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1. Research Concept

Neuropathic pain remains one of the most difficult pain conditions to treat effectively. Conventional
pharmacological therapies, including opioids, non-steroidal anti-inflammatory drugs (NSAIDs), and
various adjuvant analgesics, often fail to provide sufficient pain relief across diverse patient
populations. Therefore, neuropathic pain represents a considerable clinical, economic, and
psychosocial burden. In recent decades, several members of the transient receptor potential (TRP) ion
channel family—most notably TRPV1 and TRPAl—have emerged as key molecular mediators of
nociceptive signaling and were therefore proposed as attractive therapeutic targets. Intensive efforts
have been made to develop selective TRP channel antagonists. Despite promising results in preclinical
pain models, clinical translation has been hindered by severe side effects, including disturbances in
body temperature regulation and impaired heat sensation. These failures clearly indicate the
limitations of direct receptor blockade and underscore the need for alternative analgesic strategies.
A novel approach involves targeting the lipid microenvironment of the plasma membrane. Lipid raft
microdomains are cholesterol-, sphingolipid-, and ganglioside-rich ordered regions of the plasma
membrane. They play a crucial role in organizing signaling complexes that are essential for nociceptive
processing. These domains facilitate the spatial and functional coupling of multiple pain-related
proteins, including TRPV1 and TRPAL. Disruption of lipid raft integrity can therefore interfere with
nociceptive signaling at multiple levels within the peripheral nervous system.

One experimental tool to achieve such modulation is the use of cyclodextrins (CDs), which bind and
extract cholesterol from the plasma membrane. Through lipid raft destabilization, CDs attenuate TRP
channel activity and reduce neurogenic inflammation when applied topically. This strategy offers the
possibility of modifying pain signaling without abolishing essential sensory functions.

Targeted manipulation of the membrane microenvironment represents a promising new perspective
for the development of peripherally acting analgesics. By preserving physiological thermosensation
and minimizing central nervous system adverse effects, this approach may overcome key limitations
of current therapies. Moreover, as lipid rafts regulate not only TRP ion channels but a broad range of
pain-related receptors, membrane-focused interventions hold the potential for broader and more

effective modulation of nociceptive pathways.



2. Introduction

2.1.The physiology of pain, basic concepts
According to the definition of the International Association for the Study of Pain (IASP), pain is an
unpleasant sensory and emotional experience associated with actual or potential tissue damage or
described in terms of such damage (1). Modern pain research emphasizes that pain is not merely the
result of peripheral stimuli, but a complex, multilevel neurobiological process that is also modulated
by cognitive, emotional, and social factors (2, 3).
Nociceptive, inflammatory, and neuropathic mechanisms may all be involved in the development of
pain. Nociceptive stimuli can be mechanical, thermal, or chemical in origin and are detected by
nociceptors specialized for sensing tissue-damaging effects (4). Nociceptive afferents can be divided
into thinly myelinated A& fibers and unmyelinated C fibers, which transmit signals with different
conduction speeds and pain sensations (G. I. Lee & Neumeister, 2020).
The cell bodies of primary afferent neurons are located in the dorsal root ganglia and certain cranial
nerve ganglia, and their central projections project into the dorsal horn of the spinal cord, where
nociceptive information is relayed to ascending pain pathways. The spinothalamic system transmits
nociceptive signals via the thalamus to cortical and subcortical structures, ensuring the conscious
processing of pain (5, 6).
Pain processing is classically divided into four phases: transduction, transmission, perception, and
modaulation, the latter of which is regulated by spinal networks and descending inhibitory pathways (3,
7). Disruption of these processes can lead to various clinical phenomena, such as hyperalgesia,
allodynia, or analgesia (8).
Chronic pain can become a distinct pathology in which pain persists even after the triggering stimulus
has ceased. It is primarily driven by peripheral and central sensitization, as well as neuroimmune
interactions, supplemented by abnormal ectopic neural activity in neuropathic conditions (5, 9). The
types of chronic pain—inflammatory, neuropathic, and nociplastic—are based on different
pathophysiological mechanisms, but their common feature is the persistent rewiring of the nociceptive
system (10, 11). This complex background explains the self-perpetuating nature of chronic pain and

justifies the need for complex, mechanism-based therapeutic approaches.

2.2. Potential targets and unresolved areas in pain management
Therapeutic solutions for pain relief have advanced significantly, nevertheless, the management of
chronic pain remains a major challenge. Currently used medications—opioids, NSAIDs,

antidepressants, and gabapentinoids—typically act on a single molecular target and exert their effects



primarily at the level of nociceptive transduction, central neurotransmission, or descending pain
modaulation. These approaches often have only limited efficacy in chronic, neuropathic, nociplastic or
mixed-origin pain, as pain maintenance is based on complex, multilevel pathophysiological processes
(12).

NSAIDs remain first-line agents for acute and inflammatory pain; however, their long-term use is
limited by significant side effects (13). Targeted modulation of ion channels expressed on peripheral
nociceptors represents a promising therapeutic approach but has not yet resulted in widely applicable
clinical formulations. Opioids acting on the central nervous system provide strong analgesia; however,
due to the development of tolerance, dependence, and severe side effects, they are not sustainable
long-term solutions for chronic pain (14). Non-opioid centrally acting agents can be used for certain
types of chronic pain, but their efficacy is often partial, and their side effects limit their long-term use
(5, 11).

Overall, the limitations of current therapies indicate that the treatment of chronic pain cannot yet be
considered resolved. Due to the complex neurobiological background, modulation of a single
molecular target is rarely sufficient; thus, future strategies may focus on multimodal approaches

targeting multiple mechanisms simultaneously and the identification of new, non-classical targets.

2.3.The history and significance of capsaicin (CAPS) research
CAPS (8-methyl-N-vanillyl-6-nonenamide), the active compound responsible for the pungency of
Capsicum species, is one of the key molecules in pain physiology research. Although the compound
has been known since the 19'" century, its neuropharmacological significance only became clear in the
second half of the 20" century, when it was discovered that it selectively activates a subset of
nociceptive C-fibers, thereby providing an excellent tool for studying primary sensory neurons. The
foundations of CAPS research were laid by Hungarian researchers. Endre H6gyes was the first to
describe the compound’s effect on sensory nerves (15), and Gabor Jancsé demonstrated that CAPS is
not merely an irritant but can selectively desensitize nociceptive afferents, resulting in a sustained
analgesic effect (16). Further studies demonstrated that the activation of CAPS-sensitive nociceptors
triggers neurogenic inflammatory responses—vasodilation and plasma extravasation—which can be
inhibited by desensitization or denervation (17, 18). These findings led to the hypothesis of a specific
CAPS receptor. Subsequent molecular and pharmacological studies identified the binding sites for
CAPS and the ultrapotent analog resiniferatoxin (RTX) (19, 20), and the use of the first antagonist,
capsaicin, enabled functional testing of the receptor (21). Following cloning of the receptor, the protein
was classified into the vanilloid subfamily of the transient receptor potential (TRP) channel family,

under the name TRPV1 (22).



2.4.TRP ion channels

Transient receptor potential (TRP) ion channels are widely expressed in various tissues and, upon
activation by physical (thermal and mechanical) as well as endogenous and exogenous chemical
stimuli, mediate non-selective cation influx. Based on their sequence and structural similarities, they
can be classified into six major subfamilies; a total of 28 TRP ion channels are known in mammals, and
ten of these exhibit distinct temperature sensitivity (23, 24). A common structural feature of TRP ion
channels is the presence of six transmembrane domains (S1-S6) and a tetrameric structure, which
enables the integration of various stimuli and polymodal function (25). The heat-sensitive TRP ion
channels, especially TRPV1, TRPA1, TRPM3, and TRPMS8 are of particular importance for nociceptive
signaling. Expressed on primary sensory neurons and peripheral nerve endings they play a key role in
detecting noxious stimuli (26, 27). Among these channels, TRPV1 and TRPA1 are often co-expressed
and participate in the perception of painful and inflammatory stimuli (28, 29).

The TRPV1 ion channel is activated by painful heat stimuli (>43°C), in acidic environments, and by
numerous exogenous and endogenous vanilloid ligands (e.g., CAPS, RTX). Its activation and sensitivity
are further enhanced by various inflammatory mediators, thus playing an important role in the
development of peripheral sensitization and inflammatory pain (30-32). TRPV1 function is refined by
mechanisms involving membrane lipids and intracellular regulatory proteins, enabling dynamic
regulation of nociceptive signaling (33).

TRPAL is primarily activated by noxious cold stimuli (<17 °C), mechanical stress, and a wide range of
irritant and electrophilic chemical compounds. A distinctive structural feature of TRPA1 is its large
number of N-terminal ankyrin repeats, which enables activation by covalently acting agonists.
Consequently, TRPA1 is particularly well suited to sensing endogenous damaging mediators generated
during oxidative stress and inflammation (34-36).

Activation of both channels induces Ca?* and Na* influx, leading to depolarization of nociceptive
neurons, neuropeptide release, and pain signal transmission. The co-activation of TRPV1 and TRPA1
is associated with increased pain perception, particularly in an inflammatory environment,
contributing to peripheral and central sensitization (37). Based on these properties, TRPV1, and TRPA1
are not only essential nociceptive sensors but also promising therapeutic targets for the development

of new pain-relief strategies.

2.5.The Function of CAPS-Sensitive Sensory Nerve Endings
CAPS-sensitive nociceptive fibers expressing TRPV1 and TRPA1 play a role in pain perception and signal
transmission via three functions. During the classical afferent function, the rise in Ca%* levels in
activated sensory nerve endings triggers primary neuronal signaling processes. These signals reach the

appropriate nociceptive areas of the central nervous system, where nociception occurs. The local
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efferent function is the activation triggered by Ca®* influx, that results in neuropeptide (e.g., CGRP,
substance P) release. This process induces vasodilation, plasma protein extravasation, and immune cell
activation, thereby generating neurogenic inflammation (17, 38). The literature also describes this
process as one of the central mechanisms of TRPV1- and/or TRPAl-mediated inflammation, which
plays a key role in neurogenic and chronic inflammatory processes in the skin and other peripheral
tissues (39, 40). To date, there is no satisfactory therapy for this neurogenic inflammation, making it
an active area of research. However, upon activation, not only inflammatory neuropeptides but also
anti-inflammatory neuropeptides, opioid peptides, pituitary adenylate cyclase-activating polypeptide
(PACAP), and somatostatin (SOM) are released. Upon entering the systemic circulation, these exert
analgesic and anti-inflammatory effects in other areas of the body (18). Together, these three

processes constitute the triple function of CAPS-sensitive sensory nerve endings.

2.6. Lipid rafts

The structure and function of TRP ion channels are well characterized, whereas the lipid environment
of the plasma membrane surrounding the receptors is significantly less explored. According to the fluid
mosaic model, lipids are arranged homogeneously in the plasma membrane, while membrane proteins
are distributed randomly within the phospholipid bilayer (41, 42). In contrast, the lipid raft model
stated that the plasma membrane is laterally heterogeneous: it is segmented into liquid-ordered (L, )
and liquid-disordered (L4 ) microdomains (43, 44).

Lipid rafts are dynamic microdomains with diameters ranging from 10 to 200 nm that are rich in
cholesterol and sphingolipids and exhibit distinct physicochemical properties compared to the rest of
the membrane. These structures serve as functional platforms for membrane proteins and
fundamentally influence the organization and stability of signaling complexes (45). The cholesterol
content of lipid rafts plays a key role in maintaining their integrity, which is critical for the function of
the receptors and ion channels localized within them.

Lipid rafts are also as fundamental regulatory units of nociceptive and inflammatory signaling. The
function of numerous ion channels and receptors that play a key role in pain perception, particularly
TRP channels, is closely linked to the membrane’s cholesterol and sphingolipid content (46, 47). A
significant proportion of nociceptive TRP channels (e.g., TRPV1, TRPA1) function is facilitated by the
ordered membrane environment (46, 48). Pharmacological disruption of lipid rafts—through
cholesterol depletion, sphingomyelin hydrolysis, or inhibition of glycosphingolipid synthesis—reduces
agonist-induced activation of these channels; however, the extent and nature of this effect may be
agonist- and channel-specific (49-51). Animal models have clearly demonstrated that structural and
compositional changes in lipid rafts contribute to the maintenance of neuropathic and inflammatory

pain, as well as to the development of mechanical allodynia. Pharmacological disruption of lipid raft



integrity exerts a peripheral antinociceptive effect, affecting multiple nociceptive TRP channels (52—
54). In addition, so-called inflammarafts, which form during central nervous system
neuroinflammation, are key components of glial-mediated inflammatory signaling and contribute

significantly to central sensitization (47).

2.7.The significance of CD derivatives in lipid raft research and their potential role in

pain relief
CDs constitute one of the earliest introduced and most widely used family of compounds in the
pharmacological study of lipid rafts. Their primary mechanism of action is based on modulating the
cholesterol content of the membrane, which directly influences the structure and integrity of lipid
rafts. The approach to lipid raft disruption using CDs became widespread in the late 1990’s, when it
was described that the targeted removal of cholesterol is a suitable method for the functional study
of raft-dependent receptor and signal transduction processes (55, 56).
The most commonly used CD derivatives are B-cyclodextrin (BCD) and its modified forms, particularly
methyl-B-cyclodextrin  (MCD), hydroxypropyl-B-cyclodextrin (HPBCD), and sulfobutylether-B-
cyclodextrin (SBECD). Due to its rapid and efficient cholesterol-removing capacity, MCD is the gold
standard in lipid raft research; however, because of its strong membrane-modifying effects, it is
primarily suitable for acute in vitro studies. HPBCD and SBECD are allowing finer modulation of
membrane lipids, ensuring better tolerability in various model systems (56, 57).
CD-based approaches allow rapid, reversible, and precisely controlled manipulation of plasma
membrane lipid composition, although their limited selectivity requires cautious interpretation. This
methodology has been instrumental in establishing that the activity of many receptors and ion
channels is dependent on lipid raft integrity. (57).
The significance of CDs extends beyond basic research: they have long been used in the pharmaceutical
industry as excipients to enhance solubility and stability, as well as components of advanced drug
delivery systems. Through chemical modifications, various pharmacokinetic and pharmacodynamic
benefits can be achieved, and CDs are now present in numerous drug formulations (58, 59). Certain
CD derivatives have also gained clinical relevance as independent therapeutic agents, such as the
anesthesiologic use of sugammadex (SBECD) and the investigation and application of HPBCD in the
treatment of Niemann—Pick disease type C(60, 61).
Since numerous nociceptive receptors and ion channels—particularly TRP channels—are localized in
cholesterol-rich lipid raft regions, the potential analgesic and anti-inflammatory role of CD derivatives
has also been suggested. In preclinical pain models, targeted disruption of raft integrity has been

shown to reduce nociceptive responses and modulate nociceptive signaling (53, 54, 62).



CDs are thus important tools in lipid raft research and modern drug development. In pain research,
they emerge as multifunctional modulators capable of influencing complex nociceptive processes
through the membrane lipid environment, and thus may form the basis for new therapeutic

approaches.



3. Objectives

The limitations of current pain therapies highlight that many clinically used analgesics provide
insufficient efficacy or are constrained by significant adverse effects. Although TRP ion channels—
particularly TRPV1 and TRPA1—have long been recognized as promising targets for pain relief, classical
receptor antagonist—based strategies have failed to be translated into clinical practice.

Consequently, increasing attention has shifted toward membrane-level modulation of nociceptive
signaling, with particular emphasis on the targeted manipulation of lipid raft microdomains, which play
a critical role in the function of several pain-sensing receptors. Owing to their cholesterol-sequestering
properties, CDs are capable of disrupting lipid raft structures, thereby offering a novel, peripherally
acting analgesic approach to attenuate neurogenic inflammation and TRP ion channel-mediated
nociception.

This strategy holds promise for the development of innovative pain therapies that are effective while
avoiding central nervous system—related adverse effects and impairment of thermosensation. The aim
of this research is to investigate to what extent CD-based targeted modulation of lipid rafts can

contribute to the development of new, safer, peripherally acting analgesic interventions.

Main scope of the doctoral thesis:

1. Comparison of CD derivatives with different chemical properties (methylated/unmethylated,
anionic/cationic/nonionic) and degrees of isomeric purity in cellular models with regard to
safety, structural effects on the plasma membrane, and functional effects on TRPA1 and TRPV1

ion channels.

2. Investigation of CD derivatives selected based on the results of in vitro studies in mouse
models of TRPA1- and TRPV1-mediated acute pain and inflammation.

3. insilico investigation of the strength of the interaction between the selected CD derivatives

and cholesterol.



4. Experimental models, experimental methods

4.1.The CD derivatives studied

The CD derivatives used in the experiments were obtained from CycloLab Cyclodextrin Research and
Development Ltd. The key properties of the CD derivatives studied are summarized in Table 1. The CD
solutions used were freshly prepared each time prior to CD treatment: an appropriate amount of CD
derivative was dissolved in the culture medium used in the given experiment (complete Dulbecco’s

Modified Eagle Medium (DMEM), extracellular solution (ECS), physiological saline, or ethanol).

CD derivative Abbreviation Molecular formula Characteristics
(2-Hydroxypropyl)- HPGCD CagHgo-nO40 (C3H70)n Non-methylated, neutral
gamma-cyclodextrin
(2-Hydroxypropyl)-beta- HPBCD C42H70-n035 (C3H70)n Non-methylated, neutral
cyclodextrin
Sulphobutylethter-beta- SBECD C42H70-nO35 (CaHssna)n Non-methylated, anionic
cyclodextrin sodium salt
(2-Hydroxy-3-N,N,N- QABCD Ca2H70-n035 (CsH150NCl)n Non-methylated,
trimethylamino)propyl- cationic
beta-cyclodextrin
Randomly methylated RAMEB Ca2H70-nO35 (CHs)n Methylated, neutral
beta-cyclodextrin
Heptakis(2,6-di-O- DIMEB-50 C42H70-n035 (CH3)n Methylated, neutral
methyl)-beta- isomeric purity: ~ 50%
cyclodextrin
Heptakis(2,6-di-O- DIMEB-50 C42H70-n035 (CH3)n Methylated, neutral
methyl)-beta- isomeric purity: ~ 95%
cyclodextrin
Heptakis(2,3,6-tri-O- TRIMEB Cs3H112035 Methylated, neutral
methyl)-beta-
cyclodextrin

Table 1

Main properties of the tested CD derivatives (based on CycloLab Cyclodextrin

Research and Development Ltd., https://cyclolab.hu/).

4.2.Cell line maintenance
Native CHO cells and CHO cells expressing TRPA1 and TRPV1 receptors were cultured in an incubator
under standard cell culture conditions (37 °C, 5% CO,). Adherent cells were grown in T-25 culture flasks

and passaged upon reaching 70-80% confluence.



4.3. Cell viability assays
The CellTiter-Glo® Luminescent Cell Viability Assay is based on the measurement of intracellular ATP
levels in live cells, thereby providing indirect information on the proportion of live cells following
treatment. Native CHO cells were seeded into 96-well culture plates, and after overnight incubation
(37 °C, 5% CO,), the medium was replaced with CD solutions of increasing concentrations. After 24

hours of treatment, the luminescent signal was measured using a microplate reader.

4.4. Mitochondrial membrane potential analysis
The MitoTracker™ Red CMXRos fluorescent staining method is based on the measurement of
mitochondrial membrane potential in cells. Native CHO cells were seeded onto 10-well plates, then
treated with CD solutions for 24 hours, and finally stained. We acquired Z-stack (optical section) images

at 1 um intervals throughout the entire depth of the cells using a laser scanning confocal microscope.

4.5. Examination of cell membrane organization by fluorescence spectroscopy
Fluorescence spectroscopy performed following Laurdan staining is a suitable method for investigating
the order of membrane lipid phases. Native CHO cells were cultured in a 12-well plate and then treated
with CD solutions for 45 minutes. Fluorescence spectroscopy measurements were performed
following Laurdan staining. The Laurdan emission spectrum was recorded between 400 and 600 nm
under 360 nm excitation, while the excitation spectrum was measured in the 300-420 nm range at
432 nm emission. Membrane order was determined based on the generalized polarization (GP) value
using emission intensities (435 and 500 nm). Membrane fluidity was characterized by fluorescence

anisotropy calculations from polarized emission intensities.

4.6. Mapping cholesterol depletion using fluorescence microscopy
We determined the intracellular cholesterol content using filipin Il fluorescent staining. Native CHO
cells were cultured on 10-well cell culture plates and then treated with CD derivatives dissolved in ECS
for 1 hour (37°C, 5% CO,). Cholesterol staining was performed with a filipin 1l solution for 2 hours at
room temperature. The samples were visualized using a confocal microscope with a DAPI filter set.
Fluorescence intensity per cell was determined using Imagel) software after background correction.
Intensity values for each treatment group were compared to untreated controls via cell-level

quantitative analysis.

4.7. Measurement of radioactive calcium isotope influx in TRPV1- or TRPA1-

expressing CHO cells

We examined the effect of CD derivatives on TRPA1 and TRPV1 receptor activation by measuring **Ca?*

isotope influx. CHO cells stably expressing these receptors were cultured in 72-well plates and then
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treated with CD solutions at increasing concentrations for 30 minutes. The cells were incubated with
a test solution containing a TRPA1 (allyl isothiocyanate, AITC, 200 uM) or TRPV1 (CAPS, 100 nM) agonist
and #°Ca?* isotope for 2 minutes at room temperature. After stopping the reaction, the cells were
washed several times, then dried and lysed to recover the accumulated #°Ca®* isotope. The
radioactivity of the lysate was measured using a liquid scintillation counter in counts per minute (CPM).

The results were compared to untreated controls.

4.8. Formalin-induced acute inflammatory pain model

We investigated the effect of CD derivatives on acute nociception in a formalin-induced somatic pain
model. Thirty minutes prior to intraplantar (i.pl.) administration of the TRPA1 agonist formalin (2.5%,
20 pL), the animals were pretreated with CD (20 pL). We recorded the duration of the characteristic
nociceptive behavior (shaking, licking, and lifting) during the early phase (0-5 minutes), associated
with direct activation of acute sensory nerve endings, and during the late phase (20—45 minutes),

dominated by neurogenic inflammation.

4.9. RTX-induced thermal hyperalgesia and mechanical allodynia model

We investigated the effect of CD derivatives on TRPV1-mediated nociceptive responses in an RTX-
induced neurogenic pain model. The thermal pain threshold was measured using a gradually heating
hot plate, while mechanical sensitivity was assessed using a dynamic plantar esthesiometer (DPA). The
animals received a CD pretreatment (20 L, i.pl.) 30 minutes prior to RTX administration (0.1 pug/mL,
20 pL, i.pl.). Thermonociceptive thresholds were assessed 10, 20, and 30 minutes after the RTX
injection, while mechanical hyperalgesia was assessed 30 and 90 minutes after treatment. Animals

pretreated with a vehicle and then treated with RTX served as positive controls.

4.10. Mustard oil (MO)-induced acute skin inflammation mouse model
We investigated the vascular effects of CD pretreatment in a model of acute neurogenic dermatitis
induced by mustard oil (MO). We applied ethanol (control) to one ear of the animals and a CD solution
dissolved in ethanol to the other (10-10 pL, bilaterally). Thirty minutes later, a 1% MO solution was
applied to the left ear, while paraffin oil (vehicle) was applied to the right ear as a self-control in the
same volume. Immediately after MO treatment, we began monitoring skin perfusion using laser
speckle contrast analysis for 20 minutes. By selecting areas of the same size on the treated and
reference ears, we compared the percentage difference in perfusion values between the experimental
groups. The degree of ear edema was measured with an engineering micrometer before treatment

and at 60, 120, 180, and 240 minutes following MO application.
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4.11. Colorimetric measurement of free cholesterol levels in mouse ear and

plantar skin tissue
Following CD pretreatment, the free cholesterol content in mouse ear and plantar skin was
determined by a colorimetric method using the Cholesterol/Cholesteryl Ester Quantitation Assay kit.
The animals were treated with CD solutions or an appropriate vehicle, then euthanized after 30
minutes, and tissue samples were collected. We performed organic solvent extraction on the tissues,
then concentrated the lipid phase and dissolved it in assay buffer. The amount of free cholesterol was
determined based on a colorimetric reaction performed according to the manufacturer’s protocol,
using optical density measured at 570 nm. The values were corrected for sample weight and dilution

factor, then compared to a standard calibration curve.

4.12. Molecular modeling and in silico studies
The crystal structure of B-cyclodextrin (BCD) was obtained from a known CD-enzyme complex (PDB:
3cgt). The substituents of the CD derivatives (HPBCD, SBECD, RAMEB) were added using the PyMOL
program based on the degree of substitution (DS) and literature data. The cholesterol molecule was
built using the Maestro program. Energy optimization of all structures was performed using PM7
parameters and the MOPAC software package. Docking calculations were performed using AutoDock
4.2.6, applying flexible cholesterol and rigid host molecules. During the calculations, we used blind
docking, a Lamarckian genetic algorithm, and local search. We evaluated the results based on the
calculated free binding energy and structural similarity and selected the most favorable binding mode

as the representative conformation.

4.13. Animals and ethical considerations
We used 12-16-week-old male NMRI mice for the experiments, kept under standard housing
conditions following a habituation period of at least two weeks. All animal experiments were
conducted in accordance with relevant Hungarian legislation and with the approval of the Animal

Experimentation Ethics Committee of the University of Pécs (approval number: BA02/2000-22/2023).

4.14. Statistical Methods
In vitro experiments were performed in at least three independent replicates. Sample size was
determined using a priori power analysis. Data are presented as mean + SEM. For statistical analyses,
following a normality test, we used parametric or nonparametric tests, as well as multiple comparison

tests using GraphPad Prism and OriginPro software. The significance level was set at p < 0.05.
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5. Results

5.1. Methylated,but not non-methylated CD derivatives reduce CHO cell viability
According to CellTiter-Glo® measurements, unmethylated CD derivatives (HPGCD, HPBCD, SBECD,
QABCD) did not reduce viability up to 10 mM, and HPGCD remained safe even at 50—100 mM. Among
the methylated derivatives, cytotoxicity appeared in the order DIMEB-95 (0.75 mM) > DIMEB-50 (1
mM) = TRIMEB (1 mM) > RAMEB (3 mM). For the hydroxypropylated derivatives (HPGCD, HPBCD), an
elevated luminescent signal was detected, which can be associated with increased ATP production in

the cells.

5.2. Certain non-methylated CD derivatives increase, while methylated derivatives

decrease the mitochondrial membrane potential of CHO cells

The intensity of the MitoTracker™ Red CMXRos fluorescent dye—which indicates active
mitochondria—increased significantly following 24-hour treatment with HPGCD, HPBCD, and QABCD
(10 mM) treatments. In contrast, the methylated derivatives reduced fluorescence intensity even at

concentrations that did not affect cell viability, except for DIMEB-50.

5.3. All CD derivatives reduce cholesterol levels in CHO cells
To investigate the cholesterol-lowering effect of CD derivatives, we compared the filipin Il staining of
untreated control CHO cells with that of cells treated with CD solutions at concentrations that did not
affect cell viability. Treatment with CD derivatives significantly reduced the intensity of the filipin 1lI

signal, confirming cholesterol depletion.

5.4. Among the CD derivatives, DIMEB-50 disrupts membrane order the most
Based on spectroscopic analyses following Laurdan staining, DIMEB-50 and RAMEB caused the most
significant spectral red shift, indicating a higher dielectric constant and a more disordered membrane
microenvironment. For all CD derivatives examined, a slight shift toward the L4 state was observed

compared to the control. A similar trend was observed in the fluorescence anisotropy spectra.

5.5.CD derivatives inhibit in vitro TRPV1 and TRPA1 receptor activation
CD treatments reduced TRPV1 activation in a concentration-dependent manner for all CD derivatives
tested. A similar trend was observed for TRPA1: CD derivatives applied at the highest concentrations
significantly inhibited AITC-induced *° Ca?* uptake; only DIMEB-50 did not show a significant inhibitory

effect.
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5.6. CD derivatives reduce acute nociceptive behavior induced by TRPA1 activation
For example, following a formalin injection, the animals spent an average of 157.8 + 80.11 seconds and
264.0 + 23.63 seconds, respectively, exhibiting nocifensive behavior during the first (0-5 min) and
second (20-45 min) phases of the experiment. CD treatment did not significantly affect the duration
of nocifensive behavior in the first phase of the experiment. In contrast, in the second phase associated

with neurogenic inflammation, the duration of nocifensive behavior was significantly reduced.

5.7.CD derivatives attenuate acute mechanical allodynia induced by TRPV1

activation but have no effect on thermal hyperalgesia
Following i.p. treatment with the TRPV1 receptor RTX agonist, the animals’ mechanonociceptive
threshold decreased from the baseline. CD pretreatment attenuated acute mechanical allodynia but

did not affect RTX-induced thermal hyperalgesia.

5.8.CD treatment reduces TRPA1-induced acute neurogenic vasodilation in the skin
In the TRPA1 receptor agonist MO-induced acute skin inflammation, based on laser speckle contrast
analysis results, blood perfusion in the affected ear’s skin increased compared to the reference ear. In
contrast, this increase was significantly reduced in the CD-pretreated groups. Based on ear thickness
measurements, edema developed in the affected ear following MO treatment. CD pretreatment

mitigated this edema formation.

5.9.CD treatment reduces the total cholesterol content of the plantar skin and the

ear

Based on the results of the colorimetric assay, the free cholesterol content of plantar skin and ear

tissues of mice was significantly reduced compared to the control.

5.10. CD derivatives exhibit different cholesterol-binding properties
When modeling the interaction between CD derivatives and cholesterol in silico, cholesterol binding
exhibited a similar pattern for HPBCD and SBECD, while the more closed conformation of RAMEB
prevented deeper embedding of the ligand into the cavity. The structural observations were supported
by energetics analysis: the slightly more positive binding free energy (AGy) value of RAMEB suggests

that a 1:1 binding ratio alone is insufficient for the formation of a stable complex.
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6. Discussion, conclusions

In this study, we examined the effects of eight different CD derivatives in vitro and three selected
derivatives in vivo, with particular focus on membrane cholesterol content, the function of TRPV1 and
TRPAL ion channels, and their effects on nociceptive and inflammatory processes.

Our in vitro experiments were the first to demonstrate that the cytotoxicity of CD derivatives, their
effect on mitochondrial membrane potential, and their ability to deplete cholesterol are structure
dependent. Methylated CD derivatives exhibited more pronounced cholesterol-removing and TRP ion
channel-inhibiting effects at lower concentrations, but also demonstrated a less favorable safety
profile. In contrast, the hydroxypropylated and ionic derivatives exhibited significant membrane
effects even at lower concentrations, while maintaining favorable safety parameters.

Based on fluorescent membrane structure analyses and mitochondrial membrane potential
measurements, CD treatments reduced membrane order, particularly in the case of methylated
derivatives, suggesting disruption of lipid rafts. Concurrently, our functional assays showed that all
tested CD derivatives concentration-dependently inhibited agonist-induced activation of TRPV1 and
TRPAL1 ion channels, as well as the associated Ca?* influx. These results support the notion that a
decrease in membrane cholesterol content and the reorganization of the lipid microenvironment play
a key role in regulating the function of TRP ion channels.

Peripheral administration of the CD derivatives selected for the in vivo experiments (RAMEB, HPBCD,
SBECD) reduced formalin-induced inflammatory nociceptive responses in the second phase of the
experiment, which is associated with the release of inflammatory neuropeptides. CD pretreatment
also attenuated RTX-induced mechanical allodynia, as well as MO-induced neurogenic inflammation
and the associated vascular responses. An important observation was that the treatments did not
significantly affect thermal nociception, which is a favorable property for the clinical applicability of
interventions targeting TRP ion channels.

Measurement of tissue cholesterol levels confirmed that the observed in vivo effects are associated
with cholesterol depletion. In silico docking studies revealed that methylated and unmethylated CD
derivatives form complexes with cholesterol in different ways. In the case of RAMEB, the possibility of
complex formation with a 2:1 stoichiometry may result in a more stable binding, which could explain
its more pronounced cholesterol-depleting effect and increased cytotoxicity. In contrast, HPBCD and
SBECD tend to form 1:1 complex, which are associated with a more moderate yet more favorable
safety profile.

Overall, our results suggest that CD derivatives can influence the peripheral activation of TRPV1 and

TRPA1 ion channels by modulating membrane lipid microdomains, thereby exerting antinociceptive
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and anti-inflammatory effects. Given their favorable efficacy-safety profile, unmethylated CD
derivatives may represent a promising starting point for the development of new, peripherally acting
analgesic and anti-inflammatory therapeutic strategies, whereas the potential toxicity of methylated

derivatives requires further optimization.
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7. Summary of new findings

In our study, we investigated the inhibition of TRPV1 and TRPA1 ion channel activation through the
disruption of lipid rafts by cholesterol depletion, combining in silico, in vitro, and in vivo approaches.
First, we comprehensively evaluated how CD derivatives with different chemical properties and

isomeric compositions influence the membrane-level regulation of nociceptive signaling.

1. We found that the chemical modifications and isomeric purity of CD derivatives determine
their cholesterol-binding capacity, their cellular safety profile, and their functional effects on
plasma membrane structure and ion channel activation. We identified CD derivatives that

effectively disrupt lipid rafts while exhibiting favorable safety profiles.

2. We demonstrated in vitro that the selected CDs significantly reduce TRPV1- and TRPA1-
mediated Ca?* responses—not through receptor antagonism, but by inhibiting raft-dependent

activation. This offers a new mechanistic approach to the modulation of TRP channels.

3. In vivo, we demonstrated that CD derivatives effectively attenuate TRPA1- and TRPV1-
mediated acute nociceptive and inflammatory responses in mouse models, while not affecting
physiological thermosensation, thus possessing safer analgesic potential with peripheral

action.

4. Our in silico studies revealed the structure- and affinity-dependent nature of the interaction
between CDs and cholesterol, which correlated well with the experimental membrane-

modulating effects and supports the design of specifically optimized CD-based therapies.

Overall, our results establish a novel, membrane-level approach to reducing TRP ion channel-mediated
pathological nociceptive processes and contribute to the development of safer, peripherally acting

analgesic strategies.
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