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ABSTRACT
Cell membranes are dynamic and complex structures, and their composition and structure are major determinants of pathology. It is now
commonly accepted that the membranes’ physical properties, such as ﬂuidity and thickness, are determining factors for permeability,
partitioning of drug molecules, and protein aggregation. Membrane-interacting molecules can in some instances be expected to have a
greater therapeutic potential than traditional therapies targeting receptors or enzymes. Alzheimer’s disease is an example where traditional
approaches thus far have been proven unsuccessful. With bacteria becoming resistant to more and more antibiotics, potential membrane
based antibiotics provide an alternative route with great potential. Here, we provide a perspective on the basic mechanisms how physical
membrane properties can affect diseases and the therapeutic potential of changing membrane lipid composition and properties to target
those diseases. Neurodegenerative diseases, such as Alzheimer’s disease, and infectious diseases, are prime examples among many others
where the so-called Membrane-Lipid Therapy shows great potential for the development of new drugs and new therapies.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0018709

Biological membranes are the most important biological interface. Composed mainly of lipid molecules and proteins, they serve as a
barrier to the external environment for the contents of the cell.
20%–30% of genes encode membrane-embedded proteins, and these
proteins play important roles in cell signaling and cell adhesion. In
early research of membranes and membrane proteins, lipid molecules
were not considered as active participants in membrane processes. In
1972, shortly after it was determined that proteins may embed within
the lipid membrane, Singer and Nicholson published their “Fluid
Mosaic Model” of lipid membranes.1 In this model, the membrane
serves as a passive, unstructured, and two-dimensional liquid within
which embedded proteins ﬂoat, and lipid molecules act as solvents.
The model quickly became popular as it allowed for the lateral diffusion of proteins, as well as the transverse diffusion of small molecules,
such as oxygen or carbon dioxide. However, it is now widely accepted
that such a model is too simplistic to explain complex biological
processes.
In 1997, Simons and Ikonen2 suggested the existence of transient
structures in membranes, so-called “rafts,” local ﬂuctuations in density
and composition. While evidence for these rafts is found in model
membranes,3–5 their existence in live cells remains controversial, in
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particular because of a lack of experimental proof, and the signiﬁcance
of membrane heterogeneity has been challenged. For instance, evidence was presented recently that proteins can stabilize ordered membrane domains, leading to their collective activation.2 This mechanism
is different from the original raft idea where proteins actively partition
into preexisting ordered domains. More recently, there is increasing
evidence that the lipid portion of the membrane takes an active role in
numerous membrane processes.
The biophysical properties of membranes inﬂuence membrane
functions, as well as the activity of essential proteins that regulate our
cells. It is now widely accepted that the lipid-bilayer structure and
dynamics are an essential contributor to membrane functionality.6–8
Subtle modiﬁcations to the structure of membranes are of vital importance to maintain homeostasis.
For instance, many neurodegenerative diseases are associated
with lipid alterations.9–11 However, the majority of drugs targeting
them is designed to interact with membrane receptors or enzymes.
This limitation likely reduces the efﬁcacy of our current therapies on
the progression of these diseases. Including the cell membrane as a target has the potential for new treatments for numerous pathologies, as
sketched in Fig. 1. Indeed, while the pharmaceutical world used to be
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FIG. 1. Alzheimer’s disease is the most common cause of dementia worldwide. It is
marked clinically by gradual cognitive decline, and pathologically by the presence
of senile plaques, which are formed through the aggregation of amyloid-b peptides
in functional tissue of the brain. Membranes play a crucial role in the aggregation of
these peptides by serving as a nucleation point at early stages of plaque formation.
Antibiotic resistance is caused by bacteria that have become resistant to our existing antibiotics. By changing their membrane properties they prevent the antibiotic
molecules from damaging the membrane, rendering the drug useless.

exclusively governed by drugs targeting proteins and nucleic acids,
there has been a shift in recent years to molecules speciﬁcally targeting
membrane lipids.8 The ﬁeld of this so-called Membrane-Lipid
Therapy uses membrane-active pharmacology to develop treatments
based on the regulation of the membrane lipid composition and the
membranes’ structure. While low concentrations of high-afﬁnity drugs
are sufﬁcient to disrupt receptors, larger drug concentrations are typically required to change membrane properties sufﬁciently to affect
membranes and membrane protein function.12–14 This new approach
has been shown promise as an alternative for conventional drugs both
in terms of efﬁcacy, speciﬁcity, and safety.15 The aim of this article is
to give a membrane perspective on disease intervention, where the
involvement of membranes in disease is in some cases more evident
than in others.
Degenerative diseases of the human brain have long been viewed
among the most puzzling and difﬁcult problems in biomedical sciences. Alzheimer’s disease is the most common cause of dementia worldwide. In 2001, an estimated 24  106 people around the world were
living with dementia, a number that is expected to double every
20 years, reaching 81.1  106 by 2040.16 This disease is marked clinically by progressive cognitive decline and pathologically by the presence of senile plaques, which are formed through the aggregation of
amyloid-b peptides in functional tissue of the brain.17 As researchers
have begun to uncover the mechanistic underpinnings of neurodegenerative diseases, it has become increasingly apparent that these diseases
have both biochemical and biophysical roots.18–22
Amyloid peptides strongly interact with anionic, negatively
charged membranes, which are commonly found in the human brain.
The peptides spontaneously insert into those membranes and the nonpolar side chains partition in the hydrophobic membrane core,23,24
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leaving the peptide backbone lying in the interface and promoting the
peptide to adopt a b-prone conformation while inducing a partial
dehydration of the backbone. As a result, the formation of intra- and
intermolecular peptide–peptide hydrogen bonds is favored in the twodimensional axis of the membrane, i.e., aside from each other, rather
than with three dimensions of motional freedom. The peptides transition from an helical a-state into a stretched, pathological b form.
Those small, nanometer sized b-sheets form the nuclei for the growth
of extracellular neurotoxic amyloid ﬁbers and plaques.25 The membrane provides a unique environment to facilitate this conformation of
peptides into b-sheets, which are much more susceptible to the protein’s environment than a-helices, which rely more heavily on the
amino acid sequence.
At the same time, peptide insertion causes the membrane to distort to ensure that the entire hydrophobic region of the peptide is contained within the hydrophobic core. This hydrophobic mismatch
occurs when the hydrophobic region of the peptides is larger or
smaller than the bilayers’ hydrophobic thickness. Local distortions surrounding the peptides cause a change in the membrane interface and
can lead to long-ranged attractive forces between the membrane
embedded peptides, affecting the energy barriers associated with peptide aggregation and favoring such.8,26–30
To visualize this concept, imagine a bucket half-ﬁlled with water
and place a number of ﬂoating disks on the surface. The disks create
small distortions of the water surface around the edge and induce negative curvature. The surface tension is then creating long-ranged interactions between the noninteracting disks, and the disks will begin to
come together to minimize the total surface tension. Importantly, this
interaction is independent of the properties of the disks but purely a
property of the medium. In a similar manner, inhibiting negative
membrane curvature becomes a potential target in anti-Alzheimer’s
treatments to prevent peptide aggregation. An increase in membrane
ﬂuidity for instance can reduce the hydrophobic mismatch and
curvature.
As a consequence, the interface between membrane and peptide
cluster becomes less favorable in thick and stiff membranes, which
favors the formation of larger aggregates, while the corresponding
energy mismatch is reduced in soft and thin membranes. Some common compounds and drugs have been speculated to have an effect in
Alzheimer’s disease, such as melatonin (the hormone that regulates
sleep), acetylsalicyclic acid (Aspirin, a common pain killer), and curcumin (a traditional Indian spice). Experiments and simulations showed
that melatonin does not change structural parameters of membranes
and also has no effect on the size or extent of peptide clusters.
Acetylsalicyclic acid led to membrane thickening and stiffening and to
the formation of larger peptide aggregates by increasing hydrophobic
mismatch and curvature. Curcumin on the other hand was found to
make membranes softer and thinner, reducing the local curvature. As
a result, curcumin can reduce the volume fraction of b-sheets and peptide aggregates by 70%.31 The formation of large amyloid aggregates
can potentially be inhibited at early stages of the disease by dissolving
small nanometer sized nuclei by changing membrane properties.
While there is, to this day, no cure or effective prevention for
Alzheimer’s disease, there is evidence that a healthy diet can slow
down ﬁrst occurrence and progression. A diverse range of bioactive
nutrients and compounds found in natural products has been shown
to play a potential role in the prevention of neurodegenerative diseases.
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Resveratrol, found in grapes, caffeine, the main active component in
coffee, b-carotene, found in orange fruits and vegetables, and
Epigallocatechin gallate (EGCG), a component of green tea, are the
most promising candidates. Thickening and stiffening of the membranes result in the formation of large peptide aggregates, as observed
for resveratrol and caffeine. b-carotene shows some potential as it
forms transmembrane aggregates, which result in breaking up the peptide aggregates into smaller b-sheets. The best result was obtained for
EGCG, where thinning and ﬂuidiﬁcation of the membranes was found
to completely dissolve the b-sheet peptide clusters and transition the
peptides into their nonpathological a-form.32
At this point, the full mechanism for membrane-mediated amyloid aggregation remains elusive. However, from our current understanding, membranes provide a crucial framework for the processes
involved in aggregation. At the early stages of peptide aggregation, the
bilayer offers a site of high stability for the monomeric peptides, which
allows neighboring peptides to coordinate hydrogen-bonding and
folding and uncoiling of the peptide to form more stable b- and crossb sheets. These processes make the membrane a key component in the
nucleation of peptide aggregates and a prime target for the development of potential anti-Alzheimer’s drugs.
With the worldwide rise of antibiotic resistance, the design and
modiﬁcation of current antibiotics are of critical importance.33,34 The
World Health Organization (WHO) considers the issue of antibacterial resistance as a top global threat to public health, threatening our
ability to treat common infectious diseases, resulting in prolonged illness, disability, and death. It is estimated that 700 000 people worldwide die every year due to drug-resistant strains of bacterial infections,
HIV/AIDS, tuberculosis, and malaria. Experts have warned that by
2050, the annual death toll will soar to 10  106 worldwide.35
The majority of antibiotics target intracellular biochemical pathways in bacteria and translocate across the bacterial membranes through
active transport. It has been suggested that certain antibiotics can diffuse
through the membranes passively. These drug molecules need to spontaneously partition in the bilayers and enter the hydrophobic membrane
core to eventually enable transmembrane diffusion. Experiments and
simulations have indeed found that some of these antibiotics can induce
membrane disorder and alter membrane ﬂuidity, and that their efﬁcacy
is correlated with their membrane afﬁnities.36 An important question
with clinical relevance, therefore, is whether partitioning of the antibiotics leads to changes in membrane properties and to membrane damage
or rupture, potentially increasing side-effects and toxicity.37
On the other hand, the membrane is a key target of many antimicrobial peptides, both biochemically via the inhibition of essential
membrane regulating proteins and biophysically through the perturbation of lipid bilayers by inducing water permeation and eventually
membrane rupture.38 Polymyxins consist of cyclic lipopeptides that
show a strong antimicrobial activity toward gram-negative bacteria.
Although this class of antibiotics was ﬁrst discovered in the mid1900s, intravenous clinical use was discouraged due to the incidence of
adverse side effects, such as renal failure. For this reason, they were
deemed “last-line” antibiotics.39 However, the emergence of
“superbugs” and widespread antibiotic resistance has rendered many
antibiotics ineffective in combatting infections, which has led to the
increasing use of these last-line polymyxins.34
The nonspeciﬁc nature of polymyxin interactions with gramnegative bacterial membranes can, in particular, lead to the damage of
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renal epithelial cells, giving rise to nephrotoxicity. This ability of the
drug to cause kidney damage hinders the clinical efﬁcacy of intravenously administered polymyxins. It has been reported that nephrotoxicity occurs in 60% of patients.40,41
Renal membranes exist in a heterogeneity of cholesterol-depleted
and cholesterol-rich regions.42 Cholesterol is a common ingredient in
eukaryotic cell membranes while bacterial cell membranes do not contain cholesterol.
It was reported that the presence of cholesterol in the renal membranes leads to a signiﬁcant reduction of membrane damage.43
Surprisingly, cholesterol did not protect the membranes from drug
insertion; however, it was found to even increase the membrane inserted
peptide fraction. However, by stabilizing the bilayers’ structure and suppressing lipid and peptide mobility, cholesterol reduces membrane
indentation and thinning, peptide clustering, and water permeation,
which minimizes membrane damage. Renal cells with less cholesterol
appeared to be less well protected leading to polymyxin’s nephrotoxicity.
Cholesterol’s molecular mechanism for protecting eukaryotic cells from
the toxic effects of bacteria targeting ploymyxins lies therefore in the stabilization of the bilayer geometry. This mechanism is conceptually different from the effect described above: Membrane thickening and
stiffening here lead to a stabilization of the membrane while in the case
of Alzheimer’s disease, membrane thickening increased hydrophobic
mismatch and induced amyloid aggregation and potential damage.
Body cells with a low cholesterol content are prone to being attacked by
antibiotics, resulting in a high toxicity. Such ﬁndings are important for a
more effective drug design as the global incidence of antibiotic resistance
increases, in addition to understanding toxicology.
While polymyxin antibiotics have provided a critical option for
clinicians in treating complex multidrug-resistant infections, the ﬁrst
polymyxin resistance has recently been reported from the emergence
of mcr-1 in bacteria, a transferrable gene encoding for a phosphatidylethanolamine transferase enzyme, which mediates the addition of an
ethanolamine to lipid A on the bacterial membrane. This alteration
reduces the membrane charge gradient and increases lipid packing.
Together, these changes have been shown to prevent the bactericidal
activity by lipopeptide antibiotics.44–47
The two balancing forces that determine whether polymyxins
can insert into membranes and create damage are (1) electrostatic
attraction and (2) the “elastic” resistance of the membrane against
penetration. The equilibrium between these two forces determines the
location of the polymyxin B molecules in the membrane. The membrane surface density depends on the anionic lipid fraction. If the
charge difference is larger than the repulsive forces, the polymyxin
antibiotic will eventually be able to penetrate and create membrane
damage. The loss of a negatively charged group in the bacterial membrane now reduces the afﬁnity of the cationic polymyxin. Moreover,
the addition of ethanolamine to lipids across the bacterial surface
increases the volume of the membrane core and intermolecular attraction between adjacent lipids, ultimately increasing membrane stability
and resistance to mechanical compression and membrane collapse.
In this model, the insertion depth of the polymyxin molecules is
a linear function of the anionic fraction, and the corresponding data
from experiments and simulations indeed show a linear behavior. The
phenomenological spring constant k of resistance for anionic membranes was determined to be 2500 N/m, and a signiﬁcantly higher
resistance of 18 000 N/m was determined for resistant membranes
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with the increased core density. The spring constant for graphite for
comparison is 27 000 N/m for the in-plane interaction, and 3.5 N/m
for the much weaker out-of-plane interactions between graphite
layers.48 The force constants measured for the polymyxin insertion
are, thus, about one order of magnitude weaker than a covalent bond,
however, about 1000 times stronger than a hydrogen bond. This biophysical model applies well to several gram-negative bacterial strains
and can be used to predict resistance strength.39
Altogether, mcr-1 expression was found to affect the global physical properties of bacterial membranes, making resistant bacteria less
attracted to the polymyxin and less susceptible to polymyxin insertion.
Identifying the two key factors for bacterial resistance of this type of
antibiotic presents an opportunity to improve existing antibiotics and
inform the development of new antibiotics.
In summary, biological membranes that were initially thought of
as simple physical barriers are now viewed as important, active components of the cell. Similarly, lipid composition, organization, and interaction between the different components are essential for membrane
function. Membrane dysregulation is a main contributor to the etiology
of many diseases, and little importance has been given to the biophysical properties of cell membranes when it comes to biomedical applications and disease therapies. In the past, this ﬁeld has been entirely
dominated by proteins and biochemical interactions. However, as our
understanding of the complex processes involved increases, it becomes
clearer that biophysical interactions cannot be neglected.
Combining biochemical and biophysical approaches has great
potential for the treatment of diseases and the development of
future drugs. While research in the biomedical ﬁeld typically relies
on low-resolution, high-throughput techniques using standard lab
supplies and statistical analyses, high-resolution biophysical techniques in comparison are slow and low-throughput, requiring
expensive and sophisticated research infrastructure, as well as
mathematical modeling. As such, they only slowly ﬁnd their way
into biochemical and medical laboratories, often through fruitful
collaborations between researchers from medicine and biomedical
physics. Progress in the ﬁeld is further hindered by the existing
funding infrastructure, which strictly distinguishes funding for the
natural and health sciences. One solution lies in the training of a
new generation of researchers with profound knowledge in both
areas. It is certainly a mistake to reduce physics and chemistry classes for health science students and not have physics and chemistry
students take courses in the life and health sciences.
In order to explore the full potential of therapies that regulate
membrane properties, extensive contributions are still required.
These include better model systems representing the complexity
of lipid composition in different cells, as well as animal models of
disease with known lipid alterations. Additionally, further knowledge of the membrane structure and its repercussions on pathophysiology is necessary to move the ﬁeld ahead. Finally,
clariﬁcation of the role of lipids in intracellular activities will contribute to a better and deeper understanding of therapeutic targets, leading to better and more efﬁcient treatments for various
lipid related diseases.
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