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ABSTRACT

Bioelectronic medicine is a field of study that is constantly evolving as a result of recent advancements and improvements in
bioelectronic technology, which have led to novel approaches and perspectives in disease diagnosis and therapy, particularly
in the inflammatory reflex immuno-regulatory functioning and, vagus nerve stimulation (VNS). The vagus nerve, an elongated
nerve in the autonomic nervous system, controls a number of physiological processes in humans, including blood pressure,
breathing rate, vasomotor activity, and certain reflex movements. Recent bioelectronic research has led to clinical tests using
VNS for inflammatory diseases and other conditions. By sending steady, gentle electric impulses through the vagus nerve to
the brain, bioelectronic devices can activate the vagus nerve. The integration of artificial intelligence (Al) with bioelectronic
medicine is transforming drug development processes. Al technology can accelerate or even eliminate many time-consuming
tasks, allowing healthcare professionals to use their time more efficiently and ultimately improving healthcare outcomes.
This review discusses the vagus nerve’s roles in inflammation, stimulation, and regulation in animal models, as well as its
therapeutic potential in treating human inflammation. Additionally, it examines how Al-powered bioelectronic drugs are being
explored for conditions such as paralysis and immune disorders, and addresses the challenges of delivering large molecules
using these drugs. The article emphasizes current trends, advancements, and the promising future applications of combining
Al with bioelectronic medicine.
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TUB B JMArHOCTWKe 1 Tepanum 3a60neBaHnii, B 4aCTHOCTM B 0671aCTI BOCMANMUTENbHbIX PeDNIEKTOPHbIX UMMYHOPErynaTop-
HbIX QQYHKLWIA 1 cTUMynsaumn 61y>XKAakoLLero Hepea (aHri. vagus nerve stimulation, VNS). bny>xaarownii HepBs, NPOTSKEHHbIN
HepB BEreTaTWBHON HEPBHO CUCTEMbI, KOHTPOSIMPYET paf (PU3N0NOrM4ecKnX NPoLECcCOB B OPraHn3me 4enoBeka, BKo4as
apTepuanbHoe AaBfieHNe, YacToTy AblXaHWUs, BA30MOTOPHYI0 aKTUBHOCTb U HEKOTOPbIE peddyIeKTOpHble ABVMKeHMsA. Hepas-
HWe nccnefoBaHns B cpepe 6MOINEKTPOHNKM NO3BOSUIN NPOBOANTL KIIMHUYECKME TECTbI C MCMNONb30BAHMEM TEXHONOI K
VNS npu BocnanutenbHbIX 3a601eBaHUAX U APYruX cOCTOAHNAX. [ocbinas HeNPEepPbIBHbIE Clabble ANEKTPUYHECKNE UMMYNb-
Cbl Yepes 6,1y>K LALLMt HEPB B MO3T, 6M03/1eKTPOHHbIE YCTPONCTBA MOTYT aKTUBUPOBATL 6/1yXK AWMU HepB. IHTerpaumns
NCKycCTBEHHOro uHtennekTa (MN) ¢ 6M03neKTPOHHON MeSMLNHON NpeobpasyeT NpoLecchl pa3paboTKmM JIeKapCTBEHHbIX
npenaparos. TexHonoruu I MoryT yCKOpUTb UK faXKe UCKNHOYNUTL BbINOSHEHNE PA3SINYHbIX TPYA0EMKUX 3a4ad, N03B0IAS
MeINLNHCKNM paboTHUKaM 60nee 3 HeKTUBHO CNONb30BaTb CBOE BPEMS 11, B KOHEYHOM UTOTE, YNy4llaTh pPe3ynbTaThl fe-
YyeHmus. B HacToALEmM 0630pe pacCMOTPEHa posib 6N1y>KAt0LLIEr0 HEPBA B BOCMANEHUW, CTUMYAALMNA U PETYNALNUMN B KUBOTHbIX
MOAEeNsX, ero TepaneBTUYECKMIA NOTEHLMAN B JIEYEHUM BOCMANeHMs y YenoBeka. Kpome T0oro, 0cBelLeHbl BONPOCHI NMPOBE-
JeHns nccnefoBaHunii No oLeHKe 61M03JIEKTPOHHBIX NpenapaTos Ha ocHose W pna Tepanum Takux COCTOSHUIA, KaK napanny
1 UIMMYHHble PacCTPONCTBA, a TaKXKe A0CTaBKM KPYMHbIX MONEKYI C MOMOLLbH YKa3aHHbIX npenapaTtos. [IpoaHann3npoBaHsbl
TeKyLLme TeHAEHLUN, AOCTVIKEHUS N NePCNEeKTUBHbIE MOAX0AbI K NpuMeHeHuto 1 B 6M03NeKTPOHHOI MeLNLNHE.

KJIHO4EBbIE CJIOBA

MMMYHOPErynsTOPHbIE MeXaH3Mbl, pedeKTOPHAsH aKTUBHOCTb, OGIO3NEKTPOHHbIE NPenapathbl, PEBMaTONAHbIA apTpuT, UC-
KYCCTBEHHbI VHTENNEKT, CTUMYNALUS GNyXAalollero Hepea
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INTRODUCTION / BBEZEHHUE

Steady electrical and compound signaling cells, organs,
and organisms to keep up with homeostasis, which empow-
ers different physiological outcomes to respond to the cut
and contamination. Analytical treatments that synergize or
affect these natural signs are expected to ease or complete-
ly resolve a clinical infirmity [1]. These days, medicines are
essentially connected with compound signs, with the med-
ications oftentimes focusing on cell receptors, chemicals,
proteins, or DNA [2].

The role of electrical signals has been successfully report-
ed in novel ways for distinct APIs' functions and to introduce
an elective idea into restorative direct. In 1762, Galvani, an
Italian doctor, presented the expression "bioelectricity”, where
he discussed how nerves and muscles communicate by send-
ing electrical impulses through the neural system [3]. Elec-
trical stimulation and electrophysiological recording are two
methods of two-way communication with the nervous sys-
tem. The first electroencephalogram, which assessed how
muscles responded to an electrical cortical input and enabled
the identification of somatosensory evoked potentials, led to
the development of modern somatosensory maps. The motor
cortex's topography has also been studied in order to quanti-
fy this reaction [4, 5]. Cellular research has been done on the
electrical properties of nerve cells. It has been discovered that
nerve cells contain a sort of electrical energy known as mem-
brane potential. A specific type of neuronal discharge pattern
is an action potential [6, 7]. Dysregulated immunological re-
actions that result in persistent inflammation are a distinctive
component of the aetiology of rheumatoid arthritis [8].

When it comes to responding to aberrant inflammation,
which is crucially important in the pathophysiology of many
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diseases, the use of electricity stimulates a great interest in
researching the stimulation of vagus nerves and other pro-
cedures based on the inflammatory results [9, 10]. In cer-
tainty, nerves not only transport essential sensory data but
also messages to and from our brain, virtually every bodily
module, and our organs. If the information is being commu-
nicated by electrical impulses from the nerves, it could be
possible to intercept those signals and use modern sens-
ing techniques and technology to decipher or interpret their
meaning in order to extract the necessary data. The capacity
to catch and decode neural impulses inside the central ner-
vous system (CNS) has been exhibited now [11]. It has been
confirmed that even in a immobilized individuals’ years af-
ter their disease, these methods can be used to infer signals
in the motor region. In reality, it has been shown that para-
lyzed patient might control a PC cursor by just envisioning
the movements of their incapacitated appendage. The de-
velopments of appendages in a immobilized patient can be
re-established by decoding their decisions and once again
connecting with their muscles, as expressed by the first-in-
human review [12, 13].

These days, neurostimulation is used to treat conditions,
for example, chronic Parkinson's disease, breathing prob-
lems, gut health and sexual dysfunctions, epilepsy, Alzhei-
mer's disease and hypertension, impulsive issues. Grohn's
sickness and rrheumatoid joint pain have both been effec-
tively treated with bioelectronic treatment already. The de-
velopment of tumour necrosis factor (TNF) in the liver and
the beginning of shock was repressed in rodents during en-
dotoxemia by the excitement of the fringe vagus nerve and
furthermore the tweak of aggravation and the reaction to en-
dotoxin could be seen because of efferent vagus nerve flag-
ging [14, 15].
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VAGUS NERVE FUNCTIONING / ®§YHKIIUH
BIAYKIAIOIIEIO HEPBA

The vagus nerve is a combination of both afferent and ef-
ferent neurons. The function of efferent neurons in the vagus
nerve started in the dorsal motor nucleus (DMN) and ambig-
uous nucleus (NA) in the brainstem medulla oblongata, is to
build up a few instinctive organs [16]. These long pre-gangli-
onic neurons, interconnected with post-ganglionic neurons
is available in close contact or inside the innervated struc-
tures [17, 18].

The significant function of the vagus nerve is to manage
the pulse, Gl motility, and discharge, the emission of the pan-
creas both endocrine and exocrine, glucose creation in the
liver, and secretion. Acetylcholine (ACh) delivered by target
cells, like smooth muscle cells, cardiovascular myocytes, and
glandular cells, collaborates with muscarinic acetylcholine
receptors (mAChRs) to carry out these roles [19].

The vagus nerve additionally contains afferent neurons,
comprising ~80% of the absolute neuronal count. The pseu-
do-unipolar neurons' present in the jugular ganglia and nod-
ular are missing in the focal sensory system (CNS) as dis-
played in Figure 1 [20].

VAGUS NERVE AND THE

CHOLINERGIC ANTI-INFLAMMATORY
REFLEX: MECHANISMS AND

MODELS / BIIYVKIAIOII U

HEPB 1 XOJIMHEPTUYECKHUN
IMPOTHUBOBOCIHAJIUTEJIBHBIN PE®JIEKC:
MEXAHU3MBI 1 MOJIEJIU

Regulation of inflammation by vagus nerve /
Perysaius BOCIAJICHU OIyK/IAF0IIHM HEPBOM

The tissue injury and disease are primarily safeguarded
with the inception of aggravation. The various receptors like
toll-like receptors (TLRs), NOD-like receptors (NLRs), and
other sub-atomic sensors on resistant cells and their collab-
oration with microorganism are significant components for
commencement of the immune rsponse during inflammation
[21,22]. TNF, interleukin (IL)-1, IL-6, and IL-10 are among the
cytokines that are produced as a result of this interaction's
stimulation of nuclear factor-kB-mediated and other intracel-
lular signalling pathways [23, 24].

The synthesis of several pro- and anti-inflammatory cyto-
kines, enhanced leucocyte recruitment in the inflamed area,
angiogenesis, and the release of resolvins and other mole-
cules, which can result in a rapid resolution, all work togeth-
er to mediate a complex and balanced inflammatory process.
An extensive progression was created by the identification
of the efferent vagus nerve which, has a significant impact
in the neuro-safe discourse with brain control of resistant
capability and irritation [25]. The role of in-rodents, regulat-
ed endotoxin lipopolysaccharide (LPS), vagotomy (a careful
disturbance of the vagus nerve) is to expand the degrees of
circling TNF, however a diminished degree of electrical feel-
ing of the fringe vagus nerve in the neck. Alongside this, the
focal atom set free from efferent vagus nerve axons dimin-
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ishes the LPS-actuated TNF creation. This remarkable immu-
nomodulatory action of the efferent vagus nerve was alluded
to as a cholinergic mitigating pathway. It was likewise found
that the receptor responsible for changing over cholinergic
calming outpouring from the vagus nerve into a lessening in
the age of proinflammatory cytokines is the nicotinic ace-
tylcholine receptor (7nAChR), which is situated on macro-
phages and other safe cells [12, 26].

The communication of the vagus nerve with the splenic
nerve manages the aggravation reflex. It was fundamental-
ly shown by addressing the concealment of splenic TNF and
serum vagus nerve stimulation (VNS) in murine endotoxemia,
which was repealed by splenic nerve crosscut. VNS addition-
ally accelerates the arrival of ACh in the spleen. A small part
of lymphocytes that have choline acetyltransferase (Talk),
a pivotal protein in ACh fabricate, are a huge cell wellspring
of this ACh. These lymphocytes with choline acetyltransfer-
ase (T-Visit) cells work with catecholaminergic actuation of
ACh discharge heavily influenced by the vagus nerve as well
as communicating-adrenergic receptors. As displayed in
Figure 2, ACh likewise reacts with the alpha-7nAChR.

Regulating the inflammatory reflex

and inflammation via brain signalling /
PeryiupoBaHHe BOCHATHTEIBHOTO peduiexca
H BOCIIAJICHH S IIOCPEJCTBOM CHI'HAJIOB MO3I'a

Guanylhydrazone’s (the vagus nerve's mitigating action)
action is completely supported by the research involving the
studies on anti-inflammatory chemical known as CNI-1493.
The vagus nerves were found to be a significant brain-to-pe-
riphery transporter of CNI-1493 calming activities. CNI-1493
given in the cerebrum was found to diminish fringe cytokine
levels. New brain restorative targets would be uncovered by
an intensive planning of the mind networks that control the
incendiary reflex and the vagus nerve's calming capability. In
the future, bioelectronic medicine may be able to use these
techniques to regulate brain networks to treat inflammatory
diseases. Utilizing Al in obtaining the required role of inflam-
matory actions is achieving the in-sights in the field of ad-
vanced pharmaceutical technologies [13, 27, 28].

Inflammatory VNS: animal models /
VNS nIpH BOCITAJICHHH: 3KHBOTHBIE MOJETH

Numerous studies employing VNS have revealed mech-
anistic information on the vagus nerve's anti-inflammatory
effect and suggested new ways to treat inflammation. Con-
centrating on the cerebrum components in this field presents
an entrancing region for impending exploration. Stimulation
of vagus nerve has a potential to operate following functions:
uncontrolled bleeding, murine endotoxemia, postoperative
ileus, kidney ischemia-reperfusion injury, sepsis, haemor-
rhagic shock, and different problems. Aggravation and other
obsessive parts of collagen-prompted joint pain in rodents
are enormously diminished by once-everyday VNS managed
through an embedded sleeve cathode for seven days [29].

The seriousness of inflammatory bowel disease (I1BD)
(colitis) and colonic irritation are enormously decreased in
rodents when a tantamount strategy — three hours of VNS
excitement each day utilizing an embedded gadget — is uti-
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Figure 1. Electroacupuncture at the Hegu point activates the mental mAChR, which in turn activates the efferent vagus and splenic
mitigating flagging, causing somatosensory initiation. Vagus nerve and splenic nerve flagging, which intervene via splenocytes'
7nAChR, regulate the progression of severe kidney injury and ameliorate the situation [20]. Image drawn from BioRender.

mAChR — muscarinic acetylcholine receptors; AChE — acetylcholinesterase; DMN — dorsal motor nucleus; NTS — nucleus tractus
solitarius; PAMPs — pathogen-associated molecular patterns; TLR4 — toll-like receptor 4; ACh — acetylcholine; NE — norepinephrine;
B,AR - beta-2-adrenergic receptor; T-ChAT - T-choline acetyltransferase cells; a7nAChR — alpha-7 nicotinic acetylcholine receptor;

IL-1R — intetleukin-1 receptor

PucyHOK 1. DJIEKTPOAKYITYHKTYPA B TOUKE Xary akTuBupyeT MAChR rosoBHOIO MO3ra, KOTOPHIE, B CBOIO OUEPE/Tb, AKTUBUPYIOT
apdepenTHbie OKOHUAHNSA OTYK/AAIOMIEr0 HEPBA U CEJIE3EHOUHBIN HEPB, CMATYAs UX BO30YAK/ICHUE U BbI3bIBAsl COMATOCEHCOPHYIO
MHUIMAIMIO. BozaeicTBre 61ysKAAI0IIEro HEPBA U CEJIE3EHOUHOI'O HEPBA, KOTOPOE OCYIECTBIIAETCS uepe3 7nAChR Ha
CIUIEHOIUTAX, PETYIUPYET IPOTrPECCUPOBAHUE TAKEIOTO MOBPEK/ACHUS IOUEK U YIYUIIAET COCTOsIHYE naruenTa [20]. PucyHnok

c/ienaH B nporpamme BioRender.

mAChR (anrn. muscarinic acetylcholine receptors) — MyCKapUHOBbIE A€ TUIXOIMHOBBIE penenTopbl; AChE (anrir. acetyl-
cholinesterase) — aneTnaxoauuacTepasa; DMN (anri. dorsal motor nucleus) — 10pCanbHOE ABUTATENBHOE ANPO;

NTS (anrr. nucleus tractus solitarius) — aapo conmutapHoro Tpakra; PAMPs (anr. pathogen-associated molecular patterns) —
MTATOT'€H-ACCOITUMUPOBAHHBIE MOJIEKYIIAPHBIE MATTEPHEL, TLR4 (anrn. toll-like receptor 4) — TOMI-NOROGHBIN penenTop 4;

ACh (anrm. acetylcholine) — anerwixosun; NE (anri. norepinephrine) — Hopaapenasus; B,AR (anrin. beta-2-adrenergic receptor) —
6era-2-aapenopernentop; T-ChAT (anri. T-choline acetyltransferase cells) — xonunaneruntpancgepasa T-kiaeTok; a7nAChR
(anr. alpha-7 nicotinic acetylcholine receptor) — anb(ha-7 HUKOTUHOBBIM ALe TUIXOJUHOBBINA penenTop; IL-1R (anmt. interleukin-1

receptor) — peLenTop UHTEPIENKUHA-1

lized. Endotoxemia in mice resulted in a feeling of the cervical
vagus nerve with a percutaneous needle terminal embedded
under ultrasound direction, which fundamentally decreases
fringe and CNS irritation (neuroinflammation). Aggravation
control strategies utilizing painless VNS have additional-
ly been examined. One of these procedures is vagus nerve
stimulation in the auricular branch. The control of dying (dis-
charge), body weight, and its suggestions for immunoregu-
lation and incendiary administration have all been utilized to
show the convenience of VNS [30, 31].

VNS in human inflammatory diseases / VNS
IPH BOCIATHTEIbHBIX 3200/IEBAHHAX YETOBEKA

Conditions including rheumatoid IBD, joint pain, and
weight aggravation exist together with diminished vagus not
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entirely set in stone by pulse fluctuation examination. Results
from bioelectronic VNS clinical examinations in patients with
rheumatoid joint pain and IBD (Crohn's illness) have started
to approve the translational relevance of preclinical discov-
eries. Crohn's sickness is a persistent provocative infection
with restricted, costly, and related with broad unfavourable
impact therapy choices [32, 33]. In 5 out of 7 patients with
dynamic sickness, VNS utilizing an embedded gadget deci-
sively diminished the seriousness of the condition as proven
by a diminished illness action score and better endoscopic
outcomes [27]. Patients with this condition who got bioelec-
tronic VNS (up to 4 times each day) utilizing an embedded
gadget experienced huge illness alleviation, as seen by per-
ceptibly better infection scores, for as long as 84 days [34].
Two patient partners — 7 patients in an early sickness stage

Epilepsy and Paroxysmal Conditions
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Patient suffering from inflammation /
MauueHT ¢ BocnanexHnem

Inflammation is reduced by bioelectric method /
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Figure 2. A bioelectronic technique that targets the vagus nerves to reduce
inflammation is shown schematically. Inflammation is decreased by acetylcholine,

|
{
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MakKpodaros 1 NpefoTBpaLIeHne
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(PyHKLIMOHANBHOTO B3aNMO/eiiCTBMS MEX Y
CUTHANbHBIMU NYTAMU GNYX[AOLLEr0

1 CeNe3eHO4HOT0 HEPBOB B CENE3EHKE

which is produced by splenic T-cells through an interaction with the splenic nerve

and the vagus nerve. Image drawn from BioRender.

ACh — acetylcholine

Pucynok 2. Cxema BO3/JeUCTBUA OMO3IEKTPOHHON TEXHOJIOTUU HA GV KJAIOMIUI HEPB IS CHUKCHUS BOCITAJICHUS.
BocnaneHnue yMEeHbIaeTCs OIarofaps AlETUIXOINHY, KOTOPBII BEIPA0ATHIBACTCA T-KIETKAMU CEJIE3CHKU ITPU B3ANMO/CHCTBUN
C CEJIE3EHOYHBIM U Oy K/IAI0MUM HEPBaMU. PUCYHOK ¢/iesiaH B nporpamme BioRender.

ACh (anrm. acetylcholine) — aneTHIXONNH

showed no reaction to earlier methotrexate therapy and 10
people at a later illness stage who bombed treatments with
a few biologics — answer well to this VNS treatment. Follow-
ing VNS, clinical improvement in these rheumatoid joint pain
patients happens simultaneously with drops in TNF and other
cytokine levels [35].

BIOELECTRONICS IN IMMUNITY /
BHODJIEKTPOHHUKA B UMMYHHOH
CUCTEME

Organization of nervous system / Opraausamus
HEPBHOH CUCTEMBI

Nervous system consists of two parts, i.e. peripheral and
CNS. The peripheral system has physical nerves that starts
from the CNS, innervate skeletal muscles, and give volun-
tary control of actions. The autonomic nervous system has
sympathetic, parasympathetic, and intestinal parts [36]. The
neurotransmitter signals are transferred through synapses
between postganglionic strands and sensory neurons ar-
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ranged in the spinal cord innervate veins, lymphoid tissue
and organs, bone marrow, the lungs and aviation routes, gas-
trointestinal tract, liver, kidneys, and other instinctive organs.
While ganglionic synaptic neurotransmission is cholinergic,
postganglionic neurons discharge norepinephrine and, less
significantly, different catecholamines (like adrenaline and
dopamine), as well as neuropeptide Y [28].

Regulation of neuronal reflex / Perysius
HEHMPOHAIBHOIO pediexca

Neuroscientists in the mid-20™ century worked for a very
long time to thoroughly plan reflexes for regulating func-
tional homeostasis in individuals. The reflex was named af-
ter Harvey Cushing, the pioneer behind current neurosur-
gery. He found it by setting an inflatable in a canine's head
and looking for changes in pulse, pulse, and breath rate that
happened subsequently [37]. He isolated the vagus nerves
to more readily comprehend the mind networks controlling
these physiological responses, and he found that he could
isolate the circulatory strain and pulse reactions that hap-
pened because of ascends in intracranial tension.
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By the middle of the 20" century, these and other related
tests led to the identifiable evidence of several reflexes, such
as the vagus nerve and other nerves, as tools to regulate the
homeostasis of almost every organ in the body, but not the
safe framework. An example of a reflex that is both very sim-
ple and extremely complex, including several different types
of neurones and central nervous system cooperation, is the
axon reflex. Natural alterations are detected by tangible neu-
rones, which then trigger an axon reflex response [24, 38].

Signaling between the nervous and immune
systems / CUTHAJIBI MEXX/TY HEPBHOH
H HMMYHHOH CHCTE€MAMH

Niels Kaj Jerne quickly pointed towards the similarities
for the anxious and invulnerable frameworks, as well as ac-
knowledgment parts and the capacity to learn and shape
recollections. One important source of indicators that affect
the insusceptible framework's capacity and indicators from
it is the sensory system [39]. These associations are worked
with by physical proximity and sharing sub-atomic sources of
correspondence, including receptors and flagging particles.
The skin and instinctive organs are innervated by afferent and
efferent nerves, which are decisively positioned to screen
harm and contamination destinations. Tactile neurons have
been found to communicate particles that were beforehand
just connected with resistant control, like example recogni-
tion receptors (like TLRs) and receptors for TNF, IL-1, and dif-
ferent cytokines [40, 41]. Also, it had revealed that resistant
cells express receptors that have generally been connected
to fringe nerve guideline and brain transmission in the focal
sensory system.

Sensory neurons and immune challenges /
CeHCOpHBIE HEFIPOHBI H HMMYHHBIE IIPOOIEMbI

The body's all organs and tissues are innervated by affer-
ent neurons, which go about as a vital channel for the CNS
to get data about fringe changes in immunological homeo-
stasis. Microbes and synthetically resistant substances ani-
mate tangible neurons that have focal associations with the
cell bodies and spinal cord in the dorsal root ganglia [42,
43]. These neurons along-with hand-off neurons and spinal
interneurons transfer the reflexes to the mind inside the spi-
nal cord. The essential subset of these neurons, known as
nociceptors, is specialists in communicating various sorts
of torment, which is likewise a pivotal part of irritation [13].

On tactile neurons, the statement of different voltage-gat-
ed sodium channels as well as transient receptor potential
particle channels intervenes in depolarization and explic-
it warm, mechanical, and substance aversions to harmful
boosts [13]. Through these receptors, cytokines like TNF, IL-1,
IL-6, IL-17, prostaglandins, and different synthetic substanc-
es produced by adjacent invulnerable cells like neutrophils,
pole cells, and macrophages associate with tangible neurons
during disease, sensitivities, and tissue injury. At the point
when there is a bacterial or viral contamination, cell harm,
or an allergic response, vagal sensory neurons become dy-
namic [44, 45].

TNF, IL-1, prostaglandins, serotonin, and different syn-
thetic compounds created by resistant cells, like neutrophils,
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macrophages, and eosinophils, play a part in this enact-
ment. When regulated to mice and rodents, lipopolysac-
charide (LPS), IL-1 and TNF and contaminations such as
Campylobacter jejuni, vagus nerve afferent transmission is
activated. This flagging might be followed by the NTS to dif-
ferent brainstem and forebrain areas. These outcomes rec-
ommend that changed fringe immunological signs might in-
fluence afferent vagus nerve action in an unexpected way [46,
47]. The various bioelectronic medicine approaches has been
tabulated in Table 1.

Decoding hidden messages / IlekogupoBaHue
CKPBITBIX COOOIEHH I

Brain deciphering includes the area of signal handling
and is a part of the search of man-made reasoning called
Al to get familiar with the 'language of the sensory system'.
This assists in diagnosing conditions such as Alzheimer’s,
Parkinson’s, schizophrenia, and fanatical enthusiastic is-
sue significantly quicker than conventional strategies [51].
Essential examinations established the groundwork for
the resulting brain unravelling explores associated with
concentrating on the strategies to encode the data con-
nected with tangible and engine capabilities. Further ad-
vancements in brain unravelling, and cerebrum PC inter-
face (Brain-Computer Interface, BCI) innovation, prompted
the examinations including human members existing with
amyotrophic lateral sclerosis, stroke and also spinal rope
injury [52-55].

In these underlying examinations, BCI and brain translat-
ing technology effectively permitted members to control the
devices like PCs, mechanical arms, and an electric wheel-
chair through their solely with their eyes. Brain interpreting
has basically been a field that has zeroed in on unravelling
brain action connected with tangible, engine or even illness
states inside the mind. In any case, the brain interpretation
techniques that had been produced for the mind can be ad-
justed to the remainder of the sensory system later on. The
single vagus nerve has roughly 100,000 filaments of which
around 80% strands are afferent (tactile) filaments, convey-
ing data from different organs and portions of the body to
the cerebrum [56-59].

Treatment of paralysis via technology / Jleuenne
IapaJfNya C IOMOIIHIO HOBBIX T€XHOIOTHIT

Previous BCI innovation permitted paralyzed patients to
regulate PC cursors and wheel-chairs made ready for re-
building development in their appendages. Early non-hu-
man examinations were briefly on incapacitated arm mus-
cles which were initiated heavily influenced by a BCI. Later
on, brain side-step’s innovation was created and shown in
a first-barbaric review including a 23-year-old male quad-
riplegic member. A small terminal exhibit 96 cathodes with
(4x4 mm across) was embedded in the brain cortex and us-
ing the brain interpretation technique; the review member
had the option to rotate his paralyzed hand under the control
of volitional. The member had the option to successfully re-
capture volitional finger and wrist developments by his own
contemplations and to begin and shut down those develop-
ments when needed.

Epilepsy and Paroxysmal Conditions
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Table 1. Summary for bioelectronic medicine approaches

Ta6auna 1. Kparkoe ornucaHue nojixoa0B GUONMEKTPOHHOM METUITAHBI

bonesHb KpoHa |pasutue 6MONOrM4eCKom, KITMHUYECKON

1 3HAO0CKOMUYECKON PEMUCCUN

C BOCCTAHOBJIEHMEM TOHYCa 6MYXXAa0LLErO
HepBa nocne VNS

ggzg(‘:"‘mé Clinical result / Knumuueckuii pesynbrart Mechanism / Mexauuam Rﬁ:ﬁﬁ'ﬁil

Decrease in severity of the disease using The production of TNF and other pro-

Rheumatoid VNS, as determined by standardized clinical inflammatory cytokines are inhibited by the

arthritis / composite scores / YMeHbLLEHNE TSHKECTU activation of neural circuitvia macrophages / [48]

PeBmaTonaHblii [3a6onesaHus npu ucnonb3oanuu VNS no Bbipa6oTka TNF n gpyrux nposocnanuTenbHbIX

apTput OL|eHKe CTaHAapPTM3NPOBAHHbIX KIIMHUYECKMX LUMTOKWHOB NOJABNAETCS NPU aKTUBALUY
KOMMJIEKCHbIX NOKa3aTenei HEeiPOHHbIX CeTel Yepe3 Makpodaru
Among 7 participants 5 are evolved towards — Afferents neurons activate the hypothalamic-
biological, clinical and endoscopic remission pituitary-adrenal axis / AdpdepeHTHble
with a restored vagal tone after VNS / HepOHbI aKTUBUPYIOT rMnoTanamo-

Crohn’s disease /|13 7 yyacTHUKOB y 5 Habnoaaetcs rmnodu3apHo-HaAN04e4HNKOBYH OCb [49]

— Efferent neurons activate the cholinergic
anti-inflammatory pathway / 3 epeHTHbIe
HENPOHbI aKTUBUPYIOT XONMHEPTNYECKNIA
NPOTMBOBOCNANIUTENbHBIA NYTb

(C5-C6 to C7-T1 level motor impairment level
improved allowing participants to hold and
manipulate diverse size objects with different
Paralysis / grips / CHyXeHne aBUraTefbHbIX HapyLIEHUN
Mapanuy Ha yposHe oT C5-C6 po C7-T1 no3sonuno
NCMbITYEMbIM YAEPXMBATb U MAHUMYINPOBATh
npeamMeTami pasHbiX pa3MepoB C NOMOLLbO
pa3Hbix 3aXBaTOB

Activation of muscles by neuromuscular
stimulation is regulated by decoded intra-
cortically recorded signals from the motor
cortex / AKT1BaUWs MbILL, MOCPEACTBOM [50]
HEPBHO-MbILUEYHOV CTUMYNALMN perynupyeTcs
AeKoANpPOBAHHbIMU NHTPAKOPTUKANTbHBIMN
cUrHanamu ot ABuraTenbHoM Kopbl

Note. VNS — vagus nerve stimulation; TNF — tumor necrosis factor.

IIpumeuanue. VNS (aHen. vagus nerve stimulation) — cmumynayus 6ayxcoarow,e2o wepea; TNF (amza. lumor necrosis factor) —

paxmop Hexpo3a Onyxon.

DEVICES AND MATERIALS FOR
UNCOVERING NEW BIOLOGY /
YCTPOMCTBA U MATEPUAJIBI
JIJIA PACKPBITHA HOBOY BUOJIOTUHA

Due to improvements in micro-fabrication and novel mate-
rials, the bioelectronic interface has now been reduced from
large scale connections capable of triggering whole muscles
to gadgets that can link with specific cells and membrane
proteins [60]. Due to their vast variety of extent scales, these
bioelectronic strategies are the finest technique to study and
activate bioelectric circuits.

Biosensors / BHOCEHCOPBI

Biological markers, electric fields, and ionic concentra-
tions can all be detected using bioelectronic sensors. Ex-
tensive categories of bioelectronic sensors were covered in
past evaluations. Cell-sensors, or collections of cells, are the
principal focus of both extracellular detection and intracellu-
lar recordings [61, 62].

Extracellular neural activities / BHexIeToOunasn
HEHPOHHAA AKTUBHOCTH

Biosensors like transistor-type provide signal magnifi-
cation and extensive level multiplexing. A well-liked con-
struction method for transistor-based biosensors (organic
electrochemical transistor — OECT) is the organic electro-
chemical transistor. Poly (3, 4-ethylene di-oxythiophene):
poly (styrene sulfonate) (PEDOT:PSS) was mixed with cer-
tain enzymes or antibodies to make a conventional OECT in
order to identify compounds of interest [60]. Due to the con-
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ducting channel's capacity to carry both electrons and ions,
OECT has an intrinsic sensitivity to ionic classes in solution.
In light of this, OECT behaves like a transducer between the
two kinds of charge carriers. The health of the cells and how
the barrier tissue responds to external substances may both
be assessed using this transduction technique. three-dimen-
sional tissue [60, 63].

Intracellular recording / BHyTpHKI€TOYHAS
3aITHCh

The novel methodologies of microfabrication and nano-
materials permit the bioelectronic devices to mimic the re-
ceptor-mediated response of solitary cells to record mem-
brane potential (voltage across the cell membrane -V __ )
[64]. These signals are based on the advanced procedure
of fix bracing. Most bioelectronic methods are spun around
gstimating spatiotemporal planning of V__ of mechanized
sensitive cells, like cardiomyocytes and neurons. Silicon
nanowires with high perspective proportions and nanoscale
distances across can interface the intracellular space and
cross the cell layer with practically no mischief to the cell
(65, 66]. V., denotes the electrical potential difference be-
tween the outside and inside of a cell, typically produced by
ion gradients (like Na*, K+, Cl-, Ca®).

Inneurons, V__ s critical for action potential generation
and signal transmission. In non-excitable cells, V__ also
regulates processes such as cell proliferation, differentiation,
migration, and tissue regeneration.

By changing the doping levels, a nanoscale field impact
semiconductor might be made on a solitary nanowire due
to the spatially controlled electrical signals of these nano-

https://epilepsia.su

303



2025 Vol. 17 Ne 3

EPILEPSY

and Paroxysmal
Conditions

304

wires. These crimped nanowires are framed to join to the tip
of a nuclear power magnifying lens test and be embedded
into the specific cell. Using silicon nanowire, enhances the
potential cardiomyocyte activity inside the cell as compared
to outside [28, 67, 68].

Bio-actuators / BuoakTyaTopsi

Galvani's initial work and contemporary clinical devices
like pacemakers and brain inserts exhibit how bioelectric cor-
respondence to cells arises over an electronic drive at the ter-
minals that influences the activity capability of mechanized
volatile cells [69]. Here, we'll focus on bioelectronic device
that can convey biophysical and synthetic signals straight-
forwardly to target specific cell processes.

The electrophoretic exchange of particles and minuscule
atoms, like synapses, to change cell action is one of these
signs. To move particles and little charged particles from
a supply well into mass arrangement, natural electronic
particle siphons made of PEDOT:PSS should undergo for
ionically conductive poly-particle trade layer as well as with
PEDOT:PSS anode. This makes different charged species
be siphoned, including monovalent cations, gamma-am-
inobutyric acid, and acetylcholine. These natural particle
siphons can ship various particles as well as charged at-
oms, yet the adequacy of their conveyance diminishes as
the size of the particles gets bigger. It is possible to trans-
port larger particles due to the directed penetrability of the
dendrimer's ionic polymer, which permits increased parti-
cle transit [70].

ROLE OF AI IN BIOELECTRONIC MEDICINE /
POJIb U B BUODJTEKTPOHHOM ME/TUITHE

The emotionally supportive network should focus on
a number of other extremely delicate issues, albeit an ear-
ly determination would be extremely helpful, yet in addition
on various other exceptionally delicate issues, for instance,
a superior emergency, to comprehend which patients
should be visible first. As a matter of fact, an early discov-
ery of hostile instances, or in any event, featuring a few hei-
nous acts that could prompt clinical mistakes, would be of
extraordinary help.

The utilization of man-made perceptive in medication trac-
es all the way back to the 1960s. A few endeavours to help
clinical finding utilizing man-made reasoning were made then,
at that point, for example, to recognize hazardous micro-
scopic organisms and propose suitable treatment. Curious-
ly, that framework had the option to propose great treatment
with preferred execution over irresistible infection special-
ists. Following are the some key-points indicating role of Al
in medicine:

— signal decoding — Al helps analyze and interpret com-
plex neural signals;

— pattern recognition — Al identifies disease-specific elec-
trical activity in the nervous system;

—therapy optimization — Al adjusts stimulation parameters
in real time for better outcomes;

— personalized medicine — Al predicts patient response and
enables tailored treatments;

—closed-loop systems — Al supports adaptive devices that
respond instantly to physiological changes.

Pharmaceutical companies are now using Al to find more
effective drug candidates and filter out those that could be
harmful to humans before they go very far in the pipeline.
Cutting out the weak drug candidates early on with Al saves
millions of dollars and years of development [71].

RECENT TRENDS AND DEVELOPMENTS /
MNOCJIEAHUE TEHAEHIINHU 1 PABPABOTKH

VNS holds the capability of giving productive method for
treating an broad range of humanoid conditions, including
IBD, joint pain (rheumatoid), ileus, abandoned dying, and
the cutting-edge contagions — obesity and the firmly linked
metabolic condition and type 2 diabetes. Translational im-
provements in bioelectronic medication followed by on-go-
ing preclinical and clinical examinations that are revealing
novel insights into the capability of the vagus nerve in the
control of irritation and restorative adequacy of the VNS, as
explained previously.

Beyond vagus nerve modulation, bioelectronic medicine
research also examines the regulatory mechanisms of oth-
er peripheral and central nervous system circuits and how to
modify them therapeutically. Potential uses in a variety of ill-
nesses, such as cancer, neurological disorders, diabetes, pa-
ralysis, cardiovascular diseases, and vision impairment, are
being investigated in ongoing clinical studies. This field seeks
to address disease progression and restore physiological equi-
librium through precise modulation of bioelectrical signals.
Furthermore, expanding bioelectronic interventions outside
traditional neurological regulation presents both opportuni-
ties and concerns, as highlighted in contemporary discourse.

The essential focal point of bioelectronic medication is
still brain mediation, albeit this field has drawn a lot of inter-
est and consideration from both the general population and
private areas, with GlaxoSmithKline (GSK) starting to lead
the pack and putting more than $50 million USD in bioelec-
tronic gadgets for therapeutic bids'. Run-of-the-mill electro-
ceuticals connect with nerves and have gone through broad
testing because of the great sensitivity of brain tissues and
powerlessness to electrical excitement. It has various helpful
purposes from vagus nerve triggers that treat inflammation
and immune system diseases to instances of vision resto-
ration with the cochlear implant.

Nonetheless, bioelectronics has been to a great extent ig-
nored in the field of bioelectronic medication, notwithstand-
ing being available in all cell types as electric fields, ionic
flows, redox responses, and expected contrasts. Endoge-
nous non-brain bioelectric motivations can make cells open
and close ionic channels and actuate processes for quality
record. These pathways can intercede the correspondence
between safe cells and tissues and are participated in vari-
ous cell processes, including movement, separation, and di-

" https://www.gsk.com/en-gb/media/press-releases/gsk-launches-50-million-venture-capital-fund-to-invest-in-pioneering-

bioelectronic-medicines-and-technologies.
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vision [51]. Medicines now accessible have harmfulness and
aftereffects, including methotrexate and biologics including
against TNF, hostile to IL-6 receptor, against CD20 antibod-
ies, and white blood cell co-excitement inhibitor. Also, cer-
tain individuals don't profit from these treatments. The vagus
nerve was invigorated for as long as 84 days by a bioelec-
tronic embed in two gatherings of 17 patients, one of whom
had bombed methotrexate treatment or treatment including
at least two biologics, and the other of whom was in the early
stages of the sickness and not answering methotrexate. The
assembling of TNF is likewise diminished by this bioelectron-
ic neuromodulation.

FUTURE PERSPECTIVES / IIEPCIIEKTHBbI

The majority of bioelectronic medical devices, such as
deep brain stimulators, have a tendency to be quite intrusive.
The nanoscale characteristics along with soft biocompatible
materials reduce the invasiveness of the bioelectronic devic-
es. Prof. Lieber's team at the University of Harvard confirmed
the reduced invasiveness in bioelectronics injectables with
some experiments like improving the flexible wearable elec-
tronics and tattoos by applying them directly to the patient’s
skin, resulting in improved diagnostic capabilities. Future

devices will deliver highly targeted stimulation to specific
branches of the ANS, reducing side effects and improving
therapeutic efficiency. Integration of biosensors with Al will
allow real-time monitoring of physiological signals and adap-
tive control of stimulation. Devices will be tailored to individ-
ual patient profiles, enabling customized treatment plans for
disorders such as hypertension, arrhythmias, and inflamma-
tory diseases for personalized therapy.

CONCLUSION / 3AK/TIOYEHHE

Focusing on the fiery reflex utilizing VNS can be a pro-
ficient new way to control variant aggravation in numerous
ilinesses. Worked on comprehension of the sensory system
administrative capabilities and their changes in preclinical
sickness models will keep on giving vital unthinking bits of
knowledge to additional clinical preliminaries. Constant im-
provement of assembling methods and mechanical headways
are driving a quick development in the bioelectronic medica-
tion field. In future, there could be critical headways in the
field of bioelectronic medication, which coordinates and de-
ciphers information about atomic standards of mind control
and sickness causation into novel therapies for human ill-
ness based on neuromodulation of discrete neurocircuitries.
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