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Recent Advances in Biomembrane Models for Studying Interactions with Bio-/Molecules
Reprinted from: Membranes 2026, 16, 174, https://doi.org/10.3390/membranes16050174 . . . . . 1
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Anti-Inflammatory Properties of Novel 1,2-Benzothiazine Derivatives and Their Interaction
with Phospholipid Model Membranes
Reprinted from: Membranes 2024, 14, 274, https://doi.org/10.3390/membranes14120274 . . . . . 62

Florian Weber, Markus Axmann, Erdinc Sezgin, Mariana Amaro, Taras Sych,

Armin Hochreiner, et al.

“Head-to-Toe” Lipid Properties Govern the Binding and Cargo Transfer of
High-Density Lipoprotein
Reprinted from: Membranes 2024, 14, 261, https://doi.org/10.3390/membranes14120261 . . . . . 88

Raina Marie Seychell, Adam El Saghir and Neville Vassallo

Modulation of Biological Membranes Using Small-Molecule Compounds to Counter Toxicity
Caused by Amyloidogenic Proteins
Reprinted from: Membranes 2024, 14, 231, https://doi.org/10.3390/membranes14110231 . . . . . 103

Kajetan Kiełbowski, Małgorzata Król, Estera Bakinowska and Andrzej Pawlik

The Role of ABCB1, ABCG2, and SLC Transporters in Pharmacokinetic Parameters of Selected
Drugs and Their Involvement in Drug–Drug Interactions
Reprinted from: Membranes 2024, 14, 223, https://doi.org/10.3390/membranes14110223 . . . . . 123

Juan M. Giraldo-Lorza, Chad Leidy and Marcela Manrique-Moreno

The Influence of Cholesterol on Membrane Targeted Bioactive Peptides: Modulating Peptide
Activity Through Changes in Bilayer Biophysical Properties
Reprinted from: Membranes 2024, 14, 220, https://doi.org/10.3390/membranes14100220 . . . . . 142

v





About the Editors

Jadwiga Maniewska

Jadwiga Maniewska is an Assistant Professor in the Department of Medicinal Chemistry,

Faculty of Pharmacy, Wroclaw Medical University, Poland. Her research interests include the

physicochemical characterization of bioactive compounds, particularly potential non-steroidal

anti-inflammatory agents, and their interactions with model lipid membranes. Her work focuses

on drug–membrane interactions and the role of membrane properties in drug activity, transport, and

biological effects, combining approaches from medicinal chemistry and membrane biophysics.

Katarzyna Gębczak
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Preface

Biological membranes are highly dynamic and structurally complex systems that regulate

essential cellular processes and mediate interactions between cells and their environment.

Understanding the mechanisms that shape membrane organization and membrane molecule

interactions remains a major challenge in contemporary biophysics, pharmacology, and biomedical

research. Increasing evidence demonstrates that membrane composition, lipid diversity, cholesterol

content, and membrane heterogeneity strongly influence the activity of bioactive compounds,

membrane proteins, and therapeutic agents.

This Reprint was prepared to provide a comprehensive overview of recent progress in

biomembrane research, with particular emphasis on experimental and computational strategies

used to investigate membrane-associated phenomena. The collected contributions present current

approaches to studying interactions between model membranes and small molecules, peptides,

lipoproteins, and natural compounds, while also addressing broader biological and pharmacological

implications. Special attention is devoted to the relationship between membrane structure,

physicochemical properties, and biological function.

The aim of this Reprint is to bring together interdisciplinary perspectives that connect membrane

biophysics with medicinal chemistry, cell biology, computational studies, and drug development.

The included studies highlight both the advantages and limitations of contemporary biomembrane

models and demonstrate the importance of integrating multiple analytical methodologies to better

reproduce the complexity of native biological membranes.

This Reprint is addressed to researchers, doctoral students, and professionals working in

membrane science, biophysics, pharmaceutical sciences, molecular biology, computational studies,

and related biomedical disciplines. We hope that the presented works will contribute to a deeper

understanding of membrane-driven biological processes and inspire further research focused on the

development of advanced membrane models and membrane-targeted therapeutic strategies.

Jadwiga Maniewska and Katarzyna Gębczak

Guest Editors
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Editorial

Recent Advances in Biomembrane Models for Studying
Interactions with Bio-/Molecules

Jadwiga Maniewska 1,* and Katarzyna Gębczak 2,*

1 Department of Medicinal Chemistry, Faculty of Pharmacy, Wroclaw Medical University, Borowska 211,
50-556 Wroclaw, Poland

2 Division of Basic Medical Sciences, Faculty of Pharmacy, Wroclaw Medical University, Borowska 211,
50-556 Wroclaw, Poland

* Correspondence: jadwiga.maniewska@umw.edu.pl (J.M.); katarzyna.gebczak@umw.edu.pl (K.G.)

1. Introduction

Biological membranes play a pivotal role in determining cellular organization and
functionality, as they provide complex and dynamic environments for interactions with a
diverse array of biomolecules and external compounds. The physicochemical properties
of these membranes, shaped by factors such as lipid composition, membrane-associated
proteins, and lateral heterogeneity, are critical for governing essential biological processes.
Therefore, achieving a comprehensive understanding of these interactions is vital for
advancing fields such as biophysics, pharmacology, and medicinal chemistry.

In recent years, significant progress has been made in developing biomembrane
models and the methodologies employed to study them. Techniques such as calorime-
try, fluorescence-based measurements, and high-resolution imaging, alongside molecular
dynamics simulations, have opened avenues for increasingly precise characterization of
membrane structures, dynamics, and mechanisms of interaction. At the same time, there
has been a growing focus on how lipid diversity, domain formation, and cholesterol content
influence membrane behavior and responsiveness to interacting molecules.

Nevertheless, several challenges persist. A key limitation is the difficulty in translating
findings from simplified model systems to the inherently more complex environment of
native biological membranes, which are characterized by compositional asymmetry, spatial
heterogeneity, and continuous remodeling. Furthermore, the molecular mechanisms by
which small molecules, peptides, and proteins disrupt membrane organization and initiate
downstream biological effects remain inadequately understood, particularly regarding
interconnected phenomena such as cytoskeletal rearrangement and lipid domain dynamics.
Another unresolved issue is establishing predictive relationships between membrane-level
interactions and pharmacological outcomes.

The Special Issue entitled “Recent Advances in Biomembrane Models for Studying
Interactions with Bio-/Molecules,” published in Membranes (MDPI), addresses these chal-
lenges by presenting eight contributions that integrate experimental and computational
approaches to explore membrane–molecule interactions across various organizational lev-
els. These studies enhance our understanding of how membrane composition, molecular
structure, and biophysical properties influence biological activity.

2. Overview of Special Issue Contributions

Several papers in this collection focus on the interaction of small bioactive molecules
with model lipid membranes, combining physicochemical characterization with biolog-
ical evaluation. In Contribution 1, arylpiperazine oxicam derivatives were investigated

Membranes 2026, 16, 174 https://doi.org/10.3390/membranes16050174
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using differential scanning calorimetry (DSC) in phospholipid bilayers composed of 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC). The results showed concentration-
dependent decreases in the phase transition temperature, indicating incorporation of
the compounds into the lipid bilayer and partial disruption of lipid organization. Biological
evaluation using MTT assays in cancer (MCF-7, MCF-7/DX, LOVO, and LOVO/DX) and
normal (V79) cell lines revealed moderate cytotoxic activity, particularly against colorectal
cancer cells, whereas cyclooxygenase inhibition remained weak despite molecular docking,
suggesting potential interactions with the COX-2 active site. These findings indicate that
membrane interactions constitute a primary determinant of the observed biological activity.

In a related study (Contribution 4), another series of arylpiperazine oxicam derivatives
was evaluated using a combined experimental and theoretical approach. Cyclooxyge-
nase inhibition assays, cytokine mRNA expression analysis, and antioxidant activity tests
based on DPPH and ABTS radical scavenging were complemented by density functional
theory calculations to assess reactivity profiles. The results demonstrated moderate to
high selectivity toward the COX-2 isoform, low cytotoxicity relative to reference com-
pounds, and significant antioxidant capacity. The observed interactions with phospholipid
membranes further emphasize the importance of membrane-related effects in determining
pharmacological behavior.

Natural compounds and plant-derived molecules are addressed in detail in several
contributions. In Contribution 2, polyphenolic fractions enriched in flavonoid glyco-
sides and caffeoylquinic acids, derived from Inula oculus-christi L. (medicinal plant), were
investigated using confocal microscopy. Membrane order was assessed with the fluo-
rescent probe Di-4-ANEPPDHQ, while actin cytoskeleton organization was visualized
using TRITC-phalloidin staining. The results revealed distinct cell-specific effects, with
flavonoid glycosides inducing membrane ordering in cancerous A549 cells and membrane
fluidization in non-malignant MDCK II cells, accompanied by pronounced reorganization
of F-actin structures. These findings demonstrate a strong coupling between membrane
biophysical properties and cytoskeletal dynamics, as well as the influence of molecular
structure on membrane interactions.

Complementary insight at the molecular level is provided in Contribution 3, in
which the author employed molecular dynamics simulations to investigate the behav-
ior of nymphaeol A (isolated from propolis produced by honeybees) in complex lipid
membranes. The simulations demonstrated spontaneous insertion of the molecule into the
bilayer, preferential localization near the carbonyl region of phospholipids, and a tendency
to adopt an extended conformation with an average tilt angle of approximately 35◦ relative
to the membrane normal. The compound exhibited significant mobility along the mem-
brane normal and showed preferential interactions with specific lipid species, including
POPC and PSM, while slightly increasing membrane fluidity. These results provide de-
tailed insight into the relationship between molecular structure, membrane localization,
and functional activity.

The importance of lipid composition as a key determinant of membrane interactions
is further emphasized in Contribution 5, in which the authors examined the interaction of
high-density lipoprotein (HDL) particles with model membranes using fluorescence-based
techniques. In the study, they analyzed lipid domain organization, membrane order, and
both lateral and intramolecular mobility, with a particular focus on the glycerol region of
lipids and the associated hydrogen bond network. The results demonstrated that both
fluid-phase and certain gel-phase membranes interact with HDL particles, although with
distinct functional outcomes: gel-phase membranes favor binding, whereas fluid-phase
membranes facilitate cargo transfer. Increased glycerol region mobility and a strengthened
hydrogen bond network were associated with enhanced anchoring interactions, while

https://doi.org/10.3390/membranes16050174
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reduced water structuring promoted lipid transfer. The presence of cholesterol was shown
to reduce HDL interaction by increasing membrane packing density and stiffness, thereby
modulating membrane fluidity.

Two review articles provide broader perspectives on membrane-mediated biological
processes and their pharmacological implications. Contribution 6 addressed the role of
biological membranes in amyloidogenic protein toxicity, emphasizing how membrane
physicochemical properties influence protein misfolding, aggregation, and cytotoxicity.
In the review, the authors discuss small molecules capable of intercalating into lipid
bilayers, including aminosterols, cholesterol, ubiquinone, and selected polyphenols, which
can modulate membrane properties and reduce amyloid–membrane interactions. At the
same time, inconsistencies in reported protective effects highlight the need for a deeper
mechanistic understanding of these processes.

Contribution 7 focused on the role of membrane transporters, particularly ATP-binding
cassette (ABC) and solute carrier (SLC) proteins, in drug pharmacokinetics. These transporters
play a crucial role in drug absorption, distribution, and elimination. The complex interplay
between transporter expression, physiological conditions, and co-administered compounds is
identified as a key factor influencing drug efficacy and safety.

Finally, the authors of Contribution 8 examined the influence of cholesterol on
membrane-targeted bioactive peptides. They highlight how cholesterol modulates lipid
packing, membrane rigidity, and lateral mobility, thereby affecting peptide insertion, mem-
brane disruption, and selectivity. The findings emphasize the importance of incorporating
realistic membrane compositions, including cholesterol and sphingolipids, into experimen-
tal models in order to better replicate native biological systems.

3. Conclusions

The studies compiled in this Special Issue highlight the pivotal role of biomembrane
models in elucidating the mechanisms governing membrane–molecule interactions. Taken
together, the contributions demonstrate that membrane composition, structural organiza-
tion, and dynamic properties critically influence molecular behavior and, consequently,
biological function in systems ranging from small bioactive compounds to complex biologi-
cal assemblies.

Importantly, the presented works contribute to narrowing several gaps that persist
in the field. They provide mechanistic evidence that membrane interactions can act as
primary drivers of biological activity, clarify the relationship between membrane orga-
nization and cellular processes, and emphasize the regulatory role of lipid composition,
including cholesterol and specific lipid classes, in modulating these effects. Furthermore,
the combined use of experimental techniques and computational modeling underscores
the importance of multiscale approaches for achieving a more comprehensive description
of membrane-associated phenomena.

However, several challenges remain. Future research should focus on developing mem-
brane models that more accurately represent the structural and compositional complexities
of native systems, including lipid asymmetry, heterogeneity, and curvature effects. Stronger
integration of experimental findings with theoretical frameworks will also be essential for
establishing predictive models that link molecular interactions to functional outcomes.

From a practical perspective, translating these fundamental insights into real-world
applications is a key objective. Future studies should prioritize the rational design of
membrane-active compounds, optimization of drug delivery strategies, and identification
of therapeutic targets related to membrane interactions. Enhancing our understanding of
membrane–molecule interactions in complex biological contexts will be vital for tackling
issues such as multidrug resistance and targeted therapies.

https://doi.org/10.3390/membranes16050174
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This Special Issue aims to serve as a valuable reference and inspire further research that
connects model membrane systems with the intricacies of biological membranes, ultimately
advancing the field of biomembrane science.

Author Contributions: J.M. and K.G. equally contributed to this Editorial. All authors have read and
agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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New Oxicam Derivatives—Studies of Membrane Interactions,
Cytotoxicity, Cyclooxygenase Inhibition and Molecular Docking

Jadwiga Maniewska 1,*, Katarzyna Gębczak 2, Łucja Cwynar-Zając 2, Żaneta Czyżnikowska 3

and Berenika M. Szczęśniak-Sięga 1,*

1 Department of Medicinal Chemistry, Faculty of Pharmacy, Wroclaw Medical University, Borowska 211,
50-556 Wroclaw, Poland

2 Division of Basic Medical Sciences, Department of Basic Medical Sciences and Immunology, Faculty of
Pharmacy, Wroclaw Medical University, Borowska 211, 50-556 Wroclaw, Poland

3 Department of Basic Chemical Sciences, Faculty of Pharmacy, Wroclaw Medical University, Borowska 211a,
50-556 Wroclaw, Poland

* Correspondence: jadwiga.maniewska@umw.edu.pl (J.M.); berenika.szczesniak-siega@umw.edu.pl (B.M.S.-S.);
Tel.: +48-71-7840397 (J.M. & B.M.S.-S.)

Abstract

Oxicam derivatives, a class of nonsteroidal anti-inflammatory drugs (NSAIDs), are impor-
tant scaffolds for developing biologically active compounds. In this study, arylpiperazine
oxicam derivatives (PR24–PR50) were examined for membrane interactions, cytotoxic
activity, cyclooxygenase inhibition, and potential binding to COX-2 protein. Membrane in-
teractions were examined using differential scanning calorimetry (DSC) in phospholipid bi-
layers formed from 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC). All compounds
altered the thermotropic properties of the lipid bilayer, showing concentration-dependent
decreases in phase transition temperature, indicating incorporation to bilayer and partial
disruption of lipid organization. Cytotoxicity, assessed using the MTT assay in breast
cancer (MCF-7, MCF-7/DX), colorectal cancer (LOVO, LOVO/DX), and normal V79 cell
lines, showed moderate effects, particularly against colorectal cancer cells. Cyclooxygenase
inhibition was rather weak, with IC50 values in the high micromolar range, indicating
limited anti-inflammatory potential compared with reference COX inhibitors, although
docking studies suggested possible interactions with the COX-2 active site. The obtained
results indicate that the biological activity of the arylpiperazine oxicam derivatives is
primarily associated with cytotoxicity and membrane effects rather than COX inhibition.
These limitations should be considered in the design of future membrane-targeted bioac-
tive compounds.

Keywords: model membranes; differential scanning calorimetry (DSC); oxicam derivatives;
cyclooxygenase; ROS; molecular docking

1. Introduction

Oxicams are a subgroup of nonsteroidal anti-inflammatory drugs (NSAIDs) known
for their ability to non-selectively inhibit cyclooxygenase 1 and 2 (COX-1 and COX-2) [1].
Since the discovery that inflammatory processes are involved in carcinogenesis, anti-
inflammatory drugs have become a target of research to support many anticancer thera-
pies [2]. Cancer is still a leading cause of death worldwide—ranking as the first or second
cause of death before the age of 70 in 112 out of 183 countries [3]. The pathophysiology
of carcinogenesis is very complex and still not fully understood. Cancer is a pathological

Membranes 2026, 16, 166 https://doi.org/10.3390/membranes16050166
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condition in which homeostasis in cell proliferation and differentiation is disturbed [4,5].
Less than 10% of cancers are caused by germline mutations, with most cases arising from
somatic changes and environmental factors. Cancer is often associated with diet, obe-
sity, inhaled pollutants, smoking, or an autoimmune reaction [6–8]. Moreover, chronic
inflammation is recognized as a key pathological factor, representing a prolonged and
dysregulated response to the loss of tissue homeostasis [9]. Cancer development may
be viewed as a dysregulated repair response to tissue damage, where inflammatory and
neoplastic processes co-exist, forming the concept of a “wound that does not heal” [10].

The link between inflammation and tumor development was first observed in 1863
by Rudolf Virchow, founder of modern pathology [11]. Virchow observed tumors in
several patients where they had been struck or repeatedly irritated by shoes or work tools.
Examining the tumor tissues under a microscope, he observed leukocyte infiltration. He
hypothesized that cancer resulted from a failed attempt by the body’s immune system to
repair the wound. However, scientists did not take this concept seriously at the time. Only
more than a century later, in 1986, Harold Dvorak, a pathologist at Harvard University,
demonstrated a surprising similarity between the mechanisms naturally occurring in the
inflammatory process and the development of tumor tissue [10]. Dvorak also noted that
cancer is often directly related to chronic inflammation, a finding confirmed by the other
subsequent research [12]. Inflammation arising from chronic infections is estimated to
contribute to around 25% of the worldwide cancer burden [13]. Furthermore, chronic
inflammatory processes triggered by chemical and physical agents, autoimmune factors, as
well as reactions of unknown origin, are linked to an increased cancer risk [14].

Additionally, the use of NSAIDs for analgesic and anti-inflammatory purposes has
revealed their chemopreventive effects in several cancers, including breast, lung, bladder,
colon, and prostate cancers [15–31]. NSAIDs inhibit cyclooxygenase, an enzyme with at
least two isoforms, COX-1 and COX-2. COX-1 is a constitutively expressed glycoprotein
present in various tissues, including the stomach, intestines, ovaries, kidneys, and platelets,
with important protective functions [32]. COX-2 is an inducible isoform upregulated by
cytokines (IL-1β, IL-6, TNFα), mitogens, and growth factors during inflammation, pain,
tissue damage, and carcinogenesis. Its overexpression, linked to increased prostaglandin
E2 (PGE2) production, plays a key role in carcinogenesis and chronic inflammation [33].
COX-2 has been shown to participate in cancer development at multiple stages, from tumor
initiation to metastasis [34]. The protumorigenic activity of COX-2 is thought to involve
several mechanisms, including stimulation of mutant cell proliferation, inhibition of apop-
tosis, reduced epithelial cell adhesion, promotion of angiogenesis, increased invasiveness,
modulation of immune surveillance, induction of DNA mutagenesis, and activation of
carcinogenic xenobiotics through peroxidase activity [34].

Over the last three decades, numerous reports have emerged from experimental animal
studies, epidemiological studies, and clinical trials showing that regular use of aspirin and
other NSAIDs, including celecoxib, piroxicam, and sulindac, has been associated with a
reduction in cancer risk of up to 50% [35]. Some anti-inflammatory drugs have even been
approved for use in cancer treatment or as chemopreventive agents; for example, celecoxib
is used to reduce the risk of colorectal adenomas in people with familial adenomatous
polyposis [36]. Oxicams, such as piroxicam or meloxicam, are characterized by potent anti-
inflammatory activity and a long duration of action, and were therefore also targeted for
such studies. However, piroxicam was withdrawn from further studies due to its significant
toxicity. To reduce its toxicity, new arylpiperazine oxicam derivatives were designed
and synthesized. Some of them demonstrated anticancer or potential chemopreventive
properties [37–41].

https://doi.org/10.3390/membranes16050166
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A series of novel arylpiperazine oxicam derivatives (Table 1) was investigated for
anti-inflammatory and cytotoxic properties. The anti-inflammatory potential was evaluated
in vitro by measuring inhibition of COX-2, an enzyme involved in both inflammatory and
pro-carcinogenic processes, whereas COX-1 inhibition was additionally assessed to define
the COX-2/COX-1 selectivity profile. Due to the fact that cyclooxygenase is an enzyme
anchored in the endoplasmic reticulum, drug permeation across biological membranes is
necessary for interaction with the enzyme. For this purpose, studies of the interaction of
oxicam derivatives with model biological membranes were also conducted. In addition,
molecular docking studies focused on the COX-2 active site were conducted to investigate
the binding mode of the compounds. The cytotoxic activity of the new oxicam derivatives
was subsequently tested in two cancer cell lines, along with their doxorubicin-sensitive
and doxorubicin-resistant sublines. What is more, to determine the compounds’ safety,
cytotoxicity was also tested on a normal cell line. The mechanism of cytotoxic action
was determined by testing the compounds’ activity on rhodamine-containing cells. In
addition, the antioxidant activity of the new compounds was evaluated, as inflammation
is associated with the generation of reactive oxygen and nitrogen species (ROS and RNS).
These species may damage essential cellular components, including DNA, proteins, and
lipids, thereby contributing—directly or indirectly—to neoplastic transformation.

Table 1. Chemical structures of studied oxicam derivatives. For synthesis route and experimental
data please see [42,43].

Compound
Abbreviation

Molecular Weight
[g/mol]

Chemical Structure

PR24 535.63

PR25 535.59

PR45 606.01

PR47 650.46

PR48 650.51

PR49 585.59

PR50 585.64

https://doi.org/10.3390/membranes16050166
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2. Materials and Methods

2.1. Chemicals

Oxicam derivatives were obtained through synthesis performed at the Department of
Medicinal Chemistry, Wroclaw Medical University, Poland. Chemical structures, molecular
weights and abbreviations of studied oxicam derivatives are shown in Table 1. The synthesis
route and spectral spectra confirming structures and purity of new compounds have been
published previously [42,43]. Meloxicam and celecoxib (reference standards) were supplied
by Thermo Fisher Scientific (Waltham, MA, USA). Given the lack of water solubility of the
investigated compounds, they were dissolved in chloroform or dimethyl sulfoxide (DMSO)
prior to use in the assays.

2.2. Differential Scanning Calorimetry (DSC)

The thermal response of phospholipid bilayers in the presence of oxicam derivatives
was examined using 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC; Sigma-Aldrich,
St. Louis, MO, USA) as a representative membrane lipid. The investigated compounds were
initially dissolved in chloroform to obtain 5 mM stock solutions. Defined amounts of these
solutions were subsequently combined with DMPC (2 mg per sample) to yield compound-
to-lipid molar fractions ranging from 0.02 to 0.1. Following mixing, organic solvent was
removed by evaporation under a stream of nitrogen, and samples were further subjected
to vacuum drying for 2 h to eliminate residual traces. The resulting lipid films were
rehydrated with 20 μL of Tris–EDTA buffer (20 mM, pH 7.4; Sigma-Aldrich), then heated
above the main phase transition temperature of DMPC and vortexed to produce uniform
dispersions. Prepared samples were hermetically sealed in aluminum Concavus pans
(Netzsch GmbH & Co., Selb, Germany) and analyzed by differential scanning calorimetry
using a DSC 214 Polyma instrument (Netzsch GmbH & Co., Selb, Germany) operating in
heat-flow mode. Measurements were conducted over the temperature range of 10–35 ◦C
at a constant heating rate of 1 ◦C/min under a nitrogen purge (25 mL/min). For each
composition, two independently prepared samples were measured, each in duplicate.
Transition enthalpy values (J/g) were calculated with respect to lipid mass using Netzsch
Proteus software (version 7.1.0). The experimental protocol was based on our previously
reported methodology [44].

2.3. Biological Assays

The biological activity of the investigated compounds was assessed using four com-
plementary assays: MTT, cyclooxygenase (COX) inhibition, DCFH-DA, and Rhodamine
123. These assays were employed to evaluate cell viability, COX inhibitory activity, intracel-
lular reactive oxygen species (ROS) generation, and mitochondrial membrane potential
(ΔΨm), respectively. Tests were performed for three cell lines: the normal V79 line, the
breast cancer line MCF-7, and its doxorubicin-resistant variant MCF-7/DX, as well as
the colorectal cancer line LOVO, and its resistant variant LOVO/DX. The V79 cell line is
derived from the lung tissue of a young male Chinese hamster and displays fibroblast-
like morphology [45]. The LOVO cell line originates from a metastatic lesion in the left
supraclavicular region of a 56-year-old male patient with colorectal adenocarcinoma and is
characterized by epithelial morphology [46]. The MCF-7 cell line was established in 1970
from pleural effusion obtained from a 69-year-old female patient with metastatic breast
adenocarcinoma and is characterized by epithelial morphology [47]. The LOVO/DX and
MCF-7/DX cell lines were created by cultivating parental counterparts in the presence
of low concentrations of doxorubicin. Cells were seeded in 96-well plates at a density of
1–2 × 104 cells per well and cultured for 24 h under standard conditions (37 ◦C, 5% CO2,
humidified atmosphere) to allow cell adhesion. In all four assays, the cells were treated
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with the tested compounds at the same concentrations of 1, 10, and 50 μM. The starting
concentration was chosen as 1 μM because doxorubicin, the reference drug, is often tested
at this concentration, which facilitates comparison of the efficacy of the tested compounds.
The subsequent concentrations—10 and 50 μM—were chosen after preliminary studies that
demonstrated differences in the effects of the compounds between these concentrations.
All measurements were performed using a Varioskan Microplate Reader (Thermo Fisher
Scientific, Waltham, MA, USA).

2.3.1. Determination of Cell Proliferation (MTT Assay)

Cell viability was assessed using the MTT assay based on the reduction of tetrazolium
salt to formazan by metabolically active cells, as previously described, with minor modifi-
cations [48]. Following 24 h exposure to the tested compounds, MTT solution (1 mg/mL)
was added to each well, and the cells were incubated for 2 h at 37 ◦C. Subsequently, the
medium was removed, and the formed formazan crystals were dissolved in dimethyl
sulfoxide (DMSO). Absorbance was measured at 570 nm, and cell viability was calculated
as a percentage relative to untreated control cells (100%) [49]. Non-viable cells do not
reduce MTT and therefore do not generate a detectable signal.

2.3.2. Cyclooxygenase Inhibitory Activity

Cyclooxygenase (COX) inhibitory activity was determined using a colorimetric assay
kit (Cayman Chemical Company, Ann Arbor, MI, USA) according to the manufacturer’s
instructions [50]. The assay is a high-throughput microplate-based method that measures
COX peroxidase activity via colorimetric detection of oxidized N,N,N′,N′-tetramethyl-p-
phenylenediamine (TMPD) at 590 nm, enabling assessment of compounds that inhibit
COX activity in vitro. The assay was performed according to the manufacturer’s protocol
using 0.1 M Tris-HCl buffer (pH 8.0), heme solution in DMSO, COX-1 or COX-2 enzymes,
arachidonic acid (100 μM), KOH (0.1 M), and TMPD solution. The reaction mixture
consisted of 150 μL assay buffer, 10 μL heme, and 10 μL of COX-1 or COX-2 enzyme per
well. Test samples were prepared by adding 10 μL of the investigated compounds at final
concentrations of 1, 10, and 50 μM. For control wells, 10 μL of DMSO was used instead of
the compound. The reaction was initiated by the addition of 20 μL TMPD, followed by the
addition of arachidonic acid, and allowed to proceed for 2 min at 25 ◦C. The oxidation of
TMPD was measured using a Varioskan Lux microplate reader (Thermo Scientific, USA) at
590 nm. Inhibitory activity was expressed as the concentration required to inhibit enzyme
activity by 50% (IC50). Selectivity was assessed using the selectivity index (SI), calculated
as IC50 (COX-2)/IC50 (COX-1).

2.3.3. Reactive Oxygen Species Assay

Intracellular reactive oxygen species (ROS) levels were determined using the DCFH-
DA assay (Sigma-Aldrich, St. Louis, MO, USA) as described elsewhere [48,51]. Following
24 h exposure to the tested compounds (1, 10, and 50 μM), the culture medium was removed
and cells were washed with phosphate-buffered saline (PBS). Subsequently, DCFH-DA
solution (20 μM in PBS) was added, and the cells were incubated for 30 min at 37 ◦C in
the dark. After incubation, cells were washed with PBS, and fluorescence of the oxidized
product (DCF) was measured using excitation and emission wavelengths of 485 nm and
530 nm, respectively. Results were expressed as a percentage of the untreated control
(100%), with increased fluorescence corresponding to elevated ROS production.

2.3.4. Rhodamine 123 Assay

Mitochondrial membrane potential was evaluated using the Rhodamine 123 assay
(Sigma-Aldrich, St. Louis, MO, USA) following a previously reported procedure [52].
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After 24 h exposure to the tested compounds (1, 10, and 50 μM), the culture medium
was removed and cells were washed with phosphate-buffered saline (PBS). Cells were
then incubated with Rhodamine 123 solution (5 μM in PBS) for 30 min at 37 ◦C in the
dark. Following incubation, cells were washed with PBS, and fluorescence intensity was
measured at excitation and emission wavelengths of 505 nm and 530 nm, respectively [53].
Results were expressed as a percentage of control fluorescence (100%), where a decrease in
signal indicated loss of mitochondrial membrane potential.

2.3.5. Statistical Analysis

Statistical analysis was performed using Statistica 13.3 software (TIBCO Software Inc.,
Palo Alto, CA, USA). Data distribution normality was evaluated using the Shapiro–Wilk test.
For normally distributed data, comparisons between independent groups were performed
using Student’s t-test. In cases where the assumption of normality was not satisfied,
the nonparametric Mann–Whitney U test was applied [48,52]. Results are presented
as mean ± standard deviation (SD). Statistical significance was defined as p < 0.05 (*),
p < 0.01 (**), and p < 0.001 (***).

2.4. Computational Studies

The geometry of oxicam derivatives was optimized at the B3LYP/6-31++G** level of
theory using the polarizable continuum model (PCM) to include the solvent effects. The
calculations were performed by using the Gaussian 09 program [54–58]. The standard
AutoDock 4.2 protocol was employed to obtain the binding modes of the compounds within
the COX-2 binding cavity [59]. The crystal structure of cyclooxygenase-2 (COX-2; PDB ID:
4M11), co-crystallized with meloxicam, was retrieved from the Protein Data Bank [60]. The
structure of the molecular target (chain A) was prepared by adding polar hydrogen atoms
and assigning appropriate solvation parameters. Gasteiger partial charges were assigned to
all atoms. The binding site was defined using a grid box of 60 × 60 × 60 points centered
on the active site based on the position of the co-crystallized ligand, with a grid spacing
of 0.375 Å. Visualization was performed using Discovery Studio Visualizer 2021 (Dassault
Systèmes, Waltham, MA, USA; https://discover.3ds.com/, accessed on 1 October 2025).

3. Results

3.1. Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is one of the techniques used in studying
drug–membrane interactions by measurements of the thermotropic phase behavior of
phospholipids building the membrane [61]. In our research, this tool was used to char-
acterize the influence of oxicam derivatives on model phospholipid membranes formed
from DMPC, because this technique makes it possible to follow the effects of any additives
to model membrane on cooperativity and enthalpy of the lipid phase transition. The
dependencies of the main transition temperature, half-height width and enthalpy change
on the oxicam derivative concentration are shown in Figure 1.

The investigated compounds had previously been studied on model biological mem-
branes obtained from dipalmitoylphosphatidylcholine (DPPC) [42,43]. Herein they were
examined using DMPC, a phospholipid characterized by shorter hydrocarbon chains than
DPPC. Uniform molar ratios were applied to allow direct comparison of the obtained
results. All tested compounds induced a concentration-dependent decrease in the main
phase transition temperature of DMPC, indicating a destabilization of the ordered gel
phase. In parallel, incorporation of the compounds into the phospholipid bilayer resulted
in a broadening of the phase transition peaks, suggesting increased heterogeneity of the
lipid environment and reduced cooperativity of the phase transition. Furthermore, a de-
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crease in the enthalpy of the main DMPC phase transition was observed for all compounds,
reflecting weakened lipid–lipid interactions. These findings demonstrate that the exam-
ined compounds interact with the phosphatidylcholine model membrane and significantly
modify its thermotropic properties. The most pronounced effects on the transition temper-
ature were observed for compounds PR25, PR49, and PR50. The nature of the observed
changes suggests that oxicam derivatives affect both the polar headgroup region and the
hydrocarbon chains of DMPC, leading to a reduction in the stability of the gel phase and
weakened intermolecular interactions within the lipid bilayer [62].

  
(a) (b) 

 
(c) 

Figure 1. Influence of studied compounds on the DMPC: (a) main phase transition temperature;
(b) main phase transition peak half-height width; (c) main phase transition enthalpy; mean ± SD,
n = 4.

3.2. Biological Assays
3.2.1. Determination of Cell Proliferation

In Figure 2, the results of the MTT assay are presented, determining the effect of
the tested compounds PR24–PR50 on the viability of cancer cells (MCF-7, MCF-7/DX,
LOVO, LOVO/DX) and normal cells (V79) after 24 h of incubation at three concentrations:
1, 10, and 50 μM. Normal cell line V79 is a Chinese hamster lung fibroblast cell commonly
used in toxicology studies. Cancer cell line MCF-7 is a breast cancer cell, and LOVO is a
colorectal cancer cell. Cancer cell lines MCF-7/DX and LOVO/DX are their doxorubicin-
resistant variants.
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Figure 2. Effect of the tested compounds PR24–PR50 on the viability of cancer (MCF-7, MCF-7/DX,
LOVO, LOVO/DX) and normal (V79) cells at a concentration of 1 μM (a), 10 μM (b), 50 μM (c),
evaluated by the MTT assay after 24 h of incubation. Results are presented as the percentage of cell
viability relative to the untreated control (100%). The presence of statistical significance markers
(* p ≤ 0.05; ** p < 0.01; *** p < 0.001) indicates significant differences compared to the control group.
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The MTT assay showed differentiated cytotoxicity of the tested derivatives depending
on the cell type, the applied concentration, as well as the structure of tested compound.
With increasing concentration, a clear decrease in cell viability was observed, confirming
the dose-dependent nature of cytotoxicity. The strongest cytotoxic effect occurred at the
concentration of 50 μM (Figure 2c), especially against the cancer cells LOVO and LOVO/DX
(colon cancer cell lines). For most compounds (PR45, PR47, PR48, PR49, PR50), the viability
of LOVO cells decreased below 40–60% compared to the control (100%). At the same time,
the resistant LOVO/DX cells were characterized by higher viability, indicating persistent
resistance to the tested derivatives.

In the breast cancer cell lines MCF-7 and MCF-7/DX, moderate cytotoxicity of most
derivatives was observed. The most active compounds were again PR48 and PR50, causing
a reduction in the viability of MCF-7/DX cells to about 60–70% at 50 μM. The MCF-7 (non-
resistant) cells generally showed lower sensitivity to the tested compounds than LOVO
cells, which may result from metabolic differences between cancer types.

In the case of normal V79 cells, the effect of the tested derivatives was varied and
depended on the type of compound. Some derivatives, such as PR47 and PR50, showed
moderate cytotoxicity. The lowest toxicity toward normal cells was exhibited by compound
PR25, while PR48 showed the strongest effect in this line.

At lower concentrations of 1 and 10 μM (Figure 2a,b), most compounds showed a
smaller effect on cell viability, although statistically significant results were obtained in
most cases. It is worth emphasizing that compounds PR48 and PR50, which were most
cytotoxic to cancer cells, were equally toxic to healthy cells. Compounds PR25, PR45,
PR47, and PR49, on the other hand, were more cytotoxic to resistant colon cancer cells
(LOVO/DX) than to healthy cells (V79).

The IC50 values (μM) for the tested derivatives PR24–PR50 were determined based on
the results of the MTT assay using the linear regression method (y = ax + b). Calculations
were performed for five cell lines: the normal cell line (V79), and two cancer lines (MCF-7,
MCF-7/DX, LOVO, LOVO/DX). The results are presented in Table 2. The symbol nd
(not determined) indicates that the IC50 value could not be determined within the tested
concentration range.

Table 2. Estimated IC50 values determined by the MTT assay.

Compound
MCF-7 MCF-7/DX LOVO LOVO/DX V79

[μM]

PR24 nd nd nd nd 108.0

PR25 nd nd nd 110.0 nd

PR45 nd 54.4 12.3 28.7 123.0

PR47 nd 87.4 11.0 28.5 55.6

PR48 nd 15.3 4.7 54.2 13.7

PR49 nd nd 17.5 47.3 178.0

PR50 nd 18.3 8.8 nd 16.2
nd (not determined) indicates that IC50 value could not be determined within the tested concentration range.

The analysis of the obtained IC50 values confirmed the variable sensitivity of the
tested cell lines to the studied compounds. The greatest cytotoxic activity against cancer
cells was demonstrated by derivatives PR48 and PR50, which showed the lowest IC50

values—4.7 μM and 8.8 μM, respectively, for LOVO cells. High activity of these compounds
was also confirmed in the resistant lines LOVO/DX (PR48—54.2 μM) and MCF-7/DX
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(PR48—15.3 μM and PR50—18.3 μM). Unfortunately, these compounds were also the most
toxic to healthy cells V79 (PR48—13.7 μM and PR50—16.2 μM).

Compounds PR45, PR47 and PR49 exhibited moderate cytotoxicity toward cancer
cell lines, with particularly high activity against LOVO cells (IC50 values of 12.3, 11.0, and
17.5 μM, respectively) and their resistant variant LOVO/DX (IC50 values of 28.7, 28.5,
and 47.3 μM, respectively). However, against healthy cells V79 they showed very low
toxicity (IC50 values of 123.0, 55.6, and 178.0 μM, respectively) which indicates their greater
selectivity towards cancer cells.

In the case of the MCF-7 cell line, it was not possible to determine IC50 values for any
of the tested compounds. This was due to the fact that cell viability across the entire tested
concentration range (1–50 μM) remained at approximately 80–90%, which prevented the
establishment of a dose–response relationship required to calculate IC50 values using the
linear regression method. The obtained results indicate that MCF-7 cells exhibited low
sensitivity to the tested derivatives.

A comparison of IC50 values between sensitive and resistant colon cancer cell lines
showed that the resistant cells (LOVO/DX) generally exhibited higher IC50 values, sug-
gesting reduced sensitivity to the tested compounds.

3.2.2. Structure–Activity Relationship (SAR) Analysis

The two most cytotoxic compounds, both against cancer and healthy cell lines, PR48
and PR50, differ from the moderately active compounds PR25, PR45, PR47, and PR49 in the
type of linker between the thiazine and piperazine nitrogen atoms. The former possesses
a propylene linker, while the latter possesses an acetyl linker, indicating the importance
of this linker not only for the compound’s overall toxicity but also for its activity profile.
Compounds PR48 and PR50 also possess an m-trifluoromethylphenyl substituent on the
piperazine moiety. The most cytotoxic compound, PR48, also has a bromine atom in its
structure, while the less cytotoxic PR50 has a methyl group instead of bromine. This
indicates that both the bromine atom and the m-trifluoromethyl substituent significantly
enhance the compound’s cytotoxicity.

On the other hand, compounds with the lowest cytotoxicity are PR24 and PR25. Struc-
turally, they are distinguished by the presence of o-fluorophenyl substituent on the piper-
azine. The remaining compounds tested possess m-trifluoromethyl substituent, demon-
strating that this substituent significantly enhances their cytotoxicity. The three compounds
that demonstrated the highest cytotoxicity against LOVO cell line were PR45, PR47, and
PR48. In addition to m-trifluoromethyl substituent mentioned above, these compounds
also contain chlorine atom (PR45) or bromine atom (PR47 and PR48), suggesting that these
substituents affect cytotoxicity more selectively. Due to the limited number of compounds,
it is not possible to draw more detailed conclusions on the structure–activity relationship.

3.2.3. Cyclooxygenase Inhibitory Activity

The inhibitor concentration causing 50% inhibition of COX-1 and COX-2 activity
(IC50) was calculated based on the experimental data for the tested compounds at three
concentrations: 1 μM, 10 μM, 50 μM and is presented in Table 3. The selectivity index (SI)
was calculated as the quotient of IC50 COX-2/IC50 COX-1.

All tested compounds showed much lower effect on COX-1 and COX-2 activity com-
pared to the reference compound, celecoxib. Compounds PR24, PR45, PR47, and PR48
exhibited a detectable reduction in COX-1 and COX-2 activity only at higher concentrations
than celecoxib, with a somewhat stronger reduction in COX-1 activity than COX-2. Com-
pound PR49 affected only COX-2 activity. Compounds PR25 and PR50 showed minimal or
no detectable effect on either COX-1 or COX-2 within the tested concentration range.
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Table 3. IC50 values estimated for COX-1 and COX-2 activities at 2 min of incubation with the tested
compounds [mean; SD].

Compound

Cyclooxygenase Inhibition Assay
IC50 [μM]

SI
IC50(COX-2)/
IC50(COX-1)COX-1 COX-2

PR24 115.50 (9.6) 359.80 (58.2) 3.10

PR25 nd nd

PR45 241.05 (81.6) 507.80 (72.1) 2.10

PR47 41.55 (9.05) 206.20 (31.6) 4.96

PR48 103.20 (10) 377.35 (22.1) 3.66

PR49 nd 87.50 (0.49)

PR50 nd nd

celecoxib 6.53 (0.01) 0.72 (0.01) 0.11
nd (not determined) indicates that IC50 value could not be determined within the tested concentration range.

3.2.4. Reactive Oxygen Species Assay

In Figure 3, the results of the DCFH-DA assay are presented, determining the effect
of the tested compounds PR24–PR50 on the level of reactive oxygen species (ROS) in
cancer cells (MCF-7, MCF-7/DX, LOVO, LOVO/DX) and normal cells (V79) after 24 h of
incubation at three concentrations: 1, 10, and 50 μM.

The analysis of the obtained results showed that the effect of the tested compounds on
ROS levels depended on both the cell type and the applied concentration. In most cases, a
decrease in fluorescence intensity was observed with increasing compound concentration,
indicating a reduced level of reactive oxygen species and, consequently, the potential
antioxidant activity of the tested compounds.

The strongest antioxidant effect was observed at a concentration of 50 μM (Figure 3c),
particularly in the LOVO and LOVO/DX cell lines, where for compounds PR47 and
PR48 a clear decrease in fluorescence intensity was noted compared to the control. In the
LOVO/DX line, this effect was slightly weaker than in LOVO cells, which may confirm the
lower sensitivity of the drug-resistant colorectal cancer line.

In breast cancer cell lines MCF-7 and MCF-7/DX, a moderate but statistically signif-
icant decrease in ROS levels was observed in response to most of the tested derivatives.
The most pronounced antioxidant effect was observed for compounds at the highest con-
centration (50 μM), particularly for compound PR45. In the MCF-7/DX line (doxorubicin-
resistant), for most of the tested compounds, a tendency toward a smaller decrease in
fluorescence signal was observed compared to the sensitive line, which may confirm the
lower susceptibility of the resistant line, similarly to the LOVO/DX line.

In the case of normal V79 cells, the response to the tested derivatives was varied. At
the highest concentration (50 μM), most of the tested compounds caused a decrease in ROS
levels compared to the control. The most pronounced decrease in fluorescence intensity
was observed for compound PR47. This effect may indicate the antioxidant activity of all
the tested compounds also in normal cells.

At lower concentrations 1 and 10 μM (Figure 3a,b), smaller but statistically significant
changes in ROS levels were observed compared to the control. In some cases (particularly
for PR48 and PR49 in MCF-7/DX and PR49 in LOVO/DX), a statistically significant increase
in fluorescence was observed, indicating that these compounds induce oxidative stress at
lower concentrations.
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Figure 3. Effect of the tested compounds PR24–PR50 on the viability of cancer (MCF-7, MCF-7/DX,
LOVO, LOVO/DX) and normal (V79) cells at a concentration of 1 μM (a), 10 μM (b) and 50 μM (c)
evaluated by the DCFH-DA assay after 24 h of incubation. Results are presented as the percentage of
cell viability relative to the untreated control (100%). The presence of statistical significance markers
(* p ≤ 0.05; ** p < 0.01; *** p < 0.001) indicates significant differences compared to the control group.

3.2.5. Rhodamine 123 Assay

In Figure 4, the results of the Rhodamine 123 (Rh123) assay are presented, determining
the effect of the tested compounds PR24–PR50 on the mitochondrial membrane potential
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in cancer cells (MCF-7, MCF-7/DX, LOVO, LOVO/DX) and normal cells (V79) after 24 h of
incubation at three concentrations: 1, 10, and 50 μM.

 
(a) 

 
(b) 

 
(c) 

Figure 4. Effect of the tested compounds PR24–PR50 on the viability of cancer (MCF-7, MCF-7/DX,
LOVO, LOVO/DX) and normal (V79) cells at a concentration of 1 μM (a), 10 μM (b) and 50 μM
(c) evaluated by the Rhodamine 123 assay after 24 h of incubation. Results are presented as the
percentage of cell viability relative to the untreated control (100%). The presence of statistical
significance markers (* p ≤ 0.05; ** p < 0.01; *** p < 0.001) indicates significant differences compared
to the control group.
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The obtained results indicate that the effect of the tested derivatives on the mitochon-
drial membrane potential depended on both the type of cells and the concentration of
the compound. In most cases, a decrease in Rhodamine 123 fluorescence intensity was
observed with increasing concentration, which indicates a reduction in mitochondrial mem-
brane potential and disruption of mitochondrial function, potentially activating processes
leading to apoptosis.

The strongest decrease in fluorescence signal was observed at the concentration of
50 μM (Figure 4c), particularly in the LOVO sublines, where all compounds caused a clearly
significant reduction in fluorescence intensity compared to the control. In drug-resistant
colorectal cancer cells (LOVO/DX), this effect was slightly weaker for compound PR47 and
PR50 while for the other tested compounds the fluorescence intensity increased, which may
result from greater stability of mitochondrial membranes in doxorubicin-resistant cells.

In breast cancer cell lines MCF-7 and MCF-7/DX, no reduction in mitochondrial po-
tential was observed after incubation with most of the tested derivatives, while a moderate
decrease in fluorescence intensity was noted for PR50 in sensitive MCF-7 subline at various
concentrations. The smaller decrease in mitochondrial potential in resistant cells compared
to the sensitive line may indicate the activation of compensatory mechanisms associated
with increased resistance to stress factors.

In normal V79 cells, a decrease in fluorescence intensity was observed at the highest
concentration (50 μM) for compounds PR45, PR47, and PR48, as well as at 10 μM for
PR50. This suggests that most of the analyzed compounds within the tested concentration
range did not cause significant disturbances in the mitochondrial membrane potential of
normal cells.

At lower concentrations of 1 and 10 μM (Figure 4a,b), changes in mitochondrial
membrane potential were less pronounced, although in some cases (PR50 at 10 μM) a
statistically significant decrease in fluorescence intensity was still observed.

Considering the results of the Rhodamine 123 assay, it can be concluded that the
tested compounds act most effectively on sensitive colorectal cancer cells subline (LOVO),
reducing their mitochondrial membrane potential. This may result from mitochondrial
damage and activation of apoptosis-related processes, as confirmed by the results of the
cell viability assay (MTT). It also indicates the presence of cellular stress.

3.2.6. Reference Compounds

In the study, reference compounds—meloxicam, celecoxib, and doxorubicin—were
also used to compare their effects with the tested derivatives PR24–PR50. Both meloxicam
and celecoxib did not cause significant changes in cell viability in most of the tested cell
lines in the MTT assay, nor in fluorescence levels in the DCFH-DA assay, indicating the
absence of a distinct cytotoxic effect at the applied concentrations (2 μM).

The IC50 values for meloxicam reported in the literature indicate its low cytotoxic
activity. In studies conducted on MCF-7 cells, IC50 values exceeded 1.4 mM, confirming
the very weak anticancer effect of this drug [63]. Similar results were obtained for C32
melanoma cells, where IC50 values were above 100 μM [64].

For celecoxib, the IC50 values reported in the literature were markedly lower but still
indicative of moderate cytotoxicity. In colorectal cancer HT-29 cells, the IC50 value was
approximately 30.4 μM [65]. These data confirm that celecoxib shows cytotoxic activity
comparable to that of most of the tested derivatives PR24–PR50.

In contrast, doxorubicin exhibited high cytotoxic activity, as confirmed by both litera-
ture data and experimental results. In the present study, doxorubicin caused a significant
decrease in cell viability in most of the examined cell lines in the MTT assay, both in
concentrations of 1 and 5 μM.

https://doi.org/10.3390/membranes16050166
18



Membranes 2026, 16, 166

The obtained results confirm that meloxicam and celecoxib are characterized by low
cytotoxic potential, whereas doxorubicin, as expected, shows strong cytotoxic activity,
confirming the accuracy of the applied methodology and the reliability of the results
obtained for the tested derivatives PR24–PR50.

3.3. Molecular Docking Studies

The binding modes were determined by using molecular docking. The obtained data
are presented in Figures 5 and 6. Compound PR45, which exhibited best selectivity index
COX-2/COX-1, and compound PR49, which was active exclusively towards COX-2, were
selected for detailed analysis of their binding mode within the COX-2 binding site. Docking
protocol validation was performed by re-docking the co-crystalized ligand (meloxicam)
into the crystal structure of COX-2 binding site using the same docking parameters as
those applied for the designed compounds. The accuracy of the docking protocol was
evaluated by calculating the root mean square deviation (RMSD) between the docked pose
and the crystallographic conformation. The obtained RMSD value below 1 Å, calculated
using the LigRMSD web server, confirmed the reliability of the docking procedure [66].
Moreover, the docking protocol employed in this study has been previously validated and
successfully applied in earlier work [67]. The binding score obtained for PR45 and PR49
were −10.83 and −10.00 kcal/mol, respectively. For comparison, the reference inhibitor
meloxicam exhibited a docking score of −9.90 kcal/mol. These results indicate comparable
predicted affinities towards the COX-2 active site, with PR45 showing negligibly stronger
binding than both PR49 and meloxicam. It should be noted, however, that docking scores
obtained using empirical scoring functions provide only semi-quantitative estimates of
binding affinity and should be interpreted primarily in a comparative rather than an
absolute manner.

  

Figure 5. Comparison of the docking poses of PR45 (left, light blue) and PR49 (right, purple) with
the reference inhibitor meloxicam (MX, red) within the COX-2 active site.

As illustrated in Figures 5 and 6, PR45 binds within the COX-2 active site like
meloxicam, occupying the main catalytic channel and extending into the selectivity side
pocket [60]. While meloxicam predominantly occupies the main catalytic channel. The
observed selectivity of COX-2 inhibitors originates from subtle structural modifications
within the enzyme binding site. Of particular importance is an additional selectivity pocket
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that contains Leu352, Ser353, Tyr355, Phe518, and Val523. This structural feature, result-
ing from the substitution of Ile523 with Val523 and the reorientation of the side chain of
Tyr355, is consistently employed in the development of selective COX-2 inhibitors. In
contrast, PR49 adopts a distinct binding orientation, which differs from that of both PR45
and meloxicam. Instead of penetrating deeply into the COX-2 selectivity pocket, PR49 is
oriented towards an alternative region and extends in the opposite region to meloxicam.
This altered binding mode may be related to structural differences between the two com-
pounds, as PR49 has a methyl substituent instead of the chlorine atom present in PR45.
The presence of the bulkier and more flexible CH3 group may impose steric constraints
that favor an alternative accommodation within the binding cavity, thereby influencing
the overall orientation of PR49. Designed compounds form key hydrogen bonds with
Ser530 (PR45) and Arg120 (PR49). While interactions with Arg120 contribute to the general
anchoring of the ligands within the catalytic domain and are also observed for meloxicam,
they do not determine the selectivity of the compounds. In contrast to meloxicam the
elongated aromatic substituents of PR45 penetrate deeper into the COX-2 selectivity side
pocket, resulting in additional stabilizing interactions. This region is absent in COX-1 due
to the presence of the previously mentioned bulkier residuum of Ile523. These fragments
establish additional π-alkyl/alkyl interactions, van der Waals contacts and hydrogen bonds
with His90, Leu93, Arg,513, Val523, and Met535, which are absent or less pronounced in
the meloxicam-COX-2 complex.

Figure 6. Intermolecular interactions of compounds PR45, PR49, and meloxicam (MX) in the binding
cavity of COX-2.
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Compound PR45 forms numerous nonpolar interactions that contribute to its high
binding affinity. The trifluoromethylphenyl moiety is stabilized by π-cation, π-σ and
halogen interactions with Arg120, Val89 and Pro86 amino acid residues, respectively. The
1,2-benzothiazine scaffold forms two hydrogen bonds with Ala527 and Ser530. Meanwhile,
the chlorobenzoyl substituent is stabilized by numerous interactions with Met535 (π-
sulfur), Lys350 (halogen), Ile345, Leu117, Leu531 (alkyl/π-alkyl) amino acid residues.
In comparison, meloxicam forms fewer stabilizing contacts within the COX-2 selectivity
pocket and does not engage the same extent of π-type and halogen interactions observed
for PR45. Compound PR49 is anchored by hydrogen bonding interactions with Arg120,
and Ala527. Further stabilization is achieved through halogen interactions with Pro86
and Val89. The occupancy of the pocket is increased by the van der Waals interactions
of the 1,2-benzothiazine fragment with Met113, Leu117, Val344, Ser353, Leu359, and
Leu531. The alternative orientation leads to less pronounced occupation of the canonical
selectivity pocket, but enables PR49 to establish a complementary interaction network
along the periphery of the COX-2 binding site. Molecular docking results indicate that both
compounds are potent COX-2 inhibitors.

4. Discussion

Cytotoxicity studies demonstrated that all tested compounds reduced cancer cell
viability in a cell line-dependent manner, with the most pronounced effects observed in the
LOVO and LOVO/DX colon cancer cell lines. This observation is consistent with previous
reports indicating that nonsteroidal anti-inflammatory drugs (NSAIDs) exhibit particularly
strong anticancer activity in colorectal cancer models [68–80]. For instance, celecoxib, a
selective COX-2 inhibitor, was shown to significantly reduce the number of duodenal
polyps in patients with familial adenomatous polyposis (FAP) when administered at high
doses (400 mg twice daily) [81]. The observed cytotoxic effects are further supported
by the results of the Rhodamine 123 assay, which revealed a decrease in mitochondrial
membrane potential in the same cell lines, indicating mitochondrial damage and activation
of apoptosis-related mechanisms. Similar mitochondrial dysfunction and selective cyto-
toxicity toward colorectal cancer cells have been reported for other NSAIDs, suggesting
that apoptosis-related pathways and mitochondrial impairment may contribute to their
anticancer activity independently of cyclooxygenase inhibition [82].

Compounds PR48 and PR50 exhibited the highest cytotoxicity toward cancer cells;
however, these compounds also showed substantial toxicity toward healthy cells, which
limits their therapeutic potential. In contrast, PR24 and PR25 displayed low toxicity
toward healthy cells but were also the least effective against cancer cells, resulting in
no clear therapeutic advantage. Among the remaining compounds, PR45, PR47, and
PR49 demonstrated a more favorable balance between anticancer activity and toxicity
toward normal cells. Notably, PR45 and PR49 were the least toxic to healthy V79 cells,
with estimated IC50 values of 123.0 μM and 178.0 μM, respectively, making them the
most promising candidates within the tested series. Both compounds exhibited moderate
cytotoxicity against cancer cell lines, with particularly strong activity against LOVO cells
(IC50 = 12.3 and 17.5 μM, respectively) and their doxorubicin-resistant variant LOVO/DX
(IC50 = 28.7 and 47.3 μM, respectively). Moreover, PR45 at a concentration of 1 μM inhibited
LOVO/DX cell proliferation more effectively than the reference drug doxorubicin at the
same concentration. Given the chemoresistant nature of the LOVO/DX cell line, this
finding highlights the potential relevance of PR45 for further investigation.

Since overexpression of inducible cyclooxygenase-2 (COX-2), accompanied by in-
creased production of prostaglandin E2 (PGE2), plays a key role in carcinogenesis, the
ability of the oxicams derivatives to inhibit COX-2 was evaluated. The COX inhibition
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assay revealed that five out of seven tested compounds inhibited COX-2 activity, although
their inhibitory potency was markedly lower than that of the reference compound cele-
coxib, indicating that COX-2 inhibition by the tested compounds is very weak. As expected
for oxicam-derived structures, all tested compounds inhibited COX-1 to a greater extent
than COX-2, reflecting a non-selective cyclooxygenase inhibition profile. Although the
studied compounds retain the characteristic 1,2-benzothiazine core of oxicams, substantial
structural modifications were introduced at the 2- and 3-positions of the thiazine ring.
Specifically, the small methyl substituent at the 2-position was replaced with a bulky
arylpiperazine moiety, while the arylcarboxamide group at the 3-position was substituted
with a benzoyl group. These modifications likely altered the molecular geometry and
steric properties of the compounds, limiting their optimal accommodation within the
narrow COX active site and thereby reducing COX-2 inhibitory activity compared with
classical oxicams.

Among the tested compounds, PR49 exhibited the strongest COX-2 inhibition, whereas
PR45 showed the highest COX-2/COX-1 selectivity, justifying their selection for molecular
docking studies. Docking analysis indicated that both compounds are capable of binding
to the COX-2 active site with predicted affinities comparable to that of the reference drug
meloxicam. It should be emphasized, however, that docking scores provide only semi-
quantitative estimates of binding affinity and cannot be directly translated into biological
potency. Accordingly, the docking results were used to support structure–activity trends
rather than to predict absolute inhibitory activity.

The COX inhibition data are further supported by membrane interaction studies,
which demonstrated that all tested compounds were able to penetrate DMPC model
membranes. This finding suggests that the compounds can access membrane-associated
cyclooxygenase enzymes localized in the endoplasmic reticulum. Among the tested deriva-
tives, PR49 exerted one of the strongest effects on the thermotropic properties of the
phospholipid bilayer. This observation is consistent with previous studies indicating that
the presence of an acetyl linker facilitates deeper penetration into phospholipid membranes
and enhances their impact on membrane organization [42]. Moreover, earlier work demon-
strated that oxicam derivatives containing an acetyl linker were effective modulators of
multidrug resistance in LOVO/DX colon cancer cells [38].

From a structural perspective, PR45 and PR49 are closely related compounds. Both
contain an acetyl linker connecting the thiazine and piperazine nitrogen atoms and an m-
trifluoromethyl substituent on the phenylpiperazine moiety at the 2-position of the thiazine
ring. The only structural difference between these compounds lies in the substituent at the
3-position of the thiazine ring: PR45 contains a p-chlorobenzoyl group, whereas PR49 bears
a p-methylbenzoyl substituent. Structure–activity relationship (SAR) analysis indicated
that the presence of an acetyl linker reduced the overall toxicity of the compounds, while
the most toxic derivatives, PR48 and PR50, contained a propylene linker. Furthermore, the
p-methylbenzoyl substituent in PR49 appeared to enhance COX-2 selectivity, whereas the p-
chlorobenzoyl group in PR45 increased cytotoxicity, particularly against the LOVO/DX cell
line. In summary, the structural modifications introduced into the oxicams scaffold resulted
in reduced COX-2 inhibitory activity but enhanced cytotoxicity toward both cancerous
and healthy cells. Importantly, certain substituents were found to reduce toxicity toward
healthy cells (e.g., the acetyl linker between the thiazine and piperazine nitrogen atoms)
while increasing cytotoxicity toward cancer cells (e.g., chlorine or bromine substituents and
the m-trifluoromethyl group).
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5. Conclusions

Although the compounds evaluated in this study exhibit lower COX inhibitory activity
than clinically available agents and most do not demonstrate superior cytotoxic potency
compared to established drugs, the results provide a rational basis for further structural
optimization. Taking into account all studies conducted, compounds PR45 and PR49 appear
to be the most promising candidates for further investigation. Both compounds exhibited
significant cytotoxic activity against the LOVO and LOVO/DX cell lines while showing
considerably lower toxicity toward healthy cells. Notably, PR45 at a concentration of 1
μM inhibited LOVO/DX cell proliferation more effectively than the reference compound
doxorubicin at the same concentration. PR45 demonstrated the highest COX-2/COX-1
selectivity, whereas PR49 showed the strongest COX-2 inhibitory activity. The dual activity
of these compounds, combining COX inhibition and cytotoxic effects, may be particularly
relevant for cancer chemoprevention, especially in inflammation-associated malignancies
such as colorectal cancer, where COX-2 is a key therapeutic target and may contribute
to disease prevention and progression control. However, COX-2 inhibition is weak and
unlikely to be the primary mechanism underlying the antitumor effects of these compounds.
These limitations should be explicitly taken into account when interpreting their potential
applications. Overall, both PR45 and PR49 exhibit promising pharmacological potential;
nevertheless, further mechanistic studies are required to clarify their precise mode of action
and evaluate their suitability for future therapeutic development.
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The following abbreviations are used in this manuscript:

COX cyclooxygenase
COX-1 cyclooxygenase 1
COX-2 cyclooxygenase 2
DCFH-DA 2′,7′-dichlorodihydrofluorescein diacetate
DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine
DMSO dimethyl sulfoxide
DPPC dipalmitoylphosphatidylcholine
DSC differential scanning calorimetry
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IC50 half-maximal inhibitory concentration
LOVO colorectal cancer cell line
LOVO/DX doxorubicin-resistant colorectal cancer cell subline
MCF-7 breast cancer cell line
MCF-7/DX doxorubicin-resistant breast cancer cell subline
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
MX meloxicam
NSAIDs nonsteroidal anti-inflammatory drugs
Rh123 Rhodamine 123
RNS reactive nitrogen species
ROS reactive oxygen species
SI selectivity index
TMPD N,N,N′,N′-tetramethyl-p-phenylenediamine
V79 normal cell line (fibroblast)
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Abstract

Interrelations between the plasma membrane and cytoskeleton are of crucial importance
for essential cellular processes such as endocytosis, formation of intercellular junctions, cell
morphology, etc. Many studies validate the beneficial effects of polyphenols as antioxi-
dant and protective agents, but a molecular mechanism of their interaction and transition
through the plasma membranes of different cell lines is still missing. In this study, we
examined the affinity of fractions enriched in flavonoid glycosides (FGs) and caffeoylquinic
acids (CQAs), obtained from the methanol extract of the medicinal plant Inula oculus-christi
L., to reorganize the plasma membrane structure and actin cytoskeleton by using confocal
microscopy. Assessment of the degree of membrane ordering aiming to distinguish the
ordered from disordered regions of the cellular membranes was performed using the fluo-
rescent dye Di-4-ANEPPDHQ, and visualization of F-actin was by TRITC-phalloidin. Two
epithelial cell lines with clear differences in their origin and plasma membrane organization
were chosen: the non-malignant MDCK II and the cancerous A549. Our results showed
that flavonoid glycosides exhibited an ordering effect on plasma membranes of cancerous
cells and fluidized one on non-malignant cells. Different patterns of actin reorganization
were observed for both cell lines after treatment. Our results indicate the potential of plant-
derived polyphenols as modulators of the membrane’s structural organization, offering
valuable insights for the development of membrane-targeted therapeutic strategies.

Keywords: Inula oculus-christi L.; polyphenols; caffeoylquinic acids; flavonoid glycosydes
plasmalaemma

1. Introduction

Plants of the genus Inula have long been utilized in ethnomedicine across Asia, Europe,
and North America due to their diverse therapeutic benefits [1]. Notably, Inula sp. plants
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possess pronounced anti-inflammatory activity which has led to their widespread empiri-
cal application as expectorants and antitussives in the treatment of respiratory ailments,
including lung inflammation, asthma, cough, sputum production, and wheezing [2].

The health-promoting properties of Inula plants are largely attributed to their high
phenolic content. Of particular phytopharmacological interest are phenolic acids (PAs) and
flavonoid glycosides (FGs). Both compound classes exhibit well-documented biological
activities, including antioxidant [3–8], anti-inflammatory, and anticancer effects [9–13].
The cell-protective effects of these polyphenols have been partially attributed to their
interactions with cellular compartments, thereby modulating key cellular processes. In
particular, the cell membrane represents a primary target for the molecular therapeutic
actions of various plant-derived polyphenols.

The eukaryotic cellular membrane is composed of a phospholipid bilayer with embed-
ded proteins, creating a heterogeneous landscape with important structural and functional
roles [14]. Specific molecular and cooperative lipid–lipid and lipid–protein interactions
give rise to lateral segregation and formation of specialized and highly ordered membrane
domain “rafts” in a Lo-like (liquid-ordered) phase state enriched in cholesterol, sphin-
gomyelin, and raft-associated proteins. These domains co-exist with a milieu of fluid and
disordered Ld-like (liquid-disordered) phases composed predominately of saturated phos-
pholipids [15–18]. Structurally, membrane rafts range from nanoscale domains that can
cluster upon extracellular stimulation to larger assemblies spanning hundreds of nanome-
ters to several microns in size [17,19]. Functional raft macrodomains play crucial roles
in diverse cellular processes, including signal transduction, protein sorting, membrane
trafficking, and cell adhesion [20–23].

The implementation of these vital cellular processes requires synergetic interaction
between membrane rafts and the cell cytoskeleton. Cortical actin filaments criss-cross
with the cytoplasmic membrane surface, forming a dynamic mesh-like structure. These
interactions drive the compartmentalization of the entire plasma membrane (∼100 nm and
in the range of 30–230 nm depending on the cell type), within which nanoscale lipid rafts
(∼2–200 nm) facilitate the organization and temporal regulation of membrane proteins [17].
Membrane rafts are particularly enriched with cytoskeletal proteins, modulators of the
cortical actin cytoskeleton, and with factors that anchor actin filaments to the plasma
membrane [24]. Activation signals induce enrichment of actin filaments in the cortical
cytoskeleton, which anchor to membrane rafts to modulate the diffusion of adjacent proteins
and lipids, increasing molecular order and driving the clustering of initially dispersed
nanoclusters into functional platforms [17,24–26]. Thus, the interplay between membrane
rafts and the cytoskeleton governs both raft assembly and cytoskeletal dynamics, with
actin-driven raft clusters exerting multifaceted effects on cellular responses. These include
modulation of raft-associated signal transduction pathways, facilitation of extracellular-to-
intracellular communication via cytoskeletal components, establishment of connections
with the extracellular matrix (ECM), generation of cell membrane polarity, and formation
of cell junctions [26–28]. Disruptions in this synergism—or alterations induced by bioactive
compounds—can trigger remodeling of the cytoskeletal architecture, thereby influencing
cell migration, morphology, mechanotransduction, and cell proliferation [24,26].

Given the remarkable therapeutic potential of both phenolic acids and flavonoid
glycosides, continued investigation of their effects on membrane dynamics and lipid rafts
is essential. Previous studies have examined their interactions with the membrane bilayer,
including biophysical and biochemical properties and their modulatory effects on raft
formation [29–34]. However, the literature remains limited regarding their influence on
raft–actin cytoskeleton synergism, despite its critical role in maintaining cell viability and
function.
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In our previous study, we observed selective cytotoxicity of extracts from the Bulgarian
plant Inula oculus-christi and examined two fractions enriched in flavonoid glycosides (FGs)
and phenolic acids (PAs) derived from the methanol extract on membrane properties
using model membranes [35]. We observed specific molecular effects, including alterations
in lipid order, fluidity, polarity, and raft domain dynamics. In the present study, we
aim to extend our investigation to their effects on raft–actin cytoskeleton interactions in
cells. We focus on two epithelial cell lines (one cancerous and one non-cancerous) with
distinctly different membrane polarity, raft and actin cytoskeleton organization, as well as
the capability to form tight junctions in a monolayer. These findings may provide deeper
insights into the mechanisms underlying their biological activities and potential anticancer
therapeutic applications.

2. Materials and Methods

2.1. Plant Material and Plant Extracts

Wild-growing I. oculus-christi L. plants were collected in full flowering stage in Bulgaria.
Dr. Ina Aneva (Institute of Biodiversity and Ecosystem Research, BAS, Sofia, Bulgaria) iden-
tified the plant, and a voucher specimen (SOM 1360) has been deposited in the Herbarium
of the Institute of Biodiversity and Ecosystem Research, BAS, Sofia, Bulgaria. Air-dried
leaves of I. oculus-christi L. were successively extracted with chloroform and methanol at
room temperature. Crude extracts were obtained after filtration and evaporation of the
solvent. Methanol extract was further fractioned by column chromatography on Sephadex
LH-20 using methanol as an eluent as described in [36,37]. Fractions enriched in flavonoid
glycosides (FFGs) and in caffeoylquinic acids (FCQAs) were used in this study. The pres-
ence of chlorogenic and caffeoylquinic acids, or flavonoid glucosides, in the fractions was
confirmed by Thin-Layer Chromatography (TLC) comparison with the isolated compounds
(proven by NMR) and authentic standards, as previously reported [36].

2.2. Cell Cultures

Two mammalian epithelial cell lines with distinct membrane lipid order were used in
this study. MDCK II cells, derived from immortalized normal renal epithelium, possess
well-defined ordered membrane regions (lipid rafts), are engaged in tight junctions, and a
large number of intercellular contacts, making them a good model for studying membrane
polarization. In contrast, A549 cells, derived from non-small-cell lung carcinoma, exhibit a
more fluid membrane, do not form tight junctions with each other, and do not polarize in a
monolayer.

Cells were maintained under standard conditions at 37 ◦C in a humidified atmosphere
containing 5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM), supplemented with
10% fetal bovine serum (FBS) and 1% (v/v) antibiotic-antimycotic solution (penicillin
100 U.mL−1, streptomycin 100 μg.mL−1 and amphotericin B 0.25 μg·mL−1). Cells were
cultured in 25 cm2 flasks before experiments. For fluorescence imaging, cells were seeded
on sterile coverslips in a 24-well plate at an initial density of 2 × 105 cells·mL− 1(or 88,106
cells per cm2). Cells were treated with 100 or 200 μg·mL−1 for 24 or 48 h and then proceeded
onto fluorescent analyses as described below.

2.3. Evaluation of the Cytotoxicity of FFGs and FCQAs

To assess the cytotoxicity of the extracts used, we applied crystal violet staining
and spectrophotometric measurement as previously described in [38]. This approach
circumvents potential complications associated with oxidative enzyme-based assays, which
may be affected by plant secondary metabolites. The intensity of crystal violet staining
depends on the amount of DNA and proteins in the cells, which is proportional to the total
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number of cells in each sample. Both FFG and FCQA fractions were tested in increasing
concentrations—50, 100, 250, and 300 μg·mL−1. Cytotoxicity was evaluated at 24 and 48 h
post-treatment.

2.4. Di-4-ANEPPDHQ Microscopy Measurements

The degree of membrane order was assessed using an optimized protocol with the
fluorescent probe Di-4-ANEPPDHQ [39]. This styryl dye, originally developed as a voltage-
sensitive probe to detect electrical activity in cells and tissues, also serves as an envi-
ronmentally sensitive indicator capable of discriminating between lipid phases in both
model membranes and intact cells. The probe localizes deep into the membrane and is
cholesterol-dependent. Di-4-ANEPPDHQ was purchased from Thermo Fisher Scientific
(Sofia, Bulgaria).

Fluorophore was solubilized in dimethyl sulfoxide (DMSO) to a stock concentration of
5 mM and stored at room temperature in the dark. Stock solutions were used for no longer
than one month before being replaced with fresh solution. The optimized protocol described
in [38] was followed to obtain micrographs of both cell lines. Prior to microscopy experiments,
cells were incubated in serum-free medium for 30 min during which fluorophore was added to
achieve 5 μM final concentration. Di-4-ANEPPDHQ staining was visualized using a widefield
fluorescent Leica TCS SPE microscope (Leica microsystems, Wetzlar, Germany) equipped with
a 63× immersion objective and Leica microsystems LAS AF software version 2.2.1. Generalized
Polarization (GP) calculations were based on the equation GP = (I500–580 − I620–750)/(I500–580

+ I620–750), as previously described [39]. Pseudo-colored GP images were merged with mean
fluorescence intensity images to preserve structural information. We used the plugin published
in Owen et al., 2011 [39], adapted for the CellTool 3.0 software package by Georgi Danovski
(http://dnarepair.bas.bg/software/CellTool/ (accessed on 23 June 2023)). The images were
thresholders before GP calculation to optimize the signal-to-noise ratio. Photomultiplier tube
(PMT) gains were adjusted to avoid saturation in either channel and to ensure comparable
intensity across channels. Because membrane packing assessment is a ratiometric measurement
between the two channels, PMT gains were kept constant between treated and untreated
polyphenol-exposed cells. Under these conditions, the G factor for sensitivity between channels
was close to unity. GP values were calculated from raw fluorescence images and averaged from
a minimum of 30 cells per experiment. Each experiment was performed at least three times.
Values are expressed as mean ± SEM; the p value was computed using Student’s t-test. Data
with p < 0.05 are considered significant [38].

2.5. Fluorescent Staining of F-Actin

The cells were treated as described above. Cell monolayers were washed with 1× PBS
containing 100 μM CaCl2 and 1 mM MgCl2, followed by fixation with 4% formaldehyde
in PBS for 20 min. Cells were then permeabilized with 0.5% Triton X-100 in PBS for 5 min
and blocked with 1.5% bovine serum albumin (BSA) in PBS with 0.1% Tritin X-100 for 30
min. After washing with PBS, cells were stained with TRITC-phalloidin in PBS for 1 h
to visualize the actin cytoskeleton. The cell nuclei were stained with 5 μg·mL−1 DAPI
(4′,6-diamidino-2-phenylindole), (excitation: 358 nm; emission: 461 nm) in Fluoromount.

2.6. Statistical Analysis

The statistical analysis was performed using OriginPro 9.0. The mean values of each
measured parameter at 37 ◦C were compared using Student’s t-test. Statistically significant
differences based on the Tukey test linked to the control group and between the two
investigated PPs (FGs and CQAs) were determined at p < 0.05 (*), and no significant
differences were marked as ns.
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3. Results

3.1. Dominant Compounds in the Fractions Enriched in Phenolic Acids (FCQAs) and Flavonoid
Glycosydes (FFGs) from Inula oculus-christi L.

The phytochemical study of the methanol extract of Inula oculus-christi L. has already
been reported [36,37]. Two fractions were used in this study, namely fractions enriched in
phenolic acides (FCQAs) and flavonoid glycosides (FFGs). TLC comparison with previously
isolated compounds as standards revealed the presence of chlorogenic (5-caffeoylquinic
acid, 5-CQA), 1,5-, 3,5-, 4,5-, and 3,4-dicaffeoylquinic (DCQA) acids in FCQAs and nepitrin
(nepetin-7-O-glucoside) and hispidulin-7-O-glucoside (see Figure 1).

Figure 1. Structures of the dominant compounds in FFGs and FCQAs.

3.2. Cytotoxicity of the Fractions Enriched in Caffeoylquinic Acids (FCQAs) and Flavonoid
Glycosydes (FFGs) from Inula oculus-christi L.

Both tested fractions, FFGs and FCQAs, exhibited dose- and time-dependent effects
on the cell viability of both cell lines. In the non-cancerous MDCKII cell line, FFG treatment
resulted in consistent cell responses at both early (24 h) and late (48 h) time points. At
lower concentrations (50–100 μg·mL−1), cell viability remained high (~100%), while higher
concentrations (250–300 μg·mL−1) induced a modest reduction in viability (~75%). No
further cytotoxic effects were observed within the tested range, indicating good biocompat-
ibility of FFGs with MDCKII cells (Figure 2). In contrast, FFGs exerted a pronounced dose-
and time-dependent cytotoxic effect on the cancerous A549 cell line. At concentrations of
250–300 μg·mL−1, a significant decrease in cell viability was detected, with an IC50 value
of 295 μg·mL−1 at 24 h post-treatment. This effect became more substantial over time,
with viability dropping to ~50% at 250 μg·mL−1 and below 30% at 300 μg·mL−1 after 48 h,
resulting in a lower IC50 value of 256 μg·mL−1.

The FCQA fraction demonstrated comparable effects in both MDCKII and A549 cells
during early exposure. At lower concentrations (50–100 μg·mL−1), minimal to no cytotox-
icity was observed. However, at higher concentrations (250–300 μg·mL−1), a moderate
reduction in viability (65–70%) was noted in both cell lines, indicating moderate cytotox-
icity (Figure 2b,d). These results suggest that FCQAs are generally well-tolerated across
both cell types within the tested concentration range. At 48 h post-treatment, a clear dose-
and time-dependent effect was evident for FCQAs in both cell lines. While MDCKII cells
exhibited a slight reduction in viability (maintaining ~60%), a more pronounced cytotoxic
response was observed in A549 cells, with an estimated IC50 value of 280 μg·mL−1 (Fig-
ure 2d). Overall, these findings demonstrate that both FFG and FCQA fractions exhibit
selective dose- and time-dependent cytotoxicity toward the cancerous A549 cell line, while
maintaining favorable compatibility with non-cancerous MDCKII cells.
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(a) (b)

(c) (d)

Figure 2. Cytotoxicity of FFGs (a,c) and FCQAs (b,d) on MDCK II and A549 cell lines after 24 h
(a,b) and 48 h (c,d). The data were analyzed with OriginPro 9.0 and presented as a mean value ± SE.
Statistical significance (*) is according to one-way ANOVA at the 0.05 level.

3.3. Membrane Order Imaging of Cells with the Fluorescent Probe Di-4-ANEPPDHQ Through
Confocal Microscopy

The membrane lipid order of both MDCKII and A549 cells was visualized using the
environment-sensitive fluorescent probe Di-4-ANEPPDHQ. This probe exhibits a fluores-
cence emission spectrum that is sensitive to the lipid packing and polarity of the membrane
environment, properties that are indirectly influenced by the presence of water molecules
in more disordered membrane regions. Di-4-ANEPPDHQ partitions evenly between liquid-
ordered (Lo) and liquid-disordered (Ld) membrane phases but emits from two distinct
excited states: a relaxed state associated with loosely packed (disordered) lipids, and a
non-relaxed state corresponding to tightly packed (ordered) bilayers. Upon excitation at
488 nm, the probe emits with a peak around 560 nm when located in ordered (Lo) domains
(visualized in green in Figures 3 and 4) and around 620 nm when localized in disordered
(Ld) regions (visualized in red in Figures 3 and 4). This dual-emission behavior enables di-
rect visualization and assessment of membrane organization and lipid order in mammalian
cells, including human-derived cell lines [38,39].
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(a) (b)

(c) (d)

(e)

Figure 3. Assessment of the degree of cell membrane order using the fluorescent probe Di-4-
ANEPPDHQ excited at 488 nm: (a) MDCK II cells merged image of emission at 560 nm (green)
and 620 nm (red); (b) A549 cells merged image of emission at 560 nm (green) and 620 nm (red).
Scale bar—25 μm. GP images of control cells: (c) MDCK II cells GP image; (d) A549 cells GP image.
Scale bar—blue range corresponds to a more fluid lipid state and the red range to the ordered phase,
respectively. Summarized data for the generalized polarization of membranes. (e) Histograms
obtained with the CellTool and Origin programs from GP images of control cells. Mean values of all
measurements and standard errors (bars).

In the micrographs of control (untreated) MDCKII cells, a strong green fluorescence
signal—corresponding to the liquid-ordered (Lo) phase—is observed outlining the plasma
membrane. As MDCKII cells are polarized epithelial cells, they form well-defined tight
junctions and possess raft-enriched plasma membranes. The predominance of the Lo phase
can be attributed to the high degree of intercellular contacts, which serve as sites for cell–cell
adhesion and for anchoring the actin cytoskeleton to the plasma membrane (Figure 3a). The
cancerous cell line, A549 (Figure 3b), exhibits a cytoplasm rich in organelles and lamellar
bodies, reflecting high metabolic activity and active vesicular trafficking. In contrast to
MDCKII cells, the Di-4-ANEPPDHQ fluorescence in A549 cells is predominantly distributed
throughout the cytoplasmic membranes, suggesting a lower degree of membrane lipid
order at the plasma membrane and possibly higher endocytic or vesicular membrane
activity.
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(a) (b)

(c) (d)

(e) (f)

Figure 4. Assessment of the degree of membrane ordering after treatment with 200 μg·mL−1 fraction
enriched in FFGs using the fluorescent probe Di-4-ANEPPDHQ excited at 488 nm: (a) MDCK II cells
merged image of emission at 560 nm (green) and 620 nm (red); (b) A549 cells—merged image of
emission at 560 nm (green) and 620 nm (red). Scale bar—25 μm. (c) MDCK II GP image; (d) A549
cells GP image. Scale bar—blue range corresponds to more fluid lipid state and the red range to the
ordered phase, respectively. Summarized data for the generalized polarization of membranes—(e,f):
histograms obtained with the CellTool and Origin programs from GP images of treated cells. Mean
values of all measurements and standard errors (bars).

Treatment with fractions enriched in FFGs at a concentration of 200 μg·mL−1 led to
changes in membrane organization in both cell lines. The membranes of MDCK II cells
(Figure 4a) retained their distinct line, but noticeable changes in cell shape were observed.
The cells appeared more roundish compared to the controls, which is likely a consequence
of the loss of some intercellular contacts. Additionally, a more intense fluorescence in the
cytoplasm was noticeable. After treatment of the A549 cell line with FFGs (Figure 4b),
cells displayed a pronounced fluorescence in the plasma membranes in contrast to the
control. The cytoplasm signal from Di-4-ANEPPDHQ was densely concentrated in a
specific manner in an area located next to the nucleus.
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Microscopic analysis of MDCKII cells treated with FCQAs revealed notable morpho-
logical changes, including a more elongated shape compared to the control group. The
cell membranes appeared thinner. In A549 cancer cells, FCQAs caused significant damage.
The treated cells exhibited highly altered morphology and extensive vesicle formation,
suggesting membrane disintegration (Figure 5).

(a) (b)

(c) (d)

(e) (f)

Figure 5. Assessment of the degree of membrane ordering after treatment with 200 μg·mL−1 fraction
enriched in FCQAs using the fluorescent probe Di-4-ANEPPDHQ excited at 488 nm: (a) MDCK II
cells merged image of emission at 560 nm (green) and 620 nm (red); (b) A549 cells—merged images
of emission at 560 nm (green) and 620 nm (red). Scale bar—25 μm. (c) MDCK II GP images; (d) A549
cells GP images. Scale bar—blue range corresponds to more fluid lipid state and the red range to
the ordered phase, respectively. Summarized data for the generalized polarization of membranes—
(e,f): histograms obtained with the CellTool and Origin programs from GP images of treated cells.
Mean values of all measurements and standard errors (bars).

3.4. GP Image Acquisition

The shift in emission spectra of Di-4-ANEPPDHQ can be quantified by Generalized
Polarization (GP) analysis. This function (GP) represents normalized fluorescence intensity
ratio. The spectral channels corresponding to Lo and Ld phases are used for the GP
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equation. Di-4-ANEPPDHQ microscopy measurements and GP calculations are described
in Materials and Methods. Quantitative representation of the processed data from the
fluorescence micrographs is shown in Figures 3–5 and Table 1.

Table 1. Peak of histograms obtained from GP images of control and treated cells from MDCK II and
A549 cell lines.

Cells MDCK II—GP Peak at A549—GP Peak at

Control 0.331 (SE 0.09026) −0.323 (SE 0.33225)
Treated with FFGs 0.063 (SE 0.04053) 0.047 (SE 0.16069)

Treated with FCQAs −0.441 (SE 0.23289) −0.338 (SE 0.07277)

GP images of controls and treated cells are presented in Figures 3–5. The blue color
range corresponds to a more fluid lipid state and the red color range to a more ordered
phase. The generated histograms from the GP images are summarized in Figures 3–5.
The control MDCK II (Figure 3c,e) cells had higher GP values compared to A549 controls
(Figure 3d,e), indicating a more ordered membrane of the MDCK II cells.

Treatment of MDCK II cells with FFG (Figure 4) and FCQA fractions (Figure 5) resulted
in increased membrane fluidity compared to control cells (Figure 3), as evidenced by lower
GP values. Among the two, FCQAs induced a more pronounced fluidizing effect, as shown
in Figure 5 and quantified in Table 1. In contrast, A549 cells exhibited a different response.
The FFG had a membrane-ordering effect in these cancer cells (Figure 3), opposite to its
effect in non-cancerous MDCK II cells. On the other hand, FCQA treatment led to increased
membrane fluidity in A549 cells (Figure 5).

3.5. Actin Cytoskeleton Reorganization

The cell lines used for this study are epithelial. Fluorescent images of control cells
from both cell lines (Figure 6a,b) displayed normal morphology, characteristic features
of the respective cell type with confluent monolayer and active cell division. In MDCKII
cells (Figure 6a), the fluorescence signal was most intense at the cell periphery and along
the plasma membrane. They form many adherent junctions and tight junctions, which
ensure the separation of the membrane surface into basolateral and apical. In A549 cells
(Figure 6b), a well-structured actin cytoskeleton was observed with pronounced stress
fibrils.

Following treatment with FFGs, MDCK cells (Figure 6c,d) continued to exhibit a
confluent monolayer with active cell division. Similarly to the control, the fluorescence
signal remained most intense in the cell membrane area. In contrast, FFGs reduced the
monolayer confluency of the A549 cell line (Figure 6d). After 24 h post-treatment with
100 μg·mL−1 FFGs, a redistribution of actin was observed in the cortex of lung carcinoma
cells even in areas lacking intercellular contacts. This redistribution persisted after 48 h of
treatment (Figure 6e,f). At higher concentrations, the actin rearrangement progressed into
distinct cytoplasmic clumping near the nucleus. Comparable clumps were observed in the
same cells stained with Di-4-ANEPPDHQ (Figure 4), and GP analysis confirmed that these
regions exhibit increased membrane order.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 6. Assessment of the actin cytoskeleton using the TRITC-phalloidine (red) and DAPI (blue):
control cells; (a) MDCK II cells; (b) A549 cells. Cells treated with 100 μg·mL−1 FFGs: MDCK II
cells at 24 (c) and 48 h of treatment (e); A549 cells at 24 (d) and 48 h (f) of treatment. Cells treated
with 100 μg·mL−1 FCQAs: (g) MDCK II cells; (h) A549 cells. Staining: TRITC-phalloidine (red) and
DAPI (blue). The preparations were observed and imaged using a Nikon TiU confocal laser scanning
microscope (Nikon, Tokyo, Japan) and EZC1 software v.3.90. Magnification 400×. Scale bar—25 μm,
arrows—actin aggregates.

Treatment with fraction enriched in FCQAs resulted in reduced intensity of the sig-
nal of F-actin in MDCKII cells (Figure 6g). Actin filaments were generally preserved in
the membrane area, where actin aggregates could be found. A549 cells also exhibited
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decreased fluorescence intensity following FCQA treatment (Figure 6h). These cells were
characterized by a branched actin meshwork and the presence of prominent stress fibers.

In general, the tested fractions showed a weaker effect on the actin cytoskeleton of
cells from the MDCK II cell line. The A549 line showed great sensitivity to the fractions, as
we observed different patterns of disorganization of the actin cytoskeleton upon treatment
with the extracts.

4. Discussion

The cytotoxicity and biocompatibility of plant-derived polyphenols are largely influ-
enced by their chemical structures and lipophilicity. An increase in the lipophilicity of
chlorogenic acids (CGAs) is positively correlated with enhanced cytotoxic effects due to im-
proved membrane permeability and intracellular accumulation [40]. Conversely, naturally
occurring CGAs such as 5-caffeoylquinic acid are inherently hydrophilic because of multiple
hydroxyl (-OH) and carboxyl (-COOH) groups, which enhance water solubility and con-
tribute to their favorable biocompatibility and selective bioavailability [41]. The presence
of a glycosidic moiety at the 7-O position imparts amphiphilic properties to the examined
flavonoid glycosides [42], which has been shown to correlate exponentially with decreased
cytotoxicity, primarily due to limited passive membrane diffusion [43]. In this study, two
plant-derived fractions of methanol extracts from Bulgarian Inula oculus-christi were used:
one enriched in flavonoid glycosides (FFGs) and the other predominantly containing caf-
feoylquinic acids (FCQAs). The FFG fraction was characterized by flavonoid glycosides
such as hispidulin-7-O-glucoside and nepetin-7-O-glucoside, while the FCQA fraction
comprised primarily chlorogenic acids (CGAs), including 5-CQA and dicaffeoylquinic acid
(diCQA) isomers (1,5-; 3,5-; 4,5-; and 3,4-). According to our results from the cytotoxicity
assay, both FFGs and FCQAs fractions demonstrated selective dose- and time-dependent
cytotoxicity toward the cancerous A549 cell line, while exhibiting favorable biocompati-
bility with the non-cancerous MDCK II cells. These findings suggest a degree of cell-type
selectivity, which is consistent with previous studies indicating that both chlorogenic acids
(CGAs) and flavonoid glycosides (FGs) can exert cell-specific cytotoxic effects towards
cancer cells [44–46].

At sub-toxic concentrations, both polyphenolic fractions induced alterations in mem-
brane organization and notable rearrangements of the actin cytoskeleton in the examined
cell lines. MDCKII membranes exhibited high GP values (+0.331), reflecting enrichment in
cholesterol- and sphingomyelin-rich Lo domains. This high lipid order aligns with their
origin from epithelial cells with many intercellular junctions, including tight junctions [47].
Cortical actin formed a dense mesh beneath the plasma membrane, reinforced by adherent
and tight junctions that maintain epithelial integrity. In contrast, A549 cells, derived from
lung carcinoma, displayed less ordered, more fluid membranes (GP = −0.323). Elevated
membrane fluidity is characteristic of cancer cells and contributes to enhanced motility,
invasiveness, and metastatic potential [48]. In these cells, the actin cytoskeleton was or-
ganized into prominent stress fibers spanning the cytoplasm, consistent with a migratory
phenotype and weaker cell–cell adhesion [49,50]. These clearly distinct differences make
both cell lines good models for tracking changes in membrane organization and the actin
cytoskeleton in living cells.

The flavonoid glycoside-enriched fraction demonstrated a cell-specific effect on plas-
malaema. FFGs exhibited a slightly fluidizing effect on non-cancerous cells (GP = 0.063),
but the opposite effect on cancerous cells. However, the membranes of MDCK II cells re-
tained their relatively ordered state without significant alterations in the actin cytoskeleton
pattern, and the cellular monolayer was confluent. In contrast, treatment of A549 cells
with FFGs caused pronounced actin redistribution in regions lacking intercellular contacts,
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progressing into highly ordered cytoplasmic clumps near the nucleus. At the same time,
the FCQAs induced persistent membrane fluidization in both cell lines: for MDCK II, GP
values were −0.441, and in A549 cells we detected minor fluidization (GP = −0.338). The
cortical actin filaments in MDCK II cells were mostly preserved, with occasional small actin
aggregates near the membrane, while changes in actin organization in A549 lung cells were
insignificant.

Our previous findings showed that the same FFGs and FCQAs modulate the phase
heterogeneity of model membranes through differential penetration into the lipid bilayer,
governed by their chemical structures and degree of lipophilicity [35]. CGAs largely
remain at the membrane surface, whereas flavonoid glycosides integrate into the bilayer.
These data support the findings of other authors of significant proportions of membrane-
incorporated flavonoids compared to those represented in the cytosol when treating colon
carcinoma cell line HT-29 with tea flavonoids [51]. The amphipathic FGs embed their
hydrophobic aglycone into the membrane core while positioning the polar glycoside near
the glycerol backbone [35,52,53], enhancing fluidity in ordered Lo domains and increasing
order in fluid Ld regions [35]. These findings are consistent with our observations on cell
membranes. In ordered membranes of non-cancerous MDCK II cells, FFGs could remain
near the headgroup region, where they increase local polarity and disrupt lipid packing
at this membrane level. In contrast, in more fluid membranes of the cancerous A549 cells,
they could penetrate deeper into the hydrophobic core, inducing tighter lipid packing and
a subsequent increase in membrane order. On the other hand, hydrophilic CGAs remain
primarily in the outer leaflet of the membrane, interacting with lipid headgroups. This
increases local polarity at the membrane–water interface and weakens lipid–cholesterol
interactions [54,55], as reflected by the elevated GP values observed in both cell lines.

The organization of the actin cytoskeleton, particularly the peripheral cortical actin, is
closely linked to the domain organization of the plasma membrane [24–26]. Therefore, alter-
ations in membrane order can potentially affect the anchoring and spatial arrangement of actin
filaments at the membrane interface. To date, there is limited data on the effects of polyphenols
on both membrane order and the actin cytoskeleton simultaneously, with most studies focusing
on either membrane properties or actin organization independently [39,56,57].

Lipid raft Lo domains are enriched in proteins that tether directly or indirectly to
actin filaments, including caveolins, flotillins, integrins, ERM proteins, and GPI-anchored
proteins [24,26,27,58]. The tightly packed, ordered lipid environment of these domains
enhances the affinity of raft-associated proteins for actin, thereby stabilizing cortical cy-
toskeleton organization. Disruption or fluidization of the plasma membrane can induce
lateral dispersion of lipid raft-associated proteins, weakening their connections to the actin
cytoskeleton and leading to actin redistribution or aggregation [24]. A similar phenomenon
was observed in MDCK II cells treated with FCQAs. This treatment resulted in a decrease in
membrane order, accompanied by partial actin aggregation near the membrane, likely due
to disrupted affinity between raft-associated proteins and the actin cytoskeleton. The incor-
poration of amphiphilic FFGs into the lipid bilayer stiffens the membrane and generates
mechanical load, which can be sensed by mechanosensitive complexes, such as integrin-
based focal adhesions and cytoskeletal linkers (talin, vinculin, α-actinin) [27,59]. These
complexes transmit mechanical cues to the actin cytoskeleton, activating Rho GTPases
(RhoA, Rac1, Cdc42), which regulate actin polymerization [60]. The clustering of actin
filaments near the nucleus likely represents a mechanosensitive compensatory response to
maintain intracellular tension under increased membrane order.

These findings highlight how the initial membrane order, raft composition, and com-
pound chemistry collectively shape lipid raft dynamics and actin organization. They
underscore the unique ability of polyphenols to modulate membrane properties, revealing
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a direct link between membrane order and cytoskeletal architecture that governs cellular
responses.

5. Conclusions

This study demonstrates distinct effects on membrane organization and cytoskeletal
architecture of two polyphenol fractions of methanolic extracts derived from Bulgarian Inula
oculus-christi—enriched in flavonoid glycosides (FFGs) and caffeoylquinic acids (FCQAs)
in both cancerous (A549) and non-cancerous (MDCK II) cell lines. FFGs exhibited selective
cytotoxicity toward cancer cells while maintaining biocompatibility with healthy epithelial
cells, suggesting potential for therapeutic application.

At a sub-toxic concentration (200 μg·mL−1), both polyphenolic fractions induced
notable alterations in cell membrane order and actin cytoskeleton dynamics. Prominent
effects were observed in the cancerous A549 cell line, where FFGs caused membrane
ordering, which was associated with the formation of perinuclear actin aggregates.

The distinct effects of both fractions on membrane–cytoskeleton dynamics across
different cell types are likely driven by their specific chemical structures, which determine
their mode of interaction with the lipid bilayer. The more hydrophilic nature of FCQAs
favors their interaction with the membrane surface of MDCK II cells, where they likely
disrupt lipid–lipid and lipid–protein interactions. This leads to increased membrane
polarity and a reduction in membrane order. In contrast, the amphipathic properties of
FFGs enable deeper insertion into the more disordered plasma membranes of A549 cancer
cells, potentially imposing mechanical stress on the cell membrane.

The findings in this study highlight the intricate interplay between membrane bio-
physical properties, lipid raft–actin cytoskeleton dynamics, and the chemical nature of
exogenous compounds. They underscore the potential of plant-derived polyphenols as
modulators of membrane-associated signaling and structural organization, offering valu-
able insights for the development of membrane-targeted therapeutic strategies.
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Abbreviations

The following abbreviations are used in this manuscript:

diCQA Dicaffeoylquinic acid isomers
PA Phenolic acids
FCQAs Fraction of caffeoylquinic acids
CGAs Chlorogenic acids
FFGs Fraction enriched in flavonoid glycosides
GP Generalized polarization

References

1. Seca, A.M.; Grigore, A.; Pinto, D.C.; Silva, A.M. The genus Inula and their metabolites: From ethnopharmacological to medicinal
uses. J. Ethnopharmacol. 2014, 154, 286–310. [CrossRef]

2. Yang, L.; Wang, X.; Hou, A.; Zhang, J.; Wang, S.; Man, W.; Yu, H.; Zheng, S.; Wang, Q.; Jiang, H.; et al. A review of the botany,
traditional uses, phytochemistry, and pharmacology of the Flos Inulae. J. Ethnopharmacol. 2021, 276, 114125. [CrossRef] [PubMed]
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Abstract: Nymphaeol A (NYA) is a tetrahydroxyflavanone anchored to a hydrophobic
geranyl group, isolated from different sources and a component of propolis, a complex
mixture produced by honeybees and used since ancient times as a healthy drug. This
complex exhibits significant antioxidant, antifungal, antibacterial, antiviral, anticancer and
antimicrobial properties and NYA is one of its main components. NYA is a lipophilic
molecule with two domains, one polar and one hydrophobic. NYA can be inserted into
membranes, and its membrane properties depend not only on its location but also on the
membrane’s lipid composition. This work uses molecular dynamics to obtain the dynamics,
orientation, location and interactions of NYA in a complex biomembrane. This work shows
that in an aqueous solution, NYA forms high-order aggregates where the molecules are
joined together by the hydrophobic chain. In the presence of a membrane but initially
located in the aqueous media, NYA is capable of inserting itself spontaneously into the
membrane. Inside the membrane, NYA can be found in the monomeric form, as well as
forming aggregates, tending to remain in its most extended conformation. NYA moves
along the x-, y- and z-axes, with the movement along the z-axis larger than that of the
membrane’s lipids. NYA forms an approximate angle of 35◦ perpendicular with respect
to the membrane and is inserted between the phospholipid hydrocarbon chains, slightly
increasing membrane fluidity. Furthermore, NYA prefers POPC and PSM but not POPE or
CHOL. NYA’s location and movement within the membrane should be well-suited for its
potent bioactivity.

Keywords: Nymphaeol; antioxidant; molecular dynamics; membrane

1. Introduction

Nymphaeol A (6-geranyl-3′,4′,5,7-tetrahydroxyflavanone) is a tetrahydroxyflavanone
substituted by hydroxy groups at positions 5, 7, 3′ and 4′ with a geranyl group at position 6
(Figure 1A). It has been isolated from different sources, such as Macaranga tanarius, and is
one of the main components of propolis, a natural product produced by honeybees [1–17].
Propolis is composed of a complex mixture of resins, waxes, essential oils and pollen and has
been used since ancient times as a potent drug. It exhibits significant antioxidant, antifungal,
antibacterial, antiviral, anticancer and antimicrobial properties. Its phytochemical content
varies depending on its botanical and geographical origin, which influences its bioactivity.

Nymphaeol A consists of two well-differentiated parts: a tetrahydroxyflavanone and
a geranyl chain. The tetrahydroxyflavanone is a relatively polar domain, whereas the
geranyl chain is hydrophobic; however, the whole molecule is very lipophilic (xLogP3
of 5.8). Interestingly, the geranyl group plays an important role in exhibiting antioxidant
activity [16]. It is already known that to counteract the existence of free radicals, organisms
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have different antioxidant defense mechanisms which can be either from exogenous or en-
dogenous origin [18–23]; however, antioxidants are the preferred mechanism to inhibit the
so-called reactive oxygen species (ROS)’s formation and/or propagation [18,19,24]. High
ROS levels lead to oxidative stress, which gives place to neurodegeneration, premature
aging and many other illnesses [25]. Since NYA has a great hydrophobic propensity, it could
be inserted into a membrane, where it would be capable of quenching and/or scavenging
reactive oxygen or nitrogen species at both the surface and interior parts of the membrane.
Furthermore, NYA’s position in the membrane could depend on the membrane’s lipid
composition and it could have different membrane locations. Because of this, it is important
to study its location and interactions in a complex biomembrane.

Figure 1. (A) Chemical and molecular structures of Nymphaeol A (NYA) and (B) the molecular struc-
tures of the lipids studied in this work, i.e., POPC (1), POPE (2), POPS (3), PI-3P (4), PSM (5), CHOL
(6) and NYA (7), to compare molecular sizes. The molecules are shown in licorice representation.

Understanding how NYA acts is imperative to determine its location, orientation
and dynamics inside a membrane and at the same time know its possible effects on the
membrane, which could be accountable for its valuable properties on cellular health.
Molecular dynamics is suitable to obtain useful data on the structure, dynamics, location
and interaction of bioactive molecules within biomembranes [26,27] and it is used in this
work to obtain the dynamics, orientation, location and interactions of NYA in a complex
biomembrane [28,29] (Table 1). This work shows that NYA molecules in aqueous solution
form high-order aggregates where the molecules are joined together by the hydrophobic
chain. However, NYA molecules spontaneously insert into the membrane and are finely
inserted between the phospholipid hydrocarbon chains, slightly increasing their fluidity.
NYA’s location and movement within the membrane is therefore very well-suited for its
potent antioxidant activity.
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Table 1. Membrane systems and number of components. The NaCl concentration was 0.15 M. The
time to obtain the production trajectories for each one of the systems is also indicated. The total
number of lipid molecules was 500, with 250 per monolayer.

Systems 1 2 3 4

Nymphaeol A 1 - - -

Nymphaeol A - 4 - -

Nymphaeol A - - 8 -

Nymphaeol A - - - 8

MD time (ns) 1000 1000 1000 600

POPC 28.8% 144 144 144 -

POPE 17.2% 86 86 86 -

PI-3P 5.6% 28 28 28 -

POPS 6.4% 32 32 32 -

PSM 12% 60 60 60 -

CHOL 30% 150 150 150 -

ATOMS 166,370 166,547 166,234 167,176

H2O 36,413 36,413 36,230 55,464

H2O/LIPID 72.8 72.8 72.5 -

Na+ 219 219 219 156

Cl− 103 103 103 156

DIMENSIONS x/y/z (Å) 128/129/120 128/129/120 128/129/120 128/129/120

2. Materials and Methods

2.1. Molecular Dynamics Simulation

Unrestrained all-atom molecular dynamics was performed using NAMD 2.14 [30] and
the CHARMM36 protein and lipid force fields [31–33]. All molecular dynamics parameters
have been previously described [28,29]. The TIP3P model was used for water [34]. The
membrane systems were minimized for 150,000 steps to remove bad atomic contacts and
then equilibrated for 10 ns. The temperature was 310 K (Table 1).

2.2. Molecular Dynamics Specifications

The membranes were obtained using Charmm-Gui (http://www.charmm-gui.org
(accessed on 3 January 2025) [35]). All systems contained NaCl at physiological conditions,
i.e., a concentration of 150 mM and an excess of water [36] in a neutral environment
(Table 1) [28,37].

The composition of the membrane resembles a general plasma membrane
(Table 1) [38,39]. It contained 144 molecules of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC), 86 molecules of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE), 32 molecules of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS), 28 of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoinositol-3-phosphorous (PI-3P), 60 molecules of
N-stearoyl-D-erythro-sphingosylphosphorylcholine (PSM) and 150 of cholesterol (CHOL)
(Table 1) [38,39]. The relative molar percentage of the lipids was 28.8%, 17.2%, 6.4%, 5.6%,
12% and 30% for POPC, POPE, POPS, PI-3P, PSM and CHOL, respectively (Table 1) [38,39].
Three different membrane systems were studied: a membrane system containing only
one NYA molecule, system 1 (Figure 2A), a membrane system containing four NYA
molecules, system 2 (Figure 2B) and a membrane system containing eight NYA molecules,
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system 3 (Figure 2C). Additionally, system 4 contained eight NYA molecules inside
a water box (Figure 2D). These systems are appropriate to study the interaction of
small bioactive molecules with lipids in a membrane [28,37]. The number of lipids
in the membrane was 500, with 250 in each layer. The lipid chemical structures are
shown in Figure 1A,B. Membrane fluidity was amplified using one oleoyl hydrocar-
bon chain in the phospholipids [28,37]. PSM contained a palmitoyl hydrocarbon chain
apart from the sphingosyl one. The original proportions of the complete systems are
shown in Table 1. The molecular structure of NYA was obtained from PubChem
(https://pubchem.ncbi.nlm.nih.gov/compound/Nymphaeol-A (accessed on 3 January
2025)) and was reviewed, adjusted and minimized using Discovery Studio 4.0 (Accelrys
Inc., San Diego, CA, USA). The CHARMM General Force Field stream files were obtained
using Charmm-Gui (http://www.charmm-gui.org [35]).

Figure 2. Apical and lateral views of the initial, t = 0 ns, and final, t = 1000/600 ns, dispositions of
(A) system 1, (B) system 2, (C) system 3 and (D) system 4. The NYA molecules are presented in VDW
representation, whereas the phosphate atoms of the phospholipids, defining the upper and lower
boundaries of the membrane, and the oxygen atoms of CHOL are represented in VDW and orange
and red colors, respectively. The water and lipid molecules and the chloride and sodium ions have
been removed for clarity.

2.3. Molecular Dynamics Analysis

The analysis and visualization were conducted using VMD (Visual Molecular Dynam-
ics, Theoretical and Computational Biophysics Group, University of Illinois at Urbana-
Champaign) software and plugins [40–49]. Data were obtained using the VMD “Mem-
bplugin” and “Density Profile Tool” plugins [41,44–47,49]. The order parameter, SCD,
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was defined as SCD = 1
2
〈
3 cos2 θ − 1

〉
, where θ is the angle between the C-D vector and

the bilayer normal and the brackets symbolize an ensemble average. Hydrogen bonds
were as defined previously [45,46]. Data uncertainties represent standard deviation unless
otherwise stated.

3. Results

3.1. NYA in Water

Before studying NYA molecules in the membrane and in order to compare their struc-
tures, their behavior in an aqueous solution was studied (system 4, Figure 2D, for the
initial and final systems of NYA in water, and Table 1). The system contained eight NYA
molecules inside a water box, separated at the beginning by about 60 Å in the x–y plane
and by about 70 Å in the z plane. The molecules were free to wander in the water so-
lution, so that at the end of the simulation, i.e., 600 ns, all eight molecules formed an
aggregate (Figure 2D and Supplementary Figure S1A). The average distances between
the carbon atoms at position 4′ and 13 (the last carbon of the geranyl chain) for the last
30 ns are shown in Supplementary Figure S1B. All of them are around 13–14 Å, the global
average of the eight NYA molecules being 13.7 ± 1.0 Å (rounded to the first decimal).
Since the distance between these two atoms in the NYA’s most extended conformation
is about 15.8 Å, it is possible to say that NYA in an aqueous solution remains nearly in
its most extended conformation. As was commented above, the NYA molecule could
be divided into two distinct parts: a relatively polar part (tetrahydroxyflavanone group)
and a hydrophobic part (geranyl group) (Figure 1A). The oligomer structure is shown in
Supplementary Figure S1A, where it is possible to see that the molecules are joined together
by the hydrophobic part, i.e., the geranyl chain, forming a kind of sphere, where the polar
groups tend to be at the surface. It seems that hydrophobic forces are accountable for
attraction of different molecules, whereas the polar terminal groups might stabilize the
aggregate (Supplementary Figure S1A).

3.2. Membrane Systems

Three different membrane systems were studied: a membrane system containing
only one NYA molecule, system 1 (Figure 2A), a membrane system containing four NYA
molecules, system 2 (Figure 2B), and a membrane system containing eight NYA molecules,
system 3 (Figure 2C). The NYA molecules in systems 1 and 2 were located in the center
of the membrane at time 0, whereas the NYA molecules in system 3 were located in the
center of each one of the water layers outside the membrane [37]. It should be taken into
account that they were very diluted systems, since the membrane contained 500 lipids, with
250 in each monolayer. The membrane thickness and lipid areas were checked to assess
the equilibration of the systems during the molecular dynamics [50,51]. After ~70 ns, the
mean membrane thickness was almost the same for all the systems, being for the last 30 ns
nearly indistinguishable, i.e., between 45.8 and 46 Å, as shown in Supplementary Figure S2.
These data are comparable to those described previously [52]. The mean molecular areas
for all systems and for the last 30 ns of molecular dynamics for POPC, POPE, POPS
and PI-3P ranged between 56 and 57 Å2, for PSM ranged between 50 and 51 Å2, and
for CHOL ranged between 28.6 and 28.9 Å2. These areas were similar to those formerly
reported [44,52,53]. Accordingly, all membranes were equilibrated very early and were in a
steady state after ~70 ns of molecular dynamics.

3.3. NYA Inside the Membrane

System 1 originally had one molecule of NYA located at the membrane’s central part
(Figure 2A). At t = ∞ of the molecular dynamics simulation, i.e., 1000 ns, the NYA molecule
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proceeded to a location adjacent to the membrane interphase and inserted in between
the phospholipid hydrocarbon layer, with the hydrophobic chain pointed towards the
middle of the membrane (Figure 2A). Its behavior throughout the molecular dynamics
simulation can be observed by studying the whole-molecule z-axis center-of-mass (z
direction normal to the bilayer plane, z-COM) (Figure 3A). This can be compared to the
phosphate atoms’ z-COMs, which define the membrane surface, and the CHOL oxygen
atoms, which define the interphase (Figure 3A). As commented above, at the beginning,
the NYA molecule was located in the middle of the membrane; however, with time, it
spontaneously positioned itself at the middle of one of the monolayers, this being its
average position for the last 30 ns of −7.4 Å ± 1.8 Å (Figure 3A). This location was
maintained for nearly all molecular dynamics simulations. It is also possible to observe
that its displacement along the z-axis was larger than those of the phosphate atoms of
the phospholipids and the oxygen atom of CHOL. However, NYA is a relatively long
molecule, its maximum extension being about 15.8 Å (Figure 1B). Because of that, this
is interesting, not only knowing its global location but also the location of its extremes,
namely the z-COM values of the carbon C4′ atom (−14.1 Å ± 1.6 Å) and C13 atom (−0.7 Å
± 2.4 Å) (Figure 4A). This would imply that the molecule moves in a perpendicular way to
the membrane’s surface along the z-axis, with the tetrahydroxyflavanone domain pointing
towards the membrane interphase, whereas the geranyl domain points towards the middle
of the membrane. This work also analyzed the distance between carbons C4′ and C13 and
the data are shown in Supplementary Figure S3A. As shown in the figure, the average
distance is 15.0 ± 1.7 Å for the last 30 ns of the simulation. Since the distance between these
two atoms in the most extended conformation is about 15.8 Å, the NYA molecule inside
the membrane is near its most extended conformation.

System 2 originally had four molecules of NYA located at the membrane’s central part
(Figure 2B). At t = ∞ of the molecular dynamics simulation, i.e., 1000 ns, the NYA molecules
proceeded to a location close to the membrane interphase and inserted in between the
phospholipid hydrocarbon layer, with the hydrophobic chain pointed towards the middle of
the membrane in a similar way to the NYA molecule in system 1 (Figure 2A). Although the
NYA molecules were located in the middle of the membrane, with time, they spontaneously
positioned themselves at the middle of the monolayers, their average positions for the last
30 ns being −15.1 Å ± 2.8 Å, 12.0 Å ± 1.6 Å, 12.0 Å ± 2.2 Å and 11.8 Å ± 1.8 Å (Figure 3A).
As observed in the Figure, of the four molecules, three arranged themselves rapidly in the
middle of each of the monolayers; the remainder remained in the middle of the membrane
until about 800 ns, and from that time onwards it was located in the middle of one of the
monolayers (Figure 3A). Similarly to the NYA molecule in system 1, their displacement
along the z-axis was larger than those of the phosphate atoms of the phospholipids and
the oxygen atom of CHOL. The locations of their extremes, namely the z-COM values
of the carbon C4′ and C13, were −20.7 Å ± 3.3 Å and −8.8 Å ± 3.4 Å, 17.6 Å ± 1.8 Å
and 5.3 Å ± 2.3 Å, 17.9 Å ± 1.9 Å and 8.0 Å ± 4.1 Å and finally 14.4 Å ± 1.3 Å and
8.6 Å ± 4.3 Å, respectively (Figure 4B). This would imply that the molecules are capable
of moving in a perpendicular way to the membrane’s surface along the z-axis, with the
tetrahydroxyflavanone domain pointed towards the membrane interphase, whereas the
geranyl domain points towards the middle of the membrane. This work also analyzed the
distance between the carbon C4′ and C13 atoms and the terminal carbon of the geranyl
chain, and the data are shown in Supplementary Figure S3B. As shown in the figure, the
average distances were 14.6 Å ± 2.1 Å, 13.9 Å ± 2.4 Å, 12.6 Å ± 2.3 Å and 14.3 Å ± 1.0 Å,
respectively, for the last 30 ns of the simulation. Similarly to the NYA molecule in system 1,
the NYA molecules in system 2 are close to their most extended conformation.
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Figure 3. Time variation of the NYA whole-molecule z-axis COM distance pertaining to (A) system 1
(one NYA molecule), (B) system 2 (four NYA molecules) and (C) system 3 (eight NYA molecules).
Each NYA molecule is represented by a different color. The corresponding histograms are shown at
the right margin (the data are the averages of the last 30 ns of molecular dynamics simulation). The
z-axis COM distance of the phosphate atoms of the phospholipids, defining the membrane surface,
is depicted in black, whereas the z-axis distance of the oxygen atoms of cholesterol is depicted in
orange (upper and lower boundaries).
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System 3 originally had eight molecules of NYA positioned in the middle of each
water layer (Figure 2C). At t = ∞ of the molecular dynamics simulation, i.e., 1000 ns, the
NYA molecules proceeded to a position close to the membrane interphase and inserted
in between the phospholipid hydrocarbon layer, with the hydrophobic chains pointed
towards the middle of the membrane in a similar way to the NYA molecules in system
1 and system 2 (Figure 2A,B). Although the NYA molecules were located in the water
layers, at different times they spontaneously positioned themselves at the middle of the
monolayers, remaining there until the end of the simulation. Their average positions for
the last 30 ns were 19.7 Å ± 2.2 Å, 8.0 Å ± 1.6 Å, 8.4 Å ± 2.0 Å, 13.3 Å ± 1.9 Å, 17.8 Å
± 2.1 Å, 10.4 Å ± 1.4 Å, −11.4 Å ± 2.1 Å and 16.9 Å ± 1.5 Å, respectively (Figure 3A).
Three of the NYA molecules did insert into the membrane very quickly (at 16, 18 and 20 ns,
respectively), while the remaining five did so later and at different times (Figure 3A). These
NYA molecules interacted with and inserted into the membrane at about 610, 620, 630,
714 and 825 ns (Figure 3A). Similarly to the NYA molecules in the other systems, once
inserted into the membrane, their displacement along the z-axis was larger than those of
the phosphate atoms of the phospholipids and the oxygen atom of CHOL. The locations of
their extremes, namely the z-COM values of the carbon C4′ and the terminal carbon of the
geranyl chain, were 19.3 Å ± 2.8 Å and 18.5 Å ± 1.7 Å, 14.6 Å ± 1.7 Å and 1.3 Å ± 2.1 Å,
15.9 Å ± 2.0 Å and 0.2 Å ± 2.0 Å, 18.5 Å ± 2.2 Å and 10.6 Å ± 1.9 Å, 20.5 Å ± 1.9 Å and
15.9 Å ± 2.0 Å, 15.0 Å ± 1.4 Å and 4.1 Å ± 1.8 Å, −17.5 Å ± 2.0 Å and −5.0 Å ± 3.0 Å
and finally 23.6 Å ± 1.4 Å and 9.4 Å ± 2.7 Å, respectively (Figure 4C). It is highlighted
that the three NYA molecules that were rapidly inserted into the membrane remained in a
monomeric state for the entire simulation, while the NYA molecules that were inserted later
joined together, forming a 5-unit oligomer at the membrane interface. The five monomers
formed an oligomer in solution beforehand, and this oligomer subsequently inserted into
the membrane through the geranyl chains of two NYA molecules (about 620 ns, Figure 3C).
We have also analyzed the distance between carbon C4′ and C13 atoms and the data are
shown in Supplementary Figure S3C. As shown in the figure, the average distances were
15.5 Å ± 0.7 Å, 14.7 Å ± 1.7 Å, 16.2 Å ± 0.9 Å, 14.1 Å ± 2.0 Å, 15.3 Å ± 0.9 Å, 14.7 Å ± 1.4 Å,
15.6 Å ± 1.1 Å and 15.0 Å ± 1.9 Å, respectively, for the last 30 ns of the simulation. Similarly
to the NYA molecules in systems 1 and 2, the NYA molecules are close to their most
extended conformation. In a similar way to the oligomer formed in water, the molecules in
the oligomer inside the membrane were joined together by the hydrophobic part, i.e., the
geranyl chain.

Summarizing the results, it is possible to say that NYA inserts spontaneously in-
side the membrane and its most probable location is in the middle of the membrane
monolayer (the global average location of NYA inside the membrane is 14.7 Å ± 1.4 Å,
Supplementary Figure S3D). The NYA molecules were capable of moving in a perpen-
dicular way to the membrane’s surface along the z-axis, with the tetrahydroxyflavanone
domain pointed towards the membrane interphase, whereas the geranyl domain pointed
towards the middle of the membrane (Supplementary Figure S3D,E). Interestingly, NYA is
always close to its most extended conformation and it is possible for the molecule to be a
monomer or in an aggregated form inside the membrane.

3.4. Angles Formed Between NYA and the Membrane

As commented above, the NYA molecules insert well in between the hydrocarbon
chains of the phospholipids, remaining in their nearly most extended conformation,
14–15 Å. Using the z-COM data of the extremes of the molecule, it is possible to infer
the relative angle of NYA in the membrane (Figure 4E). Nevertheless, this work obtained
the average of the angle formed by the whole molecules in the membrane for the last
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30 ns of molecular dynamics, and the data can be observed in Supplementary Figure S4
(average angles formed by carbons C4′ and C13, the last one of the geranyl chain, for
the NYA molecules in the monomeric form with respect to the membrane’s surface). The
average angles were relatively similar for all of the NYA molecules in the monomeric form,
i.e., 24.2◦ ± 9.3◦, 43.6◦ ± 17.1◦, 46.3◦ ± 12.7◦, 27.5◦ ± 14.3◦, 75.0◦ ± 6.9◦, 24.9◦ ± 13.9◦,
38.3◦ ± 12.6◦ and 11.3◦ ± 6.7◦ (Supplementary Figure S4). The global average angle was
36.4◦ ± 19.4◦ (Supplementary Figure S4). These data are in agreement with the data inferred
by the z-COM data commented above. Although the NYA molecules present different
conformations, their preferred disposition is approximately the same for all of them and
forms an approximate angle of 36◦ with respect to the membrane.

3.5. Lipid Density Profiles

The lipid mass density profiles are shown in Supplementary Figure S6A,B for system 1,
Supplementary Figure S6C,D for system 2 and Supplementary Figure S6E,F for system 3.
The lipid mass density profiles were essentially symmetric between the two membrane lay-
ers, representing the comparable behavior of the lipids. This is the expected comportment,
since all the systems were very diluted. It can be also observed in the figures the positions of
the NYA molecules with respect to the lipids in the membrane, where all of them reside rel-
atively at the same depth in the membrane. We should remember that the NYA molecules
are relatively narrow and long molecules with two distinct moieties; the hydrophobic
tail and the tetrahydroxyflavanone moiety. As observed in Supplementary Figure S5, the
tetrahydroxyflavanone moiety tends to be between the oxygen atom of CHOL and the
first carbons of the phospholipid hydrocarbon chain, whereas the geranyl chains tends to
be located between the middle of the phospholipid hydrocarbon chain and the membrane
middle. These data also show that the locations of the NYA molecules in the membrane
are very similar between the different molecules and relatively well defined. This should
be related to the geometry and structure of the molecules and their location should favor
their bioactivity.

3.6. Phospholipid Hydrocarbon Chain Order in the Presence of NYA

Bioactive molecules inside a membrane can alter the phospholipid hydrocarbon chain
order. As such, this work explored the consequence of the NYA molecules obtaining
the deuterium order parameter, SCD, for the phospholipids in systems 1, 2 and 3 (NYA
molecules in the monomeric form). The SCD values are shown in Supplementary Figure S6.
The SCD data of the hydrocarbon chains of the bulk phospholipids were comparable with
the profiles previously observed for biomembranes for both experimental and simulated
data [33,54–56]. For the phospholipid hydrocarbon chains near the NYA molecules, globally
speaking, there were some differences in the SCD profiles: the SCD values were slightly
higher in the first half of the chains in the presence of the NYA molecules, but in the second
half the SCD values were slightly lower. This is in accordance with the data shown above:
the tetrahydroxyflavanone moiety tends to be between the oxygen atom of CHOL and the
first carbons of the phospholipid hydrocarbon chain, whereas the geranyl chain tends to be
located between the middle of the phospholipid hydrocarbon chain and the membrane’s
middle. To know the global effect these bioactive molecules have on lipid fluidity, this work
detracts the SCD values of the bulk lipids minus the SCD values of the surrounding ones: if
the result is negative, the molecule has an ordering effect; if positive, it has a disordering
effect (Supplementary Figure S6K). These data show that NYA molecules are ordered in the
first half of the phospholipid hydrocarbon chains, where the tetrahydroxyflavanone tends
to be located (decrease of membrane fluidity), but disordered in the second half, where the
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geranyl chain tends to be located (increase of membrane fluidity). However, they do not
affect dramatically the hydrocarbon chains’ anisotropy.

3.7. Lipid Molecules near NYA

This work obtained the type and number of lipid molecules at a distance of 6 Å
from NYA and compared them with the bulk quantities, i.e., analyzed if any lipid type
was overrepresented or diminished near the bioactive molecules (average over the last
30 ns of the molecular dynamics and for systems 1, 2 and 3, Figure 5). The percentages
of POPC and PSM were relatively higher than the bulk percentages (about 38% vs. 28.8%
and about 16% vs. 12%, respectively), whereas the percentages of POPE and CHOL were
lower than the bulk ones (about 13% vs. 17.2% and about 22% vs. 30%, respectively)
(Figure 5). The percentages of POPS and PI-P3 were relatively similar to the corresponding
bulk percentages (6% vs. 6.4% and 4% vs. 5.6%, respectively). In general, it can be said that
NYA would prefer POPC and PSM but not POPE or CHOL.

Figure 5. Percentage of the number of lipid molecules in the membrane versus observed number of
lipid molecules at a distance of 6 Å from the NYA molecules: POPC (-�-), POPE (-�-), POPS (-�-),
PI-3P (-�-), PSM (-�-) and CHOL (-�-). The dotted line represents an identical observed versus
expected number of lipid molecules. The analysis was carried out for the last 30 ns of simulation.

3.8. Diffusion Coefficients

This work measured the diffusion coefficients of all the bioactive and lipid molecules
in all the systems and the data are shown in Supplementary Figure S7. As observed in
Supplementary Figure S7, the lipid diffusion coefficients on the x- and y-axes range from
about 3.4 Å2/ns (POPC) to 8.8 Å2/ns (PI-P3), with the values of the other lipids in between.
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The average x–y diffusion coefficient of the lipids is 5.7 ± 2.8 Å2/ns. These values can be
compared with the x–y diffusion coefficient of NYA, which is 0.5 ± 0.3 Å2/ns. Therefore,
the x–y diffusion coefficient of NYA is much lower than the x–y diffusion coefficient of the
lipids. The lipid diffusion coefficients on the z-axis range from about 0.08 Å2/ns (POPE) to
0.05 Å2/ns (CHOL), with the values of the other lipids in between. The average z diffusion
coefficient of the lipids is 0.06 ± 0.02 Å2/ns. These values can be compared with the z-axis
diffusion coefficient of NYA which is 0.2 ± 0.1 Å2/ns, i.e., about three times larger than
the lipids. Therefore, the diffusion of NYA in the membrane x–y plane is lower than the
diffusion of the lipids and the diffusion of NYA in the z direction is larger than the diffusion
of the lipids (Supplementary Figure S7).

3.9. Hydrogen Bonds

This work also obtained the mean number of hydrogen bonds formed between the
NYA molecules and the membrane lipids for the last 30 ns of the simulation (Supplementary
Figure S8). POPC and PSM were the lipids which showed a relatively major proportion of
hydrogen bonds (about 1 and 2, respectively); the other lipids did not show the presence
of any hydrogen bonds at all (POPE, POPS, PI-3P and CHOL). The data shown are in
accordance with the above-commented data that NYA would prefer POPC and PSM
rather than the other lipids. Since the relative molar percentage of POPC and PSM in the
membrane is about 40% of the total lipids, NYA should be relatively free to move within
the membrane.

4. Discussion

Nymphaeol A is a tetrahydroxyflavanone anchored to a hydrophobic geranyl group,
isolated from different sources and a component of propolis, a complex mixture produced
by honeybees and used since ancient times as a healthy drug. Nymphaeol A is a relatively
lipophilic molecule, having two domains, one polar and another hydrophobic, and therefore
it could insert into a membrane, where it would be capable of quenching and/or scavenging
reactive oxygen or nitrogen species. I have used molecular dynamics to obtain the location,
orientation, dynamics and interactions of NYA in a complex biomembrane (Figure 6).
This work shows that NYA molecules in an aqueous solution form high-order aggregates
where the molecules are joined together by the hydrophobic chain. In the presence of a
membrane but initially located in aqueous media, NYA molecules were capable of inserting
themselves into the membrane; inside the membrane, NYA can be found in its monomeric
form, as well as forming aggregates, tending to remain in its most extended conformation.
Interestingly, NYA can form oligomers in aqueous solution, but its formation does not
preclude the oligomer from inserting spontaneously into the membrane. NYA moves along
the x-, y- and z-axes, with the movement along the z-axis larger than that of the membrane
lipids, but lower in the x–y plane. In this way, NYA moves much better perpendicular to
the membrane’s surface. Although NYA molecules in the membrane can present different
conformations, they tend to form an approximate angle of 36◦, perpendicular with respect
to the membrane, and be inserted between the phospholipid hydrocarbon chains. Therefore,
NYA tends to be in its most extended conformation. In doing so, NYA increases membrane
fluidity, but without dramatically affecting its anisotropy. It is interesting to comment that
NYA would prefer POPC and PSM but not POPE or CHOL. Regardless of this preference,
which is not exclusive, the fact that, on the one hand, fluidity is little affected by NYA and,
on the other hand, that it had a certain preference for PSM but not for CHOL indicates there
is no evidence that the incorporation of NYA into the membrane can lead to the formation
of specific domains. The average location of NYA in the membrane lies in the upper part of
the membrane’s hydrocarbon structure, with the tetrahydroxyflavanone domain pointed
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towards the membrane interphase, whereas the geranyl domain points towards the middle
of the membrane. In this way, NYA can reach the membrane interface where the carbonyl
groups of phospholipids are located. Since one of the most important bioactive properties
of NYA is that it is an antioxidant molecule, its location in the membrane is essential to
protect lipids from the harmful effects of reactive oxygen species. NYA’s location and
movement within the membrane is therefore well-suited for its bioactivity.

 

Figure 6. (A) Representation of the location of NYA molecules in the membrane (monomeric form,
final frame of the molecular dynamics simulation). The NYA molecules are presented in VDW
representation, as well as the phosphate atoms of the phospholipids (orange, size reduced by half),
defining the upper and lower boundaries of the membrane, and the oxygen atoms of cholesterol
(red, size reduced by half). For clarity, lipid atoms are represented as grey dots, while water and
chloride and sodium ions have been removed. (B) NYA molecules in (A) highlighting the different
conformations observed.

5. Conclusions

NYA, a bioactive molecule composed of two characteristic domains, is relatively
lipophilic and spontaneously inserts into the biological membrane. Using molecular
dynamics, this work has been able to determine that it forms oligomers in an aqueous
solution without preventing its insertion into the membrane, it is capable of moving
much faster along the z-axis than membrane lipids, it tends to be in its most extended
conformation, it slightly increases membrane fluidity, it has a preference for POPC and
PSM but not for POPE and CHOL and it is also capable of locating itself at the upper
part of each monolayer, reaching the carbonyl groups of phospholipids. The location and
movement of NYA within the membrane are well-suited to its bioactivity and essential for
protecting lipids from the damaging effects of reactive oxygen species.
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Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/membranes15060163/s1, Figure S1: (A) Structure of the
aggregate of NYA molecules at the last frame for system 4 (t = 600 ns). NYA molecules (eight) are
shown in licorize representation, whereas the oxygens are shown in VDW representation (hydroxyl,
carbonyl and ether oxygens in red, green and orange colours, respectively). (B) Average distance
between the carbons C4’ and the last one of the geranyl chain in the aggregate for each one of the
NYA molecules as well as their average. Data correspond to the last 30 ns of molecular dynamics
simulation; Figure S2: Time variation of membrane thickness for the whole simulation time and the
corresponding histograms for the last 30 ns of molecular dynamics simulation. Thickness corresponds
to the phosphate atoms of the phospholipids (upper lines) and the oxygen atoms of cholesterol (lower
lines) for system 1 (black), system 2 (blue) and system 3 (red); Figure S3: Average distance between
carbons C4’ and the last one of the geranyl chain for the NYA molecules pertaining to (A) system 1
(one NYA molecule), (B) system 2 (four NYA molecules), and (C) system 3 (eight NYA molecules). In
(D) the average ± SD is shown. Data correspond to the last 30 ns of molecular dynamics simulation;
Figure S4: Histograms and average angles (± SD) formed by carbons C4’ and the last one of the
geranyl chain for the NYA molecules in monomeric form with respect to the membrane surface. The
full symbols correspond to the average angle of each one of the NYA molecules, whereas the empty
symbol corresponds to the global average. The data is the average for the last 30 ns of molecular
dynamics simulation time; Figure S5: Mass density profiles for the last 30 ns of the molecular dy-
namics for (A,B) system 1, (C,D) system 2 and (E,F) system 3. (A,C,E) Whole lipid molecules and
(B,D,F) phosphorous atoms of phospholipids and the oxygen atoms of CHOL. POPC is shown in
black, POPE in blue, POPS in red, PI-3P in olive, PSM in wine and CHOL in orange. The monomeric
and aggregated NYA molecules are shown in dotted black and blue colours; Figure S6: Average deu-
terium order parameter, –SCD, calculated for the hydrocarbon chains of the phospholipids. (A,C,E,G)
Oleoyl and (B,D,F,H) palmitoyl acyl chains of (A, B) POPC, (C, D) POPE, (E, F) POPS, (G,H) PI-3P,
as well as the palmitoyl (I) and sphyngosyl (J) acyl chains of PSM. The data correspond to the bulk
phospholipid acyl chains (-�-) and the phospholipid acyl chains within 6 Å of the NYA molecule
(-•-). The analysis was carried out for the last 30 ns of simulation. (K) Sum of differences between the
-SCD values of the bulk lipids minus the SCD values of the surrounding ones; Figure S7: (A) x-y and
(B) z diffusion coefficients (Å2/ns) for the NYA molecules in systems 1, 2 and 3 in the monomeric
form: POPC (�), POPE (�), POPS (�), PI-3P (�), PSM (�), CHOL (�) and NYA (�). The data is
the average for the last 30 ns of molecular dynamics simulation time; Figure S8: Average number of
hydrogen bonds between the membrane lipids and NYA: POPC (-�-), POPE (-�-), POPS (-�-), PI-3P
(-�-), PSM (-�-) and CHOL (-�-). The analysis was carried out for the last 30 ns of simulation.
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Abbreviations

NYA 6-geranyl-3′,4′,5,7-tetrahydroxyflavanone
CHOL cholesterol
PI-3P 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoinositol-3-phosphate
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POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
POPE 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
POPS 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
PSM N-palmitoyl-D-erythro-sphingosylphosphorylcholine
z-COM z-axis center-of-mass (z direction normal to the bilayer plane)
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Abstract: The design of novel anti-inflammatory drugs remains a critical area of research in the devel-
opment of effective treatments for inflammatory diseases. In this study, a series of 1,2-benzothiazine
was evaluated through a multifaceted approach. In particular, we investigated the potential interac-
tions of the potential drugs with lipid bilayers, an important consideration for membrane permeability
and overall pharmacokinetics. In addition, we evaluated their ability to inhibit cyclooxygenase 1 and
cyclooxygenase 2 activity and selectivity using both a cyclooxygenase inhibition assay and molecular
docking simulations. To evaluate their therapeutic potential, we performed in vitro assays to measure
cytokine mRNA expression in inflamed cells. The antioxidant activity was evaluated using both
in vitro assays, such as 2,2-diphenyl-1-picrylhydrazyl and 2,2-azino-bis-3-ethylbenzothiazoline-6-
sulphonic acid scavenging, to determine the compounds’ capacity to neutralize free radicals and
reduce oxidative stress. Theoretical calculations, including density functional theory, were used to
predict the reactivity profiles of the compounds.

Keywords: 1,2-benzothiazine derivatives; drug–membrane interaction; anti-inflammatory activity;
antioxidant properties

1. Introduction

Cyclooxygenase (E.C. 1.14.99.1., prostaglandin cyclic peroxide synthase, PGHS, COX)
is an enzyme belonging to the metalloproteinase family, located in the lumen of the endo-
plasmic reticulum, the Golgi apparatus, and the nuclear membrane of the cell, embedded
with hydrophobic fragments in the lipid bilayer of the membrane. COX catalyzes the
process of prostanoid synthesis, i.e., prostaglandins, prostacyclin, and thromboxane from
arachidonic acid. Three isoforms of this enzyme have been identified so far: COX-1, COX-2,
and COX-3 [1]. Since COX-2 is the isoform induced by the inflammation process, great ef-
forts to find selective COX-2 inhibitors have been made between the last decade of 1900 and
the beginning of 2000, resulting in several compounds being approved worldwide (e.g.,
celecoxib). Some of these were subsequently withdrawn from the market due to cardio-
vascular toxicity (e.g., rofecoxib and valdecoxib) [2]. However, since inflammation has
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been linked to cancer development, the search for new, safer anti-inflammatory drugs has
become even more important [3–6]. It has been established that in the process of carcinogen-
esis, overexpression, increased secretion, or inappropriate activation of proinflammatory
mediators, such as COX-2, prostaglandins, cytokines, inducible nitric oxide synthase and
nitric oxide, and many other intracellular signaling molecules, facilitate tumor promotion
and progression [7,8]. In addition, inflammation induces the formation of reactive oxygen
species (ROS) and nitrogen species (RNS), which cause damage to very important cellular
elements such as DNA, proteins, or lipids, which may directly or indirectly contribute
to neoplastic transformation [9,10]. Taking these data into account, finding new COX-2
inhibitors that also have free radical scavenging properties would be beneficial both in
inflammatory diseases and in cancer treatment.

In our previous studies, we obtained a series of 1,2-benzothiazine derivatives with anti-
inflammatory and analgesic activity confirmed in in vivo tests on mice [11]. In addition,
these compounds were devoid of ulcerogenic activity characteristic of most non-steroidal
anti-inflammatory drugs (NSAIDs). These compounds were modified in relation to the
model drug—meloxicam (Figure 1), in positions 2 and 3 of the thiazine ring. The modi-
fication in position 2 seems to be more important for the activity of the new compounds
because it consisted of replacing the small methyl substituent in meloxicam with a large,
extended arylpiperazine group. According to Hatnapure, the high electron-donating ca-
pacity of the piperazine moiety can be clearly correlated with the high anti-inflammatory
activity of the compounds, which was consistent with many other scientific studies [12–17].

Figure 1. Structure of the model drug—meloxicam.

One of these tested and non-toxic compounds was a 1,2-benzothiazine derivative con-
taining a heterocyclic pyrimidine ring and a bromine atom in its structure (Figure 2a). We
decided to check whether these substituents significantly influenced the anti-inflammatory
activity of this compound, and therefore, we planned to obtain a new derivative in which
the pyrimidine ring was replaced with a benzene ring (Figure 2b). Another planned mod-
ification was to replace the acetyl linker between the thiazine and piperazine nitrogen
atoms with a propyl linker because compounds with such a linker also showed strong anti-
inflammatory activity and did not cause ulcer formation, as shown by our previous studies
(Figure 2c) [11]. Subsequent modifications included replacing the bromine atom with
other electron-withdrawing substituents, such as a fluorine atom, or electron-donating sub-
stituents such as a methyl or methoxy group. On the other hand, the pyrimidine ring was
replaced with a pyridine ring to assess the effect of the type of ring on the anti-inflammatory
activity of the compound (Figure 2d).
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Figure 2. Structures of a non-ulcerogenic 1,2-benzothiazine (a) and new designed arylpiperazine
derivatives of 1,2-benzothiazine (b–d).

The primary objective of this study was to determine whether compounds based on
an arylpiperazine-1,2-benzothiazine core could serve as a lead structure for new, safer
anti-inflammatory and at the same time antioxidant compounds. Hence, we performed
an in vitro evaluation of the impact of the tested compounds on the activity of COX-2 and
COX-1 to assess the selectivity ratio. The anti-inflammatory effect of the new compounds
was also confirmed in the MTT and DCF-DA assays on normal human dermal fibroblast
(NHDF) cells exposed to lipopolysaccharide (LPS). The radical scavenging activity was
evaluated with two different in vitro measurements, using 2-diphenyl-1-picrylhydrazyl
(DPPH) and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS). An additional
goal was to assess the ability of designed compounds to interact with phospholipid bilayers
because cyclooxygenase is associated with biological membranes. Experimental results
were supported by theoretical calculations. The global reactivity parameters were obtained
based on the density level of theory. The binding mode of designed compounds to both
cyclooxygenase isoforms was established by using molecular docking.

2. Materials and Methods

2.1. Chemistry

All commercial chemicals were used as supplied unless otherwise indicated. 1H and
13C NMR spectra were recorded on a Bruker 300 MHz spectrometer using CDCl3 as a
solvent. Chemical shifts for proton nuclear magnetic resonance (1H NMR) spectra are
reported in parts per million (ppm) relative to the signal of tetramethylsilane at 0 ppm
(internal standard). Splitting patterns are designated as follows: s, singlet; brs, broad
singlet; d, doublet; t, triplet; q, quartet; m, multiplet. Chemical shifts for carbon nuclear
magnetic resonance (13C NMR) spectra are reported in parts per million (ppm) relative to
the center line of the CDCl3 triplet at 77.02 ppm. FT-IR spectra were recorded on a Perkin-
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Elmer Spectrum Two UATR FT-IR spectrometer. Mass data were acquired on a Bruker
Daltonics micrOTOF-Q Mass Spectrometer in a positive ion mode with flow injection
electron spray ionization (ESI). The elemental analyses were carried out on a Carlo Erba
NA 1500 analyzer and were within ±0.4% of the theoretical value. Melting points were
determined in open glass capillaries using a MEL-TEMP melting-point apparatus and were
uncorrected. Reaction progress was monitored using thin-layer chromatography (TLC)
performed on silica gel 60 F254 pre-coated aluminum sheets. Spots were visualized under
a 254 nm UV lamp. A rotary evaporator under reduced pressure conditions was used
to concentrate the reaction solutions. Solvents were of reagent grade and purified with
standard methods when necessary.

Synthesis and experimental data of compounds 3a–d and 4a–d were previously re-
ported [18,19], and compounds 5, 6, and 7 were reported also [20,21].

Synthesis and Experimental Data of Compounds BS23–BS30

A solution of 5 mL of sodium ethoxide (2.3%) was added to the stirred mixture of
5 mmol of corresponding 1,2-benzothiazines 4a–d in 20 mL of anhydrous ethanol. Then,
5 mmol of compound 5, 6, or 7 was added and refluxed with stirring for 10 h. When
the reaction ended, which was controlled on TLC plates, ethanol was distilled off, and
the residue was treated with 50 mL of chloroform and insoluble materials (e.g., sodium
chloride) were filtered off. The filtrate was then evaporated, and the residue was purified by
crystallization from ethanol to give desirable products BS23–BS30 with a yield of 25–50%.

3-(4-Methoxybenzoyl)-4-hydroxy-2-{3-[4-(2-pyridyl)-1-piperazinyl)propyl]}-2H-1,2-
benzothiazine 1,1-dioxide BS23

Yellow powder, 33.05% yield, mp 107–111 ◦C; FT-IR (cm−1): 1605 (C=O), 1345,
1170 (SO2). 1H NMR (300 MHz, CDCl3) δ (ppm): 1.41 (brs, 2H, CH2CH2CH2), 2.11–2.30 (m,
6H, CH2N(CH2)2), 3.25–3.48 (m, 6H, CH2N(CH2)2), 3.88 (s, 3H, OCH3), 6.57–8.21 (m, 12H,
ArH), 15.75 (s, 1H, OHenolic). 13C NMR (300 MHz, CDCl3) δ (ppm): 190.01, 163.46, 158.98,
147.86, 138.08, 137.64, 133.46, 132.83, 131.98, 128.97, 127.98, 127.83, 123.38, 116.72, 113.92,
107.12, 55.53, 55.06, 52.26, 51.71, 44.41, 23.11. HRMS (ESI) calculated for C28H30N4O5S
[M+H]+ 535.2010; found the following: 535.1957. Analysis calculated for C28H30N4O5S
(534.63); C, 62.90; H, 5.66; N, 10.48; found the following: C, 62.88; H, 5.80; N, 10.42.

3-(4-Methoxybenzoyl)-4-hydroxy-2-{3-[4-(2-pyrimidyl)-1-piperazinyl)propyl]}-2H-1,2-
benzothiazine 1,1-dioxide BS24

Yellow powder, 36.10% yield, mp 60–65 ◦C; FT-IR (cm−1): 1605 (C=O), 1345, 1175
(SO2). 1H NMR (300 MHz, CDCl3) δ (ppm): 1.44 (brs, 2H, CH2CH2CH2), 2.12–2.29 (m,
6H, CH2N(CH2)2), 3.23 (brs, 2H, -CH2-), 3.70–3.83 (brs, 4H, N(CH2)2), 3.87 (s, 3H, OCH3),
6.49–8.29 (m, 11H, ArH). 13C NMR (300 MHz, CDCl3) δ (ppm): 189.86, 169.20, 163.45,
161.33, 157.74, 137.96, 133.47, 132.87, 131.99, 128.97, 127.94, 127.87, 123.47, 116.85, 113.91,
110.32, 55.53, 55.10, 52.31, 51.83, 42.61, 23.08. HRMS (ESI) calculated for C27H29N5O5S
[M+H]+ 536.1962; found the following: 536.1906. Analysis calculated for C27H29N5O5S
(535,61); C, 60.55; H, 5.46; N, 13.08; found the following: C, 60.80; H, 5.70; N, 13.35.

3-(4-Methylbenzoyl)-4-hydroxy-2-{3-[4-(2-pyridyl)-1-piperazinyl)propyl]}-2H-1,2-benzothiazine
1,1-dioxide BS25

Yellow crystals, 34.14% yield, mp 139–141 ◦C; FT-IR (cm−1): 1600 (C=O), 1350, 1180 (SO2).
1H NMR (300 MHz, CDCl3) δ (ppm): 1.42 (brs, 2H, CH2CH2CH2), 2.10–2.32 (m, 6H,
CH2N(CH2)2), 2.42 (s, 3H, CH3), 3.20 (brs, 2H, -CH2-), 3.52 (brs, 4H, N(CH2)2), 6.58–8.21
(m, 12H, ArH). 13C NMR (300 MHz, CDCl3) δ (ppm): 190.50, 169.98, 158.85, 147.91, 143.71,
138.07, 137.68, 133.58, 132.88, 129.64, 129.25, 128.95, 127.92, 123.52, 117.10, 113.78, 107.16,
55.06, 52.14, 44.23, 23.14, 21.74. HRMS (ESI) calculated for C28H30N4O4S [M+H]+ 519.2061;
found the following: 519.2008. Analysis calculated for C28H30N4O4S (518,63); C, 64.84; H,
5.83; N, 10.80; found the following: C, 65.15; H, 5.92; N, 10.66.
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3-(4-Fluorobenzoyl)-4-hydroxy-2-{3-[4-(2-pyridyl)-1-piperazinyl)propyl]}-2H-1,2-benzothiazine
1,1-dioxide BS26

Beige powder, 50.15% yield, mp 155–158 ◦C; FT-IR (cm−1): 1600 (C=O), 1345, 1175
(SO2). 1H NMR (300 MHz, CDCl3) δ (ppm): 1.44 (brs, 2H, CH2CH2CH2), 2.14–2.39 (m,
6H, CH2N(CH2)2), 3.21 (brs, 2H, -CH2-), 3.54 (brs, 4H, N(CH2)2), 6.59–8.21 (m, 12H, ArH).
13C NMR (300 MHz, CDCl3) δ (ppm): 190.00, 170.00, 158.77, 147.85, 138.03, 137.74, 133.72,
132.98, 132.24, 132.12, 128.01, 123.58, 116.94, 115.91, 115.62, 113.84, 107.24, 55.04, 52.20, 44.25,
23.13. HRMS (ESI) calculated for C27H27FN4O4S [M+H]+ 523.1810; found the following:
523.1759. Analysis calculated for C27H27FN4O4S (522.59); C, 62.05; H, 5.21; N, 10.72; found
the following: C, 62.19; H, 5.27; N, 10.51.

3-(4-Fluorobenzoyl)-4-hydroxy-2-{3-[4-(2-pyrimidyl)-1-piperazinyl)propyl]}-2H-1,2-
benzothiazine 1,1-dioxide BS27

Beige powder, 40.40% yield, mp 151–153 ◦C; FT-IR (cm−1): 1600 (C=O), 1340, 1170
(SO2). 1H NMR (300 MHz, CDCl3) δ (ppm): 1.42 (brs, 2H, CH2CH2CH2), 2.12–2.31 (m, 6H,
CH2N(CH2)2), 3.21 (brs, 2H, -CH2-), 3.69–3.79 (m, 4H, N(CH2)2), 6.49–8.29 (m, 11H, ArH).
13C NMR (300 MHz, CDCl3) δ (ppm): 189.79, 169.78, 163.66, 161.35, 157.75, 138.04, 133.72,
132.97, 132.25, 132.13, 127.99, 123.58, 116.92, 115.92, 115.63, 110.36, 55.04, 52.37, 51.96, 42.66,
23.16. HRMS (ESI) calculated for C26H26FN5O4S [M+H]+ 524.1762; found the following:
524.1705. Analysis calculated for C26H26FN5O4S (523,58); C, 59.64; H, 5.01; N, 13.38; found
the following: C, 59,60; H, 5.30; N, 13.31.

3-(4-Bromobenzoyl)-2-[2-(4-phenylpiperazin-1-yl)-2-oxoethyl]-4-hydroxy-2H-1,2-benzothiazine
1,1-dioxide BS28

Yellow powder, 36.22% yield, mp 134–138 ◦C; FT-IR (cm−1): 1600, 1660 (C=O), 1340,
1180 (SO2). 1H NMR (300 MHz, CDCl3) δ (ppm): 2.98–3.07 (m, 4H, N(CH2)2), 3.41 (brs, 4H,
N(CH2)2), 4.37–4.39 (m, 2H, CH2CO), 7.00–8.26 (m, 13H, ArH), 15.46 (s, 1H, OHenolic).13C
NMR (300 MHz, CDCl3) δ (ppm): 187.09, 171.86, 164.35, 138.63, 134.04, 133.39, 132.65,
132.04, 130.64, 129.53, 129.39, 127.77, 122.36, 117.50, 116.15, 58.42, 51.94, 50.32, 44.52, 41.06,
18.43. HRMS (ESI) calculated for C27H24BrN3O5S [M+H]+ 584.0676; found the following:
584.0616. Analysis calculated for C27H24BrN3O5S (582,46); C, 55.68; H, 4.15; N, 7.21; found
the following: C, 55.57; H, 4.47; N, 6.88.

3-(4-Bromobenzoyl)-4-hydroxy-2-{3-[4-(2-pyridyl)-1-piperazinyl)propyl]}-2H-1,2-benzothiazine
1,1-dioxide BS29

Yellow powder, 25.20% yield, mp 87–90 ◦C; FT-IR (cm−1): 1602 (C=O), 1350, 1175
(SO2). 1H NMR (300 MHz, CDCl3) δ (ppm): 1.48 (brs, 2H, CH2CH2CH2), 2.21–2.45 (m,
6H, CH2N(CH2)2), 3.20 (brs, 2H, -CH2-), 3.60 (brs, 4H, N(CH2)2), 6.60–8.20 (m, 12H, ArH).
13C NMR (300 MHz, CDCl3) δ (ppm): 158.66, 147.86, 137.78, 133.77, 133.05, 131.82, 131.01,
128.09, 123.73, 117.31, 113.96, 107.30, 55.13, 52.19, 44.11, 23.18. HRMS (ESI) calculated for
C27H27BrN4O4S [M+H]+ 585.0992; found the following: 585.0924. Analysis calculated for
C27H27BrN4O4S (583.50); C, 55.58; H, 4.66; N, 9.60; found the following: C, 55.62; H, 4.74;
N, 9.33.

3-(4-Bromobenzoyl)-4-hydroxy-2-{3-[4-(2-pyrimidyl)-1-piperazinyl)propyl]}-2H-1,2-
benzothiazine 1,1-dioxide BS30

Yellow powder, 37.30% yield, mp 152–156 ◦C; FT-IR (cm−1): 1600 (C=O), 1340, 1170
(SO2). 1H NMR (300 MHz, CDCl3) δ (ppm): 1.52 (brs, 2H, CH2CH2CH2), 2.20–2.44 (m,
6H, CH2N(CH2)2), 3.20 (brs, 2H, -CH2-), 3.90 (brs, 4H, N(CH2)2), 6.52–8.31 (m, 11H, ArH).
13C NMR (300 MHz, CDCl3) δ (ppm): 170.56, 161.20, 157.82, 137.76, 133.87, 133.12, 131.84,
131.08, 128.14, 123.81, 117.36, 110.65, 55.13, 52.27, 42.15, 23.01. HRMS (ESI) calculated for
C26H26BrN5O4S [M+H]+ 586.0944; found the following: 586.0867. Analysis calculated for
C26H26BrN5O4S (584.48); C, 53.43; H, 4.48; N, 11.98; found the following: C, 53.72; H, 4.56;
N, 11.86.
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2.2. In Vitro Study
2.2.1. Cyclooxygenase Inhibition Assay

To conduct the cyclooxygenase inhibition assay, we utilized a kit from the manufac-
turer that contained 150 μL of assay buffer, 10 μL of heme, and 10 μL of either COX-1 or
COX-2 enzyme. Each sample was prepared in triplicate, with the addition of 10–500 μM of
the test compounds and 10 μM of solvents such as methanol, ethanol, and dimethyl sulfox-
ide (DMSO). We then added 20 μL of N,N,N cent,N cent-tetramethyl-p-phenylenediamine
(TMPD) to each well. Arachidonic acid was introduced to initiate the reaction, which
was allowed to proceed for 2 min. Following the incubation period, the extent of TMPD
oxidation was measured using the multiscan Go microplate reader at a wavelength of
590 nm (Thermo Fisher Scientific, Waltham, MA, USA).

2.2.2. Biological Evaluation
Cell Line and Culture Conditions

NHDF (normal human dermal fibroblast) cells, sourced from the American Type
Culture Collection (ATCC), were maintained in DMEM without phenol red, enhanced with
10% fetal bovine serum (FBS), 2 mM L-glutamine, and 25 μg/mL gentamicin. The cells
were incubated under conditions of 5% CO2, at a temperature of 37 ◦C, and 95% humidity.
We monitored the cells bi-weekly, utilizing or subculturing them once they reached over
70% confluence. For all experimental setups, cells were plated at a density of 10,000 cells
per well and allowed to recover in a CO2 incubator for 24 h.

Tested Compounds

The compounds under investigation were dissolved in DMSO to achieve a final con-
centration of 10 mM and then stored at −20 ◦C. Lipopolysaccharide (LPS) from Escherichia
coli (Sigma-Aldrich, Saint Louis, MO, USA; catalog no. L2630) was dissolved in distilled
water to a concentration of 1 mM. The stock solution of LPS was stored at −20 ◦C for
up to 6 months. Final concentrations of LPS used in this study were 50 μg/mL. Prior
to use, the solutions were thawed at room temperature. For each compound, 8 different
concentrations in the range of 500–10 μM were prepared in the culture medium.

MTT Assay

The cytotoxicity of the test compound was assessed using the MTT assay. After cell
seeding and overnight incubation, the supernatant was removed, and the compounds
were added at concentrations ranging from 500 to 10 μM. Control cells were treated with
complete medium only, while cells treated with medium containing DMSO at the highest
compound concentration were included as the solvent control. After the incubation period,
the supernatant was removed, and 50 μL of a 1.0 mg/mL MTT solution was added to each
well and incubated for 2 h at 37 ◦C. The medium was then removed, and 100 μL of DMSO
was added to each well. Finally, absorbance was measured at 570 nm using a Multiskan
GO spectrophotometer.

Cell viability was calculated according to Equation (1):

(Ai − Am)/(Ac − Am) × 100(Ai − Am)/(Ac − Am) × 100 (1)

where Ai is the absorbance of the tested concentration, Am is the absorbance of the medium,
and Ac is the absorbance of the control. Based on the cytotoxicity test results, the IC50 was
calculated using a 4-point lognormal distribution with a Hill coefficient. Experiments were
performed in triplicate.

Although the data showed a normal distribution, due to the lack of homogeneity of
variance, Welch’s ANOVA was used for analysis. Post-hoc analysis was performed using
Dunnett’s multiple comparison test to identify specific group differences. A significance
level of p < 0.05 was used in all statistical tests. All statistical analyses of the MTT assay

67



Membranes 2024, 14, 274

were performed using GraphPad Prism 8.0.2 software (GraphPad Software Inc., San Diego,
CA, USA).

Inflammation Model

Cells seeded in 96-well plates were treated with 50 ug/mL LPS for 24 h for the MTT
assay or 1 h for the DCF-DA assay. Then, the culture was washed and treated with the
compounds with the most favorable COX-2/COX-1 ratio—BS23 and BS28 at concentrations
of 10, 50, and 100 μM for the next 24 or 1 h. After this time, MTT and DCF-DA assays were
performed according to the procedure described in Wiatrak et al. [22]

Gene Expression of TNF-α and IL-6 Detected by Real-Time RT-PCR

The NHDF cells were treated according to the previously outlined procedure. The
control and LPS groups were incubated separately in culture dishes containing DMEM,
while the test compounds groups were placed in dishes with 10 μM BS23 and BS28,
respectively. After a 24 h incubation at 37 ◦C in a 5% CO2 atmosphere, the NHDF cells
were scraped from the bottom of the microplate using a rubber, and then they were
centrifuged at 9000× g for 5 min. The pellet was washed with ice-cold PBS twice. RNA was
isolated using a Total RNA Mini Plus kit (A&A Biotechnology, Gdańsk, Poland) followed
by DNase I (Thermo Fisher Scientific, Waltham, MA, USA) treatment according to the
producer’s instructions. cDNA synthesis was performed using a Fast Gene Scriptase II
cDNA (Nippon Genetics Europe, Duren, Germany). RT-qPCR analyses were performed
using the DyNAmo Flash SYBR Green qPCR Kit (Thermo Fisher Scientific, Waltham, MA,
USA) and the CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA,
USA) . Relative gene expression was normalized to the reference gene, β-actin, using the
2−ΔΔCT method. The primer sequences utilized in this study were as follows: IL-6: F,
5′-TGTCCCATGCCACTCAGAGA-3′; R, 5′-AGCAGGTGCTCCGGTTGTAT-3′; TNF-α: F, 5′-
AGCCCATGTTGTAGCAAACC-3′; R, 5′-TGAGGTACAGGCCCTCTGAT-3′; β-actin: F, 5′-
CTGTCTGGCGGCACCACCAT-3′; R, 5′-GCAACTAAGTCATAGTCCG-3′. All experiments
were performed at least three times.

In Vitro Antioxidant Assays

2,2-Diphenyl-1-Picrylhydrazyl (DPPH) as an Antioxidant Capacity

The DPPH assay was conducted to assess the radical scavenging capabilities of the
synthesized compounds. Stock solutions of the compounds were formulated in DMSO
and subsequently diluted serially to achieve test concentrations ranging from 500 to 10 μM
in ethanol. Each sample’s ethanolic DPPH solution was treated with the respective test
concentrations and incubated at 37 ◦C. After a 30 min incubation period, the absorbance
was measured at 517 nm, using ethanol as the blank control. Ascorbic acid served as the
reference standard, and the IC50 values for the synthesized compounds were determined
using the following Equation (2):

%DPPH scavenging activity =

(
Abs(control)− Abs (sample)

Abs (control)

)
× 100 (2)

ABTS Assay

The activity of ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)) was
assessed to evaluate the radical scavenging potential of the synthesized compounds. The
ABTS reagent was generated by combining equal volumes of a 7 mM aqueous solution
of ABTS and a 2.45 mM potassium persulfate solution. This mixture was then incubated
in the dark at room temperature for 16 h. Following incubation, the solution was diluted
with ethanol until the absorbance reached approximately 0.7 ± 0.05 at a wavelength of
734 nm. The stock solutions of the synthesized compounds in DMSO were serially diluted
to obtain concentrations ranging from 500 μM to 10 μM in ethanol. The ABTS reagent was
then treated with various concentrations of each compound and incubated in the dark at
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room temperature. After 30 min of incubation, the absorbance was measured at 734 nm,
using ethanol as the blank control. Ascorbic acid served as the standard for comparison,
and the IC50 values for the synthesized compounds were calculated using the following
Equation (3):

%ABTS scavenging activity =

(
Abs(control)− Abs (sample)

Abs (control)

)
× 100 (3)

2.3. Differential Scanning Calorimetry (DSC)

Phospholipids: 1,2-dipalmitoyl-n-glycero-3-phosphatidylcholine (DPPC) and 1,2-
dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC) were obtained from Merck KGaA
(Darmstadt, Germany). Phospholipids were used as delivered without any purification.
Tris-EDTA buffer solution was purchased from Merck KGaA (Darmstadt, Germany).
Meloxicam was purchased in Alfa Aesar (Karlsruhe, Germany).For each calorimetric
sample, 2 mg of phospholipid was dissolved in the appropriate amount of chloroform
stock solution (5 mM) of the compound studied. The compound/lipid molar ratios in the
samples were 0.06, 0.08, 0.10, and 0.12. Then, the solvent was evaporated by a stream of
nitrogen, and the residual solvent was removed under a vacuum for 2 h (Rotary evaporator,
Büchy Poland, Warsaw, Poland). Samples were hydrated by 20 μL of Tris–EDTA buffer
(pH 7.4). Hydrated mixtures of phospholipid, compounds studied, and buffer closed in
Eppendorf tubes were heated (Labnet Dry Bath, Labnet International Inc., Edison, NJ,
USA) to a temperature higher by 10 ◦C than the main phase transition temperature of the
phospholipid used and vortexed (neoVortex, neoLab) until homogeneous dispersion was
obtained. Samples were sealed in aluminum pans type Concavus® (Netzsch GmbH &
Co., Selb, Germany). A pan of the same type, filled with 20 μL of Tris–EDTA buffer (pH
7.4), was employed as a reference. Calorimetric measurements were performed using a
differential scanning calorimeter DSC 214 Polyma (Netzsch GmbH & Co., Selb, Germany)
equipped with an Intracooler IC70 (Netzsch GmbH & Co., Selb, Germany) in the Laboratory
of Elemental Analysis and Structural Research, Faculty of Pharmacy, Wroclaw Medical
University. Measurements of the phospholipid’s main phase transition were performed
using the heat-flow measurement method at a heating rate of 1 ◦C per minute over a
temperature range of 30–50 ◦C in a nitrogen dynamic atmosphere (25 mL/min). Data
were analyzed offline using Netzsch Proteus® 7.1.0 (Netzsch GmbH & Co., Selb, Germany)
analysis software. The transition enthalpies were stated in [J/g]. The measured heat was
normalized per gram of lipid. The calorimeter was calibrated using standard samples from
calibration set 6.239.2–91.3.00 supplied by Netzsch (Netzsch GmbH & Co., Selb, Germany).
All samples were weighed on a Sartorius CPA225D-0CE analytical balance (Sartorius AG,
Gottingen, Germany) with a resolution of 0.01 mg.

2.4. In Silico Study
2.4.1. The Reactivity of Designed Compounds

The structures of arylpiperazine-1,2-benzothiazine derivatives were optimized at
the B3LYP ++6-31G** level of theory in the Gaussian 2016 C.01 software package [23].
The solvent effects were included using the polarization continuum model (PCM) [24].
The reactivity parameters of compounds were calculated by the analogous method. The
Avogadro molecular visualization program was used to visualize the calculated energies of
frontier orbitals [25].

The reactivity of the molecules is related to the calculated energy values of the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
and their energy gap (Δε = εLUMO − εHOMO) [26,27]. Another parameter, the ionization
potential (I) can be expressed as the negative energy of HOMO energy according to Koop-
man’s theory [28]. The electron affinity (A) was calculated as the negative value of LUMO
energy. The methodology of calculation of the remaining global reactivity parameters is
described in detail in the results section.
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2.4.2. Molecular Docking

In the present study, we used the standard docking protocol implemented in the
AutoDock4.2 package to predict the binding mode of ligands to both cyclooxygenase
isoforms (COX-1 and COX-2) [29]. The molecular targets downloaded from the Protein
Data Bank were the structures of COX-1 (PDB ID:4O1Z) and COX-2 (PDB ID:4M11) co-
crystalized with meloxicam [30]. The validation was performed by re-docking of reference
drug into the protein crystal and comparing its position with the original structures. The
root mean square deviation (RMSD) was estimated on the LigRMSD web server to evaluate
the accuracy of docking prediction [31]. Due to the RMSD being found to be less than 2 Å,
we assumed that the binding mode of compounds was correctly predicted. It should be
underlined here that the scoring functions used in the molecular docking give approximate
values of free energy of binding, so the computational results were validated by in vitro
measurements. The preparation method of molecular target and inhibitor structures was
presented in detail in our previous studies preparation [32,33]. According to previous
research, the Lamarckian genetic algorithm is the most efficient and reliable approach
of AutoDock4.2, so it was used with a total of 500 runs for each binding site [34]. The
visualization of obtained results was performed in BIOVIA Discovery Studio visualizer
and a Chimera package [35,36].

3. Results

3.1. Chemistry

The first stage of synthesis of final compounds BS23–BS30 was the condensation of
saccharin 1 with 2-bromoacetophenones substituted in the para position with a fluorine
2c or bromine 2d atom or a methyl 2b or methoxy group 2a (Scheme 1). The next step
was the Gabriel–Colman rearrangement reaction consisting of opening the 1,2-thiazole
ring under the influence of sodium ethoxide at a temperature of 40–55 ◦C. In the second
stage of this reaction, excess sodium ethoxide leads to ring closure by incorporating a
carbon atom and forming a six-membered 1,2-thiazine ring. Subsequently, alkyl (5 and
7) and acyl (6) derivatives of arylpiperazine were obtained. Compounds 5 and 7 were
obtained by alkylation of 1-(2-pyrido)piperazine or 1-(2-pyrimido)piperazine with 1-chloro-
3-bromopropane, whereas compound 6 was obtained by reaction of 1-phenylpiperazine
with chloroacetyl chloride. The last step towards obtaining the planned compounds BS23–
BS30 was the condensation of compounds 4a–d with 5, 6, or 7 in anhydrous ethanol with
the addition of sodium ethoxide (2.3%) at the boiling point of ethanol. The progress of the
reaction was monitored by thin-layer chromatography (TLC). The obtained products were
crystallized from ethanol and then submitted to spectroscopic analyses to confirm their
structure and purity.
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Gabriel-Colman 
rearrangement

Scheme 1. Synthesis of new 1,2-benzothiazine derivatives BS23–BS30.

3.2. Evaluation of COX-1/COX-2 Selectivity and Potency
3.2.1. In Vitro Cyclooxygenase Inhibition Assay

Cyclooxygenase (COX) peroxidase activity was evaluated using a colorimetric assay.
The impact of meloxicam and the analyzed compounds on the activities of both cyclooxyge-
nase isoforms (COX-1 and COX-2) was measured. The incubation period was maintained
at 2 min, following the manufacturer’s guidelines. Considering the well-established side
effects of nonsteroidal anti-inflammatory drugs (NSAIDs), such as aspirin, naproxen, and
ketoprofen, which typically inhibit COX-1, our goal was to compare the effects of newly
synthesized compounds with meloxicam. Meloxicam inhibits both isoforms but has a
higher affinity for COX-2. We determined the concentrations of all compounds required
for 50% inhibition of COX-1 and COX-2. IC50 values were then calculated, and the ratio
of IC50 values for both cyclooxygenase isoforms allowed us to assess the selectivity of the
tested structures for COX-1 and COX-2. The full set of IC50 values for both enzymes and
the selectivity coefficient are shown in Table 1.
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Table 1. IC50 values (mean ± SD) calculated for COX-1 and COX-2 enzymes after incubation for
2 min with the tested compounds, COX selectivity ratio, and IC50 values (mean ± SD) calculated for
NHDF cell cultures after 24 h of incubation with the tested compounds.

Compound

Cyclooxygenase Inhibition Assay

Selectivity Ratio:
(COX-2/COX-1)

MTT Assay IC50

(μM)]
COX-1 COX-2

IC50 [μM] SD IC50 [μM] SD

BS23 241.64 ± 4.2 13.19 ± 2.1 0.05 228.40 ± 28.1
BS24 126.54 ± 3.6 26.34 ± 3.4 0.21 163.46 ± 15.7
BS25 130.96 ± 7.5 62.63 ± 1.7 0.48 200.10 ± 20.9
BS26 128.73 ± 9.1 18.20 ± 4.3 0.14 203.28 ± 22.9
BS27 116.89 ± 4.3 25.55 ± 2.0 0.22 190.60 ± 12.5
BS28 95.88 ± 5.7 12.46 ± 1.9 0.13 179.74 ± 13.6
BS29 124.81 ± 6.7 17.80 ± 2.1 0.14 232.51 ± 11.8
BS30 121.51 ± 3.4 59.22 ± 3.7 0.49 168.50 ± 30.4

meloxicam 267.71 ± 8.1 112.67 ± 3.3 0.42 174.23 ± 20.3

In the cyclooxygenase inhibition assay, BS compounds exhibited varying degrees
of efficacy against COX-1 and COX-2 isoforms, with selectivity ratios (COX-2/COX-1)
indicating a relative preference for COX-2 over COX-1.

3.2.2. Cytotoxicity Assay

Meloxicam demonstrated an IC50 value of 267.71 ± 8.1 μM for COX-1 and
112.67 ± 3.3 μM for COX-2, resulting in a selectivity ratio of 0.42. This indicates that
meloxicam has a moderate preference for inhibiting COX-2 over COX-1. The IC50 value for
meloxicam in the MTT assay was 174.23 ± 20.3 μM.

Among the BS compounds, BS23 exhibited an IC50 value of 241.64 ± 4.2 μM for COX-1
and 13.19 ± 2.1 μM for COX-2, with a selectivity ratio of 0.05. This compound showed a sig-
nificantly higher selectivity for COX-2 compared to meloxicam. Additionally, the IC50 value
in the MTT assay was 228.40 ± 28.1 μM, indicating lower cytotoxicity compared to meloxi-
cam. BS24 had an IC50 value of 126.54 ± 3.6 μM for COX-1 and 26.34 ± 3.4 μM for COX-2,
giving a selectivity ratio of 0.21. This selectivity is still more pronounced for COX-2 than
for meloxicam, with an IC50 value in the MTT assay of 163.46 ± 15.7 μM, indicating slightly
higher cytotoxicity. BS25 had IC50 values of 130.96 ± 7.5 μM for COX-1 and 62.63 ± 1.7 μM
for COX-2, with a selectivity ratio of 0.56. This compound showed a lower selectivity for
COX-2 compared to meloxicam, with an IC50 value in the MTT assay of 200.10 ± 20.9 μM.
BS26 showed IC50 values of 128.73 ± 9.1 μM for COX-1 and 18.20 ± 4.3 μM for COX-2,
with a selectivity ratio of 0.14, indicating greater selectivity for COX-2 than meloxicam.
Additionally, this compound showed lower cytotoxicity compared to meloxicam, with an
IC50 value of 203.28 ± 22.9 μM. BS27 had IC50 values of 116.89 ± 4.3 μM for COX-1 and
25.55 ± 2.0 μM for COX-2, with a selectivity ratio of 0.22, also indicating greater selectiv-
ity for COX-2 than meloxicam. Its MTT assay IC50 was 190.60 ± 12.5 μM. BS28 showed
IC50 values of 95.88 ± 5.7 μM for COX-1 and 12.46 ± 1.9 μM for COX-2, with a selectivity
ratio of 0.13, indicating a strong preference for COX-2 over COX-1 and better selectivity
than meloxicam. Its MTT assay IC50 was 179.74 ± 13.6 μM. BS29 presented IC50 values of
124.81 ± 6.7 μM for COX-1 and 17.80 ± 2.1 μM for COX-2, with a selectivity ratio of 0.14,
indicating higher selectivity for COX-2 compared to meloxicam. Its MTT assay IC50 was
232.51 ± 11.8 μM. BS30 had IC50 values of 121.51 ± 3.4 μM for COX-1 and 59.22 ± 3.7 μM
for COX-2, with a selectivity ratio of 0.49, which is comparable to meloxicam. Its MTT
assay IC50 was 168.50 ± 30.4 μM, indicating slightly higher cytotoxicity.

In summary, many BS compounds showed higher selectivity for COX-2 over COX-1
compared to meloxicam, with BS23, BS26, BS28, and BS29 demonstrating particularly
strong selectivity for COX-2. This suggests that these compounds may have potential
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advantages as anti-inflammatory agents with fewer side effects associated with COX-
1 inhibition.

The simplification by removing the nitrogen atom from the aromatic rings appears
to be beneficial. These modifications significantly increase the selectivity for COX-2. For
example, BS23, in which piperazine has a pyridine ring instead of pyrimidine, shows
a strong preference for COX-2 with a selectivity coefficient of 0.05 compared to 0.42 for
meloxicam. This suggests that removing the nitrogen atom may reduce interactions with
COX-1, thereby increasing the selectivity for COX-2.

Additionally, introducing halogen atoms (e.g., fluorine and bromine) into the structure
may affect the binding affinity for COX enzymes. For instance, BS26, BS28, and BS29,
which contain a fluorine or bromine atom, show selectivity coefficients of 0.14, 0.13, and
0.14, respectively, indicating an increased selectivity for COX-2.

The structural modifications in BS compounds highlight the delicate balance between
achieving high COX-2 selectivity and maintaining low cytotoxicity. Removing specific
atoms, simplifying ring structures, and introducing or removing functional groups can
significantly impact the binding affinity and selectivity toward COX enzymes.

3.3. The Interactions with Phospholipid Bilayers

Cyclooxygenase is a membrane protein, associated with the phospholipid bilayer
surrounding the endoplasmic reticulum, as well as the cell nucleus, which is why it is so
important to investigate the interaction of new compounds with model membranes.

In the present work, we have used differential scanning calorimetry (DSC) to deter-
mine the interactions of studied compounds with phospholipid bilayers as artificial models
of biological membranes.

The impact of two studied compounds on the lipid thermal behavior is presented
in Figure 3, showing the example thermograms of DPPC mixed with BS23 and BS24 at
different molar ratios. The addition of the compounds caused the disappearance of the
DPPC pretransition and concentration-dependent shift of the main transition temperature
towards lower values, accompanied by a decrease in the transition peaks area and the
broadening of the peaks. Despite the slight difference in the chemical structure of both
compounds (pyrimidine instead of pyridine), the effects are more pronounced for BS24

(Figure 3B) than for BS23 (Figure 3A).

Figure 3. The exemplary thermograms obtained for DPPC mixed with compounds: (A) BS23 and
(B) BS24 as well as for pure lipid (the first curve from the top—black color): DPPC molar ratios
from the top to the bottom: 0 (pure lipid), 0.06, 0.08, 0.10, and 0.12; the direction of the endothermic
reaction is upwards.

All examined compounds decreased the main transition temperature of DPPC in
a concentration-dependent manner (Figure 4A). The addition of studied compounds to
DPPC also resulted in the broadening of the transition peaks. Moreover, all examined
compounds decreased the enthalpy of the DPPC main phase transition. In the case of all
DPPC gel–liquid crystalline phase transition parameters, the most pronounced effects were
found for compounds BS24, BS23, and BS30.
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Figure 4. Influence of all studied compounds on the DPPC main transition temperature (A); in-
fluence of two studied compounds (BS24 and BS27) and meloxicam on the DPPC main transition
temperature (B).

Compounds BS26 and BS27 had the smallest impact on the transition temperature.
The BS27 compound with the highest molar ratio (0.12) lowered the temperature of the
main phase transition to 39.2 ◦C, which is a reduction in the transition temperature of the
DPPC phospholipid by only 2 ◦C. The BS27 compound at the same concentration reduced
the temperature to 39.075 ◦C, i.e., by 2.13 ◦C compared to the pure DPPC phospholipid.
The greatest impact on the main transition temperature change was observed for the
compounds BS23, BS24, and BS30. For example, for the BS24 compound in the highest test
compound: the lipid ratio, the change in the temperature of the main phase transformation
in relation to the pure DPPC phospholipid, was 4.425 ◦C. All tested compounds had a more
pronounced effect on model phospholipid membranes than meloxicam (Figure 4).

Figure 5 shows the influence of studied compounds on the DPPC peak half-width
of the DPPC main phase transition. Each compound tested caused an increase in the
half-width of the main phase transition peak in relation to the pure DPPC. The following
compounds had the smallest impact on this parameter: BS25, BS26, and BS27. For example,
BS25 and BS27 at the highest molar ratios broadened the main phase transition peak by
only 1.25. The greatest increase in the half-width of the DPPC main phase transition was
caused by BS24 and BS30. (The changes in the DPPC peak half-width in relation to the
pure phospholipid for these derivatives were 2 and 2.125).

Figure 5. Influence of studied compounds on the DPPC peak half-width.

All examined compounds decreased the main transition temperature of DPPC and
DMPC, so they perturbed the phospholipid multi-bilayer structure. The stronger change in
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this parameter was observed in the presence of DMPC (Figure 6 open symbols) in compari-
son to DPPC (Figure 6 full symbols). The greatest reduction in Tm was demonstrated by
the following compounds: BS23, BS25, and BS30 in comparison to DMPC. The smallest
effect on the main transition temperature was observed for compounds BS26 and BS27 for
DPPC. DMPC is a phospholipid with a shorter acyl chain than DPPC. The weaker inter-
actions between hydrocarbon chains and the more loosely packed structure of DMPC in
comparison to DPPC, could provoke easier compound incorporation into bilayers formed
from DMPC.

Figure 6. Relative main transition temperature (Tm/Tm
0) for DPPC and DMPC in the presence of

studied compounds at compound: phospholipid molar ratio 1:10; Tm
0—the main transition tempera-

ture for pure lipid; Tm—the main transition temperature in the presence of studied compounds at
compound: phospholipid molar ratio 1:10; full symbols—DPPC, open symbols—DMPC.

3.4. Anti-Inflammatory Properties of Designed Compounds
3.4.1. Inflammation Assay

NHDF cell cultures were treated with LPS at a concentration of 50 μg/mL to induce
pro-inflammatory cytokines such as IL-1β, TNF-α, and IL-6 through the activation of the
TLR4 pathway [37]. Subsequently, the cells were treated with selected compounds BS23

and BS28 due to their favorable COX2/COX1 ratio. The results are presented in Figure 7A.
Within the tested concentration range, the cell viability after treatment with BS23 was
around 70% of the value for untreated (control) cells. For BS28 at the same concentrations,
the absorbance values ranged between 0.64 and 0.68. Additionally, the absorbance value
for LPS was 0.56. Compared to the LPS control, both compound samples showed higher
cell viabilities, suggesting that these compounds may reduce LPS-induced cytotoxicity. The
BS23 compound exhibited a slightly stronger protective effect than BS28.
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Figure 7. Anti-inflammatory effect after incubation of NHDF cells with lipopolysaccharide (LPS)
and then the tested compounds. The black column presents the BS23 compound and the white
column the BS28 compound. (A) MTT assay; (B) DCF-DA assay. Data presented as a mean and
SD; * p < 0.05—significant difference compared to the control (cells with only medium); # p < 0.05
significant difference compared to the positive control (cells treated with only LPS).

The results presented in Figure 7B pertain to the ROS (reactive oxygen species) test us-
ing DCF-DA, conducted on NHDF cells incubated with LPS at a concentration of 50 μg/mL
for 1 h, followed by treatment with compounds BS23 and BS28 for an additional hour. For
both tested compounds, BS23 and BS28, within the examined concentration range, the
ROS values were similar to the ROS levels in the control culture (cells incubated in medium
only). These values were significantly lower than those for the LPS control, where the ROS
level was nearly twice as high compared to the control (medium culture), with a value
of 1.76.

3.4.2. Effect of New Meloxicam Derivatives on the Cytokine mRNAs Level in
Inflamed Cells

After a 24 h incubation period of inflamed normal human dermal fibroblast (NHDF)
cells with meloxicam derivatives, specifically BS23 and BS28, the expression of pro-
inflammatory cytokines TNF-α and IL-6 was assessed through real-time RT-PCR analysis
(Figure 8). Compared to the control group, the lipopolysaccharide (LPS)-treated cells exhib-
ited a significant upregulation of TNF-α (Figure 8 left panel) and IL-6 (Figure 8 right panel),
demonstrating that LPS stimulation effectively induces the expression of genes associated
with inflammatory responses. Conversely, treatment with meloxicam derivatives (BS23

and BS28) markedly reduced the expression levels of TNF-α and IL-6 in comparison to the
LPS group. These findings suggest that BS23 and BS28 may suppress inflammation by
inhibiting the gene expression of key pro-inflammatory cytokines in inflamed NHDF cells.

The observed anti-inflammatory effects of BS23 and BS28 align with previous re-
search on nonsteroidal anti-inflammatory drug (NSAID) derivatives, which have been
shown to mitigate the inflammatory response by targeting pathways that regulate cytokine
production. Studies suggest that TNF-α and IL-6 play pivotal roles in mediating chronic
inflammation and are often used as biomarkers to assess the efficacy of anti-inflammatory
treatments [38]. The significant downregulation of these cytokines following treatment
with meloxicam derivatives highlights their potential therapeutic value. Similar outcomes
have been reported with other NSAID analogs, which also demonstrate the capacity to
inhibit pro-inflammatory gene expression, thereby reducing the overall inflammatory re-
sponse [39]. Further exploration into the molecular mechanisms underlying the action of
BS23 and BS28 could provide valuable insights into their clinical applications.
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Figure 8. Relative expression of TNF-α (left panel) and IL-6 (right panel) in NHDF cells. (A)
Control—only NHDF cells, (B) NHDF cells incubated with lipopolysaccharide (LPS), (C) NHDF cells
incubated with lipopolysaccharide (LPS) treated with 10 μM of BS23, and (D) NHDF cells incubated
with lipopolysaccharide (LPS) treated with 10 μM of BS28. The values represent mean ± SD from
three experiments. * p < 0.05—significant difference compared to the control (cells with only medium);
# p < 0.05 significant difference compared to the positive control (cells treated with only LPS).

3.4.3. Antioxidant Assays

The antioxidant properties of meloxicam and its synthesized derivatives (BS23–BS30)
were evaluated using two different in vitro assays, reflecting the common practice of
applying methods to assess the antioxidant capacity of a sample [40]. The + radical
scavenging of these compounds was summarized using IC50 values (Table 2).

Table 2. IC50 values of test compounds in relation to ABTS and DPPH inhibition. The results are
presented as mean values ± SD. n = 3.

Compound
ABTS Assay

IC50 [μM]
DPPH Assay

IC50 [μM]

BS23 54.21 ± 2.2 >500
BS24 63.22 ± 2.8 >500
BS25 75.26 ± 1.4 >500
BS26 83.72 ± 3.2 >500
BS27 83.34 ± 2.5 >500
BS28 88.44 ± 1.9 >500
BS29 53.74 ± 1.7 >500
BS30 88.28 ± 1.6 >500

meloxicam 89.45 ± 1.5 >500
ascorbic acid 124.27 ± 2.3 218.31 ± 1.8

Commonly employed assays like DPPH and ABTS are widely recognized for assessing
the radical scavenging potential of compounds by measuring their capacity to neutralize
free radicals or donate hydrogen atoms, thereby determining antioxidant activity [41]. The
ABTS assay is considered superior to DPPH due to its solubility in both water and organic
solvents and its quicker reaction rate with the test compounds [42]. The interaction of the
tested compounds with the stable DPPH radical demonstrated their free radical scavenging
ability, with this interaction being concentration dependent. However, the IC50 values for
meloxicam and its derivatives in the DPPH assay exceeded 500 μM. In contrast, in the ABTS
radical scavenging assay, the meloxicam derivatives displayed a notably higher scavenging
potential in a concentration-dependent manner compared to both meloxicam and ascorbic
acid (standard antioxidant). While meloxicam is known to possess inherent antioxidant
properties and has been reported to reduce reactive oxidant formation [43], its derivatives
like BS23 and BS28 significantly improved its ABTS radical scavenging capacity.
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3.5. The Reactivity of Designed Compounds

It is well known that frontier molecular orbital energies can be used to determine
various reactivity parameters of compounds. The ability of molecules to donate electrons is
indicated by the high value of HOMO energy. The compounds with a low value of LUMO
energy are capable of accepting electrons. Therefore, the visualization of these orbital
features enables the identification of molecular regions responsible for interactions in the
molecular target pocket. As presented in Table 3 and in the Supplementary Materials, the re-
gions of high electron density in the case of pyrimidinylpiperazine derivatives (BS24, BS30)
are localized on 1,2-benzotiazine fragment of molecules. Such a distribution of electron
density may indicate the region of compounds capable of scavenging free radicals as well
as the area participating in charge transfer, hydrophobic, and π-stacking interactions. In the
cases of compounds BS23, BS25, BS26, BS28, and BS29, the region of high electron density
is localized on phenylpiperazine and pyridinylpiperazine fragments. In all considered
compounds, LUMO orbitals existed over a phenyl ring with various alkyl substituents.

Table 3. The distribution map of HOMO/LUMO densities and the HOMO-LUMO gap (Δε) of
compounds BS23, BS24, and BS28. The negative electron density is presented in blue color while the
red color indicates the positive electron density.

HOMO Δε LUMO

BS23
3.523 eV

BS24
3.600 eV

BS28
2.997 eV

It should be also mentioned that the HOMO-LUMO energy gap determines the
stability and reactivity of the molecules. Namely, the larger energy gap indicates the lower
reactivity and the greater stability of molecular systems. According to the data presented
in Table 3, compound BS24 has the largest value of Δε (3.600 eV), which suggests its lower
reactivity and greater stability. Compound BS29 is characterized by the lower value of
the gap. It indicates higher reactivity of the system. The energy of HOMO orbitals of the
molecules corresponds with their ionization potential (I). Due to the lowest value of the I
compound, BS28 shows better donor electron properties than other derivatives. On the
other hand, the largest values of electron affinity of BS29 and BS30 suggest their ability to
accept electrons.

A = −ELUMO; I = −EHOMO; η =
I − A

2
; s =

1
2η

; μ =
−(I + A)

2
; χ =

(I + A)

2
; ω =

μ2

2η
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The next parameter, the hardness of molecules (η), can be calculated following Expres-
sion (4):

η =
I − A

2
(4)

based on Janak’s theorem [44]. The second related parameter, namely softness (s), is
calculated from Equation (5).

s =
1

2η
(5)

Both could be useful in determining the intermolecular charge transfer phenomenon
of molecular systems. It is known that the hardness increases while the polarizability
of molecules decreases. Additionally, η and s determine the stability and reactivity of
compounds.

Compound BS24 is characterized by the highest value of hardness (4.726), and com-
pound BS28 is the softest molecule (0.116).

Another parameter based on the thermodynamic properties of the molecules is the
global electrophilicity index (ω) expressed by Equation (6) [45].

ω =
μ2

2η
(6)

The electrophilicity index is defined as the change of energy due to the flow of electrons
between the donor and acceptor groups of molecules. Studies have shown an existing
correlation between ω and the biological activity of compounds [46]. It is clear from
Table 4 that compounds BS28, BS29, and BS30 are characterized by the highest values of
electrophilicity indexes and can therefore be the most biologically active.

Table 4. Energy of HOMO/LUMO orbitals and other reactivity parameters [eV].

HOMO LUMO GAP I A η s μ χ ω

BS23 −5.764 −2.241 3.523 5.764 2.241 4.643 0.107 −3.993 3.993 1.717
BS24 −5.853 −2.253 3.600 5.853 2.253 4.726 0.105 −4.053 4.053 1.737
BS25 −5.762 −2.370 3.392 5.762 2.370 4.570 0.109 −4.066 4.066 1.806
BS26 −5.769 −2.437 3.332 5.769 2.437 4.550 0.109 −4.103 4.103 1.849
BS27 −5.886 −2.449 3.437 5.886 2.449 4.661 0.107 −4.167 4.167 1.862
BS28 −5.576 −2.579 2.997 5.576 2.579 4.286 0.116 −4.077 4.077 1.939
BS29 −5.764 −2.591 3.173 5.764 2.591 4.468 0.111 −4.177 4.177 1.952
BS30 −5.908 −2.591 3.317 5.908 2.591 4.612 0.108 −4.249 4.249 1.957

Very important parameters are the chemical potential of the molecule (μ) and its
electronegativity (χ). The first one describes the charge transfer within a system in the
ground state and can be expressed as follows (see Equation (7)).

μ =
−(I + A)

2
(7)

Compound BS30 has the greatest value of chemical potential, so it is the most reactive
of all derivatives. Electronegativity measures the attraction of an atom for electrons in a
covalent bond numerically; it can be expressed with Equation (8).

χ =
(I + A)

2
(8)

According to the calculations, compound BS30 had a higher value χ and better
electron-attracting capability than others.
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3.6. Molecular Docking Studies

According to the scoring function including free enthalpy of binding, all designed
compounds show a slightly stronger binding affinity for COX-2 (see Table in the Supple-
mentary Materials). The data are in agreement with this experimental study. The value
of ΔGbinding, which can characterize the ability of compounds to bind to the active site of
protein, varies from −15.1 kcal/mol to −15.6 kcal/mol (Table 5).

Table 5. Intermolecular interactions in the active center of COX-2.

ΔGbinding

[kcal/mol]
Van Der Waals Hydrogen Bonds π-Type Interactions

BS23 −15.6
Leu93, Met113, Leu117, Ser119,
Ser353, Tyr355, Leu359, Phe381,

Tyr385, Trp387, Leu534
Ser530

Val116, Arg120, Ile345,
Leu384, Gly526, Leu531,

Met535

BS24 −15.3
Leu93, Met113, Leu117, Ser119,
Phe205, Phe209, Tyr348, Leu359,
Phe381, Trp387, Val523, Gly526

Ala527, Ser530, Leu531
Val116, Ile345, Val349,

Leu352, Tyr366, Leu534,
Met535

BS25 −15.2

Leu93, Met113, Ser119, Ser353,
Tyr355, Leu359, Phe381, Leu384,
Trp387, Phe518, Gly526, Ser530,

Leu534

Ala527 Val116, Arg120, Ile345,
Leu352, Val523, Met535

BS26 −15.1
Leu117, Ser353, Phe357, Phe381,
Leu384, Tro387, Gly526, Phe518,

Ser530, Leu531, Leu534,
Arg120, Tyr355 Val116, Leu359, Val349,

Leu352, Met522, Ala527

BS27 −15.4 Met113, Leu117, Ser353, Phe381,
Tyr385, Trp387 Arg120, Ser530

Val116, Leu351, Leu384,
Leu534, Met535, Met522,

Gly526

BS28 −15.4

Val89, Leu93, Met113, Leu117,
Ser119, Ser353, Leu534, Tyr355,
Leu359, Phe381, Tyr385, Trp387,

Phe518, Ser530

Ala527 Val116, Ile345, Gly526,
Leu531

BS29 −15.5
Leu93, Met113, Leu117, Ser119,
Ser353, Leu534, Tyr355, Leu359,
Phe381, Trp387, Phe518, Ser530

Ala527 Val116, Ile345, Leu352,
Leu531

BS30 −15.6 Leu117, Ser353, Phe381, Leu384,
Tyr385 Arg120, Ser530

Met113, Val116, Ile345,
Trp387, Met522, Gly526,
Leu531, Met535, Leu543

As presented, the potency of binding to the COX-2 active site in all considered cases
is almost the same. The structural modifications of compounds influence insignificantly
their binding mode. All designed inhibitors can bind to the specific binding pocket arising
in the structure of COX-2 due to the presence of Val523 instead of Ile523 and the change
of Tyr355 conformation in the structure of COX-2 [47]. The specific cavity is created
by Leu352, Ser353, Tyr355, Phe518, and Val523. As presented in Figure 9, compound
BS23 can form one hydrogen bond with Ser530 as a classic anti-inflammatory agent. The
pyridinylpiperazine moiety binds to COX-2 through π-type and van der Waals interactions
with Leu384, Met522, Val349, Val523, Gly526, and Ala527 and Phe381, Tyr385, and Trp387,
respectively. As determined, the benzothiazine scaffold is responsible mainly for van der
Waals interactions with Met113, Leu117, Ser353, and π-type forces with Ile345, Leu531, and
Met535 amino acid residues. A similar mode of binding exhibits remaining derivatives (see
Supplementary Materials).
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Figure 9. The binding mode of meloxicam (blue and top) and compound BS23 (pink and bottom) in
the active center of COX-2.

The data obtained for the COX-1 in complex with designed inhibitors are presented in
detail in the Supplementary Materials.
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4. Discussion

Our study presents a comprehensive analysis of synthesized 1,2-benzothiazine deriva-
tives in terms of their potential for anti-inflammatory and antioxidant activity. The results
revealed the selective activity of compounds towards COX-2, with some compounds
showing significant COX-2 preference compared to meloxicam. The selectivity is advan-
tageous for reducing side effects, aligning with literature on selective COX-2 inhibitors,
which suggests their reduced risk of gastrointestinal adverse effects common in COX-1
inhibitors [48–50]. As presented in Table 1, the most selective compound is BS23; how-
ever, compound BS24, BS25, BS27, BS28, and BS29 show a better selectivity profile than
meloxicam. Only two of the proposed derivatives have selectivity close to that of the
reference drug (selectivity ratio: (COX-2/COX-1) about 0.40). On the other hand, only
compounds BS24 and BS30 show greater toxicity than meloxicam. Many studies discussed
the structural factors determining for COX-2 selectivity of NSAID derivatives, reinforcing
the current study’s approach. The binding site of COX-2 is predominantly hydrophobic,
facilitating interactions with lipophilic substrates and inhibitors. The presence of polar
amino acid residues such as Arg120 and Ser530 allows hydrogen bonding, which is critical
for selectivity. In addition, the side pocket of COX-2 is more flexible than that of COX-1,
allowing the accommodation of bulkier substituents in selective inhibitors. According to
molecular docking proposed compounds similar to classic nonsteroidal anti-inflammatory
drugs (diclofenac) can form hydrogen bonds with Arg120, Tyr355, and Ser530 [51]. As
presented in Table 5, compounds BS23 and BS30 form two hydrogen bonds with arginine
and serine amino acid residues of COX-2. On the other hand, similar to meloxicam, all
compounds occupy the hydrophobic pocket and are surrounded by Ser353, Leu384, Tyr385,
Trp387, Val523, and Met522, and the differences in free energy of binding are negligible [47].

The selectivity of inhibitors with various structural modifications was analyzed by
Gautam et al. [47]. They proved that specific substitutions, such as halogens and nitrogen-
based groups, enhance COX-2 binding affinity while reducing interactions with COX-1.
There are also some studies on benzo[d]thiazol derivatives that indicate a significant
role of halogens as electron-withdrawing substituents in determining anti-inflammatory
properties providing the best orientation within the active site of COX-2 [52]. This structural
approach is reflected in the results of our study, particularly with compounds like BS26,
BS28, and BS29, where halogen groups improve COX-2 selectivity. Another study on
oxicam analogs revealed that slight changes in molecular structure can significantly impact
COX binding [30]. As can be seen from Table 1, removing nitrogen atoms from aromatic
substituent appears to be important for selectivity (compound BS28). The replacement
of the methoxy group with a methyl substituent in the BS24 structure results in reduced
selectivity. As we know, the methoxy group is a strong electron donor substituent. When
attached to an aromatic ring, it increases the electron density of the ring, which can improve
π–π stacking interactions with the hydrophobic regions of the COX-2 active site. As
concluded in the earlier studies on pyrazole analogs with methoxy substituents, these
groups contribute additionally hydrogen bonding with residues like Lys68, Tyr108, and
Arg106, increasing binding energy and improving COX-2 inhibition compared to the
selective inhibitor celecoxib. Figure 9 and Figure S18 clearly show that compounds with the
methoxybenzene moiety (BS23 and BS24) promote π-type interactions with amino acids of
the protein. As presented, the methoxybenzene ring of compound BS23 can interact with
Val116 and Arg120 via π–σ and π–cation interactions, respectively. In the case of compound
BS24, π–alkyl and π–π T shape interactions with Val116 and Tyr355 localized specifically
for the COX-2 cavity are possible.

Drugs that are COX inhibitors should also interact with cell membranes. The natural
substrate for COX is arachidonic acid, which occurs among the phospholipids of the cell
membrane. COX is a membrane-bound protein of the endoplasmic reticulum. Potential
COX inhibitors should have some ability to interact with the cell membrane to enter the COX
channel containing its active site. A potential NSAID candidate must therefore demonstrate
an appropriate level of lipophilicity and interaction with the cell membrane. Additionally,
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interaction with the model membrane will therefore be more informative about whether
the compound can penetrate membranes, be absorbed from the gastrointestinal tract, and
have an affinity for the membrane. The results of the DSC measurements show that the
studied compounds can interact with the phospholipid phase of the membrane. In the case
of all phospholipid gel–liquid crystalline phase transition parameters, the most pronounced
effects were found for compounds BS23, BS24, and BS30. The vanishing of phospholipid
pretransition, broadening of transition peaks, and decrease in the main transition tem-
perature of the phospholipid may suggest that the studied compounds interact with the
phospholipid head groups, changing lipid packing, probably by increasing the spacing
between lipid heads, which may result in disruption in the rippled phase of the DPPC.
Zambrano et al. published a revision of using the differential scanning calorimetry method
in investigating drug–membrane interactions. They concluded that the DSC method enables
understanding the impact of the studied compounds on lipid packing and stability of the
phospholipid bilayer [52]. There are some data concerning selected NSAIDs analyzed by
Lichtenberger et al. using a model membrane made of DPPC. The obtained results indicated
that these drugs interact with non-charged phospholipids contained in the mucosa of the
stomach and intestines by forming complexes with them. This interaction may promote
the gastrotoxic effect of those medicines [53]. Lucio et al., on the other hand, showed that
acemetacin, indomethacin, and nimesulide influenced the phase transition temperature of
the model membrane. It was concluded that this effect may have a negative impact on the
gastrointestinal mucosa, which is associated with the occurrence of side effects of these
medicines [54]. The thermal effects of selected oxicam derivatives were also evaluated by
Kyrikou et al. using the DSC method. Their results were similar to ours. The perturbing
effect of the drugs exerted on DPPC model membranes resulted in a decrease in the main
phase transition temperature and in the broadening of the transition peaks [55].

As presented in the Results section, the anti-inflammatory potential was further sup-
ported by in vitro assays, showing that both BS23 and BS28 decreased levels of TNF-
α and IL-6, cytokines crucial to inflammation pathways in lipopolysaccharide (LPS)-
stimulated cells. Additionally, both derivatives visibly reduce the expression levels of
pro-inflammatory cytokines in comparison to the LPS group. Hence, compounds can in-
hibit the gene expression of TNF-α and IL-6 in inflamed cells. This is consistent with reports
on other NSAID analogs. Shabbir et al. examined 3-ethoksyhydroxyphenyl derivatives
of benzothiazines (EHP). They showed that treatment of EHP significantly reduces pro-
inflammatory tissue necrosis factor-α and interleukin-17 [56]. Our results demonstrated a
robust correlation between the compounds’ COX inhibitory activity and their antioxidant
properties. Several compounds exhibited promising anti-inflammatory activity and favor-
able reactivity profiles including the capacity to neutralize ROS. Additionally, analyzed
derivatives (BS28 and BS29) are characterized by the high value of electrophilicity indexes,
which is a potential predictor of inflammatory activity. Compound BS28 demonstrated
the lowest value of the HOMO-LUMO gap indicating a stronger tendency to react with
free radicals. The antioxidant capacity of proposed compounds also aligns with an ear-
lier study. Erturk et al. proved that NSAID derivatives with strong radical scavenging
properties not only reduce inflammation but also mitigate oxidative stress associated with
chronic inflammatory conditions [43]. The analysis of structurally similar compounds
showed the correlation between the reactivity of thiazine derivatives and their biological
properties [57].

In summary, the following structural elements should be considered when designing
selective COX-2 inhibitors:

• The substitution of Ile523 in COX-1 with Val523 in COX-2 creates space for selective
inhibitors with bulky hydrophobic groups; therefore, compounds with the specific
side chains that exploit this pocket should be designed (e.g., 1-(2-pyrido)piperazine
fragment of our compounds);

• The sulfonamide group able to interact with polar amino acid residues as arginine or
serine via hydrogen bonds (BS23, BS24, BS26, BS27, and BS30);
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• Halogen atoms enhance binding affinity and selectivity by improving hydrophobic
and dipole interactions within the COX-2 pocket;

• Aromatic scaffolds enhance π–π stacking interactions with hydrophobic residues in
COX-2;

• Methoxy substituent, which contributes to increased hydrophobic interactions within
the binding pocket and enhances π–π stacking with aromatic residues in the COX-2
active site (compound BS23 and BS24).

5. Conclusions

Our findings suggest that the 1,2-benzothiazine derivatives could serve as potential
lead candidates for the development of novel anti-inflammatory agents. They could induce
a dual therapeutic effect, both inhibiting COX-2 and reducing ROS levels, potentially im-
proving therapeutic outcomes in oxidative stress-driven inflammatory diseases. The data
revealed that all compounds exhibit high or moderate selectivity towards the cyclooxy-
genase 2 isoform and low cytotoxicity in comparison to the reference drug. It is certain,
however, that further in vivo studies are warranted to validate their therapeutic efficacy
and safety.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/membranes14120274/s1, Figure S1: 1H NMR spectrum of BS23
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CDCl3; Figure S12: 13C NMR spectrum of BS28 in CDCl3.; Figure S13. 1H NMR spectrum of BS29 in
CDCl3; Figure S14: 13C NMR spectrum of BS29 in CDCl3; Figure S15: 1H NMR spectrum of BS30

in CDCl3; Figure S16: 13C NMR spectrum of BS30 in CDCl3. Figure S17: The distribution map of
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color indicates the positive electron density; Figure S18: The binding mode of designed compound
BS24—COX-2 in the active center of COX-2; Figure S19: The binding mode of designed compound
BS25—COX-2 in the active center of COX-2; Figure S20. The binding mode of designed compound
BS26—COX-2 in the active center of COX-2; Figure S21: The binding mode of designed compound
BS27—COX-2 in the active center of COX-2; Figure S22: The binding mode of designed compound
BS28—COX-2 in the active center of COX-2; Figure S23: The binding mode of designed compound
BS29—COX-2 in the active center of COX-2; Figure S24: The binding mode of designed compound
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Abstract: The viscoelastic properties of biological membranes are crucial in controlling cellular func-
tions and are determined primarily by the lipids’ composition and structure. This work studies these
properties by varying the structure of the constituting lipids in order to influence their interaction
with high-density lipoprotein (HDL) particles. Various fluorescence-based techniques were applied
to study lipid domains, membrane order, and the overall lateral as well as the molecule–internal
glycerol region mobility in HDL–membrane interactions (i.e., binding and/or cargo transfer). The
analysis of interactions with HDL particles and various lipid phases revealed that both fully fluid
and some gel-phase lipids preferentially interact with HDL particles, although differences were
observed in protein binding and cargo exchange. Both interactions were reduced with ordered
lipid mixtures containing cholesterol. To investigate the mechanism, membranes were prepared
from single-lipid components, enabling step-by-step modification of the lipid building blocks. On
a biophysical level, the different mixtures displayed varying stiffness, fluidity, and hydrogen bond
network changes. Increased glycerol mobility and a strengthened hydrogen bond network enhanced
anchoring interactions, while fluid membranes with a reduced water network facilitated cargo trans-
fer. In summary, the data indicate that different lipid classes are involved depending on the type of
interaction, whether anchoring or cargo transfer.

Keywords: lipoprotein; membrane order; Laurdan polarity; hydrogen bond network; glycerol
region mobility

1. Introduction

The structure and organization of cell membranes are of significant interest, partic-
ularly in the context of lipid–protein interactions. In addition to maintaining membrane
integrity and acting as signaling molecules, lipids play a structural role in shaping physical
membrane properties. Membranes can exhibit multiple possible phase states and their
properties are determined by the constituting lipid structure [1]. Moreover, membrane
properties such as lateral fluidity strongly depend on temperature. At sufficiently low
temperatures, the solid-like gel [2] phase is characterized by low lateral lipid motion [3],
high lipid packing/membrane order, and a low level of membrane hydration [4]. Above
the phase transition temperature (i.e., at the “melting” temperature Tm), lipids form the
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so-called liquid-disordered Ld (also known as fluid, liquid–crystalline, or lamellar Lα)
phase. The Tm value strongly depends, among other parameters, on the saturation of the
fatty acid chains. In the presence of cholesterol (Chol) or similar sterols another phase
emerges, known as the liquid-ordered Lo phase [5]. Compared to gel phases, the Lo and
Ld phases demonstrate lipid diffusion, though in the case of Lo phases, this diffusion is
reduced due to the lipid composition [6–9]. Furthermore, it also exhibits similarities to the
gel phase with regard to membrane order and lipid packing. The Ld and Lo phases can
coexist, and their size and lifetime are variable and temperature-dependent [1,10]. Their
inherent stability (i.e., not merging into a single, larger domain) depends on a high-energy
barrier due to domain curvature at the phase boundaries [11].

Glycerophospholipids, where acyl fatty acid chains are attached to a glycerol backbone
by ester or ether bonds, are the main lipid constituent of biological membranes. Ether lipids
are a substantial structural component in cell membranes, representing around 20% of the
total phospholipid content in mammals [12]. Their most significant contribution is to the
membranes of the brain, heart, kidneys, lungs, skeletal muscle, and immune system [13].
Plasmalogens, the most abundant form of ether lipids, distinguished by a cis double bond
adjacent to the ether linkage, are notably concentrated in the Chol-rich regions of mem-
branes [14,15]. They play a crucial role in facilitating cellular Chol efflux [16]. Notably, the
liver contains a very low amount of ether lipids. Comprising Chol esters and triglycerides
surrounded by a shell of phospholipids, Chol, and proteins, high-density lipoprotein (HDL)
particles facilitate the transport and transfer of non-water-soluble substances to and from
cells. HDL particles, which are secreted by the liver and contain approximately 20–30%
plasmalogens relative to their total glycerophospholipid pool, transport plasmalogens
to other tissues, thus depleting the liver of ether lipids [17]. Cholesterol is an essential
building block, comprising up to 40 mol% [18] and, in certain specialized membrane en-
vironments, reaching up to 50% [19] in eukaryotic plasma membranes, where it plays a
crucial role in regulating membrane fluidity. Notably, Chol enrichment slows down ether
lipid uptake [20].

In addition to the diversity of lipids and their composition, the interfaces of lipid
membranes create an equally complex environment and play a key role in the dynamics,
stability, and function of biological membranes. These interfaces are crucial for important
cellular processes such as protein binding [21] or drug interaction [22,23]. The membrane
interface is characterized by an abundant network of dynamic hydrogen-bonded water
chains bridging the lipid headgroups, some of which form transient lipid clusters [24].
Numerous molecular dynamics simulations [25,26] have been conducted to investigate
how water molecules interact with anionic lipids at membrane interfaces and how they
are involved in protein binding. Membranes differ in properties such as viscoelastic and
compressibility parameters. A wide spectrum of techniques and lipid compositions are
applied in an attempt to provide a comprehensive view of these individual segments
and how they affect each other and their vicinity [27–29]. The use of environmentally
sensitive fluorescence probes like Laurdan is beneficial for studies of biological heterogene-
ity, in particular within the glycerol region of lipids. Laurdan is sensitive to the polarity
and viscosity of its local environment [30]. Thus, Laurdan makes it possible to quantify
the hindrance of lipid internal dynamics, so-called glycerol region mobility. Changes in
membrane properties, most notably its lipid packing, cause shifts in Laurdan’s emission
spectrum, which are quantified by the generalized polarization (GP) value. This spectrum
change can be influenced by the hydration state, in part, but also by Chol [28] due to an
altered local hydrogen bond network. Time-dependent fluorescence shift (TDFS) mea-
surements allow for the mapping of the interfacial region, i.e., the local environment of
the lipid’s glycerol region, characterizing both the dynamics of the hydrated segments of
lipid membranes as well as the level of its hydrogen bond network. Hence, this makes it
possible to quantitatively characterize the mobility of hydrated lipid segments that are in
close vicinity of the probe fluorophore [31]. Imaging techniques such as single-molecule
fluorescence microscopy (SMFM) and fluorescence correlation spectroscopy (FCS) were
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used to visualize different lipid phases or to determine the motion of biomolecules [32,33].
Phase-specific fluorophores like DiI [34] enable visualizing and characterizing the lipid
bilayer’s spatial organization. To localize Chol in membrane phases or to monitor sterol
uptake and flux in cells [35], Cholesterol-BodipyFL (Chol-BodipyFL) is predominantly
adopted. It is a well-established Chol analog with a conjugated boron–dipyrromethene
difluoride fluorophore. The partition coefficient (KP) can be used to describe quantitative
partitioning in phase-separated membranes [36]. Previous studies [37] have demonstrated
that HDL particles interact directly with the membrane without any receptor involvement.
Lipoprotein particles showed strong inhibition in their interaction with artificial lipid mem-
branes as their cholesterol content increased. This study assesses the interaction of HDL
particles with the membrane influenced by (i) the glycerol linkage of the fatty acid chains
to the head group (i.e., ester vs. ether lipids), (ii) the Chol content of the target membrane,
and (iii) the saturation and length of the fatty acid chains using multi-correlative methods,
including FCS, TDFS, and SMFM.

2. Materials and Methods

2.1. Materials

Sephadex G-25 fine resin, potassium bromide, sodium chloride, calcium chloride,
EthyleneDiamineTetraacetic Acid (EDTA), Tris-(hydroxymethyl)-aminomethan-
hydrochlorid (Tris/HCl), 1× Phosphate-Buffered Saline (PBS), 2-(4-(2-HydroxyEthyl)-1-
PiperazineEthaneSulfonic acid (HEPES), Nunc® Lab-Tek® Chamber Slides, 1,2-DiOleoyl-sn-
glycero-3-PhosphoCholine (DOPC (18:1)), 1,2-DiPalmitoyl-sn-glycero-3-PhosphoCholine
(DPPC (16:0)), 1-Palmitoyl-2-Oleoyl-sn-glycero-3-PhosphoCholine (POPC (16:0-18:1)), 1,2-
Di-O-hexadecyl-sn-glycero-3-PhosphoCholine (DietherPC (16:0)), 1,2-Di-O-octadecyl-sn-
glycero-3-PhosphoCholine (DietherPC (18:0)), 1,2-Di-O-(9Z-octadecenyl)-sn-glycero-3-
PhosphoCholine (DietherPC (18:1)), N-(octadecanoyl)-sphing-4-enine-1-phosphocholine
(also known as. brain SphingoMyelin (bSM)), Chol, and Chol linked to boron dipyrromethene
difluoride at sterol carbon-24 (Chol-BodipyFL) were purchased from Merck, Vienna, Aus-
tria. 1,2-DiPalmitoyl-sn-glycero-3-PhosphoEthanolamine linked to abberior STAR RED
(DPPE-ASR) was purchased from abberior, Göttingen, Germany. Atto 647 NHS Ester,
1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (also known as DiI™),
Laurdan [38] were purchased from Thermo Fisher Scientific, Vienna, Austria.

2.2. HDL Particle Isolation and Labeling

Lipoprotein particles were isolated as previously described [39]. Lipoprotein isolation
was approved by the Ethics Committee, Medical University of Vienna (EK-Nr. 1414/2016).
Written informed consent was obtained from all participants. Briefly, plasma was recovered
from whole blood obtained from normolipidemic healthy volunteers by centrifugation
(twice at 3000× g, 4 ◦C, 20 min) and its density was adjusted to 1.063 g/L using KBr. The
samples were centrifuged (52,000× g, 4 ◦C, 20 h) and the upper phase containing VLDL
and LDL was discarded. The density of the bottom fraction was adjusted to 1.21 g/L with
KBr and the samples were centrifuged as described above. The upper phase containing
HDL particles was recovered and was re-adjusted to a density of 1.21 g/L and centrifuged
a second time to ensure complete removal of serum albumin. The sample containing HDL
particles was dialyzed extensively against 0.9% (w/v) NaCl and 0.1% (w/v) EDTA, pH
7.4, to remove KBr. Protein concentration was determined by the Bradford method. The
(apo-lipo)protein(s) of HDL particles were labeled with Atto 647 via NHS-based covalent
linking according to the manufacturer’s protocol. Briefly, the labeling procedure includes
conjugation of the dye to amino groups at pH 8.4 at room temperature for 1 h and separation
of the labeled particles from the free dye by gel filtration chromatography using Sephadex
G-25 fine resin.
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2.3. Preparation of Phase-Separated Supported Lipid Bilayers (PSLBs)

For the formation of PSLBs, the following mixtures or pure substances were used:
DOPC (18:1), bSM, and Chol at a molar ratio of [2:2:1]; DOPC (18:1) and DPPC (16:0),
DOPC (18:1) and DietherPC (16:0), and DOPC (18:1) and DietherPC (18:0). In general, the
lipid(s) was/were dissolved in chloroform, mixed in an appropriate glass vial, and the
solvent was evaporation using N2 gas. Before use, the lipid film was rehydrated using PBS
(overall lipid concentration of 10 mg/mL) by vigorous vortexing. After ultra-sonicating
at 60 ◦C for 20 min (the turbidity change confirmed the formation of small unilamellar
vesicles), an aliquot was diluted in PBS buffer at a ratio of 1:10 and deposited on a freshly
cleaved mica surface; 2 mM of CaCl2 was added to the vesicle suspension to improve their
spread. The surface was sealed with a home-built chamber and incubated at 55 ◦C for
10 min. The sample was rinsed at the same temperature at least 10 times with PBS and
cooled to 25 ◦C within 30 min. At this stage, the Ld phase marker DiI was incorporated
into the formed lipid bilayer by adding it to the solution. The concentration was between
10−2 and 10−3 mol%. After 20 min, the sample was rinsed again with PBS to remove
non-incorporated DiI. After reaching room temperature, the sample was incubated with
an HDL particle solution for approx. 2 min and was washed extensively. For ternary
membrane systems, such as Chol/bSM/DOPC, the sample was incubated with 2.8 μg/mL
HDL. For all other membrane systems, the sample was incubated with 5 μg/mL HDL. All
other preparation steps remained identical. To quantitatively compare the association of
protein-bound Atto 647 with the Lo and Ld phases, for DOPC (18:1), bSM, and Chol, we
determined the number of single protein-bound Atto 647 signals in the two phases; for
all other samples the overall Atto 647 signal was determined. A binary mask obtained
from intensity-thresholded DiI signals was used for phase discrimination. The partition
coefficient KP = I1/I2·A2/A1 where Ii represents the fluorescence intensity in phase i and
Ai its area. Statistical differences between samples were assessed using the non-parametric
Kruskal–Wallis test (α = 5%). Prior to this, normality was tested using the Shapiro–Wilk
test and the homogeneity of variances using Levene’s test. Due to significant results
(p < 0.05) in the Levene’s test, indicating unequal variances, the Kruskal–Wallis test was
deemed appropriate. Post hoc analyses were performed using Dunn’s test with Bonferroni
correction. Statistical tests were conducted using JASP (v0.18.3.0).

2.4. Preparation of Giant Unilamellar Vesicles (GUVs)

GUVs were generated by electroformation [40] using custom-built GUV Teflon cham-
bers with two platinum electrodes. This preparation technique produces vesicles with
varying sizes from 10 to 100 μm.

For measurements of the diffusion constant and partition coefficient: A volume of
6 μL of lipid (DOPC (18:1) or DOPC (18:1): DietherPC (18:1), molar ratio [3:1]) dissolved
in chloroform (overall lipid concentration 1 mg/mL) was homogeneously distributed on
the two electrodes, dried with nitrogen, and placed in 300 nM (370 μL) sucrose solution.
Electroformation was performed at 2 V and 10 Hz for 1 h, followed by 2 V and 2 Hz for
30 min. After GUV formation, 1 μL DPPE-ASR (10 μg/mL in DMSO) was added to 100 μL
GUV solution.

For measurements of the GP value/hydrogen bond network strength: 20 mL of
a 10 mM lipid solution (POPC (16:0–18:1), DietherPC (18:1, 18:0, or 16:0), DPPC (16:0),
DOPC (18:1), DOPC (18:1) with varying Chol concentration (molar ratio [9:1], [4:1]) in
chloroform containing the fluorescent Ld phase lipid marker DiI (0.1 mol%) and/or Laurdan
(methanol solution, molar ratio of fluorescent probes to lipids was 1:100) was deposited on
Pt electrodes and the solvent was evaporated by a constant N2 gas flow for 20 min. In total,
300 μL of 300 mM sucrose was added to a headed (60 ◦C) and modified Lab-Tec® chamber
(Fisher Scientific): two holes with a distance of 5 mm were placed on the chamber’s cap
for the electrodes. The electrodes with dried lipids were placed into the sucrose solution
and a voltage of 2 V at 10 Hz was applied for 2 h. The temperature was kept at 60 ◦C.
Afterwards, the solution was allowed to cool down to room temperature. After reaching
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room temperature, the sample was incubated with a 2.8 μg/mL HDL particle solution for
approx. 2 min. In total, 300 μL of a 300 mM glucose solution was added to the solution
for imaging (i.e., density change causes GUVs to sink). The images were acquired 20 min
after the addition of the HDL particle solution by confocal microscopy. Partitioning was
measured with confocal microscopy, and membrane order was quantified by Laurdan
microscopy/TDFS.

2.5. Confocal Microscopy

GUVs were imaged with a laser scanning confocal microscope (LSM 700 AxioObserver,
Zeiss, Oberkochen, Germany). The microscope was equipped with a Plan-Apochromat
63x/1.40 Oil DIC M27 objective (Zeiss). The LSM 700 operates with solid-state lasers
(polarization-preserving single-mode fibers) at a wavelength of 639 nm and 488 nm. The
laser power was adjusted to 0.1–0.5% of the total laser power, equivalent to 2–10 μW.
Signals were detected after appropriate filtering on a photomultiplier tube. Typically, a
z-stack with a step size of 500 nm was generated. Detector amplification, laser power, and
pinhole opening were kept constant for all measurements.

The images were analyzed by utilizing an algorithm that automatically identifies the
interface between the membrane and the inner section of the GUVs. This was carried out by
investigating the Atto 647 signal. The information was used to obtain the lateral membrane
geometry and yields a binary mask. Fluorescence images (in one image several GUVs were
visible) were background-corrected and the GUV surfaces were extracted via a mask. A
GUV was selected by defining an ROI of the image. The total amount of fluorescence signal
was calculated in both color channels (BodipyFL and Atto 647). Calculating the density was
performed by dividing the total amount value by the number of counted masked pixels or
by the pure circle length in a pixel. For each experiment, about 50 GUVs were evaluated.

2.6. Fluorescence Correlation Spectroscopy (FCS)

Ibidi chambers (#1.5) were coated with BSA (1 mg/mL) and rinsed with PBS after
30 min of incubation. GUVs were allowed to settle in glass-bottomed Ibidi chambers
(#1.5) for 15 min. Fluorescence correlation spectroscopy measurements were conducted on
the GUVs’ top membrane using an LSM 700 AxioObserver (Zeiss). The microscope was
equipped with a Plan-Apochromat 40x/1.2 water objective (Zeiss). The LSM 700 operates
with a solid-state laser at a wavelength of 639 nm. The laser power was adjusted to 0.1–0.5%
of the total laser power, equivalent to 2–10 μW. Signals were detected after appropriate
filtering on a photomultiplier tube. Three measurements (10 s each) were performed on
each GUV. At least five vesicles were measured for each sample. Three technical replicas
of each sample were measured. Before incubation with HDL particles, the initial mobility
of the tracer lipid DPPE-ASR was determined and afterward the same GUV chambers
were incubated for (at least) 30 min with 14 μL of 4.3 mg/mL HDL particles (the final
concentration of HDL in the chamber ~600 μg/mL, of which approximately 20% would
be Chol [41] in HDL particles = 120 μg/mL) and measured again. The obtained auto
correlation curves were fitted with a 2D diffusion plus triplet model, with Focus point
(version: win 1.13.156) [42].

Statistical differences between samples were assessed using the non-parametric
Kruskal–Wallis test (α = 5%). Prior to this, normality was tested using the Shapiro–Wilk
test and the homogeneity of variances was tested using Levene’s test. Due to significant
results (p < 0.05) in both tests, indicating non-normal distribution and unequal variances,
the Kruskal–Wallis test was deemed appropriate. Post hoc analyses were performed using
Dunn’s test with Bonferroni correction. The statistical tests were conducted using JASP
(v0.18.3.0).

2.7. Single-Molecule Fluorescence Microscopy

The system is based on a Zeiss Axiovert 200 inverted epi-fluorescence microscope
equipped with a 100× NA = 1.45 oil-immersion Plan-Apochromat TIRFM objective (Olym-
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pus, Vienna, Austria). Samples were illuminated in an objective-type Total Internal Reflec-
tion (TIR) configuration via the epi port using 488 nm light from a solid-state laser (Sapphire
200 mW, Coherent, Dieburg, Germany), 647 nm light from a Kr+-laser (Innova 301, Coher-
ent), or 532 nm light from a solid-state laser (Millennia X, Spectra Physics, Vienna, Austria),
with intensities of 3–10 kW/cm2. After appropriate filtering, the emitted signals were
imaged on a back-illuminated, TE-cooled CCD camera (Andor iXon Du-897 BV, Oxford
Instruments, Belfast, UK). For precise control of the illumination timings, acousto-optical
modulators (1205C, Isomet, Gröbenzell, Germany) were used. Timing protocols were gen-
erated by an in-house program package implemented in LABVIEW (National Instruments,
Vienna, Austria). Illumination times were between 1 and 5 ms. Image series were recorded
with a delay between two consecutive images of 15 to 300 ms.

2.8. Laurdan Time-Dependent Fluorescence Shift (TDFS)

The temperature in the cuvette holders was maintained using a water-circulating
bath at 23 ± 0.5 ◦C. Steady-state excitation and emission spectra were acquired using a
Fluorolog-3 spectrofluorometer (model FL3-11; Jobin Yvon Inc., Edison, NJ, USA) equipped
with a xenon arc lamp. The steady-state spectra were recorded in steps of 1 nm (bandwidths
of 1.2 nm were chosen for both the excitation and emission monochromators) in triplicate
and averaged. Fluorescence decays were recorded on a 5000 U single-photon counting
setup using a NanoLED 11 laser diode (375 nm peak wavelength, 1 MHz repetition rate)
and a cooled Hamamatsu R3809U-50 microchannel plate photomultiplier (IBH, Glasgow,
UK). A 399 nm cut-off filter was used to eliminate scattered light. The signal was kept below
1% of the repetition rate of the light source. Fluorescence emission decays were recorded at
a series of wavelengths spanning the steady-state emission spectrum (400–550 nm) in steps
of 10 nm. Data were collected until the peak value reached 5000 counts. The full width at
half maximum (FWHM) of the instrument response function was 78 ps.

2.9. Laurdan GP

A steady-state emission spectrum (Ex = 378 nm) and two excitation spectra
(Em = 440 and 490 nm) were recorded. The excitation spectra were used to calculate
excitation generalized polarization spectra (GPEX) [43]:

GPEX(λEX) =
I440 − I490

I440 + I490

where I440 and I490 represent the fluorescence intensity emitted at 440 and 490 nm, respec-
tively, at the excitation wavelength λEX.

2.10. Laurdan TDFS Analysis

The fluorescence decays were fitted to a multi-exponential function via the reconvolu-
tion method using IBH DAS6 software (https://www.horiba.com/int/scientific/products/
detail/action/show/Product/das6-1377/, accessed on 3 December 2024). The purpose
of the fit is to deconvolve the instrumental response from the data and should not be
over-parameterized. The fitted decays, together with the steady-state emission spectrum,
were used for the reconstruction of time-resolved emission spectra (TRES) by a spectral
reconstruction method [44]. The reconstruction routine was implemented in MATLAB
24.2. The position of TRES’ maximum ν(t) and its FWHM(t) were inspected. The two main
parameters describing the polarity and mobility of the probed system were derived from
ν(t). The total amount of fluorescence shift Δν reflects the polarity of the environment of
the probe and is calculated as: Δν = ν(0) − ν(∞) where ν(0) = 23,800 cm−1 is the position of
TRES maximum at t = 0, estimated using the method of Fee and Maroncelli [45] and ν(∞)
is the position of the TRES at the fully relaxed state. The TDFS kinetics depend on the
dynamics of the polar moieties in the vicinity of the probe and can be expressed as the
integrated relaxation time τr:
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τr =
∫ ∞

0

ν(t)− ν(∞)

Δν
dt

The intrinsic uncertainties for the TDFS parameters were 50 cm−1 and 0.05 ns for Δν
and τr, respectively.

2.11. Single Molecule/Particle Tracking

Individual diffraction-limited fluorescence signal spots were selected, fitted with a
Gaussian intensity profile, and tracked using in-house algorithms implemented in MAT-
LAB (MathWorks); the single-molecule positions were obtained with an accuracy of
σxy = 20 − 40 nm. Diffusion constants were determined as described previously [46].

In brief, trajectories are characterized by a sequence of positions
→
x (i), with i ranging

from 1 to the number of observations of this signal. The mean square displacement〈
r2〉 was calculated as a function of the time lag tlag = n

(
till + tdelay

)
according to

〈
r2〉 =

〈(→
x (i)−→

x (n + i)
)2

〉
i=1;1+n,1+2n;...

, with n denoting the difference in frame index

i. Data were analyzed by fitting with
〈
r2〉 = 4Dtlag + 4σ2

xy (Equation (1)), yielding the
lateral diffusion constant D and the single-molecule localization precision σxy.

To discriminate between two mobile fractions (see Figure S2), a bimodal model as pre-
viously described was used [46]. Briefly, the cumulative density function of the square dis-

placements (sd) was fitted with cd f = 1 − α·exp
[
− sd

msd1(tlag)

]
− (1 − α)·exp

[
− sd

msd2(tlag)

]

(Equation (2)), yielding the proportion of the two mobile components, α and (1 – α), and
the tlag-dependent mean square displacements msd1 and msd2. Confined diffusion (diffu-
sion constant D) within an impermeable circle of radius R was fitted with

msd = R2
(

1 − exp
[
− 4Dtlag

R2

])
.

3. Results

Phosphatidylcholine (PC) lipids play an important role in interacting with HDL par-
ticles, given their role as the major outer leaflet lipid of mammalian cell membranes [40].
This work studies the interaction of HDL particles with membranes made of different
PC lipids, whose structure differs in the linkage (i.e., ester- vs. ether-linked) of the
glycerol region at sn-1 and sn-2 to, and the length/saturation of two acyl chains (see
Figures 1 and S1). A polar headgroup was attached at glycerol’s sn-3 via a phosphodiester
bond. Planar membranes were primarily used to determine phase preferences, while
spherical membranes were used to analyze diffusion. In both cases, the interaction with
HDL particles was examined.

Figure 1. (A) The nomenclature used, exemplified by a structural model of a single DOPC (18:1)
lipid. (B) HDL-associated protein (HDLap, fluorescently labeled with Atto 647, purple) partitions
preferential to the Ld phase (blue) in PSLBs ([2:2:1] mixture of DOPC (18:1), bSM, and Chol) supported
on a glass surface. The bilayer was treated with DiI as an Ld phase marker (shown in the first color
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channel, corresponding to the image on the left) and HDL particles (shown in the second color
channel, corresponding to the middle image, and represented as yellow dots in the right image,
illustrating the center of mass.) (partition coefficient of Kp = 3 a.u. of HDLap (phase 1: Ld, phase 2:
Lo)). The last image displays the positions of single HDLap-Atto 647 signals (indicated as yellow
dots) overlaid with the DiI fluorescence image.

3.1. HDL Particles Transfer Cargo Molecules via Ld Phase Interaction

It is speculated that the plasma membrane is divided into relatively Lo and Ld lipid en-
vironments on nanometer length scales, where Lo phases represent the hypothesized “lipid
rafts”, mimicking low-fluidity membranes [47]. Membrane fluidity is a dynamic parameter
that varies depending on the cell type and state; therefore, it is important to understand
how it affects HDL particle interaction. This speculation finds support through domain
formation occurring in synthetic lipid vesicles and bilayers containing saturated glyc-
erophospholipids or sphingolipids and Chol [48]. Such biomimetic bilayers are frequently
utilized as minimal systems that maintain biological relevance such as the ternary model
membrane system composed of DOPC (18:1), Chol, and brain Sphingomyelin (bSM) [1].
Experiments conducted on phase-separated supported lipid bilayers (PSLBs) using a 2:2:1
mixture of DOPC (18:1), bSM, and Chol yielded two distinct phases (Figure 1B). The Ld
phase is mostly enriched in DOPC (18:1), while the Lo phase is solely composed of bSM and
Chol [7]. To visually distinguish the phases, specific markers such as the fluorescent lipid
DiI can be used, which predominantly populate the Ld phase [34] (Figure 1B, left image).

After the addition of HDL particles, the fluorescently labeled HDL-associated pro-
teins (HDLap) yielded a clear preference for the Ld phase (Figure 1B, middle image). The
calculated partition coefficient for HDLap is Kp = 3 a.u. ± 1.2 a.u. (standard deviation)
for phase 1 (Ld) and phase 2 (Lo), as illustrated in Figure 1B (right-hand image). Approxi-
mately 70% of all HDLap fluorescence signals were immobile; the remaining 30% showed
confined diffusion (Figure S2A; Movie S1). Drawing from previous studies [37], these
diffusion data suggest that most HDL particles were immobilized due to fusion, while
the remaining fraction is primarily attached to the membrane and thus shows confined
diffusion. A predominant localization of HDLap was detected at the phase interfaces
(~30% of all signals), indicating interaction with phase boundaries. Line tension at phase
boundaries may offer anchor points for fusion processes through the energy generated
by the hydrophobic mismatch between the Lo and Ld phases being comparable to that
required to form a lipid stalk intermediate [49]. The Chol-BodipyFL transferred by the
HDL particle into the Ld shows free diffusion (Figure S2B). Notably, after maintaining
contact with the HDL particles, Chol-BodipyFL is transferred into the Ld phase and triggers
a rearrangement within the Lo phase, while the HDLap signal is retained in its initial
environment (Figure S2C). In summary, these results suggest that HDL particles interact
with fluid membranes predominately to facilitate cargo exchange. The next step will be to
determine which specific biophysical properties of the target membrane, particularly the
lipids, are responsible for enabling protein interaction or inducing cargo transfer.

3.2. Phospholipid Backbone Influences HDL Interaction: Ester vs. Ether

We compared two lipids with identical fatty acid chains, but where the ester linkage is
replaced by an ether one, in experiments with giant unilamellar vesicle (GUV) membranes
using a pure DOPC (18:1) or a [3:1] molar mixture of DOPC (18:1) and DietherPC (18:1).
The membranes composed of pure DOPC (18:1) or a mixture of DOPC (18:1) and DietherPC
(18:1) did not exhibit distinguishable phases; instead, they formed a homogeneous Ld phase
membrane. The overall effect of HDL particle interaction and the associated cargo transfer
can be determined indirectly using an indicator lipid (i.e., DPPE-ASR). DPPE-ASR is used
as an Ld-phase [9] marker, though the lipid can likewise be used to indirectly determine
overall changes in the membrane due to an altered diffusion behavior [50]. Noteworthily,
no difference regarding the lateral diffusion constant of the indicator lipid was observed
before HDL interaction (Figure 2A).
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Figure 2. An HDL particle interaction with different lipid membranes. (A) shows the scatter, box and
distribution plots of the lateral diffusion constant of DPPE-ASR within a GUV membrane of DOPC
(18:1) and DOPC (18:1): DietherPC (18:1) [3:1] pre and post incubation with an HDL particle solution.
Each individual point depicts the diffusion constant obtained from one measurement on the top
GUV membrane: pre HDL incubation (dark blue) (DOPC (18:1) preHDL = 9.6 μm2/s ± 0.1 μm2/s,
N = 237) and (dark magenta) (DOPC (18:1): DietherPC (18:1) preHDL = 9.6 μm2/s ± 0.1 μm2/s,
N = 114), post HDL incubation (light blue) (DOPC (18:1) postHDL = 8.2 μm2/s ± 0.1 μm2/s, N = 208)
and (light magenta) (DOPC (18:1): DietherPC (18:1) postHDL = 7.7 μm2/s ± 0.1 μm2/s, N = 153)
(n.s. not significant, *** p < 0.001@ α = 5%). (B) shows the boxplot chart of the calculated partitioning
coefficient Kp (phase 1: Ld phase (i.e., DOPC); phase 2: gel phase (i.e., DPPC, DietherPC)) regarding
HDLap localization in respect of three different (i.e., lipid composition) PSLBs. (Median ± SE) DOPC
(18:1): DPPC (16:0) [3:1] (blue): Kp = 68 · 10−3 ± 22 · 10−3 a.u. (N = 36); DOPC (18:1): DietherPC (18:0)
[3:1] (orange): Kp = 40 · 10−3 ± 3 · 10−3 a.u. (N= 30); DOPC (18:1): DietherPC (16:0) [3:1] (green):
Kp = 6 · 10−3 ± 3 · 10−4 a.u. (N = 30) (*** p < 0.001 @ α = 5%).

However, adding HDL particles yielded statistically significant differences: while in
DOPC (18:1) membranes the indicator lipid’s lateral diffusion constant decreased by 15%,
in DOPC (18:1)/DietherPC (18:1) [3:1] lipid mixtures it decreased by 20%. In general, the
decrease in diffusion constant can be attributed to HDLap anchoring in the membrane
and to the alteration of the target membrane’s composition through cargo transfer (e.g.,
the increased Chol content of the target membrane) [37]. The more pronounced decline
in the DOPC (18:1)/DietherPC (18:1) [3:1] lipid mixture relative to pure DOPC (18:1) may
be attributed to an augmented interaction with HDL, encompassing binding and cargo
transfer. An alternative explanation could be that the quantitatively similar interaction has
a greater effect on the DietherPC (18:1) than on DOPC (18:1) lipids.

3.3. HDL Particles Strongly Interact with Saturated Ether Lipid Phases

The impact of the chain length and glycerol linkage between the fatty acid chain and
the head group on HDL particle interaction was investigated using planar membranes
composed of two-component mixtures. Their two-dimensional nature facilitates the analy-
sis of lipoprotein particle partitioning. When DOPC (18:1) is mixed with DPPC (16:0), a
two-phase system is formed consisting of a DOPC (18:1) Ld phase and a DPPC (16:0) gel
phase. After the addition of HDL particles, the calculated partition coefficient of the HDLap
fluorescence signals was Kp = 68·10−3 ± 22·10−3 a.u. (Figure 2B, Figure S3, first row). In
comparison to our measurement of a DOPC/bSM/Chol mixture (Figure 1B), wherein
HDLap predominantly interacted with the Ld phase, the partition coefficient is nearly
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two orders of magnitude lower for the DOPC/DPPC mixture. This shows that the disparity
in HDLap signal density (i.e., Kp value) between the two phases is more pronounced for the
DOPC/DPPC PSLB than previously observed for the DOPC/bSM/Chol PSLB. This may be
due to the decreased area per lipid of DPPC [51,52] and thus the stronger hydrogen bond
network within the gel phase. Diether lipids with different chain lengths were compared
to evaluate any influences of the fatty acid chain length. Similarly to DPPC (16:0) [53],
saturated DietherPC lipids form gel phases. In general, a higher disparity in HDLap signal
density was observed for both DietherPC lipids compared to DPPC (16:0) (Figure S3, mid-
dle and bottom illustration, Kp (DietherPC (18:0)) = 40·10−3 ± 3·10−3 a.u., Kp (DietherPC
(16:0)) = 6·10−3 ± 3·10−4 a.u. Figure 2B). Additionally, the observation from previous
measurement (Figure 2A) is supported, as the linkage of the glycerol region influences
HDL interaction. However, an equally decisive factor is the length of the fatty acid chains.
A comparison of the partition coefficient of DietherPC (18:0) with DietherPC (16:0) reveals
a significant difference (Figure 2B). In summary, enhanced interactions are observed in
two-phase lipid mixtures when ether linkages (DietherPC (18/16:0)) are present compared
to ester linkages (DOPC (18:1)). Additionally, these interactions are further amplified by
shorter fatty acid chain lengths (DietherPC (18:0) vs. DietherPC (16:0)).

3.4. A Multi-Correlative Analysis of Individual Lipid Properties Reveals Differences in HDL
Particle Interactions and Cargo Transfer

To attain a more precise understanding of how the glycerol region mobility and
thus its hydrogen network influences the interaction and subsequent cargo (i.e., Chol-
BodipyFL) transfer of HDL particles, lipid vesicles consisting of DOPC (18:1), DOPC
(18:1) with varying Chol content (10% and 20% Chol), POPC (16:0–18:1), DPPC (16:0), and
DietherPC (16:0) were investigated. The cholesterol concentrations in DOPC membranes
were not increased further, as this resulted in relatively unstable and non-reproducible
target membranes, most likely caused by the incipient asymmetry of the lipid bilayers [54].
The integration of HDL-associated components (Chol-BodipyFL and HDLap-Atto 647)
and the localization of the HDL particles within GUVs, produced from different lipids or
lipid mixtures, (Figure S4A,B) was analyzed with confocal microscopy and correlated with
Laurdan’s GP value and TDFS experiments [55], both yielding information on glycerol
region mobility [56]. The GP value of Laurdan is an empirical steady-state ratiometric
parameter that reports on both the hydrogen bond network and the mobility of carbonyl
groups in the membrane. Nonetheless, the GP value can be taken as an indicator of
glycerol region mobility but not as an indicator of the extent of the hydrogen bond network,
“or water penetration”, of a fully hydrated, fluid Ld lipid bilayer, as often found in the
literature [55]. Laurdan, which is located near the DOPC (18:1) sn-1 carbonyl group [57],
makes it possible to sense the mechano-elastic properties of the linkage region of the lipid
bilayer. With increasing GP value and thus decreasing glycerol region mobility, we found
for Lo and Ld phase lipids a significant decrease in the average HDLap-Atto 647 and
Chol-BodipyFL signals.

To quantify the initial membrane environment’s influence on HDL particle interac-
tion, we performed TDFS experiments [55], which measure the spectral shift during the
relaxation of a fluorophore caused by its local environment (Figure 3A). Analysis of the
frequency shift Δν and the relaxation time τr yields independent information on the probe’s
environment polarity and mobility, i.e., the level and strength of the hydrogen bond net-
work in its vicinity, respectively. Although the changes in Δν are close to the error, the
measured data predict an increase in the hydrogen bond network for the lipid bilayers in
the Ld phase. Interestingly, the increase in Δν by the addition of Chol indicates increased
probe polarity although the variations are very small and close to the error. This also
confirms that interpreting GP values as changes in the level of the hydrogen bond network
is incorrect [55]. With increasing GP value and thus decreasing glycerol region mobility, we
found for Lo- and Ld-phase lipids a marked decrease in the average HDLap-Atto 647 and
Chol-BodipyFL signals (Figure 3B). In contrast to this trend, HDL particle interaction was
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highest for the DietherPC (16:0) gel phase, whereas the overall lowest value was detectable
with DPPC (16:0). The estimated relaxation times for the DietherPC (16:0) and DPPC (16:0)
lipids evidence their significantly slower relaxation, i.e., restricted glycerol region mobility,
experienced in these gel-phase samples in comparison to all others in the Ld phase. GP
correlates with the magnitude of τr. Therefore, a higher GP and higher magnitudes of τr
signify a slower relaxation process, i.e., the reduced mobility of the sn-1 carbonyls of the
lipids in the Ld phase. This can be related to an increase in the strength of the hydrogen
bond network at the level of the sn-1 carbonyls in the Ld phase.

 

Figure 3. An HDL particle interaction with lipid membranes of different probe polarity/GP
value/hydrogen bond network strength. (A) The bar chart depicts the total amount of fluores-
cence shift Δν of the Laurdan emission for different GUV membrane compositions. The intrinsic
uncertainty for the Δν parameter is 50 cm−1. The Δν parameter is directly related to the hydro-
gen bond network level of sn-1 carbonyls. A higher magnitude of fluorescence shift reflects a
higher probe polarity. (B) shows the relaxation time τr/GP value for different GUV membranes
(Supplemental Table S1) in relation to normalized (i.e., both DietherPC (16:0) values were set to 1)
HDL-associated protein (HDLap) Atto 647 (�) and the normalized Chol-BodipyFL (�) signal per
pixel (Supplemental Figure S4). A higher magnitude of GP value and relaxation time τr reflect a
lower glycerol region mobility and stronger hydrogen bond network, respectively. Error bars indicate
the standard error of the mean.

However, the value for the estimated maxima for the DietherPC (16:0) is about half of
the value determined for the DPPC (16:0) bilayer. Apparently, even being in the gel phase
the glycerol region of the ether lipids showed a remarkably high mobility. Ether lipids lack
the carbonyl groups that strongly contribute to the hydrogen bond network in the glycerol
region of lipids. Thus, the hydrogen bond network in the glycerol region between the alkyl
chain and the headgroup is an essential factor for mediating HDL particle interaction with
lipid bilayers. However, when comparing protein interaction to cargo transfer, it becomes
clear that the ratio reverses for gel-phase lipids, regardless of the glycerol binding site. This
indicates that cargo transfer is favored by increased fluidity and reduced mobility in the
glycerol region.

4. Discussion/Conclusions

Lipid composition is an important mediator of membrane fusion as it alters the
physical properties of the membrane as well as the structure, organization, and dynamics
of the fusion proteins [58]. In fact, some lipids bind directly to proteins and control their
behavior; for example, by affecting membrane curvature [59]. Additionally, the membrane
interface, particularly the dynamics of the hydrogen bond network, plays a decisive role in
protein interactions [24,60]. This study focuses on the receptor-independent interaction of
HDL particles and plane PC lipid membranes. The impact of specific properties of the fatty
acid chains, including their length and degree of saturation, and of the glycerol linkage
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(ester vs. ether) was evaluated. In conjunction with ternary membrane mixtures, the
relationship between HDL interaction and glycerol region mobility, and the hydrogen bond
network, and consequently lipid membrane polarity, was subjected to a comprehensive
investigation. Three-component mixtures demonstrate that HDL particles predominantly
interact and transfer their cargo in the fluid phase, primarily composed of DOPC (18:1).
Lipids with identical fatty acid chain lengths and degrees of saturation, but with an ester
(i.e., DOPC (18:1)) instead of an ether (i.e., DietherPC (18:1)) glycerol linkage, exhibit
a diminished interaction with HDL particles. This indicates that lipids with a stronger
hydrogen bond network interact preferentially with HDL particles. In this particular
case, it might be that ether lipids within a DOPC membrane facilitate the initial contact
and interaction with the HDL particle and subsequently facilitate cargo exchange within
the DOPC membrane. In general, saturated gel-phase lipids (i.e., DPPC (16:0)) exhibit
even stronger hydrogen bond network characteristics. However, there were significant
differences in the interaction between ester- and ether-linked lipids, with the ether bonds
leading to a stronger interaction due to decreased glycerol region mobility. Ether lipids lack
the carbonyl groups that strongly contribute to the hydrogen bond network in the glycerol
region of lipids. Thus, the hydrogen bond network in the glycerol region between the alkyl
chain and the headgroup is an essential factor for mediating HDL particle interactions
with membranes. Both gel-phase and fluid-phase membranes show interactions with HDL
particles. However, there are significant differences in the nature of these interactions.
While binding occurs preferentially in gel-phase membranes, fluid-phase membranes
facilitate cargo transfer. Cholesterol in the target membrane reduces the interaction with
HDL particles by increasing the packing density and stiffness of the membrane, thereby
modulating its fluidity. Cholesterol is small enough to fill the space between lipid head
groups and thus influences the overall stiffness and fluidity of membrane components [61].
Recently, a study conducted by Yesylevskyy et al. [62] showed by atomistic simulation that
the order parameter of lipid tails decreases significantly in curved membranes, whereas the
area per lipid increases in the convex monolayer and decreases in the concave monolayer.
The concomitant lipid composition based on membrane curvature massively influences the
interaction. In addition to the cholesterol redistribution within the membrane, curvature
modulates phase separation in lipid bilayer membranes [63]. In addition, lipid properties
such as saturation state, headgroup size, and chain length, play an essential role in protein
interaction [64]. A less noticed property of lipids is their hydrophilicity/hydrophilicity
within the membrane assembly [65]. Moreover, increased Chol content reduces the lipid’s
hydrogen bond network [66], reduces passive permeability, and increases the GP value [28].
In addition to the hydrophobic and van der Waals forces, the 3-OH group of Chol to PC
lipids forms H-bonds with sn-2 carbonyl and phosphate groups in the glycerol linkage
region of the bilayer. Membrane fluidity and hydrogen bond network strength change
between different membrane phases [67]. Moreover, the length of the fatty acid chain also
appears to influence the interaction, likely due to a decrease in membrane rigidity and thus
increased mobility [68]. Lipid transfer from lipoprotein particles to membranes depends
on the properties of the lipid itself and the contact process with the plasma membrane.
Moreover, membrane curvature affects lipid exposure and, consequently, the contact
process. In future studies, we aim to focus more closely on the influence of membrane
curvature in conjunction with the corresponding lipid composition. Consequently, the
plasma membrane itself yields a high binding capacity for HDL particles.

In summary, the influence of chain length and the degree of saturation of the fatty acid
chains, as well as the cholesterol content in the membrane, could be discerned. Major factors
for increased interaction between lipid membranes and HDL particles are properties such
as glycerol region mobility. By increasing the accessible surface area in the glycerol region,
interaction occurs preferentially. However, the data indicate that neither the hydrogen
bond network nor the glycerol region mobility alone are sufficient to fully explain the
interaction with HDL particles.
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Abstract: The transition of peptides or proteins along a misfolding continuum from soluble functional
states to pathological aggregates, to ultimately deposit as amyloid fibrils, is a process that underlies
an expanding group of human diseases—collectively known as protein-misfolding disorders (PMDs).
These include common and debilitating conditions, such as Alzheimer’s disease, Parkinson’s disease,
and type-2 diabetes. Compelling evidence has emerged that the complex interplay between the
misfolded proteins and biological membranes is a key determinant of the pathogenic mechanisms
by which harmful amyloid entities are formed and exert their cytotoxicity. Most efforts thus far to
develop disease-modifying treatments for PMDs have largely focused on anti-aggregation strategies:
to neutralise, or prevent the formation of, toxic amyloid species. Herein, we review the critical role of
the phospholipid membrane in mediating and enabling amyloid pathogenicity. We consequently
propose that the development of small molecules, which have the potential to uniquely modify the
physicochemical properties of the membrane and make it more resilient against damage by misfolded
proteins, could provide a novel therapeutic approach in PMDs. By way of an example, natural
compounds shown to intercalate into lipid bilayers and inhibit amyloid–lipid interactions, such as
the aminosterols, squalamine and trodusquamine, cholesterol, ubiquinone, and select polyphenols,
are discussed. Such a strategy would provide a novel approach to counter a wide range of toxic
biomolecules implicit in numerous human amyloid pathologies.

Keywords: protein-misfolding diseases; amyloid; protein aggregation; lipid membranes; small
molecules; therapeutics

1. Introduction

Protein-misfolding disorders (PMDs) are a growing challenge in modern medicine,
marked by their complex pathogenesis, lack of effective treatments and increasing preva-
lence. These clinical syndromes, broadly described as proteinopathies, are characterised
by aberrant protein folding, self-assembly and, ultimately, deposition of large insoluble
amyloid assemblies. In healthy living systems, proteins adopt various conformational
states, which are governed by complex kinetic and thermodynamic equilibria, together
with intricate quality control mechanisms, regulating and maintaining proteome integrity
and cellular health. However, in the event of erroneous folding, some proteins can acquire
toxic, non-native conformations, leading to cellular damage and disease progression [1,2].

A large group of human disorders have been linked to this toxic sequence of protein
misfolding and amyloid deposition. They include degenerative, and highly debilitating dis-
eases that burden ageing populations, most notably Alzheimer’s disease (AD), Parkinson’s
disease (PD), type-2 diabetes mellitus (T2DM), as well as a number of systemic condi-
tions [1,3]. A summarised list of amyloidogenic proteins associated with human diseases is
provided in Table 1. Despite the absence of similarities amongst the amyloid-associated
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proteins in the primary sequence or function, they all share a common pathogenic path-
way involving the restructuring of proteins into pathological aggregates, with eventual
formation of amyloid fibrils [4,5].

Table 1. Selected amyloidogenic proteins and peptides with their associated human diseases (re-
viewed in [1,3,6]).

Peptide/Protein Associated Disease/s

Amyloid-β peptide (Aβ) Alzheimer’s disease
Atrial natriuretic factor Atrial amyloidosis

Calcitonin Medullary carcinoma of the thyroid
Fragments of immunoglobulin light chains Light-chain amyloidosis

Huntingtin protein (htt) Huntington’s disease (HD)
Human islet amyloid polypeptide (hIAPP)/amylin Type-2 diabetes mellitus

Lysozyme Lysozyme amyloidosis
N-terminal fragments of prolactin Pituitary prolactinoma

Prion protein (PrP) Creutzfeldt–Jakob disease
Spongiform encephalopathies

Microtubule-associated protein (tau) Alzheimer’s disease
Frontotemporal dementia

Transthyretin Senile systemic amyloidosis

α-synuclein (α-syn) Parkinson’s disease
Multiple system atrophy

Amyloidogenesis commonly involves what are referred to as intrinsically disordered
peptides (IDPs). The amyloid-β (Aβ), amylin (also known as the human islet amyloid
polypeptide, hIAPP), α-synuclein (α-syn), tau and prion proteins all belong to the amy-
loidogenic IDP family; these species are largely unstructured in their native form and can
adopt a continuum of transient conformations in the aqueous phase [7]. The course of fibril
assembly by amyloid proteins follows a nucleation-dependent polymerisation pathway.
The kinetics of amyloid formation generally exhibit a sigmoidal pattern, comprising three
distinct phases of growth; the initial lag phase is followed by rapid growth and towards
completion, the curve reaches a plateau [8]. The initial step in this process entails the forma-
tion of transient oligomeric species, which are dynamic and heterogeneous in structure [9].
The lag phase is predominantly populated by monomeric precursors, which aggregate
into critical nuclei via distinct phases of growth; the initial lag phase is followed by rapid
growth and towards completion, the curve reaches a plateau. The growth-competent nuclei
act as a template for the accumulation of additional protein molecules [10,11]. During the
elongation phase, monomers and small oligomeric assemblies continue to interact, while
the prefibrillar aggregates rapidly extend and develop into ordered protofibrils. Finally, the
saturation phase is reached, wherein the slope of the kinetic curve reaches a plateau due to
monomer consumption and protofibrils assemble into end-stage fibrils [5,11]. The resulting
amyloid fibrils exhibit a common structural motif in the fibrillar state, described as the
cross-β-spine, comprised of a highly ordered structure rich in intermolecular β-strands
arranged perpendicular to the main fibril axis [1,12].

In this complicated cascade of events, soluble oligomeric assemblies are generated,
which are generally described as the primary cytotoxic species along the aggregation
pathway. The mechanisms of oligomer-mediated cellular toxicity include the generation
of metal and ionic dyshomeostasis, induction of elevated calcium levels, perturbation of
mitochondrial function and generation of reactive oxygen species (ROS), amongst oth-
ers [13]. Compared to amyloid fibrils, these low-molecular-weight conformers possess
distinct molecular features that enhance their potential to induce toxicity, such as their
small size, exposed hydrophobic patches and unsaturated edge-strands [14,15]. These
physicochemical features allow promiscuity in interactions with a range of cellular compo-
nents. Particularly, oligomers possess a high affinity for biological membranes and have the
capacity to insert into lipid bilayers due to their amphipathic nature [7,13]. Furthermore,
accumulating evidence indicates that amyloid formation and cytotoxicity are membrane-
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assisted processes, with lipid bilayers presenting a platform for initiating the conversion of
the IDPs into β-sheet-rich aggregates that are conductive to fibril formation [16,17].

2. Toxic Interplay Between Amyloid Proteins and Membranes

Lipid membranes serve as a highly complex hydrophobic boundary between the home-
ostatic intracellular space and the highly fluctuating extracellular environment, as well as
providing a functional barrier between subcellular compartments. Phospholipids are the
primary constituent of biological membranes, together with sphingolipids and sterols [18,19].
Due to the inherent complexity of membranes, many researchers utilise structurally and com-
positionally simplified membrane models, including monolayers, micelles, liposomes, and
supported lipid bilayers (SBLMs), to probe the interactions between amyloidogenic assemblies
and membranes [20].

The interaction of amyloid proteins with phospholipid bilayers is essentially a two-
way interaction [21,22]. On the one hand, the detrimental effects of amyloid aggregates
are strongly associated with their interactions with biomembranes [23–26]. On the other
hand, lipid bilayers can also fulfil a catalytic role in the generation of fibrillar amyloids,
with a growing body of research suggesting that the toxic cascade of amyloid assembly
commences at membrane surfaces [27–31]. Hence, the protein–lipid environment plays a
fundamental role in the kinetics of both fibrillogenesis and cytotoxicity, with the interaction
between amyloid-forming peptides and lipid membranes leading to a mutually destructive
perturbation of both parties.

The bilayer composition exerts a profound influence on the routes of adsorption, incorpo-
ration, orientation, structure, and assembly pathways of amyloid peptides [32,33]. Most notably,
negatively charged headgroups of phospholipids, like phosphatidic acid (PA), phosphatidylser-
ine (PS), and phosphatidylinositol (PI), strongly favour aggregation on membrane surfaces.
The influence of anionic phospholipids on membrane binding, aggregation and disruption
has been well documented for the hIAPP [31,34,35], htt [36], α-syn [37,38], Aβ [39,40], and
tau [41,42] proteins. Other membrane components are also important for amyloid–membrane
interactions [40]. For example, variations in the relative size of the phospholipid headgroup
and acyl chains can give rise to local membrane defects and intrinsic curvature, which in turn
influence the extent of the peptide alignment and adsorption at the membrane surface [43].
Smaller headgroups accelerate the kinetics of Aβ40 fibril assembly, shortening the lag time for
primary nucleation [40]. Recent evidence indicates that the lipid bilayer thickness may also
influence Aβ membrane-associated aggregation. Interestingly, membrane bilayers with the
shorter-chain lipid dilauroyl phosphatidylcholine (DLPC) remodelled preformed Aβ fibrils
into toxic misfolded aggregates, suggesting that pathologically thin bilayers may have a role
in Aβ aggregation [44]. Experiments using quartz crystal microbalance–dissipation (QCM-
D) confirmed that the hydrophobic thickness of supported bilayers impacts the membrane
remodelling triggered upon adsorption of Aβ [45].

The presence of a high curvature [46–48] and packing defects [49–51] are reported
to facilitate membrane association and permeabilisation events. Aβ has been reported to
preferentially associate with small unilamellar vesicles (SUVs, ~15–50 nm) characterised by
higher surface curvature, and such architecture accelerates the nucleation step [47,52]. Due
to the presence of more water-accessible hydrophobic regions, SUVs most likely trigger the
aggregation process by concentrating Aβ monomers sufficiently to initiate nucleation [47,48].
The binding of Aβ to membranes is also profoundly influenced by lipid packing defects
and electrostatic interactions with the lipid headgroups. Packing defects are induced by
the incorporation of lipids, which do not possess a cylindrical morphology. Specifically, no
significant binding was observed between Aβ40 and membranes composed of 1,2-dioleoyl-sn-
glycero-3-phospho-(1′-rac-glycerol) (DOPC; a cylindrical and zwitterionic lipid), in contrast
to significant early binding events with 1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol)
(DOPG; a cylindrical and anionic lipid) and PI (an inverted conical and anionic lipid) [51].
αS has also been described to possess an affinity for lipid-packing defects present on highly
curved lipid surfaces as well as in planar membranes with cone-shaped lipids [50,53,54].
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hIAPP is described as a curvature-sensing and curvature-inducing peptide possessing an
affinity for high curvature regions of bilayers and, in turn, causing further negative curvature
strain within membranes. Supporting this, hIAPP is demonstrated to preferentially localise to
mitochondrial cristae, which are highly curved structures, rich in PE and CL [46].

Membrane destabilisation is described as a key patho-mechanism for PMDs. Com-
pelling evidence provides support for the hypothesis that cytotoxicity is predominantly
triggered by the interaction of prefibrillar amyloids with cellular lipid bilayers. This
interaction leads to bilayer perturbation, inducing membrane leakage, disrupting ionic
homeostasis, and triggering cellular dysfunction, oxidative stress and apoptosis [55–59].
Although it is generally accepted that the disruptive effects of amyloid-forming proteins are
strongly correlated with their ability to interact with and disturb biological membranes, the
exact molecular mechanisms governing these deleterious interactions remain elusive [60].
The three primary mechanistic models that have been proposed to describe the mechanisms
by which amyloid assemblies cause membrane damage are (i) the creation of stable trans-
membrane protein pores, (ii) the destabilisation of the bilayer through a “carpet model”,
and (iii) the removal of lipids via detergent-like membrane dissolution [60,61]. Furthermore,
the insertion of amyloid peptides into lipid bilayers can disrupt the structural integrity of
the membrane by inducing local bending deformations and curvature stress [32,62,63]. In
addition to the interactions of early aggregate species with membranes, one should also
consider the effects of amyloid fibrils on bilayer integrity. A fibrillar amyloid induces mem-
brane damage via its elongation on the membrane surface through secondary nucleation,
which has been especially well documented for hIAPP [64,65]. It is highly probable that
the mechanisms in operation are not mutually exclusive; instead, membrane disruption is
instigated by the combined effects of multiple models [61,66].

3. Small-Molecule Amyloid Inhibitors: The Case for Modulating Lipid Membranes

The complex pathophysiology of amyloid diseases, involving a highly heterogenous
population of protein aggregate species that can exert their cytotoxic effects through a wide
variety mechanisms, renders the development of effective treatments for these disorders
exceptionally challenging. As a result, different therapeutic modalities have been explored to
address these disorders, with most efforts to date being focused on the discovery of potent anti-
aggregation agents. In this regard, several natural and synthetic small molecules have been
identified that can target different aspects of the aggregation cascade, including stabilisation of
the native conformation; inhibition of monomer aggregation into toxic oligomers; redirecting
the aggregation pathway into a non-toxic oligomer population; structural modification of
the oligomeric conformers; and accelerating aggregation into high-molecular-weight fibrillar
species, thereby reducing the toxic oligomer population [67–71]. Yet other approaches focus on
enhancing the clearance of misassembled and misfolded proteins [13,72]. Despite promising
findings in laboratory settings, however, clinical outcomes involving anti-amyloid strategies
have been largely disappointing. In this respect, the Food and Drug Administration (FDA)
approvals of the antibodies lecanemab and aducanumab for the treatment of AD have arguably
bolstered support for anti-amyloid-focused therapeutic strategies [73].

As discussed above, the toxicity of aggregates derived from amyloidogenic proteins
is largely mediated by their interactions with the cellular milieu. In particular, direct as-
sociation with, and perturbation of, biomembranes are the mechanisms that appear to
be most commonly identified when amyloid toxicity is addressed in vitro. Further, amy-
loid protein–lipid interactions may instigate misfolding and assembly of the intrinsically
disordered peptides, thereby potentially exacerbating aggregation. It follows from the
above considerations that modulating the physical state of lipid membranes might act as an
effective countermeasure against the membrane-active properties of the misfolded proteins.
Many small-molecule compounds, both natural and synthetic, are known to interact with
and insert into biological membranes, thereby inducing alterations to the physicochemical
properties of the lipidic bilayer; for example, changes in the membrane surface charge,
membrane fluidity, bilayer thickness, and membrane bending stiffness [74,75]. Thus, in
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addition to “classical” inhibitory mechanisms of protein aggregation, anti-amyloid agents
might also include those compounds that uniquely intercalate into lipid bilayers to safe-
guard membranes from toxic biomolecules implicit in numerous human proteinopathies
(Figure 1). The following section shall explore a number of naturally derived molecules that
have been demonstrated to exhibit this mechanism. Such molecules include aminosterols,
cholesterol and polyphenolic compounds (Figure 2).

Figure 1. Key protective mechanisms of membrane-mediated protection against amyloid toxicity
by small molecules. The schematic illustrates multiple mechanisms through which therapeutic com-
pounds can be exploited to modulate phospholipid membranes and confer protection against bilayer
disruption by toxic amyloid assemblies. Specifically, by altering the physicochemical properties of
phospholipid bilayers, these small molecules can impede the misfolding, accumulation and insertion
events of amyloidogenic peptides, thereby mitigating amyloid toxicity.

Figure 2. Structures of the natural compounds reviewed for their membrane-mediated protective
activities against amyloid toxicity.

3.1. Aminosterols
3.1.1. Squalamine and Trodusquemine

Squalamine (SQ) and Trodusquemine (TRO) represent an intriguing pair of natural
aminosterols, originally isolated from the dogfish shark, Squalus acanthias. As will be discussed
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in more detail below, they have recently been extensively investigated for their potential in
combating amyloid disorders through their ability to bind biological membranes [76]. Both
SQ and TRO have successfully completed phase-1 clinical trials, demonstrating favourable
safety and tolerability profiles (NCT00606112 and NCT00139282, respectively).

SQ and TRO are structurally very similar, and they are both cationic amphipathic
aminosterols. Thus, they share a hydrophobic sterol domain with a sulphated side chain
whilst exhibiting distinct hydrophilic polyamine moieties: spermine (possessing four amine
groups) in TRO and spermidine (possessing three amine groups) in SQ. This results in
TRO carrying a greater net positive charge (+3) compared to SQ (+2) at a physiological
pH [77,78]. The cationic polyamine side chains confer the ability to neutralise the negative
charges on the inner leaflet of eukaryotic membranes, consequently displacing proteins
electrostatically bound to the bilayer [79]. In agreement with this mechanism, the difference
of a single positive charge between the two aminosterols appears to exert a significant
impact on their respective efficacies, with TRO demonstrating a stronger protective effect
relative to equivalent concentrations of SQ. Moreover, the architecture of these cationic
steroids, featuring a negatively charged sulphate group on one side of the sterol core and
a positively charged polyamine on the other, is a configuration known to significantly
stabilise lipid membranes [78].

Nuclear magnetic resonance (NMR) experiments suggest that SQ effectively out-
competes α-syn for binding sites on lipid vesicles, thereby mitigating α-syn aggregation
and reducing oligomer-mediated toxicity [80,81]. A decline in protein–vesicle interactions
was observed without any direct binding between SQ and α-syn—thus favouring the notion
that the protective effects of the compound are primarily mediated via its membrane inter-
actions. Competitive displacement of α-syn was further evidenced by a dose-dependent
reduction in the α-helical content of α-syn upon incubation with lipid vesicles and SQ. In
a Caenorhabditis elegans (C. elegans) model of PD, SQ significantly reduced the formation
of intracellular inclusions and improved motility without affecting α-syn expression [80].
Moreover, in PD mouse models and aged wild-type mice, SQ has been shown to restore
enteric neuron excitability and restore colonic motility [82,83]. Beyond these cellular and
animal models, SQ has demonstrated notable efficacy in human clinical trials, including
a phase-2b clinical trial (KARMET, NCT03781791), showing improvements in PD-related
constipation, hallucinations, and dementia [84].

The other aminosterol, TRO, is notable for its efficacy at lower doses and its ability
to cross the blood–brain barrier, enhancing its therapeutic potential in neurodegenerative
diseases [76,85,86]. Trodusquemine stably integrates with high affinity into the inter-
face between the hydrophilic and hydrophobic portions of the bilayer, exposing both
charged sulphate and spermine groups to the aqueous environment. This insertion induces
three key physicochemical alterations to the bilayer: a reduction in the total negative
charge, an increased mechanical resistance to indentation, and a reorganisation of the lipid
constituents [77]. Overall, these modifications “stiffen” biological membranes, making
them more resistant to perturbation by misfolded protein oligomers [78]. Perni and co-
workers [85] described a dose-dependent inhibition of lipid-induced α-syn assembly by
TRO in the presence of anionic 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine (DMPS)
vesicles. While in the absence of TRO all the α-syn was bound to the vesicles in an α-helical
conformation, circular dichroism (CD) experiments revealed that TRO shifted the signal of
α-syn to that characteristic of a random coil, indicating the displacement of the protein, akin
to SQ. Data suggest that the inhibitory mechanism exhibited by TRO appears to involve not
only membrane displacement of monomeric α-syn, as seen with SQ, but also interaction
with intermediate aggregation species. While TRO was reported to not influence fibril elon-
gation events, this aminosterol significantly decreased the rate of secondary nucleation of
α-syn, implying a selective mechanism targeting the early stages of amyloidogenesis [85,87].
Furthermore, confocal microscopy revealed that TRO inhibited α-syn oligomer toxicity in
human neuroblastoma (SH-SY5Y) cells; this is attributed to the ability of TRO to displace
and directly interact with oligomers, as suggested by the synthetic vesicle investigations.
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In the same investigation [85], Perni et al. also conducted in vivo studies using C. elegans
models of PD and reported reduced intracellular inclusions and improved motility and
longevity upon TRO administration.

The membrane-safeguarding effects of TRO extend beyond α-syn, as the aminosterol
has also been shown to suppress the toxicity of oligomers of Aβ peptides (Aβ42 and Aβ40)
and of the amyloidogenic N-terminal domain of the Escherichia coli (E. coli) HypF protein
(HypF-N). At protective concentrations, TRO completely prevented oligomers from binding
to the bilayer [87,88]. Interestingly, while TRO slowed down the lipid-induced aggregation
of α-syn, it accelerated the amyloid fibril formation of Aβ42 by predominantly enhancing
secondary nucleation events. This acceleration shifted the assembly process towards the
generation of mature fibrils, hence depleting cytotoxic oligomeric intermediates. These
observations were also replicated in vivo, wherein TRO administration in C. elegans models
of AD was associated with increased aggregate formation but reduced Aβ42-induced
toxicity [89].

In conclusion, although α-syn, amyloid-β, and HypF-N follow distinct aggregation kinet-
ics, both aminosterols demonstrate efficacy in suppressing amyloid toxicity through a shared
mechanism of outcompeting and displacing oligomeric aggregates from cell membranes.

3.1.2. Claramine

Claramine, a blood–brain barrier-permeable steroid polyamine, is structurally anal-
ogous to TRO, having a spermine side chain attached to a sterol ring. Once again, this
configuration enables the interaction with cellular membranes and modulation of their
physicochemical properties. In a recent investigation by Kreiser et al. [90], claramine was
found to neutralise the cytotoxicity of two pore-forming biological toxins, namely melittin
from honeybee venom and α-hemolysin from Staphylococcus aureus. Claramine effectively
prevented these porating agents from binding to cell membranes, without any detectable
alterations to their overall structures. Importantly, this illustrates that the protective ef-
fects of claramine are mediated primarily through its modulation of membrane properties,
rather than by direct interaction with the pore-forming proteins themselves, akin to the
other aminosterols discussed [90]. With regards to amyloid proteins, it was reported that
claramine effectively inhibited the aggregation of α-syn. In a well-established C. elegans
model of PD, claramine administration resulted in a marked reduction in α-syn inclusions,
accompanied by improved motility. These effects were attributed to the ability of this
sterol to alter the phase behaviour of α-syn, particularly by slowing the rate of primary
nucleation, a critical initial step in the aggregation process [91].

Based on these collective observations, it can be inferred that the effects of aminosterols
in promoting membrane resilience against permeabilising biological toxins and misfolded
oligomers can be ascribed mainly to their ability to regulate the physicochemical properties
of cell membranes [76]. It is therefore tempting to speculate regarding a broad protective
mechanism, which might be applicable to various human pathologies where membrane
integrity is compromised. Additionally, the proven safety profiles and favourable pharma-
cokinetic properties of aminosterols, as supported by various clinical trials, further support
their potential as therapeutic agents.

3.2. Cholesterol

Cholesterol is a physiologically very important component of lipid membranes that
plays a key role in modulating membrane fluidity, permeability, and hydrophobicity [92,
93]. This amphipathic molecule is composed of three well-defined regions: a small polar
hydroxyl group, a rigid steroid ring, and a flexible iso-octyl side chain. Within membrane
bilayers, cholesterol intercalates such that the polar hydroxyl group is positioned between the
phospholipid polar head groups while the plate-like steroid ring extends into the hydrophobic
core of the bilayer, wherein it imparts a condensing effect on the membrane [92,94]. Cholesterol
fulfils a particularly important role in the brain, which accounts for 20–25% of the total body
cholesterol [95,96]. Dysregulation of cholesterol homeostasis, particularly in the neuronal
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plasma membrane, has been implicated in synaptic loss, impaired synaptic plasticity, and the
pathological changes observed in various neurodegenerative diseases, including AD, PD, and
Huntington’s disease (HD) [96–98].

The interplay between cholesterol, protein aggregation and aggregate toxicity is com-
plex and conflicting results have been reported [61]. Several studies have attested that
cholesterol enhances the aggregation propensity of amyloidogenic peptides, including
Aβ [99–101], α-syn [102,103], hIAPP [104], htt [105] and transthyretin [106]. Cholesterol-
containing membranes have been shown to significantly accelerate amyloid-β aggregation
and enhance its membrane-binding affinity [99–101]. Specifically, under time-lapse atomic
force microscopy (AFM), the presence of cholesterol in 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-choline/1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPC/POPS) lipid
bilayers led to the faster appearance of Aβ42 aggregates compared to non-cholesterol
bilayers, implying an enhanced aggregation propensity [99]. Similarly, in 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC) vesicles, cholesterol increased the nucleation rate of
Aβ42 peptides by catalysing the primary nucleation step [101]. Computational modelling
also demonstrated that lipid membranes harbouring cholesterol manifested a stronger
affinity to Aβ42, both in zwitterionic POPC [100] and anionic POPC/POPS [99] bilay-
ers. Yu and Zheng [100] attributed the enhanced membrane-binding of Aβ peptides to
cholesterol-induced alterations in the structure and dynamics of the lipid bilayer. Fur-
ther, it was reported that cholesterol, together with the ganglioside content, promoted the
conformational transition from an α-helix- to a β-sheet-rich structure [107].

In contrast, other substantial evidence supports a protective role for cholesterol against
amyloid-β toxicity, describing cholesterol-rich bilayers to be less prone to destabilisation
and perforation. Fernández-Pérez et al. [108] examined the impact of the cholesterol
content on neuronal membranes, reporting that increasing membrane cholesterol levels
increased the number of membrane-associated Aβ clusters but prevented membrane
perforation and neurotoxicity. Additionally, high cholesterol content in neuroblastoma cell
membranes prevented Aβ peptide binding, with the cholesterol content being inversely
correlated with the membrane-perturbing effects of the Aβ oligomers [109]. Molecular
dynamics (MD) simulations also support this notion, with cholesterol-rich raft model
membranes being found to be more resistant to Aβ42 tetramer insertion than pure PC
membranes [110]. Enhanced membrane resilience to amyloid-β is attributed to cholesterol-
induced physicochemical changes in the bilayer, specifically a more packed and rigid
environment that likely impedes membrane permeabilisation [108,109].

Similar to amyloid-β, the interplay between cholesterol, hIAPP and membranes is
also complex [111]. Cholesterol has been reported to slow hIAPP aggregation and reduce
dye leakage from PC and PS lipid vesicles, although this protective effect was overcome by
high concentrations of anionic lipids [34]. MD simulations of POPC/POPS membranes also
indicate that the addition of cholesterol caused a weaker insertion of hIAPP into the bilayer
and made the membrane less vulnerable to hIAPP-induced poration [112]. However,
whilst cholesterol suppressed membrane damage in raft-free anionic POPC/POPS vesicles,
in raft-containing vesicles, cholesterol conversely exacerbated hIAPP fibrillisation and
membrane leakage [104]. These findings suggest that the influence of cholesterol on hIAPP-
mediated membrane leakage is to a significant extent attributed to its influence on the
physicochemical properties of the lipid membrane, rather than via direct interactions
with the peptide itself. By investigating different sterols, Zhang et al. [113] established
that sterols which led to a more tightly packed membrane environment resulted in lower
vesicle binding of hIAPP, decreased membrane leakage, and slower peptide assembly. This
hypothesis is supported by other investigations showing that increased membrane rigidity
caused by cholesterol impedes pore formation by melittin [114].

α-syn has a high affinity for cholesterol, mediated by residues 67–78 in the aggregation-
prone non-amyloid-β component (NAC) domain of the protein [115]. In fact, cholesterol
increased the propensity of α-syn to induce bilayer defects and was required for the
formation of cytotoxic amyloid transmembrane pores [116]. However, cholesterol may
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also influence α-syn–bilayer interactions via alteration of the membrane environment,
with contrasting effects. For instance, increasing the amount of cholesterol in DPPC
vesicles weakened the binding of α-syn with the vesicles as a result of cholesterol blocking
membrane defects [117]. As indicated by recent MD simulations, such an effect can be
ascribed to a decrease in bilayer fluidity induced by cholesterol [102]. In agreement,
other investigations have also reported that cholesterol inhibits the binding of α-syn to
membranes comprising either zwitterionic or anionic lipids [103,118]. The impact of
cholesterol on α-syn binding and fibrillation thus varies in different lipid environments.

Overall, while the relationship between the cholesterol membrane content and amyloid–
membrane interactions remains an area of active investigation, the protective effects of
cholesterol are often linked to its membrane-stabilising properties, which reduce the propen-
sity for amyloidogenic peptides to penetrate the bilayer [119].

3.3. Polyphenols

Polyphenols are a class of phytochemicals with considerable structural diversity,
essentially characterised by the presence of multiple aromatic rings with two or more
phenol units. They are primarily found in herbal teas, fruits, and vegetables and are cate-
gorised according to the number of phenol rings and the elements connecting them [120].
Polyphenolic compounds show considerable promise as effective anti-amyloid agents and
possess various biologically relevant properties, including antioxidant, anti-inflammatory,
and antimicrobial effects. Several classes of polyphenols, including flavonoids, curcumi-
noids, and phenolic acids, have attracted intensive interest for their therapeutic potential
for amyloid-related diseases due to their ability to inhibit the protein aggregation cas-
cade [121–126]. Polyphenols that effectively antagonise amyloid formation share structural
similarities. Such a capability is thought to be attributed to their phenolic rings, which
disturb π-stacking interactions between monomeric units in aggregate species and form
π–π interactions with aromatic residues present in amyloid-forming proteins [127,128].
However, the anti-aggregative effects of polyphenols on amyloid assembly are usually
probed in vitro in aqueous solutions, which does not resemble the physiological environ-
ment in which such aggregates exist. This is especially significant in light of the substantial
influence lipid membranes have on the aggregation cascade [129].

Polyphenols are able to interact with all the macromolecules, including lipids. They are
generally localised close to the polar headgroups of the bilayer, just beneath the lipid–water
interface. However, these interactions are greatly influenced by the structures of both the
polyphenol and the lipid environment [130]. Numerous reports propose that the biological
effects of polyphenols are attributable to their impact on membrane characteristics, such as
fluidity [131,132].

3.3.1. Curcumin

Curcumin is a widely researched lipophilic polyphenol abundantly found in the
turmeric plant Curcuma longa [133]. Curcumin has attracted substantial interest for its
potential therapeutic applications, including in proteinopathies [134]. Thus, curcumin
potently interferes with the aggregation of the major amyloidogenic proteins, including
amyloid-β [135,136], tau [137], α-syn [138], and hIAPP [139]. Notably, curcumin is re-
ported to redirect the assembly of Aβ and α-syn towards the generation of non-toxic
oligomers [136,140] and even disaggregate the preformed fibrillar aggregates of these
proteins [135,137,140], thereby reducing the levels of neurotoxic species.

The breadth of curcumin’s interactions has led to speculation that in addition to its
antioxidant, anti-inflammatory and anti-aggregative properties, the beneficial effects of
this small molecule may also be membrane-mediated [141]. Due to its lipophilic nature,
curcumin can distribute into cellular membranes, where it is reported to promote mem-
brane cohesion and stability [142]. The orientation and distribution of curcumin within
phospholipid bilayers is concentration-dependent. At lower concentrations, curcumin
orients itself flat on the membrane surface, binding to the lipid–water interface through
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H- bonding with the phosphate headgroup, and acts as a protective steric barrier or “car-
pet”, reducing membrane fluidity and water permeability. Upon increasing the curcumin
concentration, the molecule penetrates into the acyl chain region, where it fluidises the
membrane and counters peptide insertion [141,143,144]. Curcumin thus reduced the rate
and extent of Aβ insertion into anionic lipid monolayers, leading to decreased Aβ-induced
bilayer disruption in a dose-dependent manner [145]. Furthermore, curcumin embedded
into anionic bilayers reduced the accumulation of fibrillar Aβ oligomers on the membrane
by almost 70% [146]. Along the same lines, research by Khondker and co-workers demon-
strated that curcumin, by altering the structural parameters of the membrane, significantly
reduced the formation of Aβ25–35 peptide plaques by an unsaturated anionic membrane
model [147]. These and other investigations have provided further support for curcumin
as a small-molecule polyphenol that inhibits amyloid self-assembly and membrane toxicity
by a combination of membrane and protein interactions.

3.3.2. Epigallocatechin Gallate (EGCG)

The green tea flavonoid EGCG is another well-studied polyphenol against amyloid
protein self-assembly. Several studies have reported that EGCG effectively inhibits the
aggregation of a number of disease-related peptides, including Aβ [148,149], tau [150], α-
syn [122,151], hIAPP [152], and huntingtin [36], amongst others. Since this compound has
exhibited promising therapeutic potential for multiple PMDs, EGCG has entered clinical
trials for the treatment of neurodegenerative diseases. However, despite the positive
outcomes observed in in vitro and animal models, few to no positive results have been
reported to date in clinical trials [153].

EGCG is a gallic acid ester featuring seven hydroxyl groups distributed among three
aromatic rings. Integration into lipid bilayers occurs mostly through its gallic acid ester
group [148,154]. The presence of galloyl moieties in polyphenols enhances their lipophilic-
ity, enabling galloylated catechins like EGCG to penetrate lipid bilayers and disturb the
organisation of the tail region, in turn imparting morphological and fluidic alterations to
membranes [131,155].

EGCG has been studied for its potential to inhibit amyloid aggregation and mitigate
toxicity at lipid interfaces. Preincubation of Aβ42 with EGCG lessened the bilayer dis-
ruption of negatively charged vesicles, suggesting that EGCG attenuated the peptides’
membrane interaction [156]. This is consistent with recent MD simulations, which reported
that in the presence of anionic membranes composed of POPC and POPG (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoglycerol) lipids, EGCG altered the binding dynamics between
protofibrillar Aβ42 and the bilayer. Further, EGCG slowed the adsorption of Aβ42 and
hindered its assembly, albeit less effectively than in a membrane-free environment. The
numbers of contacts formed between EGCG and lipid bilayers were even greater than those
between EGCG and Aβ42 protofibrils, implying that EGCG interacts preferentially and
strongly with membranes [148]. In an analogous manner, EGCG associated primarily with
the bilayer to weaken the H-bonding and hydrophobic interactions between protofibrillar α-
syn and the membrane, hence limiting α-syn membrane-binding and enhancing membrane
integrity [151]. Interestingly, EGCG retained its inhibitory effect on α-syn aggregation, as
well as its capacity to reduce the concentration of oligomeric α-syn, in the presence of both
zwitterionic and anionic liposomes [157]. Similarly, EGCG also prevented aggregation of
the htt protein into amyloid fibrils even in the presence of vesicles made from the synthetic
lipid POPC or from total brain lipid extract [158].

However, the efficacy of EGCG in membrane environments has not always been
consistent. EGCG less effectively inhibited Aβ40 fibrillisation upon incubation with large
unilamellar vesicles (LUVs), with PCPG anionic vesicles reducing the inhibitory efficacy of
EGCG more markedly in comparison to zwitterionic PC vesicles [157]. Mass spectrometry
experiments point to a likely partitioning of EGCG into the lipid bilayer, hence reducing
the availability of this inhibitor to bind Aβ. In concordance, another study reported a
significant reduction in the ability of EGCG to inhibit hIAPP fibrillogenesis in the presence
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of negatively charged dimyristoyl-phosphatidylglycerol (DPPG) lipid bilayers [159]. This
was attributed to diminished π–π stacking interactions between EGCG and the hydropho-
bic binding sites of the peptide, which are sequestered within the lipid phase and thus
inaccessible to EGCG. Taken together, these mechanistic insights highlight the possibility
of reduced inhibitor efficacy in a lipid environment due to competing interactions between
the inhibitor compound, the peptide and the membrane—hence further underscoring the
influence of lipid membranes during therapeutic design.

3.4. Ubiquinones

Ubiquinones are a group of lipid-soluble antioxidant molecules located primarily
in the membranes of Gram-negative bacteria and in the inner mitochondrial membranes
of eukaryotic cells. Ubiquinones are composed of a quinone headgroup connected to a
lipophilic isoprenoid chain of species-specific length, confining these molecules to lipid-
rich environments [160]. In humans, the chain comprises ten isoprenoid units and is thus
referred to as ubiquinone-10, or coenzyme Q10 (CoQ10). CoQ10 can be considered a
mobile component of the mitochondrial electron transport chain, shuttling electrons in
a ubiquinone (oxidised) and ubiquinol (reduced) redox cycle [161]. It therefore plays a
significant role in cellular metabolism, participating in various aspects of mitochondrial
energy production. Further, CoQ10 protects mitochondrial membrane lipids and proteins
from free radical-induced oxidative injury [162,163]. While the exact position of Q10 in the
bilayers remains to be fully elucidated, it is generally accepted that the isoprenoid chain is
embedded within the mid-plane of the hydrophobic core, while the quinone ring alternates
between the polar headgroup region and the mid-plane [164,165].

The influence of CoQ10 on the mechanical properties and permeability of lipid mem-
branes may be compared to that of cholesterol, with studies suggesting that the inclusion
of CoQ10 in the phospholipid leaflet imparts a concentration-dependent increase in the
phospholipid order and a pronounced membrane-rigidifying effect [166,167]. In agreement
with this, the levels of endogenous ubiquinones in bacteria increased dramatically under
prolonged osmotic stress, implying a potential stability-enhancing role of ubiquinones
within membranes [168]. This “stiffening” effect on lipid bilayers has been corroborated by
other investigations employing biomimetic membranes [166,169].

Studies have reported that CoQ10 confers cyto-protection against Aβ through multi-
ple mechanisms, including the inhibition of oxidative stress and increased expression of
proteins related to neuronal cell survival [170], as well as membrane-mediated mechanisms
delaying Aβ incorporation into membranes [171,172]. The protective effect of CoQ10 does
not appear to be mediated by a simple chemical interaction with the Aβ peptide, since
the simultaneous addition of CoQ10 and Aβ did not confer protection against Aβ toxic-
ity in endothelial cells. However, pre-treatment of cultured cells with CoQ10 prevented
Aβ-induced damage. CoQ10 was reported to prevent the incorporation of Aβ into the
plasmalemma and mitochondrial membranes, reducing its accumulation within the cells.
Additionally, CoQ10 decreased the production of ROS and prevented cell death [171,172].
Notably, the protective role of CoQ10 may be partially attributed to its ability to shield
the membrane. It is hypothesised that CoQ10 acts as a “cellular armour”, impeding the
insertion of Aβ into bilayers via steric hinderance, in turn reducing the formation of Aβ

channels in the membrane. Furthermore, considering the oxidative stress [173] and mi-
tochondrial dysfunction [174] hypotheses of AD, the antioxidant, neuroprotective, and
anti-inflammatory properties of CoQ10 appear promising for the amelioration of the ox-
idative stress and neuroinflammation associated with AD [175]. This is further supported
by evidence suggesting that serum CoQ10 levels may be inversely associated with the
risk of developing dementia [176], and other reports demonstrating the protective effects
of CoQ10 against Aβ neurotoxicity [170]. These findings underscore the need for further
investigation into the mechanisms of action of CoQ10, particularly its ability to stabilise
membranes and prevent the damaging insertion of other amyloidogenic peptides, whilst
highlighting the critical role of bilayer stabilisation in mitigating amyloid toxicity.
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4. Conclusions

In conclusion, the reviewed literature provides strong support for the notion that
regulating the physical state of lipid membranes may be a promising therapeutic strategy
to suppress the toxicity of amyloidogenic assemblies in PMDs. Considering the central role
of membranes in amyloid pathology, the identification of small molecules that have the
potential to modulate peptide–membrane interactions to (i) mitigate membrane-catalysed
misfolding and assembly, and (ii) preserve membrane integrity, is an important step in the
development of effective treatments for these debilitating disorders (Table 2). However,
evidence also suggests that compound interaction with lipid membranes does not neces-
sarily confer protection, as evidenced by EGCG, a well-established anti-amyloidogenic
compound. The conflicting data and gaps in our understanding underscore the necessity
for a broader investigation into the fundamental mechanisms by which these compounds in-
teract with both peptides and membranes. Elucidating these complex interactions in future
studies will be crucial for informing the design of more targeted and potent small-molecule
therapeutics, which could address the membrane-mediated aspects of amyloid toxicity.

Table 2. List of compounds and associated peptide/membrane models.

Compound Protein/Peptide Membrane Model References

Squalamine α-syn DMPS vesicles
DOPE/DOPS/DOPC (5:3:2) vesicles [80,81]

Trodusquemine

α-syn
DMPS vesicles
DOPE/DOPS/DOPC (5:3:2) vesicles
Neuronal membranes (SH-SY5Y cells)

[85,87]

Aβ,
HypF-N

DOPE/DOPS/DOPC (5:3:2) vesicles
DOPC/SM (2:1) vesicles with 1% CHOL and
1% GM1
Neuronal membranes (SH-SY5Y cells)

[87–89]

Cholesterol

α-syn
POPC, POPC/POPG, and POPC/POPE vesicles
DPPC, DOPC and DOPC/SM vesicles
DOPE/DOPS/DOPC (5:3:2) vesicles
DOPC, DOPC/DOPE/DOPG (4:3:1) vesicles

[116]

Aβ

POPC and POPC/POPS bilayers
DMPC vesicles
Raft model membranes
Plasma membranes (HEK-293 cells, SH-SY5Y cells,
and hippocampal neurons)

[99–101,108–110]

hIAPP

DOPC and DOPC/DOPS bilayers
DOPC and POPC lipid vesicles with DOPG, POPS
or SM
POPC/POPS (7:3) vesicles
DOPC/DPPC (1:2) vesicles

[112]

Curcumin Aβ

DMPC, DOPC, DMPG and POPC/DMPS
(97:3) vesicles
DMPG and DMPG/DMPC monolayers
Neuronal membranes (SH-SY5Y cells)

[141,143–145]

EGCG

α-syn POPC/POPG bilayers
POPC and POPC/POPG vesicles [151,157]

Aβ
POPC/POPG (7:3) bilayers
POPC, POPC/POPG and DMPC/DMPG vesicles [156,157]

hIAPP DPPG bilayers [159]
htt POPC vesicles

Total brain lipid extract [158]

CoQ10 Aβ Endothelial cell membranes [171,172]

Abbreviations: CHOL, cholesterol; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DMPG, 1,2-dimyristoyl-
sn-glycero-3-phospho-(1′-rac-glycerol); DMPS, 1,2-dimyristoyl-sn-glycero-3-phosphoserine; DOPC, 1,2-dioleoyl-
sn-glycero-3-phosphocholine; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; DOPG, 1,2-dioleoyl-sn-
glycero-3-phospho-(1′-rac-glycerol); DOPS, 1,2-dioleoyl-sn-glycero-3-phosphoserine; DPPC, 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine; GM1, monosialotetrahexosylganglioside; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine; POPG, 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-(1′-rac-glycerol); POPS, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine; SM, sphin-
gomyelin.
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Abstract: Membrane transporters are expressed in a wide range of tissues in the human organism.
These proteins regulate the penetration of various substances such as simple ions, xenobiotics,
and an extensive number of therapeutics. ABC and SLC drug transporters play a crucial role in
drug absorption, distribution, and elimination. Recent decades have shown their contribution to
the systemic exposure and tissue penetration of numerous drugs, thereby having an impact on
pharmacokinetic and pharmacodynamic parameters. Importantly, the activity and expression of
these transporters depend on numerous conditions, including intestinal microbiome profiles or
health conditions. Moreover, the combined intake of other drugs or natural agents further affects
the functionality of these proteins. In this review, we will discuss the involvement of ABC and SLC
transporters in drug disposition. Moreover, we will present current evidence of the potential role of
drug transporters as therapeutic targets.

Keywords: drug transporters; ATP binding cassette transporters; solute carrier transporters; p-
glycoprotein; drug–drug interactions

1. Introduction

Pharmacology is a broad field of study relating to drugs that can be described using
pharmacokinetics (PK) and pharmacodynamics (PD). PK provides information on what
happens to the drug after its administration. The acronym LADME refers to the most
important elements, comprising liberation, absorption, distribution, metabolism, and
elimination. In contrast, PD parameters refer to the influence of the drug on an organism
(Figure 1). Understanding the PK and PD parameters of drugs is crucial for them to be
safely and effectively administered to humans. Age is an important factor to consider for
drug administration, as PK parameters undergo developmental maturation, which has been
nicely summarized by van den Anker et al. [1]. Furthermore, the processes of absorption,
distribution, and elimination depend greatly upon the activity of cellular transporters.
These proteins are responsible for the intake of drugs, but they are also involved in the
process of efflux. Single nucleotide polymorphisms (SNPs) are a type of genetic variant
that has been investigated for decades. SNPs in drug transporter genes are associated with
changes in activity, which translates into modified drug distribution [2]. In this review,
we will discuss the involvement of cellular membrane transporters in the distribution and
bioavailability of drugs, focusing mainly on ATP-binding cassette (ABC) and solute carrier
(SLC) families.
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Figure 1. The activity of drug transporters affects pharmacokinetic parameters of drugs, which have
a direct influence on their pharmacodynamic properties. Created in BioRender. Kiełbowski, K. (2024)
BioRender.com/t19o310.

2. Family of Transporters—Structure and Physiological Role

2.1. ATP-Binding Cassette

The family of ABC proteins involves membrane transporters that are composed of
nucleotide binding domains and transmembrane domains. The binding of ATP induces
conformational changes that regulate the opening of the transporter. Approximately 50
ABC transporters have been identified in humans [3]. These proteins play numerous roles
in human physiology; they are important transporters of ions, organic molecules, peptides,
lipids, and drugs. Furthermore, they have been associated with several diseases and
pathological conditions, such as cystic fibrosis (ABCC7/CFTR) or drug resistance in the
case of P-glycoprotein (P-gp) [4]. As previously mentioned, these transporters perform a
variety of tasks, but their involvement in drug distribution is primarily associated with drug
efflux. P-gp represents a prominent member of the ABC family and the ABCB subgroup. It
is involved in the distribution and elimination of therapeutic agents as it is expressed in
the intestine [5], kidneys [6], and the blood–brain barrier (BBB) [7], among others sites.

ABCG2, which is also known as breast cancer resistance protein (BCRP), represents
another member of the ABC transporter family. It is involved in the transport of metabo-
lites and uric acid, together with numerous drugs, including conjugates. The structure
of BCRP also involves intracellular, transmembrane, and extracellular elements [8]. As
the name of the transporter suggests, its presence is associated with chemoresistance in
breast cancer tumors [9], including metastatic lesions [10]. The transporter is expressed
in various tissues, including the placenta, gastrointestinal tract, and kidneys, among oth-
ers [11]. The important physiological roles of ABCB1 and ABCG2 have been confirmed in
double-knockout rats. In these animals, silencing the genes encoding the above-mentioned
transporters induces significant metabolomic and transcriptomic alterations. Analyses of
metabolites revealed that amino acids and lipids were significantly altered in cerebrospinal
fluid and plasma, respectively. Moreover, the modification changed the transcription of
hundreds of genes in the kidneys, liver, and brain. The observed effects could be a result of
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compensatory mechanisms associated with altered metabolome. However, other pathways
were affected as well, such as pathways associated with endoplasmic reticulum stress [12].
The structure of the ABC transporters involves intracellular nucleotide-binding domains
and transcellular domains (Figure 2).

 

Figure 2. Structure of P-glycoprotein (PDB ID: 6C0V [13–15]) and breast cancer resistance protein
(PDB ID: 6VXF [16]). Created in BioRender. Kiełbowski, K. (2024) BioRender.com/s65g631.

2.2. Soluble Carrier Transporters

Solute carrier (SLC) transporters are a diverse family of membrane-bound proteins
that include over 66 gene families, and over 430 secondary active transporters have been
identified in humans [17]. Some scientific studies report that there are over than 600
members organized into 166 families [18] that play a crucial part in the absorption, distri-
bution, metabolism, and elimination of various pharmacological agents [19,20]. Recent
advancements in structural biology, including X-ray crystallography and nuclear magnetic
resonance (NMR) spectroscopy, have significantly improved our understanding of the
mechanisms and ligand interactions of SLC transporters. The two most prevalent structural
folds in SLC proteins are the leucine transporter protein (LeuT)-like fold and the main
facilitator superfamily (MFS) fold. The LeuT fold is made up of two five-transmembrane-
helix structures, each of which has a bundle and a scaffold domain. The MFS fold is made
up of two pseudo-repeats of six-transmembrane-helix structures joined by a cytoplasmic
loop [21]. The structural diversity of the SLC family members is remarkable, as they
comprise an array of folds that are unlikely to have evolved from one another [22]. Even
in cases in which sequence similarities are modest, the folds of SLC members typically
identify their processes and reveal their evolutionary linkage. The human SLC superfamily
is a classic example of a distantly homologous protein family with substantial sequence
diversity and relatively little structural diversity [23]. SLCs are responsible for moving
a remarkably wide range of solutes through biological membranes, including medicines,
amino acids, lipids, sugars, inorganic ions, and carbohydrates. The majority of these
membrane proteins work as coupled symporters, or co-transporters, that propel substrate
against its concentration gradient into cells by means of downhill ion (H+ or Na+) gradients.
Although some members have channel-like characteristics, other members function as
antiporters, which usually have a single substrate-binding site and an alternating-access
mechanism of transport [24–27].

The SLC transporter superfamily comprises 66 gene families with over 430 identified
secondary active transporters in humans [17]. SLC transporters, which include families
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such as SLC21/SLCO, SLC22, SLC15, and others, play a crucial role in the distribution and
PK parameters of drugs within the human body [28].

The H+-coupled oligopeptide co-transporter family, also known as the solute carrier
15 (SLC15) family of peptide transporters, is a class of membrane transporters that is
well known for its critical function in the cellular uptake of di- and tripeptides. These
transporters, particularly PEPT1 and PEPT2, facilitate the uptake of small peptides and
peptidomimetic drugs across biological membranes [29]. The extracellular domain among
twelve transmembrane (TM) helices that fold into an N-terminal domain (NTD, TM1-6)
and a C-terminal domain (CTD, TM7-12) play an important role in PepT1 and PepT2
functionality [30]. PepT1 is primarily responsible for mediating intestinal absorption
of luminal di/tripeptides, b-lactam antibiotics (cefadroxil), and antiviral medications
(valacyclovir) from overall dietary protein digestion [31,32]. SLC15A2 (PepT2) primarily
permits renal tubular reuptake of di/tripeptides from ultrafiltration and brain-to-blood
efflux of di/tripeptides in the choroid plexus. SLC15A3 (PHT2) and SLC15A4 (PHT1)
interact with both di/tripeptides and histidine in the endolysosome membranes of immune
cells, and SLC15A5 has an unknown physiological role [33]. A study by Romano at al.
found that of the two SLC15 transporters expressed in thyroid follicular cells, namely
PEPT2 (SLC15A2) and PHT1 (SLC15A4), only PEPT2 was involved in peptide transport at
the plasma membrane, what was the first evidence that peptide transport occurs in thyroid
follicular cells [34].

The SLCO/SLC21 superfamily of organic anion transporting polypeptides (OATPs)
mediate the transport of a broad range of endo- and xenobiotics, leading to interindividual
differences in efficacy and toxicity [35]. OATPs are classified into families and subfamilies
based on amino acid sequence similarities, with 36 members identified in humans, rats, and
mice [35,36]. These transporters typically have 12 transmembrane domains and function
independently of sodium. Genetic variations in SLCO genes can affect OATP function
and contribute to the interindividual variability of drug effects [37]. Recent studies have
revealed the importance of OATPs in the pharmacology of cancer and autoimmune disor-
ders, with certain members being overexpressed in various solid tumors and potentially
influencing tumor development and disease progression [38,39].

The SLC22 transporter family is highly expressed and is involved in the regulation
of homeostasis through the transportation of molecular organic compounds, including
antioxidants, signaling molecules, and metabolites [40]. It can be divided into organic anion
transporters (OATs), organic cation transporters (OCTs), and organic zwitterion/cation
transporters (OCTNs) [41]. Recent phylogenetic analysis suggests that SLC22 transporters
evolved over 450 million years ago and can be classified into at least six groups [41].
A more recent approach proposes eight functional subgroups, including four new OAT
subgroups [42]. These transporters are involved in various physiological processes and
diseases, such as primary systemic carnitine deficiency and renal hypouricemia [43]. Differ-
ent members of the SLC22 family are expressed on the basolateral and apical surfaces of
epithelial cells, where they facilitate the movement of molecules between bodily fluids and
critical organs such the kidneys, liver, heart, and brain [44]. A recent study presented po-
tential natural product (NP) interactions with other compounds at the transporter site. The
researchers found that a variety of NPs, including flavonoids, vitamins, and indoles, were
altered in the serum of mice with OAT1 and OAT3 knockouts. A multivariate examination
of chemical characteristics indicated that OAT1- and OAT3-dependent NPs could be largely
distinguished from one another. Using both protein-binding tests and in vitro transport
studies, direct binding to the transporter was verified [45]. For instance, multivariate anal-
yses confirmed the association of SLC22A3 expression with progression-free survival in
pancreatic cancer patients. According to a subgroup analysis of patients receiving regimens
based on nucleoside analogues, those who showed apical localization of SLC22A3 in tumor
cells or negative brush border staining appeared to have a lower overall survival rate [46].
New studies have provided additional information on previously classified transporters.
In the study by Redeker and Brockmöller, SLC35G3 and SLC38A10 significantly acceler-
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ated the uptake of cations such as clonidine, 3,4-methylenedioxymethamphetamine, and
nicotine [47].

The structural complexity and dynamic nature of SLC transporters have long posed
challenges for traditional structural biology techniques, such as X-ray crystallography [48].
The advent of cryo-electron microscopy has been a game-changer in this field. Cryo-
electron microscopy (cryo-EM) has emerged as a revolutionary tool in the field of structural
biology, contributing significantly to understanding of the intricate details of biomolec-
ular structures and their functions, such as exposing multiple transporters’ binding and
activation mechanisms. Moreover, this microscope has the unique ability to capture the
intricate details of membrane protein structures, including their conformational changes
and interactions with ligands and their complexes, without the need for crystallization. It
has been applied to members of the SLC12A family, including KCCs, NKCC1, NCC, and
SLC22A6, elucidating structural elements crucial for ion binding, domain interactions, and
overall function [49,50]. The SLC transporter family’s druggability has been significantly
impacted by the mechanisms of action that cryo-EM has helped to uncover [51].

3. The Involvement of Transporters in Drug Absorption, Distribution, and Elimination

3.1. ABC Transporters

Considering the roles of ABC proteins in drug transport and their expression in the
intestine, BBB, and kidneys, the expression and functionality of these transporters affect the
bioavailability and elimination of therapeutic targets. Recent studies have investigated how
various conditions influence ABC transporters. P-gp, also known as ABCB1, transports
a wide range of drugs, including immunosuppressants [52], natural agents [53], peptide
drugs [54], and cardiological drugs [55], among others.

Experiments in rabbits have shown that the expression of P-gp is different in various
segments of the intestine, thus indicating that efflux capability and drug absorbance differ
between different intestinal segments [56]. P-gp molecules are transported into the apical
parts of enterocytes through an interaction with Myosin Vb (Myo5B). Interestingly, in a
recent study by Doolay et al. [57], the authors examined the presence of P-gp in mice and
detected these transporters below the cell membrane, which potentially suggests that there
is a pool of P-gp that could be rapidly inserted into the membrane [57].

Researchers have demonstrated that various conditions affect the activity of the trans-
porter. For instance, the expression of ABCB1 is dependent on gut microbiome composition.
The extensive network of bacterial species found in the intestine play a significant role in
human physiology as they affect immune responses [58]. Accordingly, altered composition
of the microbiota, a condition known as gut dysbiosis, has been associated with various
pathological conditions and diseases [59]. Regarding drug transporter expression, certain
metabolites of the gut microbiome suppress the expression of ABCB1. However, this
result was not associated with its efflux functionality [52]. A recent study proved that
metabolites secreted by Eggerthella lenta can inhibit the drug efflux that is mediated by
P-gp, thus increasing the bioavailability of digoxin [55]. A combination of several factors
involving the gut microbiome could affect both transcriptional expression and functionality,
thus influencing both drug efflux and absorption. For instance, some health conditions
can affect the absorption efficiency of particular drugs. In an early study by Buchman
and colleagues, researchers found significantly elevated expression of P-gp protein in a
patient with Crohn’s disease [60]. Furthermore, in a more recent study using rats with
non-alcoholic steatohepatitis, Li et al. [61] observed a higher expression of P-gp in the small
intestines of these animals compared with rats from the control group. This observation
was accompanied by that of decreased bioavailability of simvastatin in the study group.
Importantly, these differences were not observed when the statin was administered in-
travenously [61]. Similarly, a higher expression of P-gp was observed in rats with portal
hypertension (PH), which is associated with reduced absorbance of octreotide, a somatis-
tatin mimic used to treat PH and PH-related complications [54]. Another condition that
affects the intestinal expression of P-gp is acute kidney injury (AKI). In a rat model in
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which renal injury was induced by cisplatin, AKI significantly downregulated levels of
P-gp located in the ileum. However, the authors made a very interesting finding: they
observed that reduced expression of the P-gp transporter did not significantly affect the
absorbance of Rho-123, a P-gp substrate. On the contrary, absorbance was significantly
affected for the other P-gp substrate—gatifloxacin (GFLX) [62]. Thus, this important study
demonstrated important physiological properties of P-gp that increase its functionality
even when its intestinal expression is reduced. Interestingly, drug transporters are not the
only agents that limit the entry of drugs into systemic circulation. CYP3A4 is an enzyme
that is expressed in the intestine and takes part in intestinal first-pass metabolism [63]. In a
study by Li and collaborators, the authors demonstrated that inhibiting CYP3A4 and not
P-gp can improve the absorption of lovastatin [64] (Figure 3).

 

Figure 3. P-glycoprotein is exported to the apical parts of enterocytes, with the help of myosin Vb,
where it mediates drug efflux. CYP3A4, which belongs to the family of cytochrome P450 enzymes, is
also expressed in the intestinal wall, where it catalyzes first-pass metabolism and acts as a barrier for
xenobiotics. Altered health condition and changed microbiome changes the activity of P-gp, which
has a direct effect on drug absorption. Furthermore, the presence of other drugs and the occurrence
of drug–drug interaction is associated with altered drug absorbance as well. Created in BioRender.
Kiełbowski, K. (2024) BioRender.com/a30z627.

P-gp is expressed in other tissues in addition to the intestine, which is also associated
with its effects on bioavailability. For instance, considering its role in drug efflux and
expression in the BBB, the activity of the P-gp transporter limits the transport of drugs
to the central nervous system (CNS); in the field of drug disposition, this is an undesired
process as it restricts the ability of antidepressants to reach the CNS [65]. In contrast, the
activity of P-gp is thought to be beneficial in Alzheimer’s disease (AD), which will be more
thoroughly discussed in the following sections. Similar to the intestinal P-gp, particular
conditions or substances alter the functionality of the P-gp transporter in the BBB. Copper
diacetyl bis (4-methyl-3-thiosemicarbazone) (Cu(ATSM)) was recently demonstrated to
enhance P-gp activity in the mouse BBB [66]. Additionally, P-gp regulates intracellular
drug concentrations, as it is expressed in lymphocytes [67]. Interestingly, despite being
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expressed in various tissues, P-gp activity can differentially affect certain therapeutics. For
instance, the phosphoinositide 3-kinase delta (PI3Kδ) inhibitor seletalisib has a very good
oral bioavailability profile, which indicates low activity of the intestinal efflux mechanisms.
However, P-gp significantly restricts access of the drug to the CNS, thus showing high
activity towards the drug in the BBB [68]. This finding represents another obstacle for
analyzing drug PK parameters, as transporters can demonstrate different activity towards
therapeutics depending on the type of tissue in which they are expressed.

Regarding BCRP, the protein is responsible for the transport of numerous agents,
including chemotherapeutics and tyrosine kinase inhibitors, sulfasalazine, rosuvastatin,
and antileptics, among others [69]. Unlike P-gp, intestinal expression of BCRP does not
seem to follow a particular trend; however, an intraindividual variability was observed [70].
Recent studies demonstrate differences between P-gp and BCRP on drug absorption. For
instance, BCRP impacts the absorption of topotecan, while P-gp is thought to be linked
with limited transport of the drug towards the brain [71]. By contrast, BCRP is involved
in the restriction of brain distribution of zonisamide, an antileptic drug. Interestingly,
the effects of drug efflux transporters can be surpassed by using a different route of
administration. Specifically, intranasal delivery of antileptics is less restricted by the BCRP
transporter in mice [72]. Similarly to P-gp, the functionality of BCRP seems to depend on
the health condition of individuals. Chronic HCV infection affects the activity of BCRP [73],
which can lead to different exposure profiles of BCRP substrates in affected patients.
Another important aspect of BCRP activity is pharmacogenetics. The rs2231142 variant
affects the activity of the transporter, which is associated with altered drug distribution.
The acknowledgment of this clinically relevant genetic variant was described in recently
published consortium guidelines linking genetic variants and statin tolerance [74]. In this
document, the authors recommend a <20 mg dose of rosuvastatin as a starting dose in
patients with a poor function of the ABCG2 gene (c.421AA genotype) [74].

3.2. SLC Transporters

SLC transporters play crucial roles in the intestinal absorption and disposition of
drugs; in particular, SGLT1 (solute carrier [SLC]5A1) and SGLT2 (SLC5A2) are involved in
active glucose transport in the intestine and kidneys [75,76]. Genetic disorders affecting
SLC transporters can lead to conditions such as glucose–galactose malabsorption and
familial renal glucosuria [77,78]. Drugs and endogenous substances are mostly taken up by
hepatic SLC transporters into hepatocytes, whereas their excretion is mediated by efflux
transporters [79,80]. Targeting the BBB SLC transporters holds great promise for improving
medication delivery to the brain. According to Meszáros et al. [81] and Morris et al. [82],
these transporters exhibit distinct patterns at the BBB and are significantly expressed in
brain endothelial cells. Al-Majdoub et al. in their study show differences in transporter
profiles between healthy and diseased brain tissue [83]. In vitro and in vivo models have
demonstrated the enhanced absorption of cargo molecules across the BBB—and increased
BBB permeability—delivered by nanoparticles targeting SLC transporters, particularly
those with dual ligands [81]. The interplay between various SLC transporters in the
kidney is crucial for the excretion and retention of drugs, thus impacting their overall
pharmacokinetics and pharmacodynamics. The expression and function of OATs in the
kidney can be altered by diseases and drug interactions, potentially leading to unexpected
clinical outcomes. For instance, the dromedary camel kidney develops changes in proximal
tubule brush borders after long-term dehydration. Studies suggest that ultrastructural
changes in the kidney cortex and minor changes in the medulla are connected with SLCs
and their mRNA expression levels [84,85]. Placental transporters, particularly those from
SLC families play a very significant role in fetal drug exposure and nutrient transfer
during pregnancy [86]. Understanding placental drug transport is essential for optimizing
pharmacotherapy during pregnancy and predicting fetal drug exposure [87]. Recent studies
show that opioid use disorder (OUD) during pregnancy can profoundly affect both the
mother and fetus though changes in methylated SLCs that are associated with pathways
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involved in neonatal opioid withdrawal syndrome (NOWS) [88]. A vital component of
the seminiferous epithelium, the blood–testis barrier (BTB) shields developing germ cells
from the environment [89]. Drugs and peptides enter the seminiferous epithelium by SLC
transporters like Oatp3 and Slc15a1 [89,90]. According to Touré et al. [91], the Slc26a8 (Tat1)
transporter is essential for male fertility in mice and sperm terminal differentiation. A range
of uptake and efflux transporters are expressed by human Sertoli cells, which regulate the
flow of endogenous and foreign chemicals across the BTB [92].

Recent studies highlight the importance of SLC transporters and the connections
between one another as therapeutic targets. For instance, SLC13A3 expression is elevated
in human liver cancer samples. In mouse cells, β-catenin-activated liver cancer cells
undergo autophagic ferroptosis and GSH depletion when SLC13A3 is silenced [93], which
indicates that SLC13A3 may be a useful therapeutic target for the treatment of human liver
tumors containing GOF CTNNB1 mutations. SLC38A3, SLC38A1, SLC7A6, and SLC1A5
were also linked to hepatocellular carcinoma [94].

4. Drug–Drug Interactions

4.1. ABC Transporters

When describing the effects of drug transporters on drug distribution, it is important to
mention drug–drug interactions (DDIs). DDIs occur when the functionality of a transporter
is modified to stimulate or suppress the absorbance of a substrate or a victim drug. In recent
decades, an extensive number of studies have investigated clinical DDIs involving P-gp,
which were elegantly summarized by Gessner et al. [95]. In their state-of-the-art review,
these authors presented examples of DDIs associated with P-gp that occur in the intestine
and kidneys [96–105] (Table 1). Researchers have recently demonstrated DDIs involving
P-gp and other therapeutics. For instance, oral administration of a TRH analogue named
rovatirelin together with itraconazole was associated with an increased concentration and
AUC of the victim drug. Importantly, the combination of these drugs was also linked
to higher concentrations of TSH and thyroid hormones [106]. Therefore, DDIs should
be considered in patients receiving several drugs, which is a common situation. Studies
investigating DDIs not only describe significant interactions that should bring caution to the
planning of combinational therapies, but also demonstrate the safety of such treatments. In
a clinical analysis, researchers examined whether remibrutinib, a Bruton’s tyrosine kinase
inhibitor (BTKi), affects the bioavailability of oral contraceptives (OCs). The authors found
that remibrutinib is a weak CYP3A4 and P-gp inhibitor, but its use is not associated with
major DDIs, thus confirming that this BTKi can be administered with OCs [107].

These clinical data are preceded by a number of in vitro and preclinical investigations.
DDIs significantly affect the bioavailability of drugs, which can enhance or weaken their
desired effects. This is especially important in the case of drugs with a narrow therapeutic
index or in those with a high potential for causing serious adverse events, such as anticancer
therapeutics. Recently, Chu et al. found a significant P-gp-related DDI in the use of
encequidar with paclitaxel [108]. Furthermore, another interaction was observed between
proton pump inhibitors (PPIs) and cyclin-dependent kinase inhibitors (CDKi), which are
used in patients with breast cancer. Desai and colleagues demonstrated that PPIs can
block P-gp, which affects the bioavailability of anticancer therapeutics [109]. In addition to
known interactions between synthetic drugs, natural agents such as flavonoids are also
involved in DDIs. In rats, the combination of repaglinide with genistein was associated
with significantly greater absorbance of the diabetic drug, thus demonstrating an inhibitory
effect of genistein on P-gp [110].
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Table 1. Drug–drug interactions involving intestinal P-glycoprotein and their effects on pharma-
cokinetic parameters. Selected elements of the table reused from [95] (John Wiley and Sons; Table 1)
with permission.

Victim Drug Perpetrator Drug
PK Change of Victim
Drug

Possible Change in Victim
Drug Effect or Toxicity

References

Apixaban Ketoconazole (400 mg/day for
6 days) AUC ↑ (twofold) Higher rate of adverse effects [96,97]

Dabigatran etexilate Dronedarone (1 × 400 mg) AUCa ↑ (2.1-fold) Higher rate of adverse effects [98]

Dabigatran etexilate Ketoconazole (1 × 400 mg) AUCa ↑ (2.4-fold) Higher rate of adverse effects [98]

Edoxaban Erythromycin (4 × 500 mg/
day for 8 days) AUC ↑ (+85%) Higher rate of adverse effects [99]

Edoxaban Cyclosporin (1 × 500 mg) AUC ↑ (+73%) Higher rate of adverse effects [99]

Digoxin Quinidine AUC ↑ (~twofold) Higher rate of adverse effects [100–102]

Rivaroxaban Ritonavir (2 × 600 mg/day for
5 days) AUC ↑ (2.5-fold) Higher rate of adverse effects [102,103]

Apixaban Rifampin (1 × 600 mg/day for
11 days) AUC ↓ (−54%) Reduced therapeutic effects [96,102]

Dabigatran etexilate Rifampin (1 × 600 mg/day for
7 days) AUCa ↓ (−67%) Reduced therapeutic effects [98,104]

Digoxin Rifampin (1 × 600 mg/day for
10 days) AUC ↓ (−30%) Reduced therapeutic effects [105]

Rovatirelin Itraconazole (4 × 50 mg/day
for 9 days) AUClast ↑ (Ratio 2.93) Higher risk of adverse events [106]

Note: ↑—Increased; ↓—Decreased; AUCa—total dabigatran AUC.

An important issue to consider involves interactions that affect P-gp functionality
in the BBB (Figure 4). In a recent publication by Martins et al. [111], the authors demon-
strated that P-gp is involved in niraparib excretion from the CNS. Niraparib is a PARP1/2
anticancer therapeutic agent being investigated as a potential treatment agent for glioblas-
toma [112]. In an in vivo experiment, the use of elacridar, an ABCB1/ABCG2 inhibitor,
was associated with a significantly enhanced brain-to-plasma ratio that was similar to one
observed in animal models with transporter knockout [111]. Nevertheless, it should be
remembered that P-gp is not only a drug transporter—it also regulates the penetration of
other substances into the CNS. In an early work by Hanko et al., the authors studied rats to
demonstrate that the use of P-gp inhibitors increased the penetration of bilirubin [113].

In addition, DDIs involve the activity of BCRP. BCRP-knockout mice demonstrate
significantly greater plasma presence of BCRP substrates, including rosuvastatin and sul-
fasalazine [114], thus showing the importance of BCRP and the risk of altering substrate
drug exposure after co-administration of BCRP inhibitors. Several studies examined DDIs
involving statins and BCRP. Firstly, fostamatinib, a tyrosine kinase inhibitor, increases rosu-
vastatin concentration when they are administered together [115]. Importantly, such studies
look for solutions that could be tested in clinical practice. Dong et al. [116] demonstrated
that roxadustat, a drug used to treat anemia in patients with chronic kidney disease, could
increase concentrations of various statins by interacting with drug transporters, including
BCRP. However, the authors simulated the administration of statins 12 h after roxadustat,
which inhibited the effects on statin levels when these drugs were introduced simultane-
ously. Another clinically relevant interaction involves rosuvastatin and finarenone, a novel
mineralocorticosteroid inhibitor. By blocking three transporters—BCRP, OATP1B1, and
OATP1B3—it contributes to the increased exposure of rosuvastatin. Similarly to roxadustat,
separated administration of these two drugs diminished the impact of DDIs [117]. Recently,
a clinical trial examined the effect of ticagrelol on rosuvastatin exposure, thus examining a
popular combination used in clinical practice. Ticagrelol was found to suppress the activity
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of several drug transporters, including BCRP. The combination elevated the Cmax and
AUC0–∞ of rosuvastatin 2.6-fold [118]. Another condition that could eventually lead to
DDIs involving rosuvastatin is gout. The disorder is associated with a history of dyslipi-
demia [119]. Febuxostat, a xanthine synthase inhibitor also used in the treatment of gout,
was also found to induce DDIs involving rosuvastatin and BCRP. Specifically, it increased
the Cmax and AUC0–∞ of rosuvastatin approximately 2-fold. By contrast, there were no
such findings regarding allopurinol [120]. Therefore, current evidence demonstrates an
extensive interaction network between several agents and rosuvastatin, thus increasing
the risk of statin-induced myopathy. With rosuvastatin being one of the most commonly
used drugs for dyslipidemia, its combination with other agents may require the modi-
fication of drug administration, such as the implementation of intervals between drug
intakes. These preventive measures could be introduced in patients with increased risk
of developing myopathy. For instance, increased age was associated with higher rates of
statin-induced myopathy [121]. Currently, researchers are analyzing potential DDIs with
BCRP in a number of new drugs, which will increase knowledge about the PK parameters
of BCRP substrates [122,123].

Figure 4. Drugs can inhibit the activity of P-glycoprotein in the blood–brain barrier to suppress
the efflux mechanism and increase the concentration of desired therapeutic in the central nervous
system. Hypothetically, a purposedly used DDI mechanism or P-gp inhibitor could be implemented
to suppress cancer resistance. Created in BioRender. Kiełbowski, K. (2024) BioRender.com/r30a034.

Interestingly, studies have tried to examine whether we could predict the activity of
drug transporters and thus potential DDIs. Recently, riboflavin, an endogenous biomarker,
was found to indicate the activity of BCRP. Hypothetically, blood levels of riboflavin could
be monitored to analyze BCRP functionality and plan treatment strategies adequately to
avoid the occurrence of DDIs [124]. Another approach to evaluating the activity of drug
transporters is by monitoring non-coding RNA levels. MicroRNA (miRNAs) are small
molecules that play a crucial role in regulating gene expression by suppressing the transla-
tion of their target mRNA. miR-138-5p and miR-146a-5p target P-gp, and their dysregulated
levels were observed in patients with intractable epilepsy, a condition associated with P-gp
involvement [125].

4.2. SLC Transporters

Over the years, studies demonstrated that various agents could inhibit the activity of
SLC transporters, especially OATPs and OATs/OCTs. For instance, DDIs could probably
affect patients with inflammatory disorders. OATPs/OATs/OCTs are known transporters
of such drugs as non-steroid anti-inflammatory drugs (NSAIDs), as well as immunomod-

132



Membranes 2024, 14, 223

ulatory/anticancer agents such as methotrexate (MTX) [126,127]. These groups of SLC
transporters were recently found to be inhibited by ruxolitinib, a JAK inhibitor [128]. The
family of JAK inhibitors is composed of several agents that are registered for the treatment
of various inflammatory conditions. Thus, combinations of ruxolitinib with other im-
munomodulatory or anti-inflammatory drugs could potentially be associated with impacts
on the exposure of the latter drugs, thus changing their profile of efficacy and toxicity.
Another drug that affects MTX PK parameters is rifampicin. Hwang and colleagues [129]
observed that simultaneous administration of these agents increased the following parame-
ters: Cmax, AUClast, and AUCinf. Mechanistically, these findings involve SLC transporters,
as rifampicin is an inhibitor of OATP1B1/1B3. Metformin is another important agent
transported through SLC proteins. A concomitant use of metformin with isavuconazole
was associated with higher plasma metformin concentrations [130]. Additionally, members
of the SLC22 family mediate the transport of antiviral drugs. Inhibiting the activity of
transporters while administering antivirals creates DDIs that affect the concentrations of the
latter drugs. For instance, uricosuric agents, such as probenecid and lesinurad, were found
to increase levels of adefovir, an anti-hepatitis B agent [131]. Similar results were observed
when rats were administered with acyclovir and apigenin, a flavonoid compound [132]. Im-
portantly, drug transporters regulate drug distribution and transportation together. Thus,
a single agent can be transported through different proteins. At the same time, a single
agent can be an inhibitor of several transporters. For instance, isavuconazole is considered
to be an inhibitor of P-gp, OCT1, OCT2, and MATE1 [130]. As a result, administration of
isavuconazole could affect the PK parameters of a variety of other drugs.

5. Transporters as Therapeutic Targets

5.1. P-Glycoprotein

In the previous sections, we have discussed modifications of P-gp functionality to-
gether with DDIs involving this transporter. A wide range of commonly used therapeutics
have been found to inhibit the activity of P-gp. These findings demonstrate how P-gp
activity affects drug disposition and how we can manipulate this to improve the bioavail-
ability of certain therapeutics or introduce them through oral administration. However,
the increased expression and activity of P-gp is considered an important element in cancer
treatment resistance [133]. Consequently, the transporter could be targeted to reverse
treatment resistance and improve therapeutic outcomes. Research in this direction has
been conducted for many years. In this section, we would like to briefly describe the
most recent findings on this topic. For example, a combination of chemotherapeutics with
P-gp inhibitors has been studied to prevent the efflux of anticancer drugs. Recently, Zhu
et al. [134] described a method to develop nanocarriers containing paclitaxel with ence-
quidar. This method could significantly reduce tumors in vivo, and the tumor shrinkage
with this treatment was greater than that observed with the use of paclitaxel alone [134].
As taxanes are administered intravenously, the ability to use oral administration would
improve the quality of treatment and shorten hospital stays for treated patients. Zhou
and colleagues developed a compound that is able to selectively suppress intestinal P-gp.
The authors reason that intestinal suppression will increase oral bioavailability but, at the
same time, sensitive tissues will be protected from paclitaxel-associated toxicities [135]. In
another study, Loos and colleagues [136] showed that cabazitaxel (taxan) could be adminis-
tered orally in combination with ritonavir (a CYP3A4 inhibitor), whereas the addition of
elacridar increased the permeability of the brain to the chemotherapeutic agent. Moreover,
studies have also begun to examine the effect of novel anticancer therapeutics on drug
transporters. Recently, investigations of KRAS inhibitors were published. KRAS is an
oncogene whose aberrant activity is thought to drive tumorigenesis in a wide number of
malignancies. Adagrasib is a KRAS G12C inhibitor that has shown anticancer activity in
malignancies harbouring the G12C mutation. This drug was recently found to suppress
P-gp efflux [137]. Similar findings were recently described regarding BI-2865, a pan-KRAS
inhibitor [138].
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Importantly, clinical studies investigating the safety and efficacy of P-gp inhibitors
are also being performed. Recently, a study examined the 72 h infusion of zosuquidar, a
third-generation inhibitor of P-gp, in patients with acute myeloblastic leukaemia who were
being treated with daunorubicin and cytarabine. Among 106 patients included in this trial,
the overall response rate to treatment was 46%. Neurological adverse events (≥3 grade in
16% of patients) were expected based on previous trials, and these events were resolved by
decreasing zosuquidar dosage or discontinuing the treatment [139].

5.2. BCRC Transporter

Similarly to P-gp, researchers have also focused on analyzing inhibitors of BCRP
transporters. From the clinical perspective, the potential to modulate BCRP functionality
is of significant importance, as it would allow clinicians to increase anticancer treatment.
For instance, in an in vitro study, Sun and colleagues [140] demonstrated that suppressing
BCRP could significantly improve the anticancer efficacy of lenvatinib in hepatocellular
carcinoma. We have discussed studies that examined DDIs involving BCRP. A number
of pharmacological agents target and suppress the activity of the transporters. In an
interesting analysis by Deng et al. [141], the authors studied 232 FDA-approved agents to
find BCRP inhibitors. Researchers identified 75 agents that inhibited BCRP activity, which
was measured by monitoring the probe substance transport. However, developing selective
ABCG2 inhibitor represents several challenges. For instance, a fungal toxin fumitremorgin
C (FTC), which selectively targets BCRP, induces neurotoxic effects. By contrast, its analog,
Ko143, was found to be unstable in animal plasma. However, by implementing cryo-EM
techniques, Ko143 derivatives were recently found to significantly suppress the activity of
BCRP [142]. Importantly, different Kol143 analogs could increase the transport through
the BBB in vivo, which creates more opportunities for drugs with limited access to the
brain [143]. Furthermore, tetrahydroquinoline/4,5-dihydroisoxazole hybrids were also
recently proposed as potent ABCG2 inhibitors. These molecules can bind to the inhibitors’
binding region, together with a selective region for substrates [144]. Tariquidar, an agent
known to inhibit both ABCB1 and ABCG2, was recently modified in a benzamide core,
which formed a compound highly selective towards the BCRP transporter. Moreover,
modifications involving ester moiety at the agent further improved the efficacy of these
molecules and increased plasma stability [145].

5.3. SLC Transporters

Inhibitors of SLC transporters have been developed, ranging from constrained glu-
tamate analogs to small molecules [146]. Numerous SLC transporters have been demon-
strated to be inhibited by multi-kinase inhibitors, with OATPs, OAT3, and OCT1 being
especially vulnerable [147]. Other studies have shown that plastics components such as
bisphenol A (BPA) inhibit OAT3 transporter in a competitive manner [148]. There is grow-
ing interest in developing SLC transporter inhibitors for therapeutic purposes [149]. A
recent study by Boeszoermenyi at al. [150] identified feeblin, which disrupts the SLC15A4-
TASL adapter module. It causes interruption in the TLR7/8-IRF5 signaling pathway
and as a result averts proinflammatory reactions associated with multiple autoimmune
disorders. TASL is a protein associated with systemic lupus erythematosus (SLE). The
lysosomal proton-coupled amino acid transporter SLC15A4 recruits TASL, which in turn
activates IRF5, which consequently causes the transcription of type I interferons and cy-
tokines [151]. Another study by Bruyère at al. revealed that the Janus kinase (JAK) inhibitor
ruxolitinib inhibits the activity of OAT3 and OCT2 and blocks OAT1, OAT4, OATP1B1,
OATP1B3, OATP2B1, and OCT3 [128]. Although most research has examined potential
inhibitors, there is a significant interest in investigating SLC transporter activators as po-
tential treatments for diseases associated with transporter dysfunction. Direct activators,
transcriptional regulators, and trafficking modulators are some methods for modifying
SLC function [152]. For example, estradiol and testosterone are activators of the expression
of OATP1B1 [153], primarily found in the liver and certain tumor cells [154].
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6. Conclusions and Future Directions

ABC and SLC transporters play a significant role in drug absorption, distribution, and
elimination, thus having a crucial impact on drug bioavailability and systemic exposure.
Knowledge about the physiology of drug transporters is important in studies examining PK
parameters. It should be remembered that drug transporters rarely act alone, as they rather
form a complex system that manages drug distribution. Furthermore, it is important to bear
in mind that the impact of drug transporters on bioavailability and pharmacokinetics can
be species-specific, as demonstrated by Verscheijden et al. [155]. Consequently, knowledge
gained in animal models should be appropriately translated to humans. Furthermore, the
occurrence of DDIs should be considered, as they can significantly affect the bioavailability
of particular drugs, which translates into greater or weaker actions. Apart from altered
PD, this is also linked to an altered safety profile, which needs to be properly examined.
However, with increased knowledge about the safety profiles of DDIs, we could boost the
bioavailability of certain agents with known poor absorbance. Thus, we could enhance the
activity of several drugs or introduce an oral administration route for drugs that currently
require intravenous delivery. Additionally, there is a growing field of study investigating
drug transporter modulators. These agents could improve the treatment outcomes of
oncological patients, benefit pharmacoeconomics, and shorten hospital stays.
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Abstract: Cholesterol is a biological molecule that is essential for cellular life. It has unique features in
terms of molecular structure and function, and plays an important role in determining the structure
and properties of cell membranes. One of the most recognized functions of cholesterol is its ability
to increase the level of lipid packing and rigidity of biological membranes while maintaining high
levels of lateral mobility of the bulk lipids, which is necessary to sustain biochemical signaling events.
There is increased interest in designing bioactive peptides that can act as effective antimicrobial
agents without causing harm to human cells. For this reason, it becomes relevant to understand how
cholesterol can affect the interaction between bioactive peptides and lipid membranes, in particular
by modulating the peptides’ ability to penetrate and disrupt the membranes through these changes in
membrane rigidity. Here we discuss cholesterol and its role in modulating lipid bilayer properties and
discuss recent evidence showing how cholesterol modulates bioactive peptides to different degrees.

Keywords: cholesterol; bioactive peptides; membrane fluidity; cholesterol–peptide interactions

1. Introduction

Eukaryotic lipid membranes are structurally intricate, possessing hundreds of lipid
species with a wide range of physicochemical properties [1]. They have a remarkable
asymmetric lipid distribution, variations in acyl chain lengths and saturation levels, and
variations in headgroup composition and geometries. The different chemical structures
found in these lipid molecules influence several membrane properties, such as lateral mobil-
ity, mechanical strength, intrinsic curvature levels, and lateral organization, characterized
by the presence of rafts or clusters [1]. Lipids that make up eukaryotic membranes can be
divided into three categories according to their structure and function: glycerophospho-
lipids, sphingolipids, and sterols. Glycerophospholipids are characterized by a glycerol
backbone, with two acyl chains attached through ester bonds, and a headgroup character-
ized by the presence of a phosphate group that is negatively charged at physiological pH.
Headgroup composition varies, leading to different net charges, sizes, and polarities, and
phosphatidylcholine and phosphatidylethanolamine are found to be the most abundant
headgroup species in eukaryotic membranes [2]. Sphingolipids share structural similarities
with glycerophospholipids. However, the chemical structure does not contain a glycerol
backbone. Instead, a sphingosine attaches a fatty acid through the amide group in the
sphingosine, while the headgroup is attached to the hydroxyl of the sphingosine. Sph-
ingomyelin contains a phosphate group and a choline in its headgroup, making it very
similar to phosphatidylcholine. Sphingomyelin is found to be highly enriched, mainly in
the extra-cellular leaflet of the plasma membrane, where it plays a role in the formation of
lipid rafts [3].
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Among sterols, cholesterol is the main sterol found in eukaryotic membranes, where it
makes up 10–50% of total lipids in eukaryotic cells and has a range of effects on overall
membrane properties [4]. It has long been noticed that the biophysical and biochemical
properties of the membrane are diversely affected by the lipid composition and organiza-
tion [5]. However, the unique structure of CHO with a polar head and rigid ring structure in
its hydrophobic tail renders the molecule particularly important in regulating biophysical
properties that affect lipid packing, fluidity, lateral organization, and the shape of phospho-
lipid bilayers [6]. As a regulator of membrane physical properties, it is a crucial component
of many cellular functions, including vesicular transport and the signal transduction path-
ways [7]. CHO plays important roles in the organism as the precursor of several hormones,
bile acids, and vitamin D, holds the membrane proteins in a functional conformation, and
is also an important mediator in cell signaling pathways [8]. Some studies also show that
cholesterol takes part in the communication between intra- and extra-cellular processes as
a modulator of various processes [9].

The rigid ring structure found in cholesterol induces increased lipid packing by
forcing the alignment of the lipid acyl chains of neighboring phospholipids, leading to
ordering of the acyl chain conformations. The hydroxyl group in the molecule positions
the molecule close the hydrophilic/hydrophobic interface of the bilayer, with the ring
structure extending into the acyl chain region and positioning itself parallel to the acyl
chains, resulting in a reduction in rotational conformations of the chains. Acyl chain
alignment induces an increase in bilayer thickness in regions enriched in cholesterol. These
structural changes lead to a modulation of the mechanical properties of the membrane
reflected in an increase in the bending rigidity of the membrane. However, since cholesterol
acts as a spacer that separates neighboring phospholipids, it is also able to maintain lateral
mobility of phospholipids and proteins in the membrane even while inducing an increase
in membrane rigidity. For this reason, cholesterol has the remarkable property of increasing
the mechanical strength of the lipid bilayer without strongly affecting the lateral mobility
of lipid and protein components, which is crucial for maintaining essential processes, such
as signaling dynamics. An additional remarkable trait of this molecule is that cholesterol
can induce phase separation in the lipid membrane, which results in the formation of
lipid microdomains, also known as membrane rafts, that are used by a variety of cells to
segregate proteins in order to organize signaling events and endocytosis.

With regards to the modulation of mechanical properties, a prime example of the
importance of cholesterol is seen in red blood cells (RBCs). RBCs contain very high
cholesterol levels, close to 50 mol%, which is near the saturation concentration point of
cholesterol in the membrane. This cholesterol concentration is too high to maintain phase
separation, in which case the red blood-cell plasma membrane is found in a one liquid-
ordered phase enriched in cholesterol. For this reason, the main purpose of these high
levels appears to be an increase in the mechanical strength of the RBC membrane to prevent
damage during transport in the circulatory system.

Cholesterol, the only sterol present, is found in eukaryotic membranes, where it makes
up to 10–50% of total lipids and has a range of effects on overall membrane properties [4].
A molecule capable of modulating the physicochemical properties of the membrane has the
potential to modulate the activity of membrane-active molecules, like bioactive peptides
(BAPs). These molecules are fundamental components of the immune system of all living
organisms [10]. They are small amino acid sequences with multiple effects on body func-
tion [11–16]. These physiological properties have led to BAPs being considered a promising
pharmaceutical tool against several diseases [17–26]. It has been widely accepted that
most BAPs exert their activity by interacting with the phospholipids of the membranes,
destabilizing the membrane of the target cells. This mechanism is difficult for the target
cells to counteract, and is responsible for the rapid effect of the peptides [10].

Many membranes targeted bioactive peptides are characterized by binding and insert-
ing into biological membranes, either to traverse the membrane and enter the cytoplasm
to reach intracellular targets, or to group in an inserted state to induce pore formation
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and leakage in the membrane. The insertion process always requires a local mechanical
deformation of the membrane to take effect. Therefore, the lipid composition of target
membranes, which affects the bending modulus of the lipid bilayer, is a key factor in
determining the efficacy of bioactive peptides [27,28]. A regulator of membrane rigidity,
cholesterol is a major structural component of the membrane, which can modulate the inter-
actions between BAPs and lipid membranes by affecting the peptides’ ability to penetrate
and disrupt the membranes. In the case of antimicrobial peptides, the potential inhibition
of BAPs by cholesterol will have direct relevance for how BAPs interact differentially with
the host cells that do synthesize cholesterol, compared to bacterial cells that do not. This
leads to intriguing questions about the potential roles of cholesterol–peptide associations
as a way to protect the cells producing the peptides in order to fight pathogens. This review
will focus on the general characteristics of BAPs, the cell membrane structure, and the effect
of cholesterol and the consequences of its interaction with peptides. This information can
be useful in the design of BAPs by helping the peptide design process to take into account
information related to the role of cholesterol in the modulation of BAP activity.

2. Bioactive Peptides (BAPs)

BAPs are a heterogeneous group of molecules, expressed in organisms ranging from
bacteria to humans, that provide an adaptive advantage for the innate host defense system
of these organisms by exerting countless biological effects through several mechanisms [29].
BAPs are mainly known for their direct interactions with and effects on microbial mem-
branes, but many peptides can also target an array of other key microbial components,
such as lipopolysaccharides [30], teichoic acids, peptidoglycans [31], nucleic acids [32],
and proteins [33], due to their exceedingly high affinity and absence of rigid binding
specificity [34,35].

2.1. Physicochemical Properties of BAPs

Due to the combinatorial arrangement of amino acids within a particular primary
sequence, there is an exponential number of potential primary structures. The amino acids
which conform a sequence can be neutral, charged, polar, hydrophobic, and even syntheti-
cally modified. The structure–activity analysis of numerous BAPs has revealed that their
biological activities are linked to a number of common features. Specifically, they are short
sequences of 5–50 amino acid residues (less than 10 KDa), mainly cationic, amphipathic,
and with approximately 50% of residues in the sequence being hydrophobic [36]. Despite
these common characteristics, they are highly diverse with respect to their activity against
bacteria [37], viruses [38], parasites [39–41], cancer [42], fungi [43,44], etc. Most BAPs
possess a net positive charge at physiological pH because of their high content of basic
residues, such as arginine and lysine. The charge of the peptides, located on the side chains
of the residues, enables multiple interactions, such as hydrogen bonding, salt bridges and
dipole interactions with the anionic charged groups of the microorganism membranes, a
step that has been accepted [45,46] as necessary for them to exert their activity [47,48]. Most
of the biologically active sequences reported in the databases possess a net positive charge,
ranging from +3 to +9 [45,46].

The hydrophobicity and amphipathicity of bioactive peptides are characteristics of
considerable interest. Extensive study has found that peptides with higher hydrophobicity
penetrate the hydrophobic core of cell membranes, leading to cell disruption through the
necrotic mechanism [49,50]. Several studies have attempted to replace hydrophobic and
neutral amino acids with positively charged residues, such as lysine, leucine or phenylala-
nine, on the polar and non-polar faces of α-helical peptides [51]. Consequently, cationic
peptides with moderate hydrophobicity have shown increased cytotoxicity against target
cells [46,52]. Amphipathicity is defined as the distribution of polar and nonpolar residues
across the backbone of the polypeptide chain. Essentially, an amphipathic peptide has
hydrophilic and hydrophobic regions, resulting in water-repelling (nonpolar) and water-
attracting (polar) regions. The structural arrangement of these regions allows BAPs to
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interact with and disrupt the target membranes, which is crucial for their biological activity.
Adverse interactions with eukaryotic membrane counterparts then depend upon a delicate
balance between hydrophobicity and charge. Amphipathicity, together with net charge and
length, determines the disposition of the peptide towards the cell membrane and therefore
the mechanism by which the peptide exerts its biological activity. Multiple BAPs, with
overlapping but non-identical sequences, activities and mechanisms of action, can often act
cooperatively to facilitate the killing of invading pathogens [53].

2.2. Structural Characteristics

Bioactive peptides can adopt different secondary structures (Figure 1). Some peptides
are unstructured upon interaction (random/coil), while others adopt a more stable structure
before or after they associate with lipids. The largest population of reported secondary
structures of BAPs is α-helix, followed by random coil and β-sheet [54]. These elements
often coexist in the same peptide.

Figure 1. Secondary structures of representative BAPs using PyMOL 3.0. In brackets are the PDB ID
and the origin of the peptides. The colors represent the secondary structures: (a) Indolicidin (PDB ID
8IS3, Bos taurus), (b) Magainin 2 (PDB ID 2MAG, Xenopus laevis), (c) Human β-Defensin-4 (PDB ID
5KI9, Homo sapiens), and (d) Human β-Defensin-2 (PDB ID 1FD4, Homo sapiens).

3. Eukaryotic Membranes

3.1. Structure of Membranes

In addition to populating many unicellular communities, eukaryotic cells are the
building blocks of complex multicellular living systems. Eukaryotic cells require a demar-
cating structure that separates them from their external environment and envelopes their
internal membrane-bound organelles. This structure is called plasma membrane, and is
consistent in its construction across the Eukarya [55]. The classic model of bio-membranes
was proposed by Singer and Nicolson, who named it the fluid mosaic model [56]. In this
model, the membrane was described as an unstructured liquid–crystal characterized by
a disorderly and chaotic arrangement of molecules in a two-dimensional liquid–crystal
matrix. However, with advances in membrane biophysics, the model was complemented
and improved, extending the description and the understanding of the membrane orga-
nization by including the notion of a heterogenous arrangement of lipids and proteins
on the membrane surface due to the formation of lipid domains. The cell membrane is
currently described as a heterogeneous two-dimensional semi-fluid barrier that acts as a
matrix containing a population of lipids, proteins, and glycolipids with transitory mobility
(Figure 2) [57].
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Figure 2. Representation of eukaryotic cell plasma membrane. The phospholipid bilayer con-
tains all molecules, including phospholipids, proteins, and cholesterol. Phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS), and sphingomyelin (SM). The irregular
representation of the lipid acyl chains of lipids denotes the fluid nature of the bilayer.

The main structure of the membrane consists of lipids arranged in a bilayer. These
lipids are non-covalently associated in the lipid bilayer. Their interactions are weak entropic
and transient dipole in nature, which leads to constant lateral motion, characteristic of a
liquid state. In addition, there are other molecules, such as proteins, on the membrane
(peripheral) and within it (integral), that are associated with the lipid bilayer by non-
covalent interactions and therefore differing degrees of mobility. These proteins have
functions as diverse as those of pore formers, signal transducers, and enzymes. Thus,
the membrane is more than just two-dimensional and is a complex array of dynamic
patterns involving inter- and intra-molecular interactions. The integration of proteins and
glycolipids into the cell membrane reflects one of the priorities of the signal hypothesis,
that the membrane permits the controlled transmission of biological information in either a
secreted, (open) or transduced (closed) channel manner [58].

3.2. Lipid Composition

Cell membranes are composed mostly of proteins and lipids. There are several families
of lipids present in the eukaryotic plasma membrane, showing varying compositions
depending on the cell type. In human cells, the main families are phospholipids and
glycolipids. Phospholipids are composed of a negatively charged phosphate group, a
complex alcohol group (glycerol moiety), and two fatty acids. Phospholipids are described
as amphipathic molecules because of their double-nature structure: the polar head group is
hydrophilic, and the non-polar tails are hydrophobic. The properties of membrane lipids,
such as their charge distribution, molecular size, and molecule-to-molecule interactions,
depend on their head group and tail chemistry. The phosphate-containing portions of
the molecule are widely diverse (Figure 3). This moiety can be charged or polar, and so
it interacts attractively with the surrounding water through polar interactions. The long,
hydrophobic fatty acid tails, on the other hand, do not present a permanent charge polarity,
which impedes the fatty acids from interacting with the surrounding water through polar
interactions. The acyl chains can also be diverse in terms of their length and the presence
of unsaturated bonds (Figure 3), influencing the level of lipid packing. After the lipids
assemble into a bilayer, it will feature a hydrophilic outer surface on both leaflets, facing
the water environment, and a hydrophobic inner core characterized by a fluid hydrocarbon
environment at physiological temperatures.
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Figure 3. Chemical representation of the head groups and acyl chains of the most abundant phos-
pholipids of eukaryotic cell membranes. Phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylserine (PS), sphingomyelin (SM), and phosphatidylinositol (PI). The acyl chains range
from fully saturated to multiple unsaturated.

The plasma membranes and organelle membranes of the different cell types found
in the human body exhibit widely diverse lipid compositions. Lipid bilayers have many
functions, and can have specific features depending on the functional characteristics that
the different membranes have to fulfill [1]. Corresponding to these functions, different
lipid types are present in the different cavities and leaflets of each membrane. Lipids,
such as sphingomyelin and cholesterol, found in the outer leaflet of the plasma membrane
of T-cells, help organize transmembrane proteins in charge of detecting and eradicat-
ing pathogens [59], while cardiolipin is found in the inner membrane of mitochondria,
providing the spontaneous curvature needed to induce the characteristic folding of this
membrane [60].

Lipids are important integral components of the organelles of eukaryotic cells. They
are considered to determine the function of these subcellular structures [3]. The endoplas-
mic reticulum is equipped with a characteristic lipid metabolism with de novo synthesis of
phospholipids. The metabolism of de novo phosphatidylethanolamine and phosphatidyl-
choline, the most synthesized phospholipids of this compartment, also involves their
acylation. The secretory pathway next to the endoplasmic reticulum ends with the Golgi
apparatus, which has a different lipid metabolism from the precursor [2]. In particular,
the metabolism of sphingomyelin, which increases in the Golgi apparatus, and that of the
phospholipid characteristic of this compartment, is remarkable. The process of intra-Golgi
membrane trafficking, and other processes that Golgi is not associated with, would modify
the lipid composition of this compartment, whose function would not only provide lipids
and proteins for the plasma membrane but also distribute certain lipids, including sphin-
golipids, in a classic way toward the apical layer, coupled with the formation of a basal
loop of the trans-Golgi [3]. Figure 4 summarizes the lipid composition reported for the
eukaryotic cell organelles.

147



Membranes 2024, 14, 220

 

Figure 4. The lipid composition of different organelles throughout the eukaryotic cell. The lipid data
in the graphs are presented as a percentage of total phospholipids (PL) in mammals. The cholesterol
content is presented as the molar ratio of cholesterol (CHO) with respect to the PL [2,3,61]. * Data
was reported in CHO/PL ratio.

The complexity of cell membranes suggest that the lipid models used in biophysical
studies must be prepared as multi-component lipid systems based on the composition
of the membrane under study. This would lead to more representative models, which
can reflect more biologically relevant conditions [62–64]. Nevertheless, when deciding
what proportions of lipids to use as representative of plasma membranes, the reported
distribution of phospholipids is very broad. To visualize the different possibilities that are
available, Figure 5 summarizes different works that reported the distributions of lipids in
various cell types. Additionally, in Table 1, the original data are presented, which includes
how the authors reported the using different techniques for the quantification and different
methods for the extraction of the lipids of the outer layer of the membrane. Regarding the
amount of cholesterol, the published data are quite imprecise. Most publications do not
include the quantification of sterol leading to gaps in the information needed to determine
the proportions to include in a potential artificial lipid model. As cholesterol is such an
important molecule in the regulation of biophysical properties of the membrane, a clearer
understanding of cholesterol content for the different biological membranes is necessary.
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Figure 5. Summary of publications that quantified the phospholipid distribution in mammalian cells.
Others are fibroblasts and cancer cells. The colors correspond to PC ( ), SM ( ), PE ( ), and PS ( ).
Data are presented in ratios based on PC abundance.

Table 1. Summary of studies reporting the quantification of lipids of the outer layer (OL) of the
membrane of eukaryotic cells.

Cell Type Results OL Unit
Technique Used for

Quantification
Year Ref.

Erythrocytes

PC: 8.5
SM: 9.3
PS: 0.48

Mol % Enzymatic digestion/Mass
spectrometry 2023 [65]

PC: 1
SM: 1 Ratio

Cyclodextrin
chemistry/Thin-layer

chromatography/Mass
spectrometry

2020 [66]

PC: 42
SM: 48
PE: 1
PS: 3

Mol % Enzymatic digestion/Mass
spectrometry 2020 [67]

PC: 98
SM:99 Total PL (%)

Sodium dodecyl
sulphate-digested

freeze–fracture/Specifics
monoclonal antibodies

2018 [68]

PC: 98
SM: 95 Total PL (%)

Sodium dodecyl
sulphate-digested

freeze-fracture/Specifics
monoclonal antibodies

2015 [69]

PC: 19.2
SM: 20
PE: 7

PS: 1.3

Total PL (%) Not reported 2012 [70]

PC: 22.5
SM: 21.1

PE: 7
Total PL (%) Not reported 2008 [71]

PC: 15.1
SM: 27.7 Total PL (%) Not reported 2000 [72]
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Table 1. Cont.

Cell Type Results OL Unit
Technique Used for

Quantification
Year Ref.

PC: 61.5
SM: 85
PE: 4.5
PS: 0

Total PL (%)

Enzymatic
degradation/Thin-layer

chromatography and
determined as phosphorus

1975 [73]

PC: 21
SM: 20.5
PE: 5.7

Total PL (%)

Enzymatic degradation and
freeze-etching electron

microscopy/Two-
dimensional thin-layer
chromatography and

determined as phosphorus

1973 [74]

PE: 33
PS: 0 Total PL (%)

Titrobenzenesulfonate-
diazosulfanilic acid/UV–Vis

spectrometry
1973 [75]

PC: 3
SM: 2 Ratio

Enzymatic degradation/Two-
dimensional thin-layer

chromatography and UV–Vis
spectrometry

1973 [76]

Platelets

PC: 6.5
SM: 11.7
PE: 1.8
PS: 0.3

Total PL (%) Enzymatic degradation 1987 [77]

PC: 45.9
SM: 41.8
PE: 10.8
PS: 0.5

Total PL (%)

Enzymatic
degradation/Thin-layer

chromatography and
determined as phosphorus

1986 [78]

PC: 31
SM: 57.1
PE: 9.5
PS: 2.4

Total PL (%)

Enzymatic
degradation/Thin-layer

chromatography and
determined as phosphorus

1983 [79]

PC: 12.7
SM: 23.8
PE: 9.4
PS: 1.4

Total PL (%)

Enzymatic
degradation/Thin-layer

chromatography and
determined as phosphorus

1977 [80]

PC: 26.7
SM: 4.2
PE: 17.3
PS: 2.8

Total PL (%)

Enzymatic
degradation/Thin-layer

chromatography and
determined as phosphorus

1976 [81]

PE: 17.9
PS: 0 Total PL (%)

Titrobenzenesulfonate/Thin-
layer chromatography and
determined as phosphorus

[82]

Others

PC: 60.1
SM: 3.3
PE: 11.9
PS: 9.9

Total PL (%)

Cyclodextrin
chemistry/Thin-layer

chromatography/Mass
spectrometry

2016 [83]

PC: 82.3
SM: 87.8
PE: 2.5
PS: 4.2

Total PL (%)

Sodium dodecyl
sulphate-digested

freeze-fracture/Specific
monoclonal antibodies

2015 [69]

4. Cholesterol

Cholesterol is a 27-carbon compound with a unique structure containing a central
sterol core made of four hydrocarbon rings, a hydroxyl group, and a hydrocarbon tail
(Figure 6a). The center sterol nucleus or ring is a feature of all steroid hormones. The
cholesterol molecule is composed of three distinct regions: a small polar hydroxyl group,
a rigid, plate-like steroid ring, and a flexible iso-octyl chain. The iso-octyl chain, which
has a much smaller cross-sectional area than the rigid ring, is located at the lipid core
of the membrane, and presents conformational freedom, similar to the lipid acyl chains
(Figure 6b). When cholesterol incorporates into the membrane, it is expected that the polar
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hydroxyl group will be positioned between the polar headgroups of phospholipids, while
the rigid ring structure extends into the hydrophobic acyl chains, aligning with the carbon
atoms [84]. However, biophysical studies using polyunsaturated phosphatydilcholines
(20:4–20:4) and neutron diffraction experiments showed that cholesterol can even lie in the
membrane midplane. Harroun et. al. attributed the change in location to the high level of
disorder of polyunsaturated fatty acids, which is incompatible with proximity to the rigid
steroid moiety in its usual upright orientation [85].

Figure 6. (a) Chemical structure of cholesterol and (b) disposition of cholesterol into the hydrophobic
region of the cell membrane.

4.1. Cholesterol as a Physiological and Structural Component

Cholesterol, an essential component of eukaryotes, is a precursor for several steroid
hormones, vitamin D3, and bile acids [8]. This neutral lipid is well known for being
implicated in several medical issues, particularly heart diseases [86]. However, it also
mediates several physiological functions, particularly in animal cells. After absorbing
cholesterol from a healthy diet, the body ceases to synthesize cholesterol de novo, reducing
endogenous cholesterol production and balancing the variation [87].

Organisms use cholesterol for the maintenance of cell membrane stability [88], increas-
ing mechanical resistance [89], regulating membrane internalization [90,91], membrane
trafficking following exocytosis [92], and modulating the formation of endocytic synap-
sis [93,94]. The cholesterol molecule plays a crucial role in the spatial arrangement of the
lipid bilayer. García-Arribas reported that the addition of cholesterol to the membrane
imparts stability and rigidity, preserving membrane architecture [95]. However, in addition
to this mechanical function, cholesterol modulates the functional organization of the mem-
brane by inducing the formation of mesoscopic domain regions on the plasma membrane,
known as lipid rafts, that serve to segregate relevant transmembrane and peripheral pro-
teins into functional regions [7]. These domains are formed due to thermodynamic phase
separation of lipid components in the plane of the membrane.

Cholesterol, sphingomyelin, and glycosphingolipids segregate to form liquid-ordered
phase regions segregated from liquid-disordered phase regions. The liquid-ordered phase
receives its name from the condensed ordering of the acyl chains, which is induced by
the presence of specific lipids interacting with cholesterol, which otherwise maintains
a mobile liquid state of the lipids in the plane of the membrane. The liquid-disordered
phase maintains a high level of conformational disorder of the acyl chains in addition to
behaving as a liquid in the plane of the membrane. For this reason, this domain structure is
denominated as liquid–liquid coexistence. This segregation of these phases in the plane
of the membrane plays several crucial physiological roles in a diverse range of cellular
processes [96]. The main structural feature that promotes this segregation is the preferential
interaction of cholesterol with sphingolipids. Cholesterol occupies spaces between the acyl
chains and polar headgroups in the lipid bilayer, as well as influencing lipid interdigitation
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between different lipid leaflets [95]. Since cholesterol is rigid and planar, cholesterol will
prefer to accommodate itself next to the extended acyl chains of sphingomyelin, which lack
cis-double bonds. The cis-double bonds normally present in phosphatidylcholine lead to
kinks in the acyl chains that result in a steric hindrance to the cholesterol lining up with
these chains [97]. This preferred interaction with sphingomyelin leads to a straightening
of the sphingomyelin acyl chains, which induces a local increase in bilayer thickness. The
difference in bilayer thickness between the SM-rich regions and the PC-rich regions induces
line tensions that lead to domain formation. Cholesterol is also an important mediator
in cell signaling pathways. Some evidence also shows that cholesterol takes part in the
communication between intra- and extra-cellular processes as a modulator of various
processes. The nature of cholesterol presents a contradiction, and its dual functions have
been studied extensively [98].

4.2. Cholesterol as a Membrane Fluidity Regulator

Cholesterol is a unique lipid, and an essential constituent of eukaryotic membranes.
Although the role of cholesterol in biological systems has been studied for more than
100 years, the complete biophysical role of this lipid is not yet fully understood. One
well-established role of cholesterol in biological systems is as a regulator of membrane
biophysical properties [6]. It is well known that cholesterol down-regulates overall mem-
brane fluidity, both through the formation of tighter packing inside membranes induced
by the straightening of lipid acyl chains and by directly modulating the anomalous and
chain-conformational lengths. This modulation is due to its large (3-hydroxyl) group and
O linkage at the C3 position, which both set constraints that restrict local chain bend-
ing and improve steric packing within the bilayer [6]. At the same time, it also softens
the anomalous chain tilted permutations, due to its shorter structure. Furthermore, the
large tetracyclic A-ring of cholesterol enables it to pack tightly and with a high tilt angle
against the normal membrane, with its ribose ester side-chain also acting to help further
pack and deform the opposing leaflet. The more local scale effect of cholesterol-induced
liquid-ordered domains is its imposition of a higher local curvature that attracts charged
atoms (such as the phosphate in the head-group of PC and SM, and sterols) towards the
center of the interfaces. The main effect of cholesterol, therefore, is liquid phase region
stiffening, increasing the measurable two-dimensional elastic properties that encapsulate
both monolayer stretching and compression properties, and vesicle surface bending and
glycerol angular propulsion (stretch-coupling) [99].

Cholesterol is present at different concentrations in membranes, ranging from 10
to 50 mol%. The concentration of cholesterol affects the membrane properties. Low
cholesterol concentrations have been detected in the nuclear envelope, membranes of
rough and smooth endoplasmic reticulum, and membranes of Golgi apparatus [4]. These
membranes are highly fluid and exhibit a moderate hydrophobic barrier, which allows
the intracellular transport of substances and products. At high concentrations, cholesterol
causes a decrease in membrane fluidity. For typical plasma membranes containing 10
to 30% cholesterol, the presence of cholesterol induces domain formation, as discussed
above [100]. The presence of cholesterol reduces the tilt mobility of the lipid acyl chains
and decreases the lateral diffusion of lipids in the bilayer [4,6].

Membranes with a high cholesterol content from 30 to 50 mol%, such as erythrocytes,
are characterized by the hydrophobicity of the superior membrane, which increases its
rigidity by minimizing trans-gauche isomerization (promoting an extended conformation)
and reducing translational and rotational motion within the membrane. These properties
are consistent with those expected for erythrocytes. Red blood cells must pass through
narrow capillaries without losing molecules contained in the cytosol; its membranes must
be able to avoid permeation of small molecules [101]. Extensive study has found that choles-
terol limits oxygen diffusion across membranes, which helps regulate its proper transport
in the circulatory system [102–104]. High concentrations of cholesterol simultaneously
heighten hydrophobic barriers for polar molecules and strengthen rigidity barriers for

152



Membranes 2024, 14, 220

nonpolar molecules [4]. Thus, the above observations suggest that cholesterol increases the
thickness of the hydrophobic region of the bilayer, with the hydroxyl group of cholesterol
located on the outer edge of the bilayer [6]. On the other hand, at low concentrations,
cholesterol functions to increase the fluidity of membranes by preventing hydrophobic
collapse of the acyl tails [105].

4.3. Cholesterol Asymmetry

Eukaryotic membranes are known for their asymmetric distribution of lipids, with
distinct compositions in their bilayer leaflets. This asymmetric distribution generates an
electrostatic potential that influences protein–lipid interactions, highlighting the signifi-
cance of lipid asymmetry in the plasma membranes [106]. The active maintenance of lipid
asymmetry through ATP-dependent transporters underscores its importance for cellular
function, as evidenced by its association with a congenital bleeding disorder and its role in
cell apoptosis, where the external exposure of the cytoplasmic leaflet lipid, phosphatidylser-
ine, is key to this pathology [107].

One of the most recent works in the field showed, using quantitative lipidomics, that
the phospholipid imbalance in red blood cells is facilitated by an uneven distribution of
cholesterol between the leaflets, which quickly redistributes to alleviate leaflet stress. The
asymmetric abundance and composition of phospholipids work together to concentrate
cholesterol in the exoplasmic leaflet of the erythrocyte plasma membrane [5]. Blumer
et al. demonstrated, through atomistic and coarse-grained simulations, that the number of
lipids in each leaflet of the bilayer can be adjusted to minimize leaflet stress, highlighting
the coupling between the bilayer’s two leaflets. Moreover, their findings suggest that
cholesterol can reduce membrane asymmetry by flipping between leaflets and can influence
certain properties such as the lipid packing parameter [108]. This insight underscores the
intricate interplay between cholesterol and membrane asymmetry, shedding light on the
complex nature of lipid distributions within the bilayer.

Additionally, different researchers have emphasized the significant influence of choles-
terol on membrane proteins, particularly the functional effects of cholesterol on the super-
family of pentameric ligand-gated ion channels (pLGICs) [109,110]. Studies have demon-
strated that cholesterol affects the ligand-recognition, gating, and ion permeation properties
of hormone and neurotransmitter receptors, as well as ligand- and voltage-gated ion chan-
nels. Additionally, the presence of cholesterol in specific membrane domains dynamically
compartmentalizes proteins, influencing cell-surface organization and protein traffick-
ing [111]. Moreover, simulations have demonstrated the impact of bilayer asymmetry
on bilayer properties, the influence of lipid components, and the adaptability of lipids to
different environments [108].

The establishment of cholesterol asymmetry in eukaryotic membranes involves the
action of flippases and floppases, which contribute to the uneven distribution of cholesterol
across the membrane [112]. Studies have shown that the bilayer responds to asymmetry
based on the composition and chemical structure of its lipids, with the number of lipids in
each leaflet being adjusted to minimize leaflet surface tension. Additionally, cholesterol
has been found to impact membrane asymmetry by reducing it for certain properties, such
as overall membrane density and area per lipid, while increasing effects on others, such
as lipid packing propensity [108,113]. Furthermore, the influence of cholesterol flip-flop
on membrane properties, particularly the interleaflet coupling of cholesterol-enriched
domains, has been investigated [114]. It was found that suppressing interleaflet cholesterol
population significantly reduces the cholesterol density correlation between the leaflets of
an average mammalian plasma membrane, suggesting an amplifying role of cholesterol
in signal transduction across the leaflets [114]. These findings underscore the intricate
mechanisms through which cholesterol asymmetry is established and its implications for
membrane properties and functions.
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5. Interaction of Cholesterol and BAPs

As explained above, cholesterol is an important modulator of the physicochemical
properties of the lipid bilayer. One of the main effects that cholesterol induces in membranes
is a change in their bending rigidity induced by the straightening of the lipid acyl chains,
which results in an increase in membrane thickness, which is coupled to an increase in the
bulk compressibility modulus of the membrane. Both of these properties, which affect the
bending rigidity, are increased in the presence of cholesterol. Therefore, overall, membranes
that contain cholesterol will have a higher free energy cost to bend. Since the insertion
process of BAPs normally requires a high level of local deformation in the membrane, these
changes in the mechanical properties of the membrane in the presence of cholesterol imply
that there is a potential relationship between cholesterol concentration and the membrane
activity of BAPs.

When looking at cholesterol–peptide interactions, a number of questions come to mind.
Do BAPs interact specifically with cholesterol leading to inhibition of the insertion process?
In this case, the inhibition would be specific to a group of peptides. Does cholesterol
induce inhibition of peptide activity indirectly through shifts in the mechanical properties
of the membrane? This would lead to a broad inhibition of peptide activity independent of
the BAP mechanism of insertion. Table 2 summarizes some research works that studied
the effect of cholesterol on the activity of membrane-active peptides. The pore-forming
activity of several of the alpha-helical BAPs presented in Table 2, such as melittin and
magainin, is inhibited in the presence of cholesterol. However, this inhibitory effect is
also seen in Protegrin-1, which forms a beta hairpin when interacting with the bilayer.
Gramicidin also shows inhibition. This peptide, in particular, requires dimerization in the
membrane of two subunits to construct a membrane spanning beta helix, which acts as an
ion selective channel. Dimerization normally requires local deformation of the membrane
due to a hydrophobic mismatch between the thickness of the membrane and the length
of the gramicidin dimer. Since cholesterol rigidifies the membrane, this would result in a
greater energy cost to induce the deformation in order to account for the mismatch. The
main message is that, due to the regulation of the mechanical properties of membranes
by cholesterol, BAP activity, which requires membrane deformation, in general will be
inhibited by the presence of this lipid molecule.

Table 2. Summary of research works that analyze the potential modulatory effect of cholesterol on
the activity of bioactive peptides. Ornithine (O*), D-Phenylalanine (F*).

Peptide Sequence Net Charge Technique Result Ref.

Melittin GIGAVLKVLTTGLPALISWIKRKRQQ +6

Dynamic giant
uni-lamellar vesicle
leakage assay and

coarse-grained
(CG)/Fluorescence spec-

troscopy/Molecular
dynamics (MD)

A higher peptide
concentration is

necessary to induce
calcein release in the

DOPC/CHO system as
opposed to the

membrane model with
DOPC alone. CHO

hinders peptide-induced
pore formation in the

membrane model

[115]

Protegrin-1 (PG-1) RGGRLCYCRRRFCVCVGR-
NH2

+7

Isothermal titration
calorimetry (ITC) and

atomic force microscopy
(AFM)

Increasing CHO content
decreases the

favorability of the
peptide–lipid interaction

[116]

Amyloid-beta (Aβ) DAEFRHDSGYEVHHQKLVFFAED
VGSNKGAIIGLMVGGVVIA −3

MβCD-cholesterol
complex/Cell viability

assay (MTT)/Patch-
perforated/Generalized

polarization (GP)

Effect on Aβ depends
on the amount of CHO

in the membranes.
Low CHO induced a

facilitation of the
membrane perforation

andhigh CHO inhibited
membrane disruption

[117]
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Table 2. Cont.

Peptide Sequence Net Charge Technique Result Ref.

Melittin GIGAVLKVLTTGLPALISWIKRKRQQ +6

Small-angle neutron
scattering

(SANS)/Circular
dichroism (CD)

Increasing CHO content
decreases the amount of
transmembrane peptide.

CHO reduces the
penetration depth of

melittin, which would
decrease the amount by
which it thins the bilayer

[118]

Melittin GIGAVLKVLTTGLPALISWIKRKRQQ +6

Circular dichroism
(CD)/Elastic incoherent

neutron scattering
(EINS)/Quasi-elastic

neutron scattering
(QENS)

Adding CHO to DMPC
vesicles mitigates

peptide interaction and
prevents melittin
embedding in the
membrane depth

[119]

MSI-78

MSI-594

MSI-367

MSI-843

GIGKFLKKAKKFGKAFVKILKK-
NH2

GIGKFLKKAKKGIGAVLKVLTTGL-
NH2

KFAKKFAKFAKKFAKFAKKFA-
NH2

Oct-OOLLOOLOOL-NH2

+10

+7

+10

+7

Fluorescence
spectroscopy

A strong reduction in
membrane alteration is

only observed for all
peptides tested above

20% CHO content.
CHO’s protective,

membrane stabilizing
effect does not occur to
an appreciable level in

lipid systems containing
raft domains

[120]

Cys-TP GWTLNSAGYLLGCINLKALAALAKISIL-
NH2

+3
Spin-label electron

paramagnetic resonance
(EPR)

An increase in CHO in
the DMPC lipid system
resists the incorporation
of Cys-TP into the lipid

bilayer

[121]

DD K
H-

GLWSKIKAAGKEAAKAAGKAAL
NAVSEAV-NH2

+5

Surface plasmon
resonance (SPR)/Atomic

force microscopy
(AFM)/Isothermal

titration
microcalorimetry

(ITC)/Fluorescence
spectroscopy/Dynamic
light scattering (DLS)

Peptide interaction with
mimetic PC membranes

is reduced by CHO
presence in

concentrations typically
found in mammalian

cells

[122]

Magainin 2

Indolicidin

GIGKFLHSAKKFGKAFVGEIMNS
ILPWKWPWWPWRR

+4

+3

Magnetically stirred
circular Teflon

wells/Fluorescence
spectroscopy

The CHO presence
prevents the

membrane-perturbing
action of magainin 2

and, in the same system
with CHO, indolicidin

exerts a disturbing effect
on the membrane model

[123]

Gramicidin S Cyclo-(VO*LF*P)2 -

Fourier transform
infrared spectroscopic

(FT-IR)/Circular
dichroism (CD)/Nuclear
magnetic resonance (31

P-NMR)/Fluorescence
spectroscopy

The presence of CHO
attenuates the

interaction of GS with
PC bilayers.

CHO-containing POPC
vesicles are more

resistant to
peptide-induced

permeabilization than
CHO-free vesicles

[124]

The activity of BAPs appears to be closely connected to the mechanical properties of
the membrane, and a more resilient membrane, presenting a higher bending rigidity, will
increase the cost of deformation and therefore inhibit BAP activity. Due to the connection
between the energy cost associated with deformation and the chemical activity of the
BAPs, a membrane with increased rigidity will require higher concentrations of BAPs in
the media to achieve insertion. In addition to increasing the acyl chain order, it has been
established that cholesterol can remove the tilt angle of the hydrophobic tails in the lipid
bilayer, which will also induce membrane thickening, leading to inhibition of BAP activity.
With a face-hinged cyclohexane ring, cholesterol can reduce the van der Waals attractive
energy between adjacent lipid tails. However, cholesterol will induce its own interactions
with neighboring lipids, and, since cholesterol is rigid, the lipid acyl chains will have to pay
a higher energy price to bend away from cholesterol in the process of inducing membrane
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curvature. This would be considered an additional energy cost to bending, and would
further inhibit the activity of BAPs [125].

The protective effect of cholesterol is peptide dependent. In a recent study using
two synthetic peptides, it was shown that the presence of high cholesterol levels, such as
those found in red blood cells, prevented peptide-induced thinning as measured by X-ray
diffraction. In the same study, bacterial cell models were used and compared with minimum
inhibitory concentrations in Gram-positive and Gram-negative bacteria, showing that
thinning was correlated with toxicity. However, for the cholesterol containing membranes,
even though thinning was prevented in the presence of cholesterol, only one of the two
peptides showed strongly reduced hemolytic activity, which appeared to indicate that
toxicity is not necessarily correlated to BAP-induced membrane thinning [126]. On the
other hand, peptide localization within the membrane was measured through neutron
diffraction, where cholesterol appeared to inhibit peptide penetration into the membrane’s
core region. In addition, the secondary structure of the peptides showed significant changes
in the red blood cell model, presenting reduced formation of alpha helical structures. The
study was complemented by NMR spectroscopy showing changes in headgroup mobility,
and differential scanning calorimetry showing downward shifts in the melting temperature
of the membrane in the presence of the peptides [127].

These structural studies provide very valuable information with regards to peptide po-
sitioning and changes in membrane structural parameters, comparing these with minimum
inhibitory concentrations and toxicity studies on live cells, in particular when comparing
bacterial and eukaryotic models. However, certain structural details cannot be teased out
in full detail with these techniques. A new approach is to use scattering guided molecular
dynamic simulations to be able to gain more insight into the response of the membrane
in the presence of these antimicrobial peptides [127]. While molecular dynamics pro-
vides exquisite molecular detail, it falls short in some cases in accurately representing the
physical parameters of the membrane. By using X-ray diffraction to stir the molecular
dynamic simulations, the physical parameters can be represented more closely, which leads
to a better representation of the interaction of the peptides with membrane presenting
different compositions.

Charge has always been thought of as the main discriminating factor in the selectivity
of antimicrobial peptides towards bacterial membranes. However, hydrophobic interac-
tions can play an important role in peptide binding to the membrane. For this reason, it
is important to consider other structural factors to induce preferential binding towards
bacterial membranes versus eukaryotic membranes. The exclusive presence of cholesterol
in eukaryotic membranes can provide an additional parameter to induce selectivity. How-
ever, a better understanding of how cholesterol influences BAP lytic activity is necessary
to have a clear picture when designing antimicrobial peptides. This requires multiple
experimental techniques to elucidate changes in the structural parameters of the membrane
associated with peptide adhesion and insertion, and location of the peptide within the
membrane. These experimental results should be complemented with molecular dynamics
to obtain a more detailed structural picture of this interaction. These structural studies
should be correlated with leakage experiments in liposomes made of model systems and
cell lipid extracts and compared with minimum inhibitory concentrations in bacteria and
toxicity measurements in eukaryotic cells. Cholesterol is a promising candidate to push
towards a higher level of selectivity for antimicrobial peptides. The structural role that
cholesterol plays in interfering with peptide activity needs to be studied in more detail to
fully understand its potential in increasing peptide selectivity.

6. Conclusions

Despite the unquestionable importance of cholesterol, very few studies on the inter-
action between BAPs and cholesterol have been published as yet, but such interaction is
important; as approximately 30% of the steroids in the mammalian plasma membrane con-
sist of cholesterol, it is likely that a significant proportion of BAPs encounter this molecule
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(in addition to frequently meeting a sphingolipid component). In summary, the interaction
of AMPs with previously proposed plasma membrane microdomain components (sphin-
golipids, glycolipids, cholesterol) is most relevant when designing experiments with a view
to mimicking native membrane properties. Interactive work concerning the interaction
between AMPs and cholesterol may also lead to novel insights.
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