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CONSPECTUS: The abrupt aggregation of misfolded proteins is linked to the
onset and spread of amyloidogenic diseases, including diabetes type 2, systemic
amyloidosis, and Alzheimer’s (AD) and Parkinson’s diseases (PD). Although the
exact cause of these pathological processes is unknown, a growing body of
evidence suggests that amyloid diseases are triggered by misfolded or unfolded
proteins, forming highly toxic oligomers. These transient species exhibit high
structural and morphological heterogeneity. Protein oligomers can also
propagate into β-sheet-rich filaments that braid and coil with other filaments
to form amyloid fibrils and supramolecular structures with both flat and twisted
morphologies. Microscopic examination of protein deposits formed in the brains
of both AD and PD patients revealed the presence of fragments of lipid
membranes. Furthermore, nanoscale infrared analysis of ex vivo extracted fibrils
revealed the presence of lipids in their structure (Zhaliazka, K.; Kurouski, D.
Protein Sci. 2023, 32, e4598). These findings demonstrated that lipid bilayers could play an important role in the aggregation of
misfolded proteins.
Experimental findings summarized in this Account show that (i) lipids uniquely change the aggregation rate of amyloidogenic
proteins. In this case, the observed changes in the rates directly depend on the net charge of the lipid and the length and saturation
of lipid fatty acids (FAs). For instance, zwitterionic phosphatidylcholine (PC) with 14:0 FAs inhibited the aggregation of insulin,
lysozyme, and α-synuclein (α-Syn), whereas anionic phosphatidylserine with the same FAs dramatically accelerated the aggregation
rate of these proteins (Dou, T., et al. J. Phys. Chem. Lett. 2021, 12, 4407. Matveyenka, M., et al. FASEB J. 2022, 36, e22543. Rizevsky,
S., et al. J. Phys. Chem. Lett. 2022, 13, 2467). Furthermore, (ii) lipids uniquely alter the secondary structure and morphology of
protein oligomers and fibrils formed in their presence. Utilization of nano-infrared spectroscopy revealed that such aggregates, as well
as ex vivo extracted fibrils, possessed lipids in their structure. These findings are significant because (iii) lipids uniquely alter the
toxicity of amyloid oligomers and fibrils formed in their presence. Specifically, PC lowered the toxicity of insulin and lysozyme
oligomers, whereas α-Syn oligomers formed in the presence of this phospholipid were found to be significantly more toxic to rat
dopaminergic cells compared to α-Syn oligomers grown in the lipid-free environment. Thus, the toxicity of protein oligomers and
fibrils is directly determined by the chemical structure of the lipid and the secondary structure of amyloidogenic proteins (Dou, T., et
al. J. Phys. Chem. Lett. 2021, 12, 4407. Matveyenka, M., et al. FASEB J. 2022, 36, e22543. Rizevsky, S., et al. J. Phys. Chem. Lett. 2022,
13, 2467). Experimental results discussed in this Account also suggest that amyloidogenic diseases could be caused by pathological
changes in the lipid composition of both plasma and organelle membranes, which, in turn, may trigger protein aggregation that
results in the formation of highly toxic oligomers and fibrils. Finally, the Account discusses the effects of polyunsaturated FAs on the
aggregation properties of amyloidogenic proteins. Experimental findings reported by the author’s laboratory revealed that
polyunsaturated FAs drastically accelerated the aggregation rate of both insulin and α-Syn as well as strongly changed the secondary
structure of amyloid fibrils formed in their presence.

■ KEY REFERENCES

• Zhaliazka, K.; Kurouski, D. Nanoscale Imaging of
Individual Amyloid Aggregates Extracted from Brains of
Alzheimer and Parkinson Patients Reveals Presence of
Lipids in Alpha-Synuclein but Not in Amyloid Beta(1−
42) Fibrils. Protein Sci. 2023, 32, e4598.1 Nanoscale
analysis revealed the presence of lipids in the ex vivo
amyloid fibrils.
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• Dou, T.; Zhou, L.; Kurouski, D. Unravelling the Structural
Organization of Individual Alpha-Synuclein Oligomers
Grown in the Presence of Phospholipids. J. Phys. Chem.
Lett. 2021, 12, 4407−4414.2 Lipid bilayers uniquely
altered the secondary structure of insulin fibrils that were
formed in their presence.

• Matveyenka, M.; Zhaliazka, K.; Rizevsky, S.; Kurouski, D.
Lipids Uniquely Alter Secondary Structure and Toxicity
of Lysozyme Aggregates. FASEB J. 2022, 36, e22543.3

This work demonstrated that phospho- and sphingolipid
bilayers could change the aggregation rate of lysozyme as
well as alter the secondary structure and toxicity of
lysozyme fibrils.

• Rizevsky, S.; Matveyenka, M.; Kurouski, D. Nanoscale
Structural Analysis of a Lipid-Driven Aggregation of
Insulin. J. Phys. Chem. Lett. 2022, 13, 2467−2473.4 This
work showed that phosphatidylserine and phosphatidyl-
choline altered the secondary structure of α-synuclein
oligomers.

■ INTRODUCTION
Protein deposits are hallmarks of numerous amyloid diseases,
including Alzheimer’s (AD) and Parkinson’s (PD) diseases. AD
is one of the fastest-growing neurodegenerative diseases,
projected to strike 14 million people by 2060 in the U.S.
alone.5 In 2022, over 6 million Americans age 65 and older were
diagnosed with this pathology, with estimated costs that are
upwards of $320 billion, making effective neuroprotective
treatments an urgent and unmet need.6 In 2023, AD-related
costs exceeded $345 billion per annum in the U.S. alone, with
the projected costs exceeding $1 trillion by 2050.5 PD is
projected to strike 12 million people by 2040 worldwide.7 Over
60,000 cases of PD are diagnosed annually in the U.S., with the
economic burden reaching nearly $52 billion every year, making
effective neuroprotective treatments an urgent and unmet need.8

The localization of the protein deposits and the chemical
nature of aggregating proteins are pathologically specific. For
instance, PD is linked to the aggregation of α-synuclein (α-Syn),
a small cytosolic protein that is mainly located in synaptic
terminals.9 Although the physiological function of α-Syn
remains largely unknown,10−12 this protein plays an important
role in synaptic plasticity, the inflammatory response, and the
control of neurotransmitter release in synaptic clefts.13,14 In
solution, α-Syn is an intrinsically disordered protein that adopts
α-helical structure in the presence of lipids.15,16 In patients with
PD, α-Syn aggregates progressively form in the midbrain,
hypothalamus, and thalamus.17 In the case of AD, the abnormal
aggregation of amyloid beta (Aβ) peptide and hyperphosphory-
lated tau protein is thought to mediate the sequential loss of
neurons in the frontal cortex of the brain.18 Injection
amyloidosis and diabetes type 2 are linked to the aggregation
of insulin, a small protein hormone that regulates the glucose
level in the blood.19 Insulin injections in the skin derma cause a
rapid increase in the concentration of the protein in a small
volume of tissue, which can trigger insulin aggregation. Similar
processes could take place in the pancreas upon overproduction
of insulin, which is observed in patients with diabetes type 2.
Finally, hereditary systemic amyloidosis (HSA) is caused by an
abrupt aggregation of lysozyme, a major player in the innate
immune system.20 This extracellular protein can aggregate,
forming massive deposits in the livers and kidneys of individuals
diagnosed with HSA.

■ AMYLOIDOGENIC DISEASES ON THE MOLECULAR
LEVEL

Although the exact cause of amyloidogenic pathologies is
unknown, protein misfolding and a high local concentration of
proteins are the major factors that trigger protein aggregation.
Computational analysis of protein sequences performed by the
Eisenberg group revealed that the presence of certain amino acid
motifs is the key determinant of the proteins’ self-assembly.
These amino acid sequences form a β-sheet (also known as a
“dry zipper”) structure that is stabilized by hydrogen bonding.21

Thus, the energy minimization of misfolded proteins with such
amino acid sequences drives their association into the β-sheet
structure. As a result, protein oligomers are formed. These
transient species exhibit a large diversity of shapes and forms.
Amyloid oligomers can template the aggregation of misfolded
proteins, which results in the formation of fibrils. In this case,
two β-sheets associate together plane-to-plane, forming an even
more thermodynamically stable cross β-sheet, which stretches
micrometers in length in the direction perpendicular to the
peptide strands in β-sheets. Electrostatic energy minimization
makes fibrils twist and coil, forming large supramolecular
assemblies with both twisted and tape-like morphologies.

■ STRUCTURAL ORGANIZATION OF AMYLOID
OLIGOMERS AND FIBRILS

Utilization of the solid-state nuclear magnetic resonance (ss-
NMR) and cryo-electronmicroscopy (cryo-EM) allowed for the
elucidation of the secondary structure of amyloid fibrils with
angstrom spatial resolution.22,23 It was found that fibrils formed
by different amyloidogenic proteins share very similar structures.
Specifically, fibrils are composed of two β-sheets with ∼4.7 Å
interstrand distances spaced ∼10 Å between each other. Some
fibrils may have three β-sheets arranged in a triangle. These
variabilities in the arrangement of β-sheets in one fibril are the
underlying cause of fibril polymorphism.

The transient nature and morphological heterogeneity of
amyloid oligomers limit the use of ss-NMR and cryo-EM for
their structural characterization. Our group demonstrated that
this problem could be overcome with nano-infrared spectros-
copy, also known as atomic force microscopy infrared (AFM-
IR) spectroscopy.24 In AFM-IR, a metallized scanning probe is
first used to reveal the topology of the aggregate.25 Next, the
probe can be positioned above the aggregate of interest.26 Pulsed
IR light is then sent to the sample to cause thermal expansion of
the analyzed aggregates. Such thermal expansion is recorded by
the scanning probe and converted to the IR spectra that can be
used to reveal the secondary structure of individual amyloid
oligomers.27,28 Furthermore, by using AFM-IR, chemical maps
of the protein aggregates can be obtained. Such maps are
combinations of the AFM maps of the specimens and their IR
signatures.

Elucidation of the secondary structure is achieved by the
fitting of the amide I band, which primarily originates from the
C�Ovibration of the peptide bond.29 Localization of the amide
band at ∼1630 and 1695 cm−1 indicates the predominance of
parallel and antiparallel β-sheet secondary structure, respec-
tively. At the same time, the shift of amide I to ∼1645 and 1660
cm−1 is indicative of α-helix and unordered protein secondary
structure, respectively.2,3,30−38

Using AFM-IR, Zhou and Kurouski investigated changes in
the secondary structure of α-Syn aggregates formed at different
stages of protein aggregation.24 It was found that at the early
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time points, drastically different from the perspective of their
secondary structure, oligomers were found (Figure 1). Some of

themwere dominated by parallel β-sheets, whereas others have a
mixture of α-helix and unordered protein secondary structures.
Zhou and Kurouski also found that, on average, early stage
oligomers possessed a high amount of antiparallel β-sheet
secondary structure that progressively decreased as the
oligomers developed into fibrillar species and then mature
fibrils, which had parallel β-sheet secondary structure. It was
suggested that α-Syn aggregation is driven by the conversion of
antiparallel to parallel β-sheet secondary structure.

Expanding upon this, Zhaliazka and Kurouski investigated
structural changes that took place upon aggregation of the
amyloid β1−42 peptide (Aβ1−42).

35 Using AFM-IR, the
researchers found that Aβ1−42 first formed oligomers with
parallel β-sheet structures that had much slower rates of
propagation into fibrils. Right after their appearance, the
researchers detected oligomers with an antiparallel β-sheet,
which rapidly propagated into protofilaments and fibrils (Figure
2). By 72 h after the initiation of Aβ1−42 aggregation, nearly equal
amounts of aggregates with parallel and antiparallel β-sheet
secondary structures were observed. Finally, Aβ1−42 aggregates
with antiparallel β-sheets remained as a subpopulation in the late
stages of protein aggregation, and oligomers and fibrils with
parallel β-sheets were dominated.
Role of Lipids in Amyloidosis
Microscopic examination of Lewy bodies, protein deposits
found in PD brains, revealed the presence of fragments of lipid-

rich membranes, organelles, and vesicles.39,40 Similar observa-
tions were made for amyloid plaques that are formed in the brain
frontal cortex upon AD. Furthermore, many amyloidogenic
proteins, such as α-Syn and Aβ1−42, facilitate or perform
physiologically important functions in the plasma membranes.
These and other pieces of experimental evidence suggested that
lipid bilayers can play an important role in the onset and
progression of amyloidogenic diseases.36,41

Lipids Uniquely Alter the Rate of Protein Aggregation

Experimental findings reported by Galvagnion demonstrated
that the α-Syn aggregation rate could be altered by lipids.13,42,43

Specifically, it was found that the rate of α-Syn aggregation in the
presence of large unilamellar vesicles (LUVs) of dimyristoyl-
phosphatidylserine (DMPS) was substantially greater compared
to the rate of α-Syn aggregation in a lipid-free environment.
Furthermore, Galvagnion and co-workers demonstrated that the
rates of α-Syn aggregation depended on the lipid-to-protein
ratio (L:P ratio). It was proposed that LUVs at low
concentrations serve as the nucleation sites for α-Syn, which
results in the acceleration of protein aggregation. At the same
time, an increase in the surface area of lipid bilayers lowers the
probability of protein−protein interactions, which are critical for
α-Syn aggregation. Therefore, with an increase in the L:P ratio, a
subsequent decrease in the rate of α-Syn aggregation was
observed. A growing body of evidence suggests that other
phospho- and sphingolipids exerted similar effects on the
aggregation of α-Syn.2,38 Specifically, it was found that LUVs of
phosphatidylcholine (PC) and phosphatidic acid (PA) were
able to accelerate the rate of α-Syn aggregation compared to the
rate of fibril formation in the lipid-free environment.2,38

Zhaliazka and co-workers recently reported that phospholi-
pids and cholesterol could drastically accelerate the rate of
Aβ1−42 aggregation.36 Specifically, it was found that LUVs of
both PC and cardiolipin (CL) could significantly increase the
aggregation rate of Aβ1−42. Furthermore, the researchers
reported that cholesterol, if present in a 5% ratio in the PC
LUVs, did not alter the rate of oligomer formation. However, it
accelerated the elongation of such oligomers into fibrils, which
was not evident for PC alone.

Our group also investigated the effect of different phospho-
and sphingolipids on the rate of insulin aggregation.3,30−34 It was
found that negatively charged phospholipids, such as CL, PS,
PA, and phosphatidylglycerol (PG), accelerated the rate of
insulin aggregation whereas zwitterionic lipids, such as PC and
phosphatidylethanolamine (PE), on the opposite, strongly
inhibited fibril formation.44 It should be noted that ceramide
(CER) was found to enhance insulin aggregation, whereas
sphingomyelin (SM), on the other hand, slowed down fibril
formation.34 Similar results were reported by our group for
lysozyme.3,37 Specifically, the researchers found that PC and PE,
similar to insulin, inhibited lysozyme aggregation, whereas
negatively charged PS, PG, and CL strongly accelerated
lysozyme fibril formation (Figure 3).3 It should be noted that
from all analyzed lipids, CL, which at physiological pH possessed
two negative charges, exhibited the strongest enhancement of
lysozyme aggregation compared to the negatively charged (−1)
PS and PG. Based on these results, we could conclude that the
rate of protein aggregation directly depends on the net charge of
the lipid. Zhaliazka and co-workers discovered that the
enhancement rate of protein aggregation directly depends not
only on the chemical structure of the lipid, but also on the P:L
ratio.45 Specifically, PS and CL exhibited a much stronger

Figure 1. Overlapped infrared and AFM chemical maps at 1655 and
1624 cm−1 for D1 (A−E), D2 (F−I), D3 (J−N), and D7 (O−R)
samples. Random coil and α-helical conformations (1655 cm−1) and
the β-sheet (1624 cm−1) are marked by pseudocolor red and green,
respectively. Scale bars: A−I and O−R, 100 nm; J−N, 250 nm.
Reproduced from ref 24. Copyright 2020 American Chemical Society.
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enhancement of lysozyme aggregation if they were present at
1:10 and 1:5 compared to 1:1 P:L ratios.

Recently, Frese and co-workers found that in addition to the
net charge of the lipid polar head and P:L ratios, the length and
saturation of FAs could uniquely alter the aggregation rates of
lysozyme.46 Specifically, lysozyme exhibited the shortest lag
phase in the presence of equimolar concentrations of PS with 14
carbon-atom-long (14:0) FAs (1,2-dimyristoyl-sn-glycero-3-
phospho-L-serine, DMPS) compared to PS with 18-carbon-
long (18:0) FAs (1,2-distearyl-sn-glycero-3-phospho-L-serine,
DSPS). Similar results were reported by Matveyenka and co-
workers for insulin.31 Finally, the presence of double bonds in
FAs of PS enabled a much greater acceleration of both insulin
and lysozyme aggregation compared to fully saturated FAs with
the same length of FAs.31 Specifically, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-L-serine (POPS) and 1,2-dioleoyl-sn-glyc-
ero-3-phospho-L-serine, (DOPS), which possess one and two
double bonds, respectively, exhibited a much stronger enhance-
ment of lysozyme aggregation compared to fully saturated
DSPS. Similar results were reported by Matveyenka and co-
workers for saturated and unsaturated CL.30 However,
Matveyenka and co-workers found that unsaturation did not
alter the inhibition properties of PC on the insulin aggregation.30

Finally, our group discovered that PA with 16-carbon-long FAs
(C16:0) was found to inhibit insulin aggregation, whereas PA
with 18-carbon-long FAs (C18:0), on the other hand, strongly
enhanced the protein aggregation.32 In summary, these results
revealed that a large number of factors can alter the rate of
protein aggregation in the presence of lipids. In particular, it was
found that (1) the net charge of the lipid; (2) P:L ratio; (3)
length of FAs; (4) saturation of FAs; and (5) the chemical
structure of the lipid itself play an important role in the
aggregation rate of amyloidogenic proteins.

Structure and Morphology of Amyloid Aggregates Formed
in the Presence of Lipids

Experimental results reported by our group and other research
groups demonstrated that lipids uniquely altered the morphol-
ogy and secondary structure of amyloid aggregates formed in
their presence.2,3,30−38,44,45 Specifically, both insulin and
lysozyme formed spherical oligomers in the presence of PC
and PE.37,44 These aggregates dominated by unordered protein
secondary structure possessing very few if any β-sheets. At the
same time, insulin and lysozyme formed fibrils in the presence of
negatively charged lipids, such as CL, PS, and PG.37,44 These
aggregates were dominated by a parallel β-sheet secondary
structure.

AFM imaging of insulin fibrils formed in the presence of
unsaturated CL revealed the presence of long fibrillar structures
of 6−8 nm in height that stretched for micrometers in length
(Figure 4).30 Such aggregates did not form in the presence of
saturated CL. Instead, Matveyenka and co-workers found
relatively short (∼200 nm in length) fibrils formed by insulin
in the presence of saturated CL.30 These results demonstrated
that the unsaturation of FAs in CL promoted insulin assembly
into long fibrils that could not be formed in the presence of its
saturated analog. It should be noted that in the lipid-free
environment insulin formed fibrillar assemblies with a large
variety of lengths that were, on average, 12 nm in height. Using
AFM-IR, Matveyenka and co-workers also found that the
secondary structure of insulin fibrils formed in the presence of
saturated and unsaturated CL was different from the secondary
structure of insulin fibrils formed in the lipid-free environ-
ment.30

It should be noted that both insulin and lysozyme aggregates
formed in the presence of lipids possessed corresponding lipids
in their structure.2,3,30−38,44,45 Similar results were reported by

Figure 2. Structural analysis of Aβ1−42 aggregates formed at different states of protein aggregation. Averaged AFM-IR spectra (green) acquired from
individual aggregates observed 4 h (A), 24 h (B), 72 h (C), and 168 h (D) after the initiation of Aβ1−42 aggregation reveals the presence of an
antiparallel β-sheet (1693−1695 cm−1), unordered protein (1665−1670 cm−1), and a parallel β-sheet (1634−1636 cm−1) in their structure. Spectral
fitting of the amide I region (1693−1634 cm−1) enabled the quantification of relative contributions of the antiparallel β-sheet (purple), unordered
protein (yellow), and parallel β-sheet (red and maroon) protein secondary structures in oligomers, proto-fibrils, and fibrils (E−G). Reproduced from
ref 35. Copyright 2022 American Chemical Society.
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Zhaliazka and co-workers for Aβ1−42 oligomers and fibrils
formed in the presence of CL, PC, and the PC:cholesterol
mixture.36 It was found that Aβ1−42 aggregates exhibit a
vibrational band centered at around 1730 cm−1, which could
be assigned to the C�O vibration of lipids from the AFM-IR
spectra acquired from these species. Based on these results, the
researchers concluded that CL and PC were present in the
structure of Aβ1−42 oligomers and fibrils.36 Dou and co-workers

discovered the presence of PC and PS in α-Syn oligomers
formed in the early and late stages of protein aggregation in the
presence of these phospholipids.2,38 It should be noted that in
addition to the presence of lipids such aggregates had drastically
different secondary structures compared to the oligomers
formed in the lipid-free environment.

These experimental findings are consistent with the recently
reported results by Zhaliazka and Kurouski (Figure 5).1 The
researchers extracted both Aβ and α-Syn fibrils from the brains
of patients with AD and PD, respectively. It was found that α-
Syn fibrils possessed lipids in their structure, whereas no lipids
were observed in the Aβ fibrils. It was also demonstrated that ex
vivo-extracted Aβ and α-Syn fibrils had drastically different
secondary structure compared to those formed in vitro (Figure
5).1

Toxicity of Amyloid Aggregates Formed in the Presence of
Lipids
Our group discovered that lipids uniquely alter the toxicity of
protein aggregates that are formed in their presence. For
instance, phospho- and sphingolipids with saturated FAs
lowered the toxicity of both insulin and lysozyme fibrils (Figure
6).3,33,34,44,46 However, this effect was not observed for the
phospholipids with unsaturated FAs.30

Zhaliazka and co-workers found that Aβ1−42 fibrils formed in
the presence of lipids exerted much greater levels of cell toxicity
compared to the aggregates formed in the lipid-free environ-
ment.36 Aβ1−42 fibrils formed in the presence of the

Figure 3. Negatively charged phospholipids drastically accelerate
whereas zwitterionic phospholipids strongly inhibit lysozyme aggrega-
tion. (A) ThT aggregation kinetics with (B) corresponding values of tlag
and t1/2 of lysozyme in the lipid-free environment (gray) as well as in the
presence of PG (red), PS (brown), CL (green), PC (blue), and PE
(light blue). Each kinetic curve is the average of three independent
measurements. Reproduced from ref 37. Copyright 2022 American
Chemical Society.

Figure 4. Lipids uniquely alter the morphologies of insulin aggregates.
AFM images (top) of Ins:CL-u (A and B), Ins:CL-s (C andD), Ins:PC-
u (E and F), Ins:PC-s (G and H), and insulin aggregates grown in the
lipid-free environment (I and J). Histograms (bottom) of relative
contributions of the parallel β-sheet (blue), unordered protein
secondary structure (light blue), and antiparallel β-sheet (green) in
amide I of AFM-IR spectra collected from two populations (A and B) of
Ins:PC-u and Ins:PC-s (top) and Ins:CL-u and Ins:CL-s (bottom)
together with insulin aggregates (Ins) grown in the lipid-free
environment. Scale bars are 200 nm. Reproduced from ref 30.
Copyright 2022 American Chemical Society.
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PC:cholesterol mixture were found to be far more toxic than
Aβ1−42:PC and Aβ1−42:CL fibrils (Figure 6). Furthermore, it was
found that the cytotoxicity of Aβ1−42 fibrils had a direct
relationship with the amount of parallel β-sheet in these
aggregates.

Our group also investigated mechanisms by which amyloid
aggregates exerted cell toxicity. Matveyenka and co-workers
found that insulin fibrils damage cell endosomes, which triggers
Ca2+ leakage, endosomal repair, and de novo biogenesis of
endosomes.34 The researchers also found that the extent to
which fibrils damage cell endosomes is strongly correlated with
the secondary structure of these protein aggregates. Once they
escape from the endosomes, insulin fibrils appear in the cell

cytosol, where they can damage the endoplasmic reticulum and
cell mitochondria (Figure 7). This ultimately causes cell death.

■ CONCLUDING REMARKS
The most recent findings summarized in this Account
demonstrate that lipid bilayers strongly alter the rates of protein
aggregation.3,33,34,44,46 The extent to which lipids alter the rate of
protein aggregation directly depends on the structure of the
protein, the net charge of the lipid, and the length and saturation
of FAs in the lipid. There are also numerous pieces of
experimental evidence indicating that lipids change the
secondary structure and morphology of amyloid oligomers
and fibrils formed in their presence. Such fibrils exert drastically

Figure 5. Averaged AFM-IR spectra acquired from in vitro Aβ (A) and α-Syn (B) fibrils. Histogram (C) of relative contributions of parallel- and
antiparallel β-sheets and unordered protein in ex vivo Aβ and α-Syn, as well as in in vitro Aβ and α-Syn fibrils. AFM (D−H and L) images of in vitro Aβ
(D−K) and α-Syn (L−O) fibrils with the corresponding nano-IR images reveal the nanoscale distribution of their parallel β-sheet (E, I, and M),
unordered protein (F, J, and N), and antiparallel β-sheet (G, K, and O). Reproduced with permission from ref 1. Copyright 2023 Wiley.

Figure 6. (A) Results of LDH toxicity assay showing the relative toxicity of Aβ aggregates formed at different stages of protein aggregation. (B)
Content of parallel β-sheet (1610−1640 cm−1) in an average of short Aβ1−42 oligomers by all-time points. Reproduced with permission from ref 34.
Copyright 2023 Elsevier.
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different levels of cell toxicity compared to amyloid oligomers
and fibrils formed in the lipid-free environments.3,33,34,44,46

It should be noted that other factors, such as the size of lipid
vesicles and their phase transition, can strongly affect the rate of
protein aggregation. Specifically, Terakawa and co-workers
found that small unilamellar vesicles (SUVs) enable much faster
aggregation of amyloid β1-40 peptide compared to LUVs that
had the same composition of lipids.47 This observation can be
explained by a higher number of defects of lipids in SUVs than in
LUVs. Consequently, lipids in such membrane defects become
more accessible to amyloidogenic proteins that adsorb onto the
surfaces of such vesicles. These findings highlight the important
roles of membrane curvature and membrane fluidity in the
aggregation properties of amyloidogenic proteins. Although the
role of some of these physical parameters of lipid membranes is
well understood, detailed elucidation of other factors, including
the phase transition and the role of cholesterol, should be given
in greater detail in the coming years.48

Our group recently demonstrated that not only lipids but also
polyunsaturated FAs strongly accelerated the aggregation of
both insulin and α-Syn.49 Furthermore, insulin and α-Syn fibrils
formed in the presence of polyunsaturated FAs exerted greater
toxicity compared to the fibrils formed in the absence of FAs.49

These findings show that protein:lipid and protein:FA
interactions should be strongly considered upon the search for
effective drug candidates that would inhibit protein aggregation.
Using docking simulations, Holman and co-workers recently
demonstrated that such hydrophobic forces primarily deter-
mined the interactions between insulin and FAs.50 As a result,
inulin:FAs complexes formed fibrils with opposite supra-
molecular chirality compared to those developed by insulin in
a lipid-free environment. It was also found that hydrophobic
interactions between insulin and FAs were strongly altered by
the number of carbon atoms in FAs and the degree of their
unsaturation.50

The results summarized in this Account also suggest that the
onset and progression of amyloid diseases could be linked to the
pathological changes in plasma membranes. For instance, an
increase in the concentration of PS in the external membrane,
which takes place in the case of cell malfunctioning, can trigger
the aggregation of amyloidogenic proteins.51 One can expect
that such changes could be linked to nutrition or molecular
mechanisms responsible for themaintenance of the lipid balance
in the plasma and organelle membranes. Finally, the author
wants to highlight that the results summarized in this Account

were obtained in the in vitro experiments and therefore require
additional validation in living systems to fully understand the
effect of lipids on amyloidosis.
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