR2: C-X-C motif chemokine receptor 2; CRP: C-reactive protein; CXCL5: C-X-C motif chemokine ligand 5; CXCL8: C-X-C motif chemokine
ligand 8; HIF-1a: Hypoxia-inducible factor 1-alpha; SCC: Squamous cell carcinoma antigen; TPA: Tissue polypeptide antigen; TuM2-PK: Tumor type

M2 pyruvate kinase; CYFRA 21-1: Cytokeratin 19 fragment antigen 21-1; IPI: Inflammatory prognostic index; SII: Systemic immune-inflammatory

index; SIRL: systemic inflammatory response index.
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significant differences between patients with a high and
low risk of relapse-free survival.

The results of the Cox proportional hazards model
analysis confirm the relationship of all 3 parameters with
relapse-free survival in both the univariate and multivariate
models (P < 0.05, Table 4).

In the high-risk group of AC recurrence, only the
absolute values of the concentration of monocytes,
eosinophilic leukocytes, the ratio between them, the
proportion of lymphocytes with the CXCR1 receptor and
the CYFRA 21-1 level were significantly higher than in
the low-risk group (Table 5). The remaining parameters
(SII, IPI, SIRI indices, HIF-10, CXCL5, CXCL8, TuM2
PK, CXCRI, etc.) did not demonstrate any significant
differences between the high- and low-risk groups of
patients. Only these five parameters were included in the
Cox proportional hazards models, where they were found
to significantly affect patient survival (Table 6).

The results of ROC analysis show the prognostic
characteristics of the selected indicators for the duration
of relapse-free survival in Stage III SCLC (Table 7). The
proportion of blood lymphocytes expressing the CXCR1
receptor demonstrated the highest prognostic efficiency
(76.7%). The prognostic efficiency was 71.2% and 74.0% for
CXCR2-positive monocytes and CYFRA 21-1, respectively.
To improve the accuracy of the results, the values of these
parameters were subjected to logistic regression analysis.
The resulting Equation I includes a combination of these
indicators. The prognostic accuracy for the calculated
threshold value (> 0.417) was 87.7% (Table 7).

exp(~5.315+0.116* [CYFRA] +
y 1901 [CXCRI] +0.279 * [CXCR2])
1+ exp(—5.315+0.116 *[CYFRA]
+1.901*[CXCR1] +0.279 *[CXCR2))

@

Logistic regression equation for predicting relapse-free
survival in patients with Stage IIT SCLC.

Note: [CYFRA] - the concentration (ng/ml) of the
CYFRA 21-1 antigen in the blood serum; [CXCR1] - the

Table 4. Cox proportional hazards models for SCLC patients

relative amount (percentage) of the CXCRI receptor in
lymphocytes; [CXCR2] - the relative amount (percentage)
of the CXCR2 receptor in monocytes; “Y” is the result of
the regression equation.

According to the AUC expert scale, the prognostic
model is classified as “very good” quality with an AUC
of 0.831." The optimal threshold value for distinguishing
low- and high-risk groups for tumor recurrence is 0.417,
with a sensitivity of 84.9%, and specificity of 89.0% (Table 7).
Specifically, if the Y value is >0.417, the probability that
the patient has a high risk of tumor recurrence is 90.4%.
Conversely, if the Y value is <0.417, the probability that the
patient has a low risk of tumor recurrence is 84.9%.

The performance of the proposed regression model is
demonstrated by the Kaplan-Meier graph, which shows
relapse-free survival in patients with Stage III SCLC
(Figure 2).

The 1-year follow-up shows the distribution of high
and low relapse-free survival of patients with Stage III
SCLC according to the results of the regression equation
Y (Figure 2), which corresponds to TNM stratification
(Figure 1B). By the end of the 1* year, the survival rate
for the low-risk group was 74% according to TNM
stratification, and 76% according to the regression equation
of blood parameters. For patients with a high risk, survival
after treatment was 47% and 45%, according to TNM
stratification and regression equation of blood parameters,
respectively. Besides, there is a clear difference between
high and low survival of patients based on the regression
equation as early as the first month after the treatment, with
this difference increasing over time. In contrast, the curve
difference in high and low relapse-free survival based on
TNM stratification becomes visible only two months after
the treatment.

According to the results of ROC analysis for selected
parameters in Stage III AC, the highest specificity (84.4%)
was found for the relative number of lymphocytes
expressing the CXCR1, while its diagnostic sensitivity did
not exceed 66.2% (Table 8). The values of other selected
indicators showed comparable figures, with sensitivity

Indicator Univariate model Multivariate model

HR 95% CI P-value HR 95% CI P-value
CXCRI, lymphocytes, % 1.122 1.003 - 1.241 *0.007 1.091 1.001 - 1.181 *0.021
CXCR2, monocytes, % 1.023 1.002 - 1.044 *0.023 1.013 1.001 - 1.025 *0.043
CYFRA 21-1, ng/ml 1.102 1.009 - 1.195 *0.027 1.073 1.009 - 1.137 *0.022

Note: *: P<0.05 indicates the value is statistically significant.

Abbreviations: HR: Hazards ratio; 95% CI: 95% Confidence interval; CXCR1: C-X-C motif chemokine receptor 1; CXCR2: C-X-C motif chemokine

receptor 2; CYFRA 21-1: Cytokeratin 19 fragment antigen 21-1.
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Table 5. Level of laboratory parameters in patients (stage III AC, study group) with low and high risk of relapse

Indicator Low risk High risk P-value
Neutrophilic leukocytes, x10°/L 4.95 (3.56; 6.38) 5.01 (3.71; 6.92) 0.816
Monocytes, x10°/L 0.62 (0.51; 0.72) 0.93 (0.68; 1.19) 0.032
Lymphocytes, x10°/L 2.32 (2.08; 2.99) 2.42 (2.02; 3.18) 0.705
Basophilic leukocytes, x10°/L 0.03 (0.02; 0.04) 0.04 (0.03; 0.06) 0.251
Eosinophilic leukocytes, x10°/L 0.12 (0.06; 0.21) 0.36 (0.30; 0.45) 0.006
Platelets, x10°/L 298.1 (248.1; 379.5) 303.7 (244.7; 382.7) 0.923
Neutrophilic leukocytes/Lymphocytes 1.93 (1.43; 3.19) 1.93 (1.34; 2.74) 0.764
Platelets/Lymphocytes 120.6 (82.2; 198.3) 114.9 (99.1; 140.8) 0.656
Lymphocytes/Monocytes 2.75 (1.97; 3.69) 2.57(2.11;2.92) 0.449
Eosinophilic leukocytes/Monocytes 0.158 (0.088; 0.287) 0.453 (0.288; 0.682) *0.022
CXCRI, granulocytes, % 91.6 (89.8; 94.1) 91.7 (89.9; 94.0) 0.798
CXCRI, granulocytes, MFI 31.1(27.1; 49.6) 30.8 (26.6; 51.4) 0.624
CXCR1, lymphocytes, % 1.60 (0.70; 2.30) 3.56 (3.40; 4.80) *0.016
CXCRI, lymphocytes, MFI 12.22 (3.44; 15.33) 12.39 (6.85; 14.36) 0.845
CXCR1, monocytes, % 0.59 (0.41; 19.03) 0.79 (0.39; 16.93) 0.306
CXCR1, monocytes, MFI 30.45 (3.51; 39.60) 32.78 (17.39; 33.95) 0.572
CXCR2, granulocytes, % 88.7 (62.2;93.3) 84.3 (70.7; 92.3) 0.961
CXCR2, granulocytes, MFI 64.5 (66.6; 95.7) 62.8 (50.1; 76.9) *0.028
CXCR2, lymphocytes, % 14.71 (10.19; 21.02) 15.12 (13.14; 18.09) 0.973
CXCR2, lymphocytes, MFI 12.53(10.93; 14.52) 12.63 (11.16; 14.16) 0.903
CXCR2, monocytes, % 1.38 (0.58; 2.25) 2.51 (1.84; 3.64) *0.043
CXCR2, monocytes, MFI 60.5 (26.8;73.4) 61.7 (36.8; 68.7) 0.562
CD44v6, granulocytes, % 2.12 (1.60; 3.98) 2.49 (1.70; 4.85) 0.720
CD44v6, granulocytes, MFI 2.61(2.33;3.44) 2.39 (2.04; 5.92) 0.821
CD44v6, lymphocytes, % 0.88 (0.19; 1.44) 1.03 (0.34; 1.70) 0.448
CD44v6, lymphocytes, MFI 3.67 (1.94; 6.26) 3.93 (1.79; 6.35) 0.313
CD44v6, monocytes, % 1.35(0.22; 3.07) 1.42 (0.15; 1.75) 0.430
CD44v6, monocytes, MFI 3.79 (3.49; 34.41) 4.25(2.38;36.13) 0.468
Albumin, g/L 40.7 (37.7; 43.9) 41.7 (39.8; 43.4) 0.501
CRP, mg/dL 1.37 (0.38; 5.90) 1.62 (1.20; 4.74) 0.758
C-RB/Albumin 0.032 (0.010; 0.146) 0.036 (0.029; 0.116) 0.746
CXCL5, pg/mL 883.4 (655.5; 1506.1) 937.0 (731.2; 1704.1) 0.828
CXCLS, pg/mL 105.6 (99.0; 212.9) 114.6 (73.4; 270.2) 0.522
Hyaluronic acid, ng/mL 23.7 (20.1; 33.9) 23.9(21.1;25.4) 0.515
HIF-1a, pg/mL 3.26 (2.68; 3.80) 3.39 (2.63; 4.58) 0.892
SCC, ng/mL 2.67 (1.64; 5.22) 2.89 (1.98; 5.85) 0.572
TPA, pg/mL 941.0 (747.7; 1069.7) 1017.2 (781.8; 1194.5) 0.631
TuM2-PK, pg/mL 1781.3 (1451.8; 2112.3) 1783.7 (1453.6; 2284.0) 0.931
CYFRA 21-1, ng/mL 3.97 (2.22; 4.24) 7.39 (3.60; 12.31) *0.032
IPI 0.05 (0.01; 0.20) 0.09 (0.03; 0.22) 0.657
SII 669.73 (352.71; 1180.76) 583.49 (367.80; 991.07) 0.620
SIRI 1.54 (1.01; 2.98) 1.77 (1.41; 3.02) 0.536

Note: *: P<0.05 indicates the value is statistically significant.

Abbreviations: MFI: Mean fluorescence intensity; CXCR1: C-X-C motif chemokine receptor 1; CD44v6: CD44 variant isoform v6;

CXCR2: C-X-C motif chemokine receptor 2; CRP: C-reactive protein; CXCL5: C-X-C motif chemokine ligand 5; CXCL8: C-X-C motif chemokine
ligand 8; HIF-1a: Hypoxia-inducible factor 1-alpha; SCC: Squamous cell carcinoma antigen; TPA: Tissue polypeptide antigen; TuM2-PK: Tumor type
M2 pyruvate kinase; CYFRA 21-1: Cytokeratin 19 fragment antigen 21-1; IPI: Inflammatory prognostic index; SII: Systemic immune-inflammatory

index; SIRL: systemic inflammatory response index.
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Table 6. Cox proportional hazards models for selected laboratory parameters in ITII-stage AC patients

Indicator Univariate model Multivariate model

HR 95% CI P-value HR 95% CI p-value
CXCRI, lymphocytes, % 1.137 1.005 - 1.275 0.012* 1.114 1.003 - 1.222 0.017*
CYFRA 21-1, ng/mL 1.215 1.009 - 1.419 0.016* 1.182 1.007 - 1.413 0.016*
Monocytes, x10°/L 1.189 1.093 - 1.289 0.022* 1.162 1.074 - 1.254 0.024*
Eosinophilic leukocytes, x10°/L 11.337 1.205 - 14.248 0.027* 10.121 1.181 - 13.325 0.031*
Eosinophilic leukocytes/Monocytes 12.153 1.511 - 22.799 0.019* 11.371 1.409 - 21.335 0.021*

Note: P<0.05 indicates the value is statistically significant.
Abbreviations: CXCR1: HR: Hazards ratio; 95% CI: 95% Confidence interval; CXCR1: C-X-C motif chemokine receptor 1; CYFRA 21-1: Cytokeratin
19 fragment antigen 21-1.

Table 7. Significance of determining laboratory parameters in blood for predicting low and high risk of recurrence in patients
with stage III SCLC (ROC analysis data)

Indicator TV SE SP PPV NPV AUC ACC
CXCR1, lymphocytes, % >2.25 75.3 79.5 79.5 76.3 0.729 76.7
CXCR2, monocytes, % >2.05 69.9 74.0 72.6 71.2 0.687 71.2
CYFRA 21-1, ng/mL >6.02 80.8 68.5 72.6 76.7 0.711 74.0
Y >0.417 84.9 89.0 90.4 84.9 0.831 87.7

Abbreviations: TV: Threshold value; SE: Sensitivity; SP: Specificity; PPV: Positive predictive value; NPV: Negative predictive value; AUC: Area under
ROC-curve; ACC: Accuracy; CXCR1: C-X-C motif chemokine receptor 1; CXCR2: C-X-C motif chemokine receptor 2; CYFRA 21-1: Cytokeratin 19
fragment antigen 21-1.

100 evidenced by the results of the ROC analysis. The AUC
1 - of 0.841 indicates a “very good” quality of the prognostic
80 ’ model."* The optimal TV for distinguishing the low- and
high-risk groups of tumor recurrence is 0.597 (Table 8).

Y>0,417 Specifically, if the value of Z > 0.597, the probability that

the patient has a high risk of tumor recurrence is 89.6%.
Conversely, if the value of Z < 0.597, the probability that

Survival,%
2]
o
I

40 -~ the patient has a low risk of tumor recurrence is 84.4%.
exp(~14.022 +0.539 *[CYFRA]
20 - /_ T1:294*[CXCRI] +12.035* [E/ M])
= II
B 1+ exp(—14.022+0.539 *[CYFRA] an
I ISR ASTIN NN NN MU NNTHN NNAAN SNNR A NI N % %
o1 2 3 456 7 8 5 101112 +1.294*[CXCR1]+12.035*[E / M])

Months

Figure 2. Relapse-free survival of patients with Stage III squamous cell
lung cancer according to the results of the regression equation Y.

Logistic regression equation for predicting of relapse-
free survival in patients with Stage ITI AC.

Note: [CYFRA] - the concentration (ng/ml) of the
ranging from 62.3% to 76.6%. As a result, the diagnostic CYFRA 21-1 antigen in blood serum; [CXCRI1] - the

efficiency for predicting relapse-free survival was the lowest relative amount (percentage) of the CXCRI receptor
for monocyte concentration (64.9%), and the highest for in lymphocytes; [E/M] - Eosinophilic leukocytes to
CXCRI1-positive lymphocytes (75.3%). monocytes ratio; “Z” is the result of the regression equation.

CYFRA 21-1, CXCRI-positive lymphocytes, and The diagnostic efficiency of predicting the probability
eosinophilic leukocytes/monocytes (E/M) ratio were of low or high risk of tumor recurrence using the results
included in the regression analysis. The reliability of the of the logistic equation increased significantly, reaching
regression equation (2), which uses a combination of these 89.0% (sensitivity: 85.7%, specificity: 94.8%) (Table 6). The
markers to predict the risk of tumor recurrence, is also performance of the proposed regression model, based on
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Table 8. Diagnostic significance of determining low and high risk of recurrence of AC (ROC analysis data)

Indicator TV SE SP PPV NPV AUC ACC
CXCR1, lymphocytes, % >2.55 66.2 84.4 81.8 70.1 0.715 75.3
CYFRA 21-1, ng/mL >4.16 71.4 74.0 75.3 70.1 0.709 72.7
Monocytes, x10°/L >0.77 66.2 63.6 66.2 63.6 0.627 64.9
Eosinophilic leukocytes, x10°/L >0.24 623 74.0 72.7 63.6 0.651 67.5
Eosinophilic leukocytes/Monocytes >0.313 76.6 63.6 70.1 70.1 0.673 70.1
Z >0.597 85.7 94.8 89.6 84.4 0.841 89.0

Abbreviations: TV: Threshold value; SE: Sensitivity; SP: Specificity; PPV: Positive predictive value; NPV: Negative predictive value; AUC: Area under
ROC-curve; ACC: Accuracy; CXCR1: C-X-C motif chemokine receptor 1; CYFRA 21-1: Cytokeratin 19 fragment antigen 21-1.

the obtained threshold value Z = 0.597, is demonstrated
by the Kaplan-Meier graph of the survival of patients with
Stage IIT AC before progression (Figure 3).

The analysis of the quality of the logistic regression
equation (2) shows that all the selected indicators make
a significant contribution. This is demonstrated by the
significant decrease in the negative doubled value of the
logarithm of the likelihood function (A = 35.1, P < 0.05),
indicating the good quality of the proposed model. This is
also evidenced by the Hosmer-Lemeshev goodness-of-fit
criterion, which was calculated to be 12.1 (P = 0.158).
The P > 0.05 confirms the consistency of the regression
equation in classifying patients as having low or high risks
of tumor occurrence in AC.

4, Discussion

The prognosis for patients with Stage III (T1-4N0-2)
NSCLC remains poor, with their overall five-year survival
after treatment varying and the median not exceeding
20 months.'? It is vital to anticipate disease progression, not
only to save time but also to reduce treatment expenditures
by switching to alternative therapeutic strategies.>'> One of
the approaches to optimizing the effectiveness of treatment
in this category of patients is the ability to predict those at
high risk of relapse. Despite the relevance and motivation
of researchers, prognostic markers of NSCLC remain
controversial. As has been demonstrated, the impacts of
these prognostic markers are influenced by the histological
type of the tumor, the disease stage, and the treatment
regimen employed.'”'*** However, there is no information
regarding the use of prognostic markers for patients with
Stage III NSCLC, specifically for the two main histological
types: AC and SCLC.

Nevertheless, most researchers have observed a
correlation between the concentration of CYFRA 21-1 in
blood serum and both relapse-free and overall survival in
patients with advanced stages of NSCLC. However, these
studies analyzed a mixed cohorts in terms of the disease
stage, including patients at early stages of the disease.>*!°

100

Z<0.597
Z>0.597

|-

1 i v v B i i Vs B i |

4 5 6 7 8 9 10 11 12
Months

Figure 3. Relapse-free survival of patients with Stage IIT adenocarcinoma
according to the results of the regression equation Z.

It is evident that to obtain such information, cohort
studies focusing on patients with relatively homogeneous
characteristics and individual histological subtypes of
NSCLC are required. The scarcity of information on
biomarkers prompted us to conduct our own retrospective
and prospective study involving patients with Stage III (T1-
4NO0-2) SCLC and AC. Based on the pathogenesis of these
tumors, we decided to investigate blood cells parameters
and proteins, including the CXCR1 and CXCR2 receptors,
as well as their ligands, the proinflammatory cytokines
CXCL5 and CXCLS8.

First, Kaplan-Meier survival analysis of the results from
one year of retrospective observation showed a significant
difference in relapse-free survival between patients with
tumor descriptors TAN1MO and T4AN2MO in SCLC and AC
(high risk of recurrence) and those with other combination
of TNM descriptors (TIN2MO, T3N1MO, T2N2MO,
T4NOMO, and T3N2MO) (low risk of recurrence).

Then, the results of the TNM stratification were used
in the study group to compare the levels of 42 detectable
laboratory parameters between patients with high and low

Volume 3 Issue 4 (2024)

10

doi: 10.36922/gtm.4865


https://dx.doi.org/10.36922/gtm.4865

Global Translational Medicine

Blood parameters for SCLC and AC relapse prognosis

risk of relapse. It has been previously shown that cellular
ratios such as N/L, P/L, and L/M, as well as the level of CRP,
were known as indicators of the inflammatory reaction
associated with tumor development.” At the same time,
elevated levels of CRP, N/L, and P/L ratios, along with a
decreased L/M ratio, have been associated with a poor
prognosis in NSCLC. The prognostic value of the N/L ratio
was higher compared to P/L ratio.'® Conversely, findings
from other studies suggest that the prognosis of NSCLC
is associated with the cellular ratio of P/L rather than the
N/L ratio."* Similar inconsistency of results has also been
found in the assessment of the prognostic value of CRP.”

The findings of our investigation demonstrated that
in Stage III SCLC, only the proportion of lymphocytes
expressing the CXCRI1 receptor, monocytes expressing
the CXCR2 receptor, and the CYFRA 21-1 level showed
significant differences between patients with high and low
risk of relapse-free survival. For the high-risk group of
AC recurrence, the absolute concentrations of monocytes,
eosinophilic leukocytes, eosinophilic-to-monocyte ratio,
the proportion of lymphocytes expressing the CXCRI
receptor, and the CYFRA 21-1 level, are significantly
higher than in the low-risk group. In contrast, other
parameters, including SII, IPI, and SIRI indices, the levels
of HIF-1a, CXCL5, CXCL8, TuM2 PK, and CXCRI,
did not demonstrate significant differences between the
high- and low-risk groups of patients.

Therefore, only different parameters were used in the
Cox proportional hazards models, which show their equal
significance for patient survival. Besides, the results of the
multivariate analysis confirmed the results of the univariate
analysis, establishing a connection between the selected
set of parameters and relapse-free survival. This approach
validated the identification of the selected parameters
as prognostic markers and assessed their influence on
prognosis in terms of odds ratios.

However, the generally accepted criteria for the
diagnostic and prognostic value of a specific marker
include threshold value, diagnostic sensitivity, specificity,
efficiency, etc.* The results of the ROC analysis for the
selected indicators showed that the proportion of blood
lymphocytes expressing the CXCR1 receptor demonstrated
the highest prognostic efficiency (75.3%) for predicting
relapse-free survival in patients with stage III SCLC. For
Stage III AC, the highest specificity (84.4%) was observed
for the relative proportion of lymphocytes expressing the
CXCRI, while the diagnostic sensitivity of this indicator
did not exceed 66.2%. The diagnostic sensitivity values
of other selected indicators were in the range of 62.3% to
76.6%. As a result, the diagnostic efficiency in predicting
relapse-free survival was the lowest for the concentration

of monocytes (64.9%), and the highest for lymphocytes
expressing CXCR1 receptor (75.3%).

Three parameters in patients with SCLC (proportions of
lymphocytes expressing the CXCR1 receptor, monocytes
expressing the CXCR2 receptor,and CYFRA 21-1 level) and
three parameters in patients with AC (CYFRA 21-1 level,
lymphocytes expressing the CXCR1 receptor, and the E/M
ratio) were included in the regression analysis to construct
the equation. The resulting equations were expected to
exhibit higher sensitivity and specificity in stratifying
patients with Stage III AC based on the duration of relapse-
free survival. Utilizing a combination of parameters or
markers is a common technique for improving prognostic
accuracy.®* The convenience of the regression equation
lies in its ability to combine several markers into a single
numerical value, streamlining prognostic analysis.

All the prognostic characteristics (sensitivity, specificity
etc.) were much higher than when using each indicator
separately for a similar prognostic purpose. For Stage III
SCLC, the prognostic accuracy in predicting relapse-free
survival (Y > 0.417) was 87.7%.

For patients with Stage III AC, the optimal threshold
value for distinguishing between low- and high-risk groups
of tumor recurrence was 0.597. Specifically, if the value of
Z > 0.597, the patient has an 89.6% probability of high
tumor recurrence, while for value of Z < 0.597, 84.4% of
patients are correctly predicted to have a low risk of tumor
recurrence. The use of the logistic equation significantly
improved the probability in accurately predicting a low or
high risk of tumor recurrence, reaching an overall accuracy
0£89.0% (with sensitivity of 85.7%, and specificity of 94.8%).
As illustrated, all these indicators were notably higher than
those achieved when using individual parameters for the
same prognostic purpose.

The distribution of relapse-free survival into relatively
high and low, according to the results of logistic equation,
aligns to the results of TNM stratification. In patients with
Stage III SCLC, the relapse-free survival at the end of the
first year for those at low risk of tumor recurrence is 79%
according to TNM stratification and 77% when selected
blood parameters are included in the regression equation.
For patients with a high risk of tumor recurrence, survival
at the end of the 1% year after treatment is 49% and 48%,
respectively. Another notable observation is that a clear
difference between the high and low survival curves
occurs as early as the 1 month after the treatment, with
this difference subsequently increasing. In contrast, the
differences in the high and low relapse-free survival curves
constructed based on TNM appear only two months after
the treatment. In subsequent studies, further verification
of the proposed prognostic model is needed, not only to
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predict the development of the tumor recurrence but also
to evaluate the effectiveness of the therapy.

5. Conclusion

A regression equation has been developed to predict
the probability of tumor recurrence in patients with
Stage III SCLC based on measurements of CYFRA 21-1
concentration, the proportion of lymphocytes expressing
the CXCR1 receptor, and blood monocytes expressing the
CXCR2 receptor in the pre-operative period. If the result
of the equation exceeds 0.417, the risk of relapse is high,
and additional treatment measures are required to reduce
it. The model’s PPV is 90.4%, NPV is 84.9%, sensitivity is
84.9%, and specificity is 89.0%. Meanwhile, for the patients
with Stage III AC, a different set of laboratory parameters
(CYFRA 21-1 level, lymphocytes expressing the CXCR1
receptor, and the E/M ratio) can be incorporated into the
logistic equation to improve the prognosis of relapse-free
survival. If the result exceeds 0.597, the risk of relapse after
the treatment is high. The model's PPV is 89.6%, NPV is
84.4%, sensitivity is 85.7%, and specificity is 94.8%.
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Abstract

Coronary restenosis is a pressing challenge in cardiovascular diseases with an
annual incidence of 3 - 4%. The aim of the study was to assess the influence of
known risk factors in predicting coronary restenosis in a systematic analysis and
an original retrospective survey. In the first stage, we performed a systematic
review of restenosis risk factors using the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) protocol. In the second stage, we searched
for the restenosis risk factors in 15,000 patients who had undergone coronary
angiography, considering risk factors identified during the first stage. From the
second stage, we identified 516 patients with restenosis versus 282 patients without
restenosis. Coronary risk factors included male sex (hazard ratio [HR] = 2.194;
confidence interval [Cl]: 1.5 - 3.22) and history of myocardial infarction (HR = 1.098;
Cl: 1.05 - 1.15). Moderate-diameter stenosis (2.75 — 3.5 mm) exhibited a protective
effect on restenosis (HR = 0.713; Cl: 0.58 - 0.87), whereas small-diameter stenosis did
not. Drug-eluting stents reduced the risk of restenosis (HR = 0.554; Cl: 0.41 - 0.75).
The risk factors for coronary restenosis included male sex, history of myocardial
infarction, small-diameter stent, and the use of bare-metal stents.

Keywords: Coronary heart disease; Coronary restenosis; Risk factors; Drug-eluting stent;
Bare metal stent

1. Introduction

Annually, cardiovascular diseases (CVD) claim millions of lives worldwide and have
remained the leading cause of mortality for decades.! In Europe, over 60 million potential
years of life are lost annually due to CVD.? According to the Russian Statistical Yearbook
2021,* almost half of all deaths result from CVD, with over 80% of them being caused by
coronary heart disease (CHD). The number of CVD-related deaths per total population
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represents the standardized mortality rate and remains
high in the Russian Federation (590.9 in men and 576.3
in women). For comparison, the standardized mortality
rate for cancer was 397.4 in 2021.* However, over the past
20 years in Russia, CVD mortality has decreased by 30%
since 2003.° The availability of high-tech interventions
continues to grow, with the number of percutaneous
coronary interventions, including primary procedures,
increased more than 20 times, contributing to a decrease in
CVD mortality. It is also crucial to address the risk factors,
which can be classified as non-modifiable (male sex, age,
and burdened family history) and modifiable. Risk factors,
such as obesity, diabetes mellitus (DM), hypertension,
dyslipidemia, alcohol abuse, and smoking, are well-
studied and modifiable.® However, current knowledge
of risk factors allows for the prediction of CHD in only
50% of cases.” Likewise, even when these risk factors are
addressed, the disease often progresses, and acute CHD
continues to develop and relapse.

In addition, successful surgical treatment and adequate
medical therapy do not guarantee protection from acute
CHD recurrence, as one in five patients with acute coronary
syndrome develops a recurrent event within 3 years of the
intervention.®

Since the introduction of coronary angioplasty some
40 years ago, late stent thrombosis, in-stent restenosis, and
de novo neo-atherosclerosis have been recognized as major
causes of disease recurrence in long-term prognosis. In
almost 50% of cases, re-stenosis of a previously implanted
stent results in unstable angina pectoris, with 18.7%
of patients developing non-ST-elevation myocardial
infarction (NSTEMI) and 8.5% of patients developing
ST-elevation myocardial infarction (STEMI).?

In-stent restenosis is defined as the re-narrowing of
a vessel lumen diameter after percutaneous coronary
intervention. Angiographically, it is identified as recurrent
diameter stenosis >50% at the stent segment or its edges
(5-mm segments adjacent to the stent).” Restenosis results
from vascular injury due to balloon inflation and stent
implantation. Inflammation that occurs in response to
mechanical stretch, endothelial exposure, and subintimal
hemorrhage plays a key role by triggering a cascade of
proliferative processes.'™'? In-stent restenosis significantly
aggravates the CHD prognosis. Hence, identifying the
predictors of coronary restenosis is essential for adjusting
treatments and improving treatment outcomes.

The aim of the study was to assess the influence of
known risk factors in predicting coronary restenosis in
high-risk patients via two stages: (i) systematic analysis
and (ii) retrospective analysis.

2. Methods
2.1. Systematic analysis

In the first stage, we performed a systematic analysis of
available sources to identify restenosis predictors using data
from Russian and foreign publications. The search criteria
included scientific papers published not earlier than 2002
that covered analysis of risk factors for coronary in-stent
restenosis, as well as long-term outcomes, endpoints, and
survival rates of patients after stenting, based on the type
of stent coating (bare metal stent [BMS] or drug-eluting
stent [DES]). A mandatory selection criterion was the
availability of literature information on the risk ratio of
in-stent restenosis or data for calculating the corresponding
risk ratio. We used PubMed and eLibrary to search for
the articles. The keywords included “in-stent restenosis,’
“clinical presentation,” “outcome,” “bare metal stent,)
“drug-eluting stent,” “target lesion revascularization,”
“myocardial infarction,” and “percutaneous coronary
intervention” The search used OR and AND operators.
The meta-analysis included cohort and case-control
studies, both prospective and retrospective. These studies
evaluated predictors of restenosis, such as smoking,
DM, arterial hypertension, dyslipidemia, chronic kidney
disease (CKD), dialysis, previous myocardial infarction,
chronic heart failure, respiratory failure, cerebrovascular
disease, and Leriche syndrome. In addition, clinical
manifestations of in-stent restenosis were evaluated (stable
angina, unstable angina, and myocardial infarction), and
endpoints were assessed depending on stent coating. The
endpoints were hospitalization, repeat revascularization,
myocardial infarction, stent thrombosis, and death. The
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) protocol was used for the search
procedure.

2.2. Retrospective analysis

In the second stage, we analyzed 15,000 medical records
of stented patients from 2015 to 2020 (Figure 1) in a single
center (Republican Cardiological Center, Ufa, Russia).
Survival status and the occurrence of coronary restenosis
were recorded using the remote data capture system,
Program for Medical Cases Monitoring (ProMed), which
is used in all the medical institutions in the region.

The inclusion criteria were primary or scheduled
percutaneous coronary intervention, namely coronary
artery stenting. The exclusion criteria were: (i) Patients
younger than 18 years of age; (ii) early restenosis or stent
thrombosis (up to 30 days of percutaneous coronary
intervention); (iii) transplanted heart; (iv) severe renal or
hepatic insufficiency; (v) severe connective tissue diseases
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15,000 medical records of patients with
coronary heart disease from 2015 till 2020

Inclusion criteria l

798 previously stented
patients with and without
restenosis

S ——a

Controls (n = 282)

Study group (n = 516)

St 2 e

Endpoints: death, acute
myocardial infarction, stroke,
repeated hospitalization and

revascularization

v

5-year survival analysis

Figure 1. Retrospective analysis design

requiring continuous glucocorticosteroids and another
controller therapy; (vi) familial hypercholesterolemia; and
(vii) cancer that required chemotherapy and radiation
therapy after percutaneous coronary intervention.

2.3. Statistical analysis

Patients were divided into two groups based on the absence
(control group) or presence (restenosis group) of re-stenosis
requiring repeat percutaneous coronary intervention.
The restenosis group included 516 patients, while the
control group included patients without hemodynamically
significant restenosis. The endpoints (death, acute
myocardial infarction, acute cerebrovascular accident,
repeat hospitalization, and repeat revascularization) were
determined for all patients within 5 years. R Studio was
used in packages (“survival,” “survMisc,” and “survminer”).
Single- and multivariate survival analyses (e.g., Cox
regressions) and Kaplan-Meier analysis were performed.
The latter was used to estimate the differences in function
S(t) before the development or absence of restenosis in
different stent types:

, (n Jj)
S(t) [(n_].+ )J 4

where 7 is the total number of observations; d_is equal to
1 if the event occurred during the considered observation
period or 0 - if the event was censored.

To illustrate the results of the evaluation, Kaplan-Meier
curves were plotted on the survival function graph
(with restenosis as the endpoint), where the x-axis is the
observation period (before the development or absence of
restenosis; defined in months). The log-rank test was used
to compare the time intervals before restenosis in groups
with or without a certain variable (e.g., stent type [DES
vs. BMS]), with the null hypothesis stating no differences
between the groups. The significance level for rejecting the
null hypothesis was P < 0.05.

To confirm the influence of potential risk predictors
identified in the first stage of the study on restenosis
development, we performed survival analysis using Cox
regression with multiple variables:

2 (t) =2 (t)-exp(Bx,, +...+ Bx, + By) (11)

where A(t) is the risk of restenosis in the i-th patient
during the observation period # Z,(t) is the baseline
risk of restenosis in each patient by default; x ,... x,, is
the potential risk factor(s) of restenosis; f,...5, is the
coefficient(s) of the regressors identified in the first stage
of the study and evaluated using the partial likelihood
method; and g, is the intercept. The coefficients of the
regressors in the Cox model were estimated using the
maximum partial likelihood method with the partial
likelihood function according to the Efron and the Breslow
formulas. For both formulas (Equations I and II), the
Akaike and Schwartz information criteria values (AIC and
BIC) were calculated. The model was estimated using the
Efron partial likelihood method, as it yielded lower Akaike
and Schwartz information criteria values compared to the
Breslow method (for Breslow: AIC=3282.33, BIC=3313.58;
for Efron AIC=3280.96, BIC=3312.21). The form of the
partial likelihood function was selected based on the
smallest information criteria values.

Statistical significance of risk predictors was tested
according to the Wald test at a significance level of
p < 0.05; the null hypothesis was the assumption that the
regressor coefficient = 0, that is, there was no impact of
the investigated factor on the risk of restenosis. The Wald
statistic (Z ) was calculated as follows:

where SE( /;’) is the estimated standard error ﬂ .

To assess the quality of the Cox model, the likelihood
ratio (LR) test was performed with the null hypothesis of
no significance in the general model. The hypothesis was
rejected in favor of the alternative at P < 0.05. Harrell’s
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concordance (C)-index (CIH), the measure of explained
randomness ( R ),and the measure of explained deviation
(R?,, ) were considered as the quality metrics of the Cox
model parameterization. The measures are defined as

follows:

R, =1- exp[%(z - l)] (Iv)
n
RZ
,Znev — - mer. - (V)
(R, +7/6-01-R.,))

where [ is the logarithm of the partial likelihood
function, [ is the logarithm of the restricted (0 for all
regressors) partial likelihood function, and 7 is the number
of patients. It was believed that the explanatory power of
the Cox model is higher if the quality metrics are close to 1.

Simulation results were interpreted based on the
calculation using estimated hazard ratio (HR) regression
coefhicients:

Alt|x)

HR(x) == o - exp(x,8) (V1)

In addition, we assumed that the baseline risk function
A,(t) depends on time ¢, but the risk factors were not
independent of the time ¢. The 95% confidence interval
(CI) was calculated using the Greenwood formula:

d,

D(3(1))~ (g(t))z Zj:f,Stm (VID)

3. Results
3.1. Systematic analysis results

In the first stage, we analyzed publications in the PubMed
and eLibrary databases. A total of 13,775 full-text articles
were identified using the keyword “coronary in-stent
restenosis” (PubMed: 11,950; eLibrary: 1,825). At the
primary screening stage, 997 articles remained after
excluding duplicates and articles that did not correspond to
the topic. After a detailed review of the abstracts, 61 full-text
publications were selected for further analysis. The aim of
the systematic analysis was to identify potential risk factors
for coronary restenosis. In the final selection, only six full-
text articles remained (Table 1), enabling the identification
of 12 restenosis variables. A detailed analysis of publications
matching the search criteria is presented in Figure 2.

3.2. Retrospective analysis results

In the second stage, we analyzed the identified risk factors
for coronary restenosis from the systematic review. We

collected all data required based on the retrospective
analysis from 2015 to 2020 (5-year sample). After excluding
incomplete and low-quality data, the total sample size
was 798 patients and nine risk factors (variables). The
number of risk factors was reduced from 12 to 9, as three
manuscripts lack qualitative information for quantitative
analysis. Potential risk predictors were selected based on
the scientific articles reviewed. In 516 cases, restenosis
developed within 5 years (60 months) after stent
implantation. In 282 cases, no hemodynamically significant
restenosis was reported. Table 2 presents the comparison
of two groups (patients with vs. without restenosis) based
on the frequency of coronary restenosis risk factors. The
median (Me), as well as the first (Q,) and third quartiles
(Q3), were calculated for continuous attributes, while the
incidence (%) and relative frequency (%) were calculated
for frequency attributes. The P-level for frequency
attributes was calculated based on X (the criterion with
likelihood correction for continuous attributes) using the
Wald-Wolfowitz runs test.

Group comparisons indicated that the following
predictors are statistically significant (P < 0.05): male sex,
history of myocardial infarction, nominal stent diameter,
and the presence of stent coating.

Figure 3 displays the survival curves (before restenosis)
of patients with DES/BMS. The graph illustrates that the
type of stent significantly affects restenosis development.
BMS in the first few months leads to a dramatic increase in
the incidence of restenosis, and the likelihood of no adverse
events occurring within 60 months is drastically reduced.
This is confirmed by the log-rank test, which rejects the null
hypothesis of no difference in the likelihood of restenosis
at 60 months after BMS/DES stenting (P < 0.001).

In 2016, Buccheri et al.” performed a systematic review
of multiple studies, evaluating risk factors, survival, and
the frequency of adverse events in patients who underwent
implantation of different stents. Our results are consistent
with the findings of this review.

Using the selected risk factors as potential predictors for
coronary restenosis, a Cox model was plotted. The model
was estimated using the Efron partial likelihood method, as
it yielded lower Akaike and Schwartz information criteria
values compared to the Breslow method. Table 3 presents
Cox regression coefficient values for each predictor,
calculated based on the HR, the 95% CI limits (determined
using Greenwood’s formula), and the corresponding
p-level of error for rejecting the null hypothesis (i.e., model
coefficient estimate = 0). Model quality is relatively high:
CIH (Harrell's C-index) = 0.615; R* =0.71; R* =0.74.
Moreover, the LR test confirmed the significance of the
overall Cox model equation (LR = 15.84; P < 0.001).
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Table 1. Systematic analysis of studies related to coronary stenosis predictors

Study topic Number of patients Number of Analysis tool Restenosis predictors identified
restenosis cases
Predictors of restenosis 1,795 125 Multivariate analysis Lesion length, stent length, minimum lumen
after DES implantation diameter after intervention, minimum lumen
in one or more coronary diameter before intervention, reference
arteries artery size, complex lesions, and use of the
paclitaxel-eluting stent
Occurrence and predictive 398 37 Multivariate analysis Demographic characteristics (age),
factors of restenosis cardiovascular risk factors (hypertension and
in CHD patients with hyperuricemia), biochemical indexes (fasting
sirolimus-eluting stent blood glucose, total cholesterol, LDL-C, and
implantation HsCRP), cardiac function index (cardiac
troponin I), lesion features (multivessel artery
lesions, target lesion at left circumflex artery
(LCX), two target lesions, length of target
lesion, and operation procedure (length of
stent) correlated with higher restenosis risk; age,
hypertension, diabetes mellitus, LDL-C, HsCRP,
and target lesion at LCX were independent
predictive factors for increased restenosis risk
Predictors of restenosis 134 55 Univariate and Diabetes mellitus, acute coronary syndrome,
after implantation of multivariate analysis lesion length, bifurcation lesion, lower LVEE,
2.5-mm diameter stents in stent strut, stent/artery ratio, and stent length
small coronary arteries were identified as predictors of restenosis by
univariate analysis; subsequent multivariate
analysis revealed that lower LVEF (OR: 3.37;
P=0.01), bifurcation lesion (OR: 2.47; P=0.04),
thicker stent strut (OR: 2.30; P=0.04), and
longer stent length (OR: 1.05; P=0.02) were
significant predictors of restenosis
Relationship between 126 42 Logistic regression; Five significant risk factors of restenosis were
the level of circulating ROC analysis identified by binary comparisons of different
CD45+platelets and variables: level of CD45-positive platelets,
development of restenosis diabetes mellitus, small vessel of stent, number
after implantation of DES of simultaneously implanted stents in one
in patients with CHD patient, and lesion length demonstrates
ISR risk (OR: 22.8; P<0.001); ROC analysis
demonstrated a high prognostic value of the
logit model (AUC: 0.87; P<0.001)
CHA DS, -Vasc and 358 98 Multivariate logistic Compared with the non-ISR group, more
CHA,DS,-Vasc-HS scores regression analysis patients in the ISR group had diabetes mellitus
are poor predictors of ISR and received stents with smaller diameters but
in patients with coronary longer lengths; multivariate logistic regression
DES analyses demonstrated that stent diameter,
follow-up duration, and glycosylated hemoglobin
were independent risk factors for ISR
Use of NLR for prediction 181 47 ROC analysis NLR (before stenting; P<0.001) was significantly

of ISR in bifurcation
lesions

higher in the group with restenosis; NLRA was
found to be a significant independent predictor
of ISR from the multivariate logistic regression
analysis; NLRA level>0.58 mg/dL had 81.8%
sensitivity and 93.5% specificity for the prediction
of ISR; NLR level (after stenting) >3.43 mg/dL
predicted ISR with 45.5% sensitivity and 95.8%
specificity; NLRA was the strongest independent
predictor of ISR (P=0.001).

Abbreviations: DES: Drug-eluting stent; CHD: Coronary heart disease; HsCRP: High-sensitivity C-reactive protein; ISR: In-stent restenosis;
LDL-C: Low-density lipoprotein; LVEF: Left ventricular ejection fraction; NLR: Neutrophil-to-lymphocyte ratio; OR: Odds ratio; AUC: Area under the

curve; ISR: In-stent restenosis.
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Table 2. Comparison of two groups based on the frequency of coronary restenosis risk factors

Restenosis risk predictors Patients without restenosis (n=282) Patients with restenosis (n=516) P
Smoking 14 (25.9%) 57 (15.3%) 0.476
Sex (male/female) 202/80 402/113 0.001**
Family history 2 (9%) 39 (10.48%) 0.993
Atrial fibrillation 35 (12.41%) 47 (9.49%) 0.176
Prior myocardial infarction 178 (63.12%) 368 (73.9%) 0.033*
Arterial hypertension 257 (91.46%) 465 (93.56%) 0.065
Nominal stent diameter (<2.5 mm) 3(2.75; 3.5) 3(2.75; 3.5) <0.001%*
Patient’s age at the first stenting, years 61.68 (55.09; 67.05) 59.53 (54.29; 66.19) 0.123

Stent type (BMS%) 90 (31.25%)

68 (17.66%) 0.001**

Note: Data presented as Me (Q; Q,) or frequency (%); *P<0.05; **P<0.01; ***P<0.001.
Abbreviations: BMS: Bare metal stent; Me: Median; Q,: First quartile; Q,: Third quartile.
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Pre-selected publications (n = 997)

Excluded Publications
(n=112)

Evaluation Stage

Full-text publi.ca.tions from those tl’_lat passed Excluded fulltext publications
the preliminary selection (n = 61)

(n = 55)

| Inclusion Stage | |

Studies included in the systematic review (n = 6)

Figure 2. Publication selection process
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Figure 3. Kaplan-Meier curves to evaluate function before restenosis
depending on the presence or absence of stent coating.

The simulation results led to the following observations:

(i) Male sex almost doubles the likelihood of restenosis
risk (HR = 2.194; 95% CI: 1.5 - 3.22);

(ii) Myocardial infarction increases the risk of restenosis
by 1.1-fold, i.e., by almost 10% (HR = 1.098; 95%
CI: 1.05 - 1.15);

(iii) Moderate-diameter stenosis (2.75 - 3.5 mm) reduces
the risk of restenosis (HR = 0.713; 95% CI: 0.58 -
0.87), whereas small-diameter occlusion increases the
risk of restenosis;

(iv) DES reduces the risk of coronary restenosis by almost
50% compared to BMS (HR = 0.554; 95% CI: 0.41 - 0.75).

4, Discussion

Percutaneous coronary intervention has dramatically
reduced mortality and other adverse outcomes in patients
with CHD. Percutaneous coronary interventions cause
mechanical injury and vascular inflammation. The presence
of a foreign body and the proinflammatory effects of the
polymer and the drug eluted by the stent stimulate complex
processes involving endothelial cells, smooth muscle
cells, platelets, and inflammatory cells."* Locally, vascular
injury caused by stenting triggers a cascade of events that
include endothelial denudation, exposure of prothrombotic
intima and inflammation, the release of growth factors and
cytokines, platelet activation, and SMC proliferation and
migration. The result of these processes may be healing
or pathological processes, such as excessive neointimal
hyperplasia (in 6 - 12 months) or neoatherogenesis
(>12 months after intervention), which cause restenosis.'®

After percutaneous interventions, the most common
cause of long-term failure is in-stent restenosis. It has been
reported to occur at a frequency as high as 25 - 50% in BMS,
though its rate has become significantly lower with the
introduction of DES.'¢ DES failure remains a problem that
affects up to 20% of the devices implanted, depending on
several factors.”” Beyond the implications for the treatment
of these events, percutaneous treatment of in-stent
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Table 3. Cox regression evaluation of the impact of risk
factors for coronary restenosis

Risk factor Coefficient HR 95% CI P
Male sex 0.785 2.194 1.5-3.22 <0.001%*¢*
Prior myocardial 0.0934 1.098  1.05-1.15 0.045*
infarction

Nominal stent —0.338 0.713 0.58 - 0.87 0.0011**
diameter (<2.5 mm)

Stent type (BMS) -0.591 0.554 0.41-0.75 0.0001***

Note: *P<0.05; **P<0.01; ***P<0.001.
Abbreviations: BMS: Bare metal stent; HR: Hazard ratio;
CI: Confidence interval.

restenosis is also associated with a much higher rate of
failure than revascularization treatment of native vessels.
Consequently, DES significantly reduces the incidence of
in-stent restenosis; however, the problem remains relevant.
The currently known risk factors for in-stent restenosis
can be classified into three groups: patient-related, vessel-
related, and procedure-related.'® Patient-related risk factors
include patient age, comorbidities (e.g., DM), genetic
disorders, and systemic inflammation, with DM being the
most important risk factor in this group that may trigger
in-stent restenosis. According to the Swedish Coronary
Angiography and Angioplasty Registry (SCAAR), which
includes information about 35,000 stented patients, after
2 years of follow-up, restenosis in patients with DM was
twice as frequent with the zotarolimus-eluting stent.”
This is due to metabolic disorders that trigger endothelial
dysfunction, accelerate neointimal proliferation, and
induce a prothrombotic state by increasing platelet
aggregation and thrombogenicity.?**

Several papers demonstrate the role of genetic
abnormalities, such as polymorphisms of genes encoding
haptoglobin 2/2.25, interleukin-8 (IL-8), angiotensin-
converting enzyme, and glycoprotein receptor IITaPLA1/2,
in the development of stent restenosis in most of these
patients.?**

Multiple studies have been conducted to identify
inflammation markers and correlate their levels with
coronary restenosis. Plasma C-reactive protein (CRP) level
has long been proven to be a CVD predictor and is now
being investigated for its predictive value for restenosis.
One study found that CRP levels strongly correlated
with the angiographic signs of restenosis.”»** The number
of macrophages in tissue samples and restenosis have
been found to strongly correlate.” Circulating matrix
metalloproteinases (MMPs), namely, MMP-2 and MMP-9,
have recently been identified as potentially useful markers
for identifying patients at high risk of restenosis after stent
implantation.?®

The vascular-related risk factors of coronary
restenosis include complex calcified, long vessel lesions,
atherosclerotic plaques in the Ostia, and bifurcations of
coronary arteries, as well as small vessel diameter and
multivessel disease.”” For example, Coughlan et al*
presented a novel clinical score (the ISAR score) to predict
the risk of repeat percutaneous coronary intervention
for recurrent DES-in-stent restenosis (DES-ISR). They
retrospectively analyzed 1,986 consecutive patients with
DES-ISR (2,392 in-stent restenosis lesions) from two
centers. Patients were randomly divided (3:1 ratio) into
training (1,471 patients, 1,778 lesions) and validation
(515 patients, 614 lesions) cohorts to develop and validate
the predictive model. The median duration of clinical
follow-up after DES-ISR treatment was 7.4 years. Four
clinical variables were associated with repeat percutaneous
coronary intervention for recurrent DES-ISR after 1 year:
(i) A non-focal in-stent restenosis pattern, (ii) time interval
to in-stent restenosis <6 months, (iii) in-stent restenosis
in the left circumflex coronary artery, and (iv) in-stent
restenosis in a calcified vessel. In addition, the numerical
four-item ISAR score (one point for each variable) proved
clinically useful to readily predict percutaneous coronary
intervention for recurrent DES-ISR.

Percutaneous coronary intervention-related risk
factors include stent deployment failure, excessive stent
dilatation, stent fracture, and polymer damage. These cases
occur most frequently when stenting complex lesions
or markedly calcified vessels, resulting in neointimal
hyperplasia and impaired delivery of the drug coating
the stent.’’ Some investigators proposed new biomarkers,
such as the triglyceride-glucose index** and epicardial fat
thickness.”

Coronary restenosis remains a common complication
following coronary revascularization and stenting. The
technical reasons for in-stent restenosis are well elucidated.
Multiple studies indicated that adequate stent deployment,
complete inflation, and optimal stent diameter play key
roles in preventing restenosis. In addition, the complexity
of the procedure due to multivessel disease, bifurcation
lesions, small-diameter vessel lesions, and pronounced
calcification is another important risk factor.

Our study analyzed known predictors of coronary
restenosis in a large sample of stented patients who
developed hemodynamically significant restenosis,
requiring repeat revascularization within 60 months of the
first stenting. The roles of sex and history of myocardial
infarction have been demonstrated for restenosis
formation and the rate of its development. Moreover,
DES is significantly superior to BMS in terms of adverse
event incidence and rate. These results are consistent with
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the meta-analysis by Zhang et al.,** in which the use of
DES and drug-coated balloons was the only choice for
de novo CAD, chronic coronary disease,” and myocardial
infarction.’ The smaller the diameter of the revascularized
vessel, the higher the risk of restenosis. Coronary
stent < 3 mm was also identified by Zhang et al.*” as a risk
factor for coronary restenosis. In this study, 350 patients
with CHD after percutaneous coronary intervention were
divided into a stent stenosis group and a stent non-stenosis
group based on coronary angiography results performed
2 years after percutaneous coronary intervention. Of the
350 patients with CHD, 138 (39.43%) had stent restenosis,
while 212 did not. Multivariate logistic regression analysis
revealed that family history of CHD, history of Type 2
diabetes, hypertension, smoking, and drinking, aspirin
withdrawal, use of conventional doses of statins, calcified
lesions, =3 implanted stents, stent length >30 mm, stent
diameter <3 mm, and tandem stenting were risk factors
for in-stent restenosis within 2 years after percutaneous
coronary intervention. A family history of CHD, history
of Type 2 diabetes, hypertension, smoking, and drinking,
discontinuation of aspirin, use of conventional dose statins,
calcified lesions, >3 stent implantations, stent length
230 mm, stent diameter <3 mm, and tandem stenting
are risk factors for ISR within 2 years after percutaneous
coronary intervention in patients with CHD.

However, prior myocardial infarction and male sex
were less frequently identified as risk factors. Although
DES reduced the occurrence of stent restenosis compared
with BMS, managing DES-restenosis is more challenging
and results in poorer long-term clinical and angiographic
outcomes than BMS-associated restenosis.”® At present,
both new-generation DES and drug-coated balloons are
recommended by the European guidelines on coronary
revascularization for the treatment of patients presenting
with in-stent restenosis.”

In-stent restenosis significantly aggravates CHD
prognosis. The 5-year survival rate of such patients is
reduced when treated with conservative therapy alone. These
factors determine unfavorable prognosis, the need for repeat
revascularizations, and the progression of heart failure.
Consequently, the identification of restenosis predictors is
increasingly important, despite limited existing knowledge.
This could enable the development of personalized treatment
regimens, informed decisions on revascularization methods,
material selection, and stenting techniques.

Our study had several limitations. Despite the large
sample size, the study was based on a single center, thus
limiting its findings to a specific region within the unique.
The study was not controlled, and no measures were
implemented to address selection bias. In addition, some

patients were probably lost to follow-up after leaving
the region, rendering them unavailable in the medical
recording system.

5. Conclusion

Our systematic review analyzed the risk factors for coronary
restenosis, their influence on the frequency and rate of
adverse events, and the corresponding favorable outcomes.
The retrospective analysis revealed that the stent type and
stented artery diameter significantly affect the duration of
stent function and the likelihood of restenosis. Developing
a mathematical model for predicting risk factors and
identifying new predictors of restenosis will improve the
prognosis in patients with recurrent coronary restenosis.
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Abstract

Multiple investigators have suggested that infrared laser energy facilitates hard and
soft tissue wound healing through various mechanisms, including the suppression
of inflammation. This study investigated the influence of neodymium-doped yttrium
aluminum garnet (Nd:YAG) laser exposure time on pro-inflammatory cytokine/chemokine
concentrations in lipopolysaccharide (LPS)-stimulated rat peripheral blood mononuclear
cells (PBMCs). Cultured rat PBMCs were stimulated with various LPS concentrations
(0, 10, 100, or 1000 ng/mL) and treated with Nd:YAG laser irradiation for O (control), 30,
45, or 60 s. For these experiments, the average power, pulse duration, and repetition
rate remained constant at 5 W, 100 us, and 20 Hz, respectively. Luminex magnetic
microsphere immunoassays were used to compare the secretion of 27 inflammatory
mediators from LPS-stimulated PBMCs in laser-irradiated versus control groups. Two-way
analysis of variance was used to compare the main effects of laser exposure time and
LPS concentration on cytokine/chemokine concentrations and evaluate the potential
interaction between these factors. Four pro-inflammatory cytokines — tumor necrosis
factor-o, macrophage inflammatory protein (MIP)-1c, MIP-2, and interferon gamma-
induced protein-10 — exhibited a trend of reduced secretion in laser-irradiated cultures.
The effect appeared more pronounced at longer exposure times (45 and 60 s). However,
none of the 27 inflammatory mediators exhibited statistically significant reductions in
concentrations in laser-irradiated cultures versus control cultures. These observations do
not support a robust anti-inflammatory effect of Nd:YAG laser irradiation. Further studies
should explore the potential impact of Nd:YAG laser irradiation on cytotoxicity and cellular
growth kinetics and extend across a range of irradiation parameters and cell types.

Keywords: Lasers; Leukocytes; Mononuclear; Inflammation; Cytokines; Low-level light
therapy; Lipopolysaccharide

Volume 3 Issue 4 (2024)

1 doi: 10.36922/gtm.4433


https://dx.doi.org/10.36922/gtm.4433
https://orcid.org/0000-0001-9129-0733
https://orcid.org/0000-0002-2463-3799
https://orcid.org/0009-0007-9879-9306
https://orcid.org/0009-0007-5838-080X
https://orcid.org/0009-0005-9851-9090
https://orcid.org/0000-0001-5710-8344
https://orcid.org/0000-0003-2563-132X
https://orcid.org/0000-0001-8325-0803
https://dx.doi.org/10.36922/gtm.4433
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Global Translational Medicine

Laser influence on cytokine secretion

1. Introduction

The concept of utilizing light for medical purposes
originated long ago. Ancient Egyptian, Greek, Roman,
and Arab physicians used sunlight to treat various human
ailments, beginning as early as 1400 B.C.' However, modern
phototherapy began to take form around the turn of the
20" century. In 1903, Niels Ryberg Finsen received a Nobel
Prize for his work demonstrating the bactericidal and
tissue-stimulating effects of concentrated light.> In 1960,
Theodore Maiman introduced the first laser,’ and by the
end of the same decade, Dr. Endre Mester demonstrated the
improvement of a biological process (hair growth) in mice
irradiated with a ruby laser.* Since then, researchers have
associated laser irradiation with pain relief,>!! improved
wound healing,>*'¢ bone'”*" and nerve regeneration,?**
and reduced inflammation.>*

After Mester’s early experiments, investigators quickly
realized that progressively large laser exposures or “doses”
did not always result in concomitant increases in the
recorded biological outcome.® In fact, laser irradiation
may produce either stimulatory or inhibitory responses,
depending on the applied laser parameters.> Of principal
importance is the wavelength of the laser light, which
determines the absorption profile within the tissue.”
Fluence (J/cm?) and irradiance (W/cm?) are also major
determinants of the biological response.*” Other relevant
and interrelated parameters include the average power,
peak power, pulse duration, pulse repetition rate, exposure
time, spot size, target cell type, pulse energy, total energy
applied, number of laser applications, and interval between
laser applications.*"**

Mester referred to the effect he observed as “laser
biostimulation,”* and low-level laser/light therapyis another
commonly used term for the phenomenon.” In 2014, the
North American Association for Photobiomodulation
(PBM) Therapy and the World Association for Laser
Therapy (WALT) jointly affirmed “photobiomodulation”
as the most appropriate term. WALT defines PBM
as the induction of non-thermal photophysical and
photochemical events in target cells or tissues, resulting in
physiological changes at various biological scales.”* PBM
responses are produced through non-thermal mechanisms
and are distinguishable from the effects that result from
simply heating the tissue.? Typical fluence values used in
PBM range from 1 to 20 J/cm%* above which thermal
effects may predominate or partially account for the
observed responses.

Modulation of the inflammatory response is one of
the most consistent observations in PBM research, and
this effect may account for some of the clinical benefits
associated with laser therapy.® Various researchers have

reported a reduction in the secretion of pro-inflammatory
cytokines such as interleukin (IL)-1f and tumor necrosis
factor (TNF)-ou using infrared lasers.””*®* Infrared laser
irradiation also appears to decrease cyclooxygenase
(COX)-2 mRNA levels and prostaglandin synthesis
in some cell types.*® Considering the number of laser
parameters potentially influencing cell/tissue effects
and the complexity of the immune response, additional
studies are required to clarify the underlying mechanisms
of PBM and optimize therapeutic protocols. Although
clinical investigations have suggested that laser irradiation
improves wound healing in various contexts, narrowly
focused in vitro studies contribute to the body of evidence
highlighting the underlying mechanisms. The primary
purpose of this study was to explore the influence of a
specific laser parameter (exposure time) on cytokine
secretion in stimulated peripheral blood mononuclear cell
(PBMC) cultures irradiated with a neodymium-doped
yttrium aluminum garnet (Nd:YAG) laser.

2. Materials and methods
2.1. Materials
2.1.1. Target cells and culture conditions

Sprague-Dawley rat PBMCs were obtained from IQ
Biosciences (Berkeley, California, USA) and maintained
in liquid nitrogen before culturing. Cells were initially
resuspended in HanKk’s balanced salt solution without
calcium or magnesium supplemented with 10% fetal
bovine serum (FBS). They were then pelleted and
resuspended in RPMI 1640 medium supplemented
with 10% FBS (Thermofisher Scientific, Waltham, MA,
USA). Approximately 1 x 10° cells were seeded into T-75
culture flasks (Fisher Scientific, Hampton, NH, USA) for
expansion. The cells were grown at 37°C in a 5% CO,
atmosphere with ambient humidity. The medium was
replaced every 3 days and as required. The cells were
evaluated through microscopy during each media change,
and they were found to remain morphologically consistent,
structurally intact, and free of debris throughout the course
of the study.

2.1.2. Laser system

An Nd:YAG laser (1064 nm, Lightwalker AT, Fotona,
Dallas, Texas, USA) was used to irradiate the cultures
according to the manufacturer’s operating instructions.

2.2. Lipopolysaccharide (LPS) stimulation

Near-confluent rat PBMC cultures (consisting of
1 x 10° cells each) were exposed to one of four LPS
concentrations of 0, 10, 100, or 1000 ng/mL for 1 h in
the cell culture media. The cells were then transferred
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Table 1. Experimental design.

Group 1 (Unexposed controls) Group 2 Group 3 Group 4 Group 5
Pulse duration Not applicable 100 us 100 us 100 us 100 us
Pulse repetition rate Not applicable 20 Hz 20 Hz 20 Hz 20 Hz
Average power Not applicable 5W 5W 5W 3W
Exposure time Not applicable 30s 45s 60 s 60 s

Note: Each experiment included three wells per group, completed in duplicate.

to 96-well plates (2.0 x 10* cells/well; Fisher Scientific,
Hampton, NH) for laser irradiation.

2.3. Laser application

Laser irradiation was performed immediately after the
1-h incubation with LPS. A 300-micron optical fiber
directed the laser beam perpendicularly to the plated cells
from a distance of 1.8 c¢m, and a standardized support
reliably reproduced the laser position. Plate covers
were removed before irradiation to avoid reflection and
diffusion of the laser light. The cultures stimulated at each
LPS concentration received Nd:YAG laser irradiation
(5 W average power) at one of four exposure times, viz.,
0 (control), 30, 45, or 60 s (Table 1). The pulse duration
and repetition rate remained constant at 100 us and
20 Hz, respectively. After irradiation, the cells were
incubated for 1 h at 37°C before analysis. Each experiment
(LPS concentration and laser treatment combination)
was completed with three wells per condition in two
independent experiments, yielding a total of six wells per
condition. For comparison with cultures irradiated at 5 W,
three wells in each experiment were irradiated at a lower
average power (3 W) for 60 s.

2.4. Evaluation of cytokine levels

For each condition tested, the concentrations of
27 cytokines were analyzed simultaneously using a
Luminex cytokine assay (Thermofisher Scientific)
(Table 2). The immunoassay kit included magnetic
microspheres tagged with fluorescent dyes covalently
coupled to antibodies specific for cytokines of interest
(capture antibodies). After incubating the microspheres
for 2 h with 200 uL of culture media from each condition,
a secondary antibody (detection antibody) labeled with
a streptavidin—phycoerythrin conjugate was introduced.
A light-emitting diode was used to excite the conjugate,
and the fluorescence from each microsphere was detected
using a charge-coupled device camera. The median
fluorescence intensities provided the basis for sample
analysis. Images were processed using the analysis software
(Luminex MAGPIX System, Thermofisher Scientific), and
the cytokine/chemokine concentrations were determined
in pg/mL using standard curves.

Table 2. Analytes evaluated through magnetic microsphere
immunoassay

Tumor necrosis factor-o

Macrophage inflammatory protein-1ot
Macrophage inflammatory protein-2
Interferon gamma-induced protein 10
Granulocyte colony-stimulating factor
Eotaxin

Granulocyte-macrophage colony-stimulating factor
Interleukin-1o

Leptin

Interleukin-4

Interleukin-13

Interleukin-2

Interleukin-6

Epidermal growth factor
Interleukin-13

Interleukin-10

Interleukin-12p70

Interferon

Interleukin-5

Interleukin-170c

Interleukin-18

Monocyte chemoattractant protein-1
Growth-regulated oncogene/keratinocyte chemoattractant
Vascular epithelial growth factor
RANTES (CCL-5)

Fractalkine

Liposaccharide-induced CXC chemokine

2.5. Statistical analysis

A two-way analysis of variance was used to compare the
main effects of laser exposure time and LPS concentration
on cytokine/chemokine concentrations and evaluate the
potential interaction between these factors. Statistical
significance was determined at an alpha level of 0.05.
Normalized cytokine concentrations are expressed as
mean + standard error of mean (SE).
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3. Results

TNF-a, macrophage inflammatory protein (MIP)-1c,
MIP-2, and interferon gamma-induced protein-10 (IP-10)
showed a trend toward reduced concentrations in the
laser-irradiated cultures. This effect was more pronounced
at longer exposure times (45 and 60 s) (Figure 1). However,
none of the 27 inflammatory mediators that were evaluated
in this study showed statistically significant reductions
in concentration in the laser-irradiated versus control
cultures. As anticipated, we observed LPS dose-dependent
increases in cytokine concentrations in the control groups
(Figure 2).

4. Discussion

This study aimed to explore the effect of Nd:YAG laser
exposure time on the secretion of 27 inflammatory
mediators in LPS-stimulated rat PBMCs. Because
a general reduction in inflammation is a consistent
finding in PBM studies,”® extensive effects on a large
proportion of the evaluated proteins may have been
anticipated. In contrast, we detected no statistically
significant reductions in the concentrations of the pro-
inflammatory cytokines.

The ability to modulate inflammation is relevant for
clinical and patient-oriented outcomes in dental implant
therapy, hard and soft tissue augmentation procedures,
and the treatment of periodontal disease. In fact,
periodontitis — which involves inflammatory destruction
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of the alveolar bone and periodontal attachment - is the
most common non-communicable chronic inflammatory
disease affecting humans.”® The microbial -etiology
of this disease is complex, and the emerging concept
of dysbiosis remains incomplete.***” Nevertheless,
one mode by which dysbiosis can manifest involves
the expansion of pathobionts within the microbial
ecosystem.* Multiple putative periodontal pathogens
are gram-negative anaerobes that contain LPS within
their outer membranes.*® LPS is a virulence factor and
a potent inflammatory stimulus, which may cause bone
resorption and loss of attachment.*** Nd:YAG lasers are
used clinically in the treatment of periodontitis and in
alveolar ridge preservation procedures;*>** however, the
effect of laser periodontal therapy (LPT) on the local
immune response has not been established.

The results of this study should be interpreted
with caution due to multiple limitations. Notably, our
experiments were incapable of optimizing the exposure
parameters to minimize the levels of pro-inflammatory
cytokines. Numerous PBM outcomes of interest exhibit
biphasic responses.* Hence, a lower fluence value (J/cm?)
may have affected the investigated inflammatory mediators
more broadly and to a greater degree. The power levels
applied may have exceeded the ideal for exerting anti-
inflammatory effects. Clinically, an average power of 4 W is
typical for intraoral applications,® which can be increased
to 6 W for extraoral PBM. The average power applied in
these experiments was within this range. It is difficult to
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Figure 1. Normalized mean concentrations of cytokines trending toward reduced concentrations in laser-exposed cell cultures
Abbreviations: IP-10: Interferon gamma-induced protein 10; LPS: lipopolysaccharide; MIP-1a: Macrophage inflammatory protein-1a; MIP-2: Macrophage

inflammatory protein-2; TNF-a: Tumor necrosis factor-a.
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Abbreviations: IP-10: Interferon gamma-induced protein 10; LPS: lipopolysaccharide; MIP-1a: Macrophage inflammatory protein-1a; MIP-2: Macrophage

inflammatory protein-2; TNF-a: Tumor necrosis factor-a.

place the exposure times evaluated in this study into the
clinical context. A typical LPT procedure may require 22 h,
with multiple laser applications at different irradiation
parameters interrupted by mechanical debridement of the
tooth roots.”® Alveolar ridge preservation at a single tooth
extraction socket may involve laser application for several
minutes.* The distance between the optical fiber and
target cells/tissues is another factor potentially affecting
the observed response. In distinct clinical situations, the
distance between the optical fiber and the target tissue
varies from direct contact to several centimeters. Changing
the standardized distance used in this study (1.8 cm) would
probably affect the results. An excessively small distance
may damage cells directly aligned with the fiber, whereas
an excessively large distance could result in laser exposure
affecting the cells in adjacent wells. In this study, cell viability
was not confirmed before the evaluation of cytokine levels.
Therefore, the observed reductions in some cytokine levels
may have reflected cell death rather than PBM.

5. Conclusion

Under the experimental conditions of this study, the
observations do not support the reduced secretion of
pro-inflammatory cytokines in PBMC cultures receiving
Nd:YAG laser irradiation. Modifying the irradiation
parameters may alter the observed cytokine secretion
profiles. Further studies should extend experiments across
a range of laser irradiation parameters and cell types and
include evaluations of cytotoxicity and cellular growth
kinetics.
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Abstract

Early screening for sleep apnea in patients with tachyarrhythmia is particularly
relevant for managing their treatment. Herein, we aimed to assess the screening
capabilities of the Berlin Questionnaire, STOP-BANG Sleep Apnea Risk Scale, and
Epworth Sleepiness Scale in patients with atrial fibrillation (AF) and atrial flutter.
This study included 207 patients with tachyarrhythmia. The patients were asked to
fill the three questionnaires. Respiratory monitoring was performed, and the cohort
was divided into two groups: those with sleep apnea (Group I) and those without
sleep apnea (Group ll). Sleep apnea was identified in 155 patients. The remaining
52 patients did not have sleep apnea. Patients in Group | were older (64 vs. 57 years;
P =0.001) and had a higher body mass index (34 vs. 31.65 kg/m? P = 0.027), waist
circumference (114 vs. 108 cm; P = 0.001), and neck circumference (43 cm vs. 41 cm;
P =0.001) than patients in Group Il. Type-2 diabetes (59 vs. 8; P = 0.004), heart failure
(OR 0.797 [95% CI:0.683-0.929]; P = 0.004), and AF (OR 1.252 [95% CI:1.088-1.441];
P = 0.013) were more common in Group | than in Group Il. Eighty-seven patients
exhibited paroxysmal AF. The Berlin (area under the curve [AUC] 0.709; sensitivity
80%; specificity 54%) and STOP-BANG (AUC 0.708; sensitivity 79%; specificity 46%)
Questionnaires effectively identified sleep apnea. The Epworth Sleepiness Scale had
a low predictive ability for sleep apnea (sensitivity 15%; specificity 87%; AUC 0.543).
Thus, the Berlin Questionnaire and STOP-BANG Scale may be used to assess the risk
of sleep apnea in patients with AF.

Keywords: Sleep apnea syndromes; Mass screening; Atrial fibrillation; Radiofrequency
ablation

1. Introduction

According to the EPOCH-CHF study, the prevalence of atrial fibrillation (AF) in
the European part of the Russian Federation is 2.04% or 2,040 patients per 100,000
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population.! The prevalence of AF increases with age,
reaching a maximum at 80 - 89 years of age (9.6%).
Moreover, AF isassociated with a high risk of cardiovascular
complications, such as acute cerebrovascular accidents or
transient ischemic attacks, heart failure, cognitive decline,
depression, frequent hospitalization, and mortality.?

AF often coexists with other conditions, particularly
obstructive sleep apnea (OSA).> This coexistence is
attributed to common risk factors such as age, hypertension,
and other cardiovascular diseases CVS, which increase the
independent attributable risk to 21% (odds ratio [OR] 1.12
- 1.31).** A dose-dependent relationship exists between
AF risk and OSA severity.® Therefore, the effectiveness
of AF management may depend on the OSA severity.
Furthermore, a moderate and severe OSA increases AF
recurrence after radiofrequency catheter ablation and
electrical cardioversion.”!?

The arrhythmogenic mechanism of OSA involves a
transient obstruction of the upper airway that leads to
chronic transient hypoxia, contributing to atrial remodeling
through local and systemic inflammatory responses and
oxidative stress.’ In combination with high-frequency
deoxygenation episodes, the negative intrathoracic
pressure fluctuations during inspiration and upper
airway obstruction in OSA cause myocardial stretch and
changes in transmural pressure gradients.'"'> Obstructive
respiratory events increase venous return, which increases
the right atrial and right ventricular preload.”*** The
subsequent right ventricular and right atrial stretch impairs
left ventricular filling, further increasing left atrial volume
load and causing left atrial dilation.'**?

At present, several methods are available for identifying
sleep apnea, such as polysomnography, portable
respiratory monitoring (RM), and overnight pulse
oximetry. These studies require specialized equipment,
appropriate infrastructure, and trained medical staff.
Early and accessible screening for suspected sleep apnea is
particularly relevant for patients with arrhythmias. Various
questionnaires including the Berlin Questionnaire,"
STOP-BANG Sleep Apnea Risk Scale,' and Epworth
Sleepiness Scale'” are used for OSA screening. However,
the sensitivity and specificity of these questionnaires for
patients with tachyarrhythmia (AF and flutter) remain
debatable.’*** Therefore, herein, we aimed to assess the
screening capabilities of the Berlin Questionnaire, STOP-
BANG Sleep Apnea Risk Scale, and Epworth Sleepiness
Scale in patients with tachyarrhythmia.

2. Materials and methods

This study included 207 patients with tachyarrhythmia
who were hospitalized for a possible surgical

intervention in the Department of Electrophysiology
and Cardiac Pacing at the Moscow City Clinical Hospital
named after V.M. Buyanov between July 2022 and
March 2024. The study was conducted in accordance
with the Helsinki Declaration’s principles and approved
by the Institutional Ethics Committee (No: 115/5;
June 09, 2022).

The clinical and demographic characteristics of the
patients are presented in Table 1. The mean age of the
patients was 63 years (interquartile range [IQR]: 55 - 68).
No differences were observed in sex, height, weight, or
body surface area. The study included 83 (40.1%) men and
126 (60.8%) women. Of the included patients, 23 (11.1%)
had atrial flutter, 163 (78.7%) had AF, and 25 (12.1%) had
a combination of atrial flutter and AE.

The following were the inclusion criteria: Age >18 years,
presence of tachyarrhythmias, and signed informed
consent form.

The following were the exclusion criteria: moderate
or severe cognitive decline, inability to sign informed
consent, and presence of bradyarrhythmias (sick sinus
syndrome, 2™-and 3"degree atrioventricular block, and
AF with atrioventricular conduction disturbances) with or
without pacemaker.

After obtaining consent, patients were asked to complete
the Berlin Questionnaire, STOP-BANG Sleep Apnea Risk
Scale, and the Epworth Sleepiness Scale for OSA screening.
In addition, anxiety and depression were assessed using
the hospital anxiety and depression scale (HADS).

2.1. Description of the questionnaires

(i) The Berlin Questionnaire comprises 11 questions
in three sections. A positive score (=2 points) in 2 —
3 sections is considered a high risk for OSA.

(ii) The STOP-BANG Sleep Apnea Risk Scale comprises
two parts: STOP and BANG. A score of 3 - 4 points
(number of “yes” answers) and 5 - 8 pointsis considered
moderate and high risk of OSA, respectively. The
following conditions are also considered high risk for
OSA: Two or more “yes” answers in the STOP part
+ male sex; two or more “yes” answers in the STOP
part + Body mass index (BMI) of at least 35 kg/m?; or
two or more “yes” answers in the STOP part + neck
circumference of 240 cm.

(iii) The Epworth Sleepiness Scale includes eight situations
from daily life that are assessed for causing sleepiness.
Scores range from 0 (“would never doze off”) to 3
(“high chance of dozing”). After the total score is
calculated, a score of 0 - 10, 11 - 12, 13 - 15, and 16
- 24 is considered normal, mild daytime sleepiness,
moderate daytime sleepiness, and severe daytime
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Table 1. Characteristics of the study population

Characteristics Group I (n=155) (%) Group II (n=52) (%) P-value
Age (years), mean (IQR) 64 (58 - 69) 57 (52 - 66) 0.001
Sex, n (%) 0.156

Female 58 (28.02) 25(12.08)

Male 97 (46.86) 27 (13.04)
Height (cm), mean (IQR) 174 (166 - 179) 174.5 (164.5 - 181) 0.999
Weight (kg), mean (IQR) 100 (89 - 115) 95.5 (85 — 110) 0.092
BMI (kg/m?), mean (IQR) 34 (30.4 - 38) 31.65 (27.95 - 35.72) 0.027
BSA (m?), mean (IQR) 2.182 (2.05 - 2.34) 2.133 (2.01 - 2.31) 0.173
Waist circumference (cm), mean (IQR) 114 (107 - 124.5) 108 (100.5 - 115.5) 0.001
Neck circumference (cm), mean (IQR) 43 (40.85 - 46) 41 (39 - 43) 0.001
Risk of CVD as assessed by SCORE2 (patients age 40 — 69 years) or 13 (7 - 18) 10 (7 - 15) 0.254
SCORE-OP (patients age >70) (%), mean (IQR)
Hypertension, n (%) 137 (66.18) 43 (20.77) 0.448
Type-2 diabetes, n (%) 59 (28.51) 8 (3.86) 0.003
Heart failure, n (%) 79 (38.16) 14 (6.76) 0.004
NYHA Class I, 12 (5.79) 1(0.48) 0.33
NYHA Class II, 51 (24.64) 12 (5.79) 0.249
NYHA Class ITI, 16 (7.73) 1(0.48) 0.06
Previous myocardial infarction, n (%) 11 (5.32) 1(0.48) 0.17
Previous ischemic stroke or TIA, n (%) 3(1.45) 4(1.93) 0.045
Hospital anxiety and depression scale (HADS) score (Part I), mean (IQR) 4(2-7) 5(3-8) 0.065
Borderline anxiety, n (%) 17 (8.22) 9 (4.35) 0.093
Anxiety, n (%) 5(2.43) 2(0.97) 0.684
Hospital anxiety and depression scale (HADS) score (Part II), mean (IQR) 4(2-7) 4(2-6) 0.757
Borderline depression, # (%) 12 (5.79) 3(1.45) 0.82
Depression, 7 (%) 6 (2.89) 4(1.93) 0.164

Abbreviations: BMI: Body mass index; BSA: Body surface area; CVD: Cardiovascular disease; IQR: Interquartile range; NYHA: New York Heart

Association; TIA: Transient ischemic attack.

sleepiness, respectively. One of the most common
symptoms of OSA is daytime tiredness.

(iv) The HADS was used to assess anxiety and depression.
A score of 0 — 7, 8 — 10, and 11 is considered normal,
borderline anxiety or depression, and clinically
significant anxiety or depression, respectively.

After the screening questionnaires were completed,
RM was performed using a respiratory polygraph
(SOMNOtouch™ RESP eco; SOMNOmedics AG,
Randersacker, Germany).

2.2. Diagnosis of OSA

OSA severity was assessed according to the guidelines of
the Russian Society of Sleep Medicine,* which is based on
the apnea-hypopnea index (AHI). The AHI represents the
average number of episodes (apnea) per hour of sleep or

study. Mild, moderate, and severe OSA is defined as 5 —
15, 15 - 30, and >30 episodes/h, respectively. The cohort
was divided into patients with OSA (Group I) and those
without OSA (Group II).

2.3. Statistical analysis

Data were analyzed using SPSS Statistics (version 26.0;
IBM, Armonk, New York, United States). Normality of
distribution was determined using the Kolmogorov—
Smirnov test. Quantitative variables are presented as
medians and IQRs due to the asymmetric distribution.
Differences between the two groups were assessed using the
Mann-Whitney U-test. Qualitative variables are presented
as absolute (n) and relative (%) values. In addition,
receiver operating characteristic (ROC) curve analysis was
performed using curve construction. The AUC was used to
quantify test significance. Spearman correlation was used
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to analyze the correlation between the questionnaire scores
and AHI. A P <0.05 was considered statistically significant.

3. Results

According to the RM results, 155 patients had OSA
(Group I) and 52 patients did not have OSA (Group II).
Patients in Group I were older than those in Group II
(64 vs. 57 years; P = 0.001). Both groups exhibited high
and very high risk for CVS according to the SCORE-2
and SCORE-OP scales, respectively. The SCORE-2 scale
is designed to calculate the total risk of fatal and non-
fatal CVS and assess the 10-year risk of fatal and non-
fatal cardiovascular events (e.g., myocardial infarction
and stroke) in people 40-69 years of age with risk factors.
The SCORE2-OP scale complements the SCORE-2 scale
and estimates the 5-and 10-year risk of fatal and non-fatal
cardiovascular events, adjusted for competing risks, in
people aged > 70 years.

Patients in Group I had a higher BMI (34 vs. 31.65 kg/m?;
P =10.027), waist circumference (114 vs. 108 cm; P=0.001),
and neck circumference (43 vs. 41 ¢cm; P = 0.001) than
those in Group II.

Type 2 diabetes (59 vs. 8; P = 0.004) and heart failure
(79 vs. 14; [OR] 0.797 [95% confidence interval {CI}: 0.683
-0.929]; P =0.004) were more common in Group I than in
Group II. AF was significantly more common in Group I
than in Group II (113 vs. 46; OR 1.252 [95% CI: 1.088 —
1.441]; P = 0.013), particularly the paroxysmal form (84 vs.
37; OR 1.238 [95% CI: 1.06 — 1.447]; P = 0.007) (Table 2).
Transient ischemic attacks were slightly more common in
Group II than in Group I (4 vs. 3; OR 1.779 [95% CI: 0.754
~4.201]; P = 0.045).

Table 2. Prevalence of tachyarrhythmias in the study cohort

Borderline anxiety (HADS scale) was more common
in Group I than in Group II (17 vs. 9; OR 1.235 [95% CI:
0.92 - 1.659]; P = 0.093); however, this was not statistically
significant.

Pulmonary vein radiofrequency isolation (67 vs. 29; OR
1.263 [95% CI: 1.034 - 1.543]; P = 0.038) and cavotricuspid
isthmus radiofrequency ablation (17 vs. 1; OR 0.678 [95%
CL: 0.578 - 0.794]; P = 0.001) were performed more
frequently in Group I than in Group II (Table 3).

3.1.RM

Key RM parameters are presented in Table 4. Sleep
efficiency was high in both groups (>85%). Among the
155 patients in Group I, 59 (28.5%) had mild, 50 (24.2%)
had moderate, and 46 (22.3%) had severe disease.

3.2. Screening capabilities of the questionnaires

The Epworth Sleepiness Scale exhibited a low risk of
OSA (OR 1.897; 95% CI: 0.406 — 8.851; P = 0.408),
with only 11 patients (5%) being identified as having
OSA. By contrast, the STOP-BANG (OR 3.022; 95%
CI: 1.549 - 5.897; P = 0.001) and Berlin (OR 3.480; 95%
CI: 1.429 - 8.472; P = 0.004) Questionnaires identified a
higher risk of OSA.

According to the ROC analysis, the Epworth Sleepiness
Scale exhibited a low predictive ability for OSA (sensitivity
15%; specificity 87%; AUC 0.543) (Figure 1).

The STOP-BANG Sleep Apnea Risk Scale accurately
identified patients with OSA (AUC 0.708; sensitivity 79%;
specificity 46%) (Table 5). The Berlin Questionnaire had
the highest predictive ability (AUC 0.709; sensitivity 80%;
specificity 54%).

Tachyarrhythmias Group I (n=155) Group II (n=52) (%) P-value
Atrial fibrillation, 7 (%) 113 (54.59) 46 (22.23) 0.013
Typical atrial flutter, n (z) 18 (8.69) 2(0.97) 0.102
Atypical atrial flutter, n (%) 2(0.97) 1(0.48) 0.742
Atrial fibrillation with typical atrial flutter, n (%) 22 (10.63) 3 (1.45) 0.108
Paroxysmal, n (%) 84 (40.58) 37 (17.87) 0.007
Persistent, n (%) 58 (28.02) 14 (6.76) 0.189
Permanent, #n (%) 13 (6.28) 1(0.48) 0.113
Impact of the symptoms on daily activities during the episodes of AF (the EHRA scale)
EHRA class I, n (%) 32 (15.46) 11 (5.32) 0.746
EHRA class I1, 7 (%) 92 (44.45) 31 (14.97) 0.541
EHRA class I1I, n (%) 31 (14.97) 10 (4.83) 0.902
The CHA2DS2-VASc Score, mean (IQR) 2(1-3) 2(1-3) 0.183

Abbreviations: EHRA: European heart rhythm association; IQR: Interquartile range.
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Table 3. Interventions performed in the study population

Interventions Group I Group II P-value

(n=155) (%) (n=52) (%)

Radiofrequency PVI, n (%) 67 (32.37) 29 (14.01) 0.038
Radiofrequency CTIA, n (%) 27 (13.04) 1(0.48) 0.001
Cryoballoon PVI, 1 (%) 13 (6.28) 6(2.89) 0.497
PVI+CTIA, 1 (%) 5(2.43) 5(2.43) 0.106

Electrical cardioversion, n (%) 49 (23.67) 11 (5.32) 0.67

Abbreviations: CTIA: Cavotricuspid isthmus ablation; PVI: Pulmonary
vein isolation.

Table 4. Respiratory monitoring data of the study
participants

Respiratory monitoring data  Group I (n=155) Group II (n=52)
92.7 (84.9 - 95.6)  90.75 (86.8 - 96.1)

Sleep efficiency (%),
mean (IQR)

AHI (episodes per hour), 18.4 (10.2 - 32.75) 2.3(1.5-3.1)

mean (IQR)

Obstructive sleep
apnea index, mean (IQR)

7.4 (3.85-15.85) 0.5(0.2 - 1.05)

Mixed apnea index, 0(0-1) 0(0-0)

mean (IQR)

Central apnea index, 0.3(0-2.3) 0(0-0.25)
mean (IQR)

Maximum duration of 40 (26.5 - 60) 19 (12.5 - 23.5)

apnea (seconds), mean (IQR)

Average duration of apnea 19.1 (15.2 - 24.25) 12.8(11.3-15)

(seconds), mean (IQR)

Desaturation index, 17.2 (9.7 - 32.05)  3.05 (1.65 - 5.05)

mean (IQR)

Average SpO, (%), 94 (92 - 95) 95 (94 - 96)
mean (IQR)

Average minimum SpO, (%), 90 (88 - 92) 92 (90.5 - 93)
mean (IQR)

Minimum SpO, (%), 81 (75 - 86) 86.5 (84 - 91)
mean (IQR)

Basal SpO2 (%), mean (IQR) 94 (93 - 96) 95 (94 - 96)

Snoring episodes, mean (IQR) 607 (218 - 1272) 400 (137 - 791)
43 (21.5-73) 28 (14 - 72)

All desaturations sum (min),
mean (IQR)

Abbreviations: AHI: Apnea-hypopnea index; IQR: Interquartile range;
SpO,: Oxygen saturation.

A moderate positive correlation was observed between
the Berlin Questionnaire and AHI (Spearman’s correlation
coeflicient 0.353; P < 0.0001), which was similar to the
correlation between the STOP-BANG Questionnaire and
AHI (Spearman’s correlation coefficient 0.358; P < 0.0001).
The Epworth Sleepiness Scale had a weak correlation with
AHI (Spearman’s correlation coefficient = 0.113).

Table 5. ROC analysis of the STOP-BANG sleep apnea risk
scale, Berlin questionnaire, and Epworth sleepiness scale

Parameters STOP-BANG sleep Berlin Epworth
apnea risk scale questionnaire sleepiness
scale
Area under 0.708 0.709 0.543
the curve

95% confidence  0.619 - 0.797 0.619-0.799 0.446 - 0.64

interval

P-value 0.0001 0.0001 0.417
Sensitivity 79% 80% 15%
Specificity 46% 54% 87%

Abbreviation: ROC: Receiver operating characteristic.
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Figure 1. ROC analysis of the questionnaires
Abbreviation: ROC: Receiver operating characteristic.

4. Discussion

Herein, we analyzed the ability of three questionnaires
(Berlin Questionnaire, STOP-BANG Sleep Apnea Risk
Scale, and Epworth Sleepiness Scale) to predict OSA
among patients with tachyarrhythmias. The STOP-BANG
scale identified OSA more frequently than the other
questionnaires, which is consistent with the findings of
Abumuamar et al. (AUC 0.74; sensitivity 89%; specificity
36%; P = 0.004).” However, the specificity was low in the
above study.

InMohammadiehetal.,the STOP-BANG Scale exhibited
high sensitivity and low specificity for detecting any sleep
apnea in patients with AF (AUC 0.58; sensitivity 77.6%;
specificity 38.5%).% Furthermore, the Berlin Questionnaire
(AUC 0.664; sensitivity 56.3%; specificity 76.5%) and
Epworth Sleepiness Scale (AUC 0.608; sensitivity 88%;
specificity 91.2%) exhibited lower predictive ability than
the STOP-BANG scale. However, Betz et al. demonstrated
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that the STOP-BANG Questionnaire was ineffective as a
screening tool for moderate to severe OSA (AUC 0.654,
95% CI 0.580-0.728).%

In a meta-analysis by Ramachandran and Josephs a
comparison of the accuracy of various predictive models
and questionnaires for sleep apnea using diagnostic OR
demonstrated that the Berlin Questionnaire (OR 2.28
[95% CI: 7.46 - 69.66]) exhibited a better predictive value
for severe OSA than the other questionnaires (STOP-
BANG OR 6.59 [95% CI: 3.22 - 13.49]).® The meta-
analysis included studies with patients with CVS who were
undergoing orthopedic surgeries.

Delesie et al. found that in patients with AF the
sensitivity and specificity of the Epworth Sleepiness Scale
(score > 11), Berlin Questionnaire (high risk), and STOP-
BANG Sleep Apnea Risk Scale (high risk) were 30.4% and
74.2%, 50.7% and 80.6%, 59.4% and 61.3%, respectively.*’
Moreover, the AUCs of the Epworth Sleepiness Scale,
Berlin Questionnaire, and STOP-BANG Questionnaire
were 0.532 (0.411 - 0.654; k=0.034),0.704 (0.592 - 0.817; k
=0.251), and 0.673 (0.553 — 0.794; k = 0.181), respectively.

Lin et al. also reported similar results after evaluating
the risk factors and STOP-BANG Questionnaire in
patients with AE** The AUC was 0.705 (95% CI: 0.519
- 0.892), and the sensitivity and specificity were 94.2%
and 45.5%, respectively. Spearman’s correlation analysis
revealed a strong positive correlation between the STOP-
BANG scores and AHI (r = 0.449; P < 0.0001). Multiple
linear regression with AHI as the dependent variable and
the STOP-BANG score as the predictor was also significant
(t=4.286; P < 0.0001).

Rogel et al. demonstrated that the standard use of the
STOP-BANG questionnaire can contribute to a more
effective identification and treatment referral of patients
with OSA.

The study had the following limitations:

(i) This was a single-center study with a small sample size

(ii) The patients had significant pre-existing comorbid
conditions (e.g., heart failure, diabetes mellitus, and
history of stroke)

(iii) This study included patients referred to the hospital
for pulmonary vein radiofrequency catheter or
cryoballoon isolation, cavotricuspid isthmus
radiofrequency catheter ablation, or electrical
cardioversion

(iv) Al patients underwent RM  rather than
polysomnography.  Polysomnography was not
performed because of the lack of specialized
equipment. Thus, the authors decided to use RM for
primary diagnosis.

5. Conclusion

The prevalence of OSA among patients with AF and
atrial flutter is quite high, which considerably affects their
course. However, the current diagnostic capabilities of
OSA are limited because of the small number of hospitals
where it can be primarily diagnosed. Screening methods
such as the STOP-BANG Sleep Apnea Risk Scale and
Berlin Questionnaire demonstrated high sensitivity. Thus,
all patients with AF and flutter can be screened using
these questionnaires. The study of additional screening
tools or the combination of questionnaires with objective
measurements (polysomnography) in clinical settings may
validate our findings.
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