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Abstract
Docosahexaenoic (DHA) and arachidonic acids (ARA) are omega-3 and omega-6 
long-chain polyunsaturated fatty acids (LCPUFAs). These molecules constitute a 
substantial portion of phospholipids in plasma membranes. Therefore, both DHA 
and ARA are essential diet components. Once consumed, DHA and ARA can 	
interact with a large variety of biomolecules, including proteins such as insu-
lin and α-synuclein (α-Syn). Under pathological conditions known as injection 
amyloidosis and Parkinson's disease, these proteins aggregate forming amyloid 
oligomers and fibrils, toxic species that exert high cell toxicity. In this study, 
we investigate the role of DHA and ARA in the aggregation properties of α-Syn 
and insulin. We found that the presence of both DHA and ARA at the equimo-
lar concentrations strongly accelerated aggregation rates of α-Syn and insulin. 
Furthermore, LCPUFAs substantially altered the secondary structure of protein 
aggregates, whereas no noticeable changes in the fibril morphology were observed. 
Nanoscale Infrared analysis of α-Syn and insulin fibrils grown in the presence of 
both DHA and ARA revealed the presence of LCPUFAs in these aggregates. We 
also found that such LCPUFAs-rich α-Syn and insulin fibrils exerted significantly 
greater toxicities compared to the aggregates grown in the LCPUFAs-free envi-
ronment. These findings show that interactions between amyloid-associated pro-
teins and LCPUFAs can be the underlying molecular cause of neurodegenerative 
diseases.
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1   |   INTRODUCTION

Arachidonic acid (ARA) is an essential component of 
the human diet that facilitates the repair and growth of 
skeletal muscle tissue.1,2 This omega-6 long-chain poly-
unsaturated fatty acid (LCPUFAs) is also involved in 
cell signaling and inflammatory responses. Finally, ARA 
presents in phospholipids of both organelle and plasma 
membranes.3 Docosahexaenoic acid (DHA) is an omega-3 
PFA that is abundant in cold-water fish, including tuna 
and salmon.4,5 It plays a key role in the development of 
the retina and neurons.3,6 Therefore, constituting around 
40% of LCPUFAs, DHA is the most abundant fatty acid 
present in brain phospholipids.7,8 Both of these LCPUFAs 
are broadly used as food supplies.

In the human body, LCPUFAs interact with a large 
number of molecules, including proteins and carbo-
hydrates.9,10 Brain tissue is reached with α-synuclein 
(α-Syn), a small unordered protein that is primarily lo-
calized in synapse, where it regulates vesicle trafficking. 
In the presence of lipids and LCPUFAs, α-Syn adopts an 	
α-helical secondary structure.7,8,11,12 This and other pieces 
of evidence suggest that both lipids and LCPUFAs can 
play an important role in the aggregation properties of 
α-Syn.13,14 These findings are significant because α-Syn 
aggregates are found in Lewy bodies, protein deposits 
observed in substantia nigra pars compacta, midbrain, 
hypothalamus, and thalamus upon Parkinson's disease 
(PD).15,16 This severe neurodegenerative disorder affects 
more than 5 million people worldwide.15,17 Galvagnion 
and co-workers found that lipids could alter the rate of 	
α-Syn aggregation.18–20 Our group found that lipids not 
only changed the rates of α-Syn aggregation but also 
uniquely modified the secondary structure of protein 
oligomers, toxic species that cause the spread of PD.21,22 
Matveyenka and co-workers recently found that lipids 
could also alter the rates of insulin and lysozyme aggrega-
tion, as well as uniquely modify secondary structure and 
toxicity of insulin and lysozyme oligomers and fibrils.23–25

Insulin aggregation is associated with diabetes type 2 
and injection amyloidosis.26 In a former case, insulin over-
production in pancreas leads to protein misfolding and ag-
gregation. In the latter case, high local concentrations of 
insulin are created upon the hormone injection into the 
skin dermis.27,28 This not only leads to insulin aggregation 
but can also catalyze aggregation of other proteins pres-
ent in cell media which may result in systemic amyloido-
sis.29 Furthermore, lipids were found to be present in the 
structure of insulin oligomers and fibrils.23,24,30,31 These 
conclusions were made using atomic force microscopy 
Infrared (AFM-IR) spectroscopy.32–36 In AFM-IR, pulsed 
tunable IR light is used to cause thermal expansions in 

the analyzed samples. Next, a metallized scanning probe 
is positioned above the sample of interest to record these 
thermal expansions that are later converted to the IR spec-
tra.37–39 If the laser frequency will be tuned to the reso-
nance frequency of the scanning probe, the appearing 
resonance effect can be used for single-monolayer and 
even single-molecule sensitivity.40,41 This high sensitiv-
ity and nanometer spatial resolution was utilized to re-
veal the secondary structure of amyloid fibrils,32,34,35,42–44 
plant epicuticular waxes,45,46 polymers,47 malaria-infected 
blood cells,48 bacteria,49–51 liposomes,52 and polycrystal-
line perovskite films.53

In this study, we utilize AFM-IR, as well as set of 
biophysical and molecular biology assays, to investigate 
the extent to which both ARA and DHA can alter rates 
of α-Syn and insulin aggregation. We also determine 
LCPUFAs-induced changes in the secondary structure, 
morphology, and toxicity of α-Syn and insulin oligomers 
and fibrils.

2   |   MATERIALS AND METHODS

2.1  |  Materials

Bovine insulin was purchased from Sigma-Aldrich (CAS 
11070-73-8, St. Louis, MO, USA), α-Syn was purchased 
from AnaSpec (Cat. N. AS-55555-1000, Fremont, CA, USA), 
(5Z,8Z,11Z,14Z)-Icosa-5,8,11,14-tetraenoic acid (ARA) 
from Spectrum chemical MFG Corp. (CAS 506-30-9),  and 
(4Z,7Z,10Z,13Z,16Z,19Z)-docosa-4,7,10,13,16,19-hexaenoic 
acid (DHA) from Acros organics (CAS 6217-54-5).

2.2  |  Insulin aggregation

In the PFA-free environment, 400 μM of insulin was dis-
solved in 1×PBS; the solution pH was adjusted to pH 3.0 
using concentrated HCl. For ARA-Ins and DHA-Ins, 
400 μM of insulin was mixed with an equivalent concen-
tration of the corresponding LCPUFAs; the pH of the final 
solution was adjusted to pH 3.0 using concentrated HCl. 
Next, samples were placed into 96-well plate that was kept 
in the plate reader (Tecan, Männedorf, Switzerland) at 
37°C for 70 h under 510 rpm agitation.

2.3  |  α-Syn aggregation

α-Syn was dissolved to the final concentration of 50 μM, in 
50 uM Tris buffer, 150 mM NaCl, pH at 7.5. Next, the solu-
tion of the α-Syn was immediately mixed with equimolar 
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concentration of either ARA or DHA and kept at 37°C for 
70 h under 510 rpm agitation.

2.4  |  Kinetic measurements

Rates of insulin and α-Syn aggregation were measured 
using thioflavin T (ThT) fluorescence assay. For this, sam-
ples were mixed with 2 mM of ThT solution and placed 
into 96-well plate that was kept in the plate reader (Tecan, 
Männedorf, Switzerland) at 37°C for 70 h under 510 rpm 
agitation. Fluorescence measurements were taken every 
10 min (excitation wavelength was 450 nm; emission 
wavelength was 488 nm).

2.5  |  AFM imaging

Microscopic analysis of protein aggregates was performed 
on Nano-IR3 system (Bruker, Santa Barbara, CA, USA). 
An aliquot of the sample was diluted using DI water and 
then placed onto silicon wafer. After 2–3 min of sample 
exposition, its excess was removed, and the wafer sur-
face was dried under a flow of dry nitrogen gas. Silicon 
AFM probes were used for all measurements (ContGB-G 
AFM probe, NanoAndMore, Watsonville, CA, USA). Pre-
processing of the collected AFM images was made using 
Bruker Imaging software.

2.6  |  AFM-IR

AFM-IR spectra were collected on Nano-IR3 system 
(Bruker, Santa Barbara, CA, USA) equipped with a 
QCL laser using contact-mode AFM scanning probes 
(ContGB-G AFM probe, NanoAndMore, Watsonville, 
CA, USA). An aliquot of the protein sample was diluted 
using DI water and then placed on the silicon wafer. After 
2–3 min, sample excess was removed from the silicon sur-
face. Next, the wafer surface was dried under a flow of dry 
nitrogen gas. Collected spectra were pre-processed using 
Bruker Imaging software.

2.7  |  Attenuated total reflectance 
Fourier-transform Infrared (ATR-FTIR) 
spectroscopy

An aliquot of the protein sample was placed onto 
ATR crystal and dried at room temperature. Spectra 
were measured using Spectrum 100 FTIR spectrom-
eter (Perkin-Elmer, Waltham, MA, USA). Three spectra 

were collected from each sample and averaged using 
Thermo Grams Suite software (Thermo Fisher Scientific, 
Waltham, MA, USA).

2.8  |  Cell toxicity assays

Rat midbrain N27 cells were grown in RPMI 1640 
Medium (Thermo Fisher Scientific, Waltham, MA, USA) 
with 10% fetal bovine serum (FBS) (Invitrogen, Waltham, 
MA, USA) in 96-well plate (10 000 cells per well) at 37°C 
under 5% CO2. We ensured that after 24 h, the cells were 
fully adhered to the wells and reached ~70% confluency. 
Next, 100 μL of the cell culture was replaced with 100 μL 
RPMI 1640 Medium with 5% FBS-containing protein 
samples. After 24 h of incubation with the sample of the 
protein aggregates, lactate dehydrogenase (LDH) assay 
was performed on the cell medium using CytoTox 96 non-
radioactive cytotoxicity assay (G1781, Promega, Madison, 
WI, USA). Absorption measurements were made in plate 
reader (Tecan, Männedorf, Switzerland) at 490 nm. Every 
well was measured 25 times in different locations.

In parallel, a reactive oxygen species (ROS) assay 
was performed using the same cell culture. Briefly, ROS 
reagent (C10422, Invitrogen, Waltham, MA, USA) was 
added to reach the final concentration of 5 μM and in-
cubated at 37°C under 5% CO2 for 30 min. After the su-
pernatant was removed, cells were washed with PBS and 
resuspended in 200 μL of PBS in the flow cytometry tubes. 
Sample measurements were made in LSRII BD flow cy-
tometer (BD, San Jose, CA, USA) using red channel 
(λ = 633 nm). Percentages of ROS cells were determined 
using LSRII BD software. For JC-1 staining, 1 μL of JC-1 
reagent (M34152A, Invitro-gen, Waltham, MA, USA) was 
added to cells and incubated at 37°C under 5% CO2 for 
30 min. After the supernatant was removed, cells were 
washed with PBS and resuspended in 200 μL of PBS in the 
flow cytometry tubes. Sample measurements were made 
in LSRII BD flow cytometer (BD, San Jose, CA, USA) 
using red channel (λ = 633 nm). Percentages of ROS cells 
were determined using LSRII BD software.

3   |   RESULTS

3.1  |  Kinetics of protein aggregation

We first investigated whether ARA and DHA could have 
any effect on the rate of α-Syn and insulin aggregation. 
For this, both proteins were mixed in 1:1 molar ratio with 
ARA and DHA. The protein-lipid solutions were mixed 
with ThT and kept at 37°C under 510 rpm agitation.
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In the lipid-free environment, α-Syn and insulin aggre-
gation has a lag phase (α-Syn tlag = 22.1 h ± 0.5 h; insulin 
tlag = 14.4 h ± 0.3 h), Figure 1, that is followed by a rapid 
increase in the ThT fluorescence, which demonstrates the 
formation of protein aggregates. The presence of both ARA 
and DHA drastically shortened the lag phase of α-Syn ag-
gregation (α-Syn:ARA and α-Syn:DHA tlag = 14.9 h ± 0.8 h). 
We observed an even stronger effect of LCPUFAs on the 
rate of insulin aggregation. Specifically, in the presence of 
DHA, insulin tlag shortened to 5.0 h ± 0.1 h, whereas ARA 
caused nearly instantaneous protein aggregation with 
tlag = 2.1 h ± 0.1 h. These findings show that both ARA and 
DHA strongly accelerate the aggregation of α-Syn and 
insulin.

We also found that the rate (t1/2) of α-Syn and insulin 
aggregation was affected by ARA and DHA (Figure  1). 
Specifically, in the presence of ARA and DHA, t1/2 of insu-
lin was 2.5 h ± 0.1 h (Ins:ARA) and 6.2 ± 0.2 h (Ins:DHA), 
whereas in the lipid-free environment insulin aggrega-
tion rate was t1/2 = 18.0 ± 0.4 h. In the presence of ARA 
and DHA, t1/2 of α-Syn was 28.4.2 ± 0.4 h (α-Syn:ARA) 
and 35.2 ± 0.4 h (α-Syn:DHA), whereas in the lipid-free 

environment, α-Syn aggregation rate was t1/2 = 40.7 ± 0.4 h. 
This finding shows that ARA and DHA uniquely alter 
rates of both α-Syn and insulin aggregation.

3.2  |  Morphological analysis of 
protein aggregates

AFM imaging did not reveal substantial differences in 
morphologies of α-Syn and insulin aggregates grown 
in the presence of ARA and DHA, as well as in the 
LCPUFAs-free environment. We found long fibrils in 	
α-Syn:ARA and α-Syn:DHA that had 7–8 nm in height and 
stretched for hundreds of microns in length (Figure  2). 
Morphologically similar fibrils were found for α-Syn grown 
in the LCPUFAs-free environment. The same conclusion 
can be made about insulin aggregates grown in the pres-
ence of ARA and DHA, as well as in the LCPUFAs-free en-
vironment. Specifically, we found fibrils in Ins, Ins:ARA, 
and Ins:DHA that had ~6–9 nm in height and 300–500 nm 
in length. Thus, we can conclude that LCPUFAs did not 
significantly change morphologies of α-Syn and Ins fibrils.

F I G U R E  1   ARA and DHA uniquely alter the rate of α-Syn and insulin aggregation. ThT aggregation kinetics of α-Syn (red) in the 
lipid-free environment, in the presence of ARA (yellow) and DHA (green); insulin (blue), insulin in the presence of ARA (light blue) and 
DHA (purple) at 1:1 molar ratio. tlag was calculated as 10% of ThT intensity maximum, and t1/2 as 50% of ThT intensity maximum. Data were 
analyzed using ANOVA, p < 0.05. Tuckey HSD posthoc test was used for further group comparison.
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3.3  |  Structural characterization of 
protein aggregates

We utilized ATR-FTIR to examine the secondary structure 
of α-Syn and insulin aggregates grown in the presence of 
LCPUFAs, as well as in the LCPUFAs-free environment 
(Figure  3). We found that α-Syn aggregates grown in 
the LCPUFAs-free environment exhibited IR spectrum 
with the amide I band centered around 1630 cm−1 with a 
shoulder at ~1660 cm−1 (Figure  3A). These bands corre-
spond to parallel β-sheet and unordered protein second-
ary structure, respectively.23–25 We also observed amide 
II bands with two major peaks at 1520 and 1542 cm−1 
(Figure  3A). These results show that secondary struc-
ture of α-Syn aggregates grown in the LCPUFAs-free en-
vironment is dominated by parallel β-sheet with a small 
contribution of unordered protein secondary structure. 
α-Syn:ARA and α-Syn:DHA aggregates exhibited similar 
to LCPUFAs-free α-Syn fibrils IR spectra, which indi-
cates that these fibrils are primarily composed of parallel 
β-sheet (Figure 3A). However, we observed a small shift 
of 1630 cm−1 (LCPUFAs-free α-Syn) to 1625 cm−1 in the 
IR spectra of both α-Syn:ARA and α-Syn:DHA. These re-
sults demonstrate substantial differences in the confor-
mation of β-sheet secondary structure in LCPUFAs-free 
α-Syn fibrils and α-Syn aggregates grown in the presence 
of both ARA and DHA. It should be noted that ARA and 
DHA lipids themselves exhibit vibrational bands neither 
in the amide I nor in amide II region of the IR spectra. 
However, these LCPUFAs show strong vibrational bands 

in the lower frequency region (Figure  3B). Specifically, 
in the IR spectra of ARA and DHA, we observed vibra-
tional bands at ~860 cm−1 and 950 cm−1 that can be 
assigned to C-C stretching vibrations and carbonyl vibra-
tions, respectively.23–25 We also observed bands between 
1050 and 1170 cm−1 (Figure 3B). These vibrational bands 
correspond to C=O bending and -HC=CH- vibrations of 
LCPUFAs polar heads and aliphatic tails, respectively.23–25 
We found similar vibrational bands in the IR spectra 	
acquired from α-Syn:ARA and α-Syn:DHA that were ab-
sent in the IR spectra acquired from LCPUFAs-free α-Syn 
fibrils (Figure 3B). These suggest that both LCPUFAs are 
present in the structures of the corresponding protein 	
aggregates. Furthermore, we found that frequencies of 
the discussed above vibrations shifted in the IR spectra 	
acquired from α-Syn:ARA and α-Syn:DHA compared to the 
frequencies of these bands in the IR spectra of LCPUFAs 
themselves. Specifically, we observed a blueshift of 864 
to 846 cm−1, 986 to 970 cm−1, and a redshift of 1078 to 
1108 cm−1 (Figure 3B). These spectroscopic changes point 
to the interactions that are taken place between the α-Syn 
and LCPUFAs. Thus, both ARA and DHA were not only 
co-present with the protein in α-Syn:ARA and α-Syn:DHA 
aggregates, but also developed hydrophobic and electro-
static interactions with α-Syn.

IR spectrum of insulin fibrils grown in the LCPUFAs-
free environment (Ins) exhibited IR spectrum with the 
amide I band centered around 1625 cm−1 with a shoulder 
at ~1660 cm−1, which indicates the predominance of par-
allel β-sheet in the secondary structure of these aggregates 

F I G U R E  2   Morphologies of α-Syn and insulin aggregates grown in the presence of LCPUFAs, as well as in the LCPUFAs-free 
environment. AFM images of α-Syn:ARA (A–C), Ins:ARA (D–F), α-Syn:DHA (G–I), Ins:DHA (J–L), α-Syn (M–O), and Ins (P–R) aggregates.

(A) (B) (C) (D) (E) (F)

(G) (H) (I) (J) (K) (L)

(M) (N) (O) (P) (Q) (R)
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(Figure 3C). In the IR spectra acquired from both Ins:ARA 
and Ins:DHA, we found a shoulder at ~1660 cm−1 much 
more intense relative to the peak at ~1630 cm−1 than in the 
spectra of Ins. These results point to the larger amount of 
unordered protein in the secondary structure of Ins:ARA 
and Ins:DHA aggregates compared to Ins fibrils. We also 
found a small shift of 1625 cm−1 (LCPUFAs-free Ins) to 
1630 cm−1 in the IR spectra of both Ins:ARA and Ins:DHA. 
These results demonstrate substantial differences in the 
conformation of β-sheet secondary structure in Ins fibrils 
grown in the LCPUFAs-free environment compared to Ins 
aggregates grown in the presence of both ARA and DHA.

We also found changes in the lower wavenumber re-
gion of IR spectra that point to the interactions between 
Ins and LCPUFAs (Figure  3D). Specifically, 864 cm−1 of 
both ARA and DHA redshifted to 885 cm−1 in the IR spec-
tra acquired from Ins:ARA and Ins:DHA. We also observed 
an intense vibration centered at 960 cm−1 in the spectra 
collected from Ins:ARA and Ins:DHA that was not ob-
served in the IR spectra of LCPUFAs themselves. Finally, 
we found substantial changes in 1050–1150 cm−1 between 
the spectra of LCPUFAs and Ins:ARA and Ins:DHA ag-
gregates (Figure 3D). These results point to strong inter-
actions of hydrophobic tails and charged polar heads of 
LCPUFAs and insulin that are taken place upon protein 
aggregation in the presence of both ARA and DHA. Based 

on these results, we can conclude that ARA and DHA 
drastically change secondary structure of both insulin and 
α-Syn aggregates grown in their presence.

Next, we utilized AFM-IR to perform quantitative 
analysis of protein secondary structure in the analyzed 
α-Syn and insulin fibrils. AFM-IR allows for a precise 
positioning of the scanning probe directly on the sam-
ple of interest. Thus, it allows for minimization or com-
plete elimination of the signal from unaggregated protein 
monomers that could not be excluded using discussed 
above ATR-FTIR. AFM-IR revealed striking differences 
in the secondary structure of α-Syn:ARA and α-Syn:DHA 
aggregates (Figure  4A–C). Specifically, we found that 	
α-Syn:ARA fibrils had ~48% of parallel β-sheet and ~24% 
of anti-parallel β-sheet in their structure, whereas 
~28% were occupied by unordered protein (Figure  4D). 	
α-Syn:DHA aggregates possessed similar amount of par-
allel β-sheet (45%); however, these aggregates contained 	
significantly lower amounts of anti-parallel β-sheet in 
their structure (12%), whereas nearly 47% of their second-
ary structure was dominated by unordered protein sec-
ondary structure (Figure 4D). These findings demonstrate 
that LCPUFAs uniquely altered the secondary structure 
of α-Syn fibrils grown in their presence. This conclusion 
is further supported by the quantitative assessment of 
the secondary structure profile of α-Syn fibrils grown in a 

F I G U R E  3   IR spectra acquired from α-Syn, α-Syn:ARA and α-Syn:DHA (A,B) and Ins, Ins:ARA and Ins:DHA (C,D) aggregates, as well 
as from ARA and DHA lipids themselves (A–D).
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lipid-free environment. Specifically, we found that α-Syn 
fibrils were dominated by parallel β-sheet (69%) with only 
a small amount of anti-parallel β-sheet (4%). These fibrils 
contained ~27% of unordered protein secondary structure 
(Figure 4D).

It should be noted that in the AFM-IR spectra acquired 
from α-Syn:ARA and α-Syn:DHA fibrils, we observed 
vibrational bands centered around 1725 cm−1, which 
could be assigned to the carbonyl vibration of LCPUFAs 
(Figure  4A–C). These bands were not observed in the 
AFM-IR spectra collected from α-Syn fibrils grown in the 
LCPUFAs-free environment. These results further con-
firm discussed above experimental evidence that points to 
the presence of both ARA and DHA in the structure of 
corresponding α-Syn fibrils.

We also utilized AFM-IR to examine the secondary struc-
ture of Ins:ARA, Ins:DHA, and Ins fibrils (Figure  5A–C). 

We found that Ins:ARA fibrils had ~47% of parallel β-sheet 
and ~23% of anti-parallel β-sheet in their structure, whereas 
~30% were occupied by unordered protein (Figure  5D). 
Ins:DHA fibrils possessed a similar amount of parallel 	
β-sheet (49%); however, these aggregated contained sig-
nificantly higher amounts of unordered protein secondary 
structure (47%), with only 4% of anti-parallel β-sheet in their 
structure (Figure 5D). These findings demonstrate that both 
ARA and DHA uniquely altered the secondary structure of 
insulin fibrils grown in their presence. It should be noted 
that secondary structures of both Ins:ARA and Ins:DHA 
were drastically different from the secondary structure of 
Ins fibrils that had ~72% of parallel β-sheet, 22% of unor-
dered protein, and 6% of anti-parallel β-sheet (Figure 5D). 
These results point to a drastic difference in insulin fibrils 
grown in the presence of LCPUFAs compared to the aggre-
gates formed in the lipid-free environment.

F I G U R E  4   AFM-IR spectra were acquired from α-Syn:ARA (A), α-Syn:DHA (B), and α-Syn (C) fibrils. Histograms of relative amount of 
anti-parallel β-sheet, unordered protein, and parallel β-sheet in the analyzed fibrils (D).
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In the AFM-IR spectra acquired from Ins:ARA and 
Ins:DHA fibrils, we observed vibrational bands that 
could be assigned to the carbonyl vibration of LCPUFAs 
(Figure 5A–C). Similar to α-Syn fibrils, these bands were 
not observed in the AFM-IR spectra collected from Ins fi-
brils grown in the LCPUFAs-free environment. These re-
sults further confirm the experimental evidence discussed 
above that points to the presence of both ARA and DHA 
in the structure of corresponding Ins fibrils.

3.4  |  Toxicity of insulin aggregates

The question to ask is whether the observed structural 
differences have any biological significance. To answer 
this question, we investigated the extent to which α-Syn, 
α-Syn:ARA and α-Syn:DHA, Ins, Ins:ARA and Ins:DHA 

exert cell toxicity, induce mitochondrial dysfunction, and 
cause ROS stress in rat midbrain N27 cell line (Figure 6). 
LDH test indicated that both α-Syn:ARA exerted nearly 
twice higher cell toxicity compared to α-Syn fibrils grown 
in the LCPUFAs-free environment. Similar findings were 
observed for Ins:ARA and Ins:DHA. These aggregates 
were found to be nearly two times more toxic than Ins 	
fibrils formed in the lipid-free envieronment. We also 	
observed statistically significant differences between tox-
icity exerted by Ins:ARA and Ins:DHA aggregates. These 
results demonstrate that LCPUFAs drastically increase 
toxicity of amyloid aggregates. It should be noted that 	
neither DHA nor ARA themselves was found to be toxic to 
mice midbrain N27 cells.

We found a similar relationship between the structure 
of the protein:LCPUFAs aggregates and the induced ROS 
levels and mitochondrial dysfunction in mice midbrain 

F I G U R E  5   AFM-IR spectra acquired from Ins:ARA (A), Ins:DHA (B), and Ins (C) fibrils. Histograms of relative amount of anti-parallel 
β-sheet, unordered protein, and parallel β-sheet in the analyzed fibrils (D).
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N27 cells. However, we found that both α-Syn:ARA and 
α-Syn:DHA exerted significantly higher ROS levels and 
stronger mitochondrial impairment compared to α-Syn 
fibrils grown in the LCPUFAs-free environment. We also 
found that Ins:ARA and Ins:DHA aggregates induced sig-
nificantly stronger ROS levels and greater mitochondrial 
dysfunction in the cells compared to Ins fibrils. It should 
be noted that we did not observe significant differences in 
ROS levels between α-Syn:ARA and α-Syn:DHA, as well 
as between Ins:ARA and Ins:DHA aggregates. Similar 
conclusions could be made about the levels of mitochon-
drial dysfunction in mice midbrain N27 cells caused by 
these pairs of protein:LCPUFAs aggregates. It should be 
noted that neither DHA nor ARA themselves was found 
to be causing significant levels of ROS stress and mito-
chondrial dysfunction in mice midbrain N27 cells. Thus, 
we can conclude that both ARA and DHA drastically in-
crease the toxicity of insulin and α-Syn fibrils grown in 
their presence.

4   |   DISCUSSION

Humans cannot synthesize omega-6 and omega-3 PUFAs 
de novo. Therefore, both ARA and DHA are broadly used 
food supplies.3,6 These PUFAs constitute substantial frac-
tion of FAs in lipids of plasma membranes, as well as per-
form important roles in physiological homeostasis.7,8 A 
growing body of evidence demonstrated the role of PUFAs 
in cognitive attention and memory, mood states, coronary 
circulation, and cirrhosis.54–57 However, the role of both 
ARA and DHA in neurodegeneration remained poorly 
understood.

Previously reported experimental findings by our 
and other research groups demonstrated that lipids 
uniquely altered the aggregation rates of amyloid-
associated proteins, such as insulin, lysozyme, and 	
α-Syn.19,20,22–25,30,31,58–60 Furthermore, we found that 
lipids drastically changed secondary structure of pro-
tein aggregates formed in their presence.23,24,30,31,58,61 
These structural changes have clear biological signifi-
cance as the toxicity exerted by such protein: lipid ag-
gregates uniquely changed. Specifically, we found that 
insulin and lysozyme aggregates grown in the presence 
of phospholipids exhibited significantly lower cell toxic-
ity compared to those formed in the lipid-free environ-
ment.24,25,58 However, our recent findings demonstrated 
that such conclusion could hold true only for phos-
pholipids with saturated FAs.23,30 Specifically, insulin 
aggregation in the presence of lipids with unsaturated 
FAs yielded significantly more toxic fibrils compared 
to those formed in the presence of lipids with saturated 

F I G U R E  6   α-Syn and insulin aggregates grown in the presence 
of LCPUFAs exert different cell toxicity compared to the aggregates 
grown in the LCPUFAs-free environment. Histograms of LDH (A), 
ROS (B), and JC-1 (C) assays of α-Syn, α-Syn:ARA, α-Syn:DHA, Ins, 
Ins:ARA and Ins:DHA, as well as ARA and DHA themselves. Black 
asterisks (*) show significance level of differences between α-Syn 
and α-Syn:ARA, α-Syn:DHA, ARA, DHA, and control; red asterisks 
(*) show significance level of differences between Ins, Ins:ARA and 
Ins:DHA, ARA, DHA, and control; green NS shows insignificance 
level of differences between ARA, DHA and control. *p ≤ .05; 
**p ≤ .01; ***p ≤ .001; ****p ≤ .0001; NS, non significant difference.
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FAs.23,30 These findings suggest that unsaturated FAs 
that present in lipids at the stage of protein aggregation 
drastically increased the toxicity of corresponding pro-
tein aggregates.

Our current findings demonstrate that free PUFAs, 
which can be encountered by amyloidogenic proteins in the 
human body, accelerate the aggregation of such proteins. 
This results in the formation of structurally different fibrils 
compared to those formed in the PUFAs-free environment. 
Our experimental results show that both ARA and DHA 
were present in insulin and α-Syn fibrils that were grown 
in the presence of these PUFAs. This results in significantly 
higher toxicity than such protein:PUFAs expert to mice mid-
brain N27 cell line compared to insulin and but not to α-Syn 
fibrils formed in the PUFAs-free environment.

Our previous results showed that amyloid aggregates 
are endocytosed by cells.24,58 Next, they damage endoso-
mal membranes, which triggers de novo endosomal bio-
genesis and leakages of Ca2+ into the cytosol.24,58 In the 
cell, amyloid aggregates exert cell toxicity by causing mi-
tochondrial dysfunction, as well as enchanting ROS lev-
els.23–25,30,31,58 We also found that the presence of amyloid 
aggregates in the cytosol causes strong unfolded protein 
response, which indicates amyloid-induced damage of en-
doplasmic reticulum of cells.58 One can expect that pres-
ence of PUFAs in the structure of the protein aggregates 
facilitates their membrane permeability, which results in 
enhanced cell toxicity compared to the fibrils grown in the 
PUFAs-free environment.

5   |   CONCLUSIONS

Our results show that ARA and DHA accelerate aggre-
gation of both α-Syn and insulin, which results in the 
formation of morphologically similar fibrils. However, 
these α-Syn:PUFAs and Ins:PUFAs aggregates have 
drastically different secondary structures compared to 
both α-Syn and Ins fibrils formed in the PUFAs-free 
environment. AFM-IR analysis of protein aggregates 
grown in the presence of PUFAs suggests that both ARA 
and DHA uniquely altered their secondary structure. 
Furthermore, we found that both ARA and DHA were 
present in the structure of α-Syn and insulin fibrils that 
were formed in their presence. This structural differ-
ence, as well as the presence of PUFAs enhanced toxic-
ity of insulin fibrils, but not aSyn fibrils. These results 
show that PUFAs can have a strongly negative effect on 
neurodegeneration.
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