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Abrupt aggregation of amyloid pi1_42 (AP1-42) peptide in the frontal lobe is the expected underlying cause of
Alzheimer’s disease (AD). p-Sheet-rich oligomers and fibrils formed by AB;_42 exert high cell toxicity. A growing
body of evidence indicates that lipids can uniquely alter the secondary structure and toxicity of Ap;_42 aggre-
gates. At the same time, underlying molecular mechanisms that determine this difference in toxicity of amyloid
aggregates remain unclear. Using a set of molecular and biophysical assays to determine the molecular mech-
anism by which Ap;_42 aggregates formed in the presence of cholesterol, cardiolipin, and phosphatidylcholine
exert cell toxicity. Our findings demonstrate that rat neuronal cells exposed to Af;_4o fibrils formed in the
presence of lipids with different chemical structure exert drastically different magnitude and dynamic of
unfolded protein response (UPR) in the endoplasmic reticulum (ER) and mitochondria (MT). We found that the
opposite dynamics of UPR in MT and ER in the cells exposed to AB;_42: cardiolipin fibrils and AB;_42 aggregates
formed in a lipid-free environment. We also found that Ap;_43: phosphatidylcholine fibrils upregulated ER UPR
simultaneously downregulating the UPR response of MT, whereas AB;_42: cholesterol fibrils suppressed the UPR
response of ER and upregulated UPR response of MT. We also observed progressively increasing ROS production

that damages mitochondrial membranes and other cell organelles, ultimately leading to cell death.

1. Introduction

Alzheimer’s disease (AD) is a severe pathology caused by the pro-
gressive degeneration of neurons in the frontal lobe and other brain
regions. [1-6] As a result, drastic impairment of cognitive abilities and
short-term memory are developed by AD patients. Some pieces of
experimental evidence indicate that the progressive neuronal death can
be caused by amyloid oligomers and fibrils. [7-14] These highly toxic
aggregates are formed by both amyloid f1_4¢ (AB1_40) and amyloid ;1 42
(AP1-42) peptides. [15,16] These aggregates can also propagate from cell
to cell via endo- and exocytosis, which causes the spread of AD ulti-
mately resulting in brain atrophy. [1-7,17]

Numerous pieces of experimental evidence demonstrate that the rate
of AP1_40 and APj_4o aggregation can be uniquely altered by several
biological molecules, such as fatty acids, neurotransmitters, and lipids.
[18-22] For instance, Eto and co-workers demonstrated that docosa-
hexaenoic acid (DHA), an omega-3 fatty acid, drastically accelerated the

aggregation rate of AB;_4¢0. [19] Furthermore, morphologically different
fibrils were formed by AB;_4¢ in the presence of DHA. These fibrils had
significantly different cell toxicity. Khatua and co-workers found that
lauric acid could stabilize AB;_45 oligomers. [20] Similar findings were
reported by Johansson and co-workers for DHA. [22] It was also found
that the toxicity of Afj_45 fibrils could be uniquely altered by the DHA
concentration present at the protein aggregation stage. Cataldi and et al.
found that 3,4-dihydroxyphenylacetaldehyde, a molecule formed as a
result of dopamine oxidation, could change the secondary structure of
ABy_40 oligomers. [21] The researchers found that such oligomers
exerted significantly higher cytotoxicity compared to Af;_4¢ fibrils.
Recently reported results by our group showed that cardiolipin (CL),
phosphatidylcholine (PC), and cholesterol (Cho) drastically increased
the rate of AB;_42 aggregation and altered the secondary structure of
both oligomers and fibrils if present at 1:1 M ratio with the peptide. [23]
Some experimental studies showed that fibrils exhibited greater toxicity
among all the aggregates than oligomers or protofibrils. [23]

Abbreviations: MT, mitochondria; UPR, unfolded protein response; AD, Alzheimer’s disease; ER, endoplasmic reticulum; CL, cardiolipin; LUVs, large unilamellar
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Additionally, our findings revealed that AB; 45 oligomers and fibrils
formed under these experimental conditions retained lipids in their
structure. As a result, AB;_42 oligomers formed in the presence of lipids
exerted significantly higher cell toxicity compared to AB;_42 oligomers
grown in the lipid-free environment. Matveyenka et al. showed that
insulin and lysozyme stability could be altered by lipids. [24-29]
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However, it was found that phospho- and sphingolipids decreased the
toxicity of lysozyme and insulin fibrils. Similar findings were previously
made for other amyloidogenic proteins, such as a-synuclein (a-syn) and
amylin. [2,30-35] Recently reported results by Sitton and co-workers
demonstrated that choline plasmalogens (CPs), a uniquely class of
phospholipids, drastically lowered the toxicity of transthyretin fibrils
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Fig. 1. AFM height images (a) and height profile (b) of Ap fibrils formed after 72 h of protein aggregation with and without PC, CL, and PC:Cho LUVs. Histograms (c)
of the amounts of unordered protein, parallel and anti-parallel f-sheet in the analyzed protein aggregates.
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that were formed in their presence [36]. However, this effect of CPs was
not evident for a-syn fibrils [37].

The question to ask is how lipids change the toxicity of amyloid
aggregates. Experimental results reported by Matveyenka and co-
workers showed that insulin fibrils formed in the presence of different
lipids could be endocytosed by cells. [28] This resulted in severe damage
to late endosomes and the escape of toxic protein aggregates to the cell
cytosol. It was also shown that a-syn fibrils formed in the presence of
lipids with different structures exerted dissimilar magnitudes of endo-
somal damage. [38] Thus, one can expect that the chemical nature of
lipids present in such aggregates determines their cytotoxicity. These
results are in a good agreement with the proposed by La Rosa group
lipid-chaperone hypothesis. [39-41] It was shown that membrane lipids
could interact with amyloidogenic proteins forming stable lipid-in-
protein complexes. [39-41] La Rosa group also showed that mem-
branes dominated with lipids that have high critical micelle concen-
tration (cmc) suppressed fibril formation. However, lipids with low cmc,
on the opposite, facilitated fibril formation [42,43] Thus, the chemical
nature of the lipid molecules correlates with the toxicity exerted by lipid:
protein aggregates.

In this study, we employed real-time polymerase chain reaction (rt-
PCR) to investigate the extent to which changes in the expression rates of
proteins involved in unfolded protein response (UPR) depend on the
chemical structure of protein-lipid aggregates. After we exposed N27
cells to AP;_45 fibrils formed in the presence of CL, PC, and Cho, rt-PCR
of genes responsible for MT and ER responses to unfolded proteins was
performed. Our results show that cells upregulate genes responsible for
ER UPR simultaneously downregulating genes that control MT stress.
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These results suggest that cells maximize MT activity aiming to mitigate
ER stress and restore normal cell functioning. However, if cells were
failing to suppress the UPR-driven ER stress, apoptotic mechanisms were
engaged.

2. Results
2.1. Structural and morphological characterization of Ap1_42 fibrils

After 72 h of protein aggregation under the lipid-free environment,
AP1_42 formed long fibril-like species that had 8-10 nm in height, Fig. 1
(a, b).

Morphologically similar fibrils were found in Af;_42:PC, A1 42:CL,
and Ap;_42:PC:Cho. These aggregates had the same heights as Afj_42
fibrils formed under the lipid-free environment. Previously reported by
our group nano-Infrared analysis of these fibrils revealed drastic dif-
ferences in their secondary structure. [23] We found that the secondary
structure of A1 45 fibrils was dominated by parallel f-sheet (55 %) with
21 % and 24 % of anti-parallel f-sheet and unordered protein secondary
structure, respectively, Fig. 1 (c). AP1_42:PC fibrils had significantly
greater amount of disordered protein in the secondary structure,
whereas the secondary structure of AP;_42:PC:Cho fibrils had nearly
equal propensity presence of parallel-, anti-parallel p-sheet and disor-
dered protein secondary structure. Finally, AB; 45:CL had the highest
percentage of parallel p-sheet relative to all other aggregates with the
lowest percentage of disordered protein in the secondary structure.
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Scheme 1. Schematic illustration of UPR pathways in ER triggered by unfolded protein.
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2.2. Elucidation of UPR-mediated ER stress exerted by Ap1_42 fibrils

The UPR activates three transmembrane proteins localized in ER:
PKR-like ER kinase (PERK), Inositol Requiring 1 (IRE1), and Activating
Transcription Factor 6 (ATF6), Scheme 1. [44-46] The activation of
these proteins is regulated by glucose-regulated chaperon with molec-
ular weight of 78 kDa named GRP78 or BiP. [47,48]

The phosphorylation of PERK, which is a type I ER transmembrane
kinase, activates eukaryotic initiation factor 2 (elF2a). [49-52] Phos-
phorylated elF2a inhibits the compilation of ribosomal complexes that
initiate the translation of mRNA. [52] As a result, protein expression,
and consequently, the ER workload are suppressed by cells. elF2a also
facilitates the expression of an activating transcription factor ATF4
involved in cell apoptosis. ATF4 activates C-EBP Homologous Protein
(CHOP), factor that regulates the expression of caspase 3 kinase, as well
as BCL2 protein family members. [53,54]

We found that the relative expression of PERK did not change after 6
h of cell exposure to APy_4o fibrils formed in the lipid-free environment.
However, we observed a gradual increase in PERK expression to 1.27-
fold at 12 h and 1.81-fold at 24 h. The relative expression of eif2a
increased by 1.08-fold at 6 h, followed by a slight increase to 1.30-fold at
12 h and a decrease to 0.84-fold at 24 h. We also found that the relative
expression of ATF4 increased by 1.62-fold at 6 h, followed by a slight
increase to 1.73-fold at 12 h and a significant increase to 2.70-fold at 24
h. The relative expression of CHOP increased by 1.62-fold at 6 h, as a
response to ABj_4o fibrils formed in the lipid-free environment, followed
by a decrease to 0.83-fold at 12 h and an increase to 1.56-fold at 24 h
(Fig. 2).

Our results also showed that AB; 42:PC fibrils caused drastically
different changes in the expression levels of PERK, eif2a, ATF4, and
CHOP compared to the expression levels of these factors observed upon
the exposition of N27 cells to AB; 45 fibrils formed in the lipid-free
environment. Specifically, we found an increase in the expression of
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Fig. 2. (a) Heat map of up (red) and downregulated (blue) ER (a) and MT UPR
(b) genes expression after N27 cells were exposed to AB;_42, AB1_42:PC, AB1_42:
CL, and Ap;_42:PC:Cho fibrils for 6 h, 12 h, and 24 h. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web
version of this article.)
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PERK of 4.45-fold at 6 h with a subsequent increase to 5.03 and 6.67 at
12, and 24 h, respectively. The relative expression levels of eif2a
decreased with time (0.74, 0.61, and 0.58 at 6, 12, and 24 h, respec-
tively). We also found that relative expression levels of ATF4 increased
with time (5.98, 5.43, and 7.61 at 6, 12, and 24 h, respectively). Inter-
estingly, the relative expression levels of CHOP significantly decreased
at6 and 12 h (0.15 and 0.14, respectively), but increased at 24 h (1.84).

AP1_42:CL fibrils enabled drastically different changes in the
expression levels of PERK, eif2a, ATF4, and CHOP compared to the
expression levels of these factors observed upon the exposition of N27
cells to both AB;_42 and AP;_42:PC fibrils. Specifically, we found that the
expression of PERK was significantly upregulated at 6 h (5.48-fold) but
downregulated at 12 h (1.49-fold) and 24 h (1.08-fold). The relative
expression of eif2a was downregulated at 6 h (0.57-fold), at 12 h (0.61-
fold), and at 24 h (0.75-fold). The expression of ATF4 was significantly
upregulated at 6 h (8.54-fold) then decreased at 12 h (1.13-fold) and
downregulated at 24 h (0.70-fold). CHOP expression was upregulated at
6 h (6.82-fold) and 24 h (1.04-fold) but downregulated at 12 h (0.96-
fold).

Finally, for the N27 cells exposed to Af;_42:PC:Cho, we observed a
decrease in PERK expression at 12 h (1.13-fold) and 24 h (1.05-fold)
compared to the 6 h time point (2.21-fold). Similarly, the expression of
eif2a decreased slightly from 6 h (0.92-fold) to 24 h (0.87-fold) time
points. Interestingly, the expression ATF4 showed a gradual decrease
from 6 h (1.86-fold) to 24 h (0.65-fold). In contrast, the expression of
CHOP decreased at 12 h (1.41-fold) and 24 h (1.70-fold) compared to 6 h
(5.17-fold). These results indicated that although all analyzed protein
aggregates activated the PERK pathway of UPR, the dynamics of these
responses were unique for each of the aggregates. We also found that
different protein aggregates exhibited different magnitudes of the
expression of PERK kinase. Based on these results, we can make a
conclusion that the secondary structure of A fibrils, as well as the lipids
present in their structure, uniquely alters the UPR response of N27 cells
to these aggregates.

IRE1 is a type I ER kinase localized in the cell membrane. IRE1 is
activated by unfolded or misfolded proteins. [52] This results in IRE1
dimerization. IRE1 dimers then auto-phosphorylate splicing of mRNA X
Box Binding factor 1 (XBP-1) [49-51]. Spliced mRNA encodes a basic
zipper leucine transcription factor (b-ZIP), which in turn causes upre-
gulation of UPR genes. b-ZIP also upregulates genes which encode
protein disulfide isomerase and chaperones that help to facilitate protein
folding. [49-51].

Our results show that the relative expression of XBP-1 decreased
slightly by 0.97-fold at 6 h, followed by a further decrease to 0.81-fold at
12 h and an increase to 1.87-fold at 24 h as a response to Af;_43 fibrils
formed in the lipid-free environment. We also that AB;_42:PC fibrils
caused a slight downregulation of XBP-1 to 0.09- and 0.07-fold at 6 h
and 12 h, respectively. However, a strong increase in the expression of
this factor was observed at 24 h for AB;_40:PC fibrils (1.77-fold). Similar
changes in the expression levels of XBP-1 were observed because of the
exposition of N27 cells to AB;_42:CL fibrils. We found that the expression
of XBP1 was downregulated at 6 h (0.62-fold) as well as at 12 h (0.78-
fold) and 24 h (0.80-fold). Finally, ApPj_42:PC:Cho increased the
expression of XBP-1 at 24 h time point (2.70-fold) compared to the 6 h
(0.88-fold) and 12 h (0.88-fold) time points. These results demonstrated
that Ap fibrils with drastically different secondary structure demon-
strated unique dynamics of XBP-1 expression. Consequently, these ag-
gregates uniquely alter the UPR response of neuronal cells.

ATF6 is also activated upon the ER stress. Activated ATF6 propagates
to Golgi where it gets cleaved by proteases S1P and S2P that produce an
active transcription factor fragment (cATF6), which is engaged in the
mitigation of the ER stress. [47,48] We found that the expression of the
ATF6 was moderately upregulated in response to Af;_45 fibrils formed in
the lipid-free environment. The relative expression of ATF6 increased by
1.18-fold at 6 h, followed by a slight decrease to 1.14-fold at 12h and a
slight increase to 1.31-fold at 24 h. Our results also showed that Af;_45:
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PC fibrils caused a severe downregulation of the expression of ATF6
(0.03, 0.01, and 0.08 at 6 h, 12 h, and 24 h). Similar changes in the
expression levels of XBP-1 were observed because of the exposition of
N27 cells to AB;_42:CL fibrils. We found that the relative expression of
ATF6 was downregulated at 6 h (0.69-fold) and 12 h (0.67-fold) same as
at 24 h (0.61-fold). We found that AP; 42:PC:Cho fibrils strongly
increased the expression of ATF6 at all time points (6 6-12 h). Based on
these results, we can conclude that Ap aggregates with different sec-
ondary structures made distinctly different changes in the expression of
ATF6-induced UPR.

2.3. Elucidation of UPR-mediated MT stress exerted by Af1_42 fibrils

In MT, the unfolded protein response (mt-UPR) is a vital cellular
mechanism that ensures proper protein folding and quality control.
Several key proteins, including CLPP, YME1A, UBL-5, PINK1, and PRKN,
play crucial roles in arranging the UPR response (Scheme 2).

CLPP is a protease enzyme found in the MT matrix. It assists in
degrading misfolded or damaged proteins, preventing their accumula-
tion and potential toxicity. By selectively cleaving these aberrant pro-
teins, CLPP helps maintain MT protein homeostasis. [55]

We observed that Apy_4 fibrils formed in a non-lipid environment
exhibited relatively low expression levels of CLPP, with values of 0.66,
0.84, and 0.81 at 6, 12, and 24 h, respectively. In contrast, when Af; 45
fibrils were formed in the presence of PC LUVs, we observed a notable
increase in CLPP expression at 6 h, with a 2.35-fold change. However,
CLPP expression decreased at 12 h (1.31-fold) and significantly dropped
at 24 h (0.34-fold). Further analysis was conducted for Afj_45 fibrils
formed with CL LUVs. In this case, CLPP expression showed a relative
expression of 1.66 at 6 h, followed by 1.02 at 12 h, and 0.75 at 24 h.
Additionally, we explored the gene expression in samples treated with
Ap1_42 formed in the presence of PC:Cho LUVs. The relative expression
of CLPP exhibited a significant decrease at 6 h (0.24-fold), followed by a
recovery to 1.04-fold at 12 h, and a slight increase to 1.10-fold at 24 h.

YMEL1A, another MT protease, serves as a critical component of the
UPR response. It targets and degrades unfolded or misfolded proteins in
the inner MT membrane space. YME1A plays a vital role in MT protein
quality control by recognizing and eliminating damaged proteins,
thereby preserving MT function. [56]

Notably, AB1_4; fibrils formed in a non-lipid environment exhibited
relatively low expression levels of YME1A, with values of 1.99 at 6 h.
However, YME1A expression decreased significantly to 0.11 at 12 h
before rebounding to 1.11 at 24 h. In contrast, when AB;_45 fibrils were
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formed in the presence of PC LUVs, we observed a substantial increase in
YME1A expression at 6 h, with a remarkable 6.94-fold change. However,
YME1A expression decreased sharply at 12 h (0.10-fold) and only
slightly increased at 24 h (0.98-fold). Furthermore, we investigated the
impact of AB;_45 fibrils formed with CL LUVs on YME1A expression. In
this case, YME1A exhibited a relative expression of 0.46 at 6 h, followed
by 0.47 at 12 h, and a notable increase to 1.54 at 24 h. Additionally, our
analysis extended to the gene expression in samples treated with AB;_42
formed in the presence of PC:Cho LUVs. Interestingly, the relative
expression of YME1A was significantly decreased at 6 h (0.14-fold),
followed by a modest recovery to 0.25-fold at 12 h, and a further in-
crease to 0.56-fold at 24 h.

UBL-5, or Ubiquitin-like protein 5, participates in the UPR response
by facilitating the clearance of damaged or unfolded proteins. UBL-5, a
nuclear protein, acts as a transcriptional regulator by interacting with
transcription factors such as DVE-1 and ATFS-1, modulating the
expression of genes involved in mitochondrial protein folding, degra-
dation, and dynamics, thereby playing a critical role in regulating the
mt-UPR pathway and ensuring mitochondrial protein homeostasis. [57]

Abj_45 fibrils formed in a non-lipid environment exhibited relatively
low expression levels of UBL-5, with values of 0.29 at 6 h. However,
UBL-5 expression increased to 0.63 at 12 h and further to 0.85 at 24 h. In
contrast, when Ap;_4» fibrils were formed in the presence of PC LUVs, we
observed a significant decrease in UBL-5 expression at 6 h (0.37-fold).
However, UBL-5 expression rebounded and increased at 12 h (1.03-fold)
and further at 24 h (1.25-fold). Furthermore, our analysis extended to
ApB1-42 fibrils formed with PC:CL LUVs. In this case, UBL-5 displayed a
relative expression of 0.78 at 6 h, followed by an increase to 1.11 at 12 h,
and a decrease to 0.71 at 24 h. Also, we investigated the gene expression
in samples treated with AB;_42 formed in the presence of PC:Cho LUVs.
The relative expression of UBL-5 significantly decreased at 6 h (0.12-
fold), followed by a recovery to 0.90-fold at 12 h, and a slight increase to
0.95-fold at 24 h.

PINK1 (PTEN-induced kinase 1) and PRKN (Parkin) are two proteins
that work in tandem to promote MT health and integrity during the UPR
response. [58] PINK1 acts as a sensor for MT dysfunction, accumulating
on the outer MT membrane in response to damaged or depolarized MT.
It phosphorylates both itself and PRKN, triggering the recruitment and
activation of PRKN. Once activated, PRKN plays a crucial role in elim-
inating damaged MT through mitophagy. It ubiquitinates proteins on
the surface of dysfunctional MT, signaling them for degradation and
subsequent recycling. Selectively removing impaired MT, PINK1, and
PRKN help maintain MT quality control and prevent the propagation of

Scheme 2. Schematic illustration of MT UPR that can be activated by misfolded proteins and amyloid aggregates.
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damaged organelles.

In a non-lipid environment, we observed a very low relative
expression of PINK1 at 6 h (0.05-fold), which then increased to 1.07-fold
at 12 h and further to 1.22-fold at 24 h. Conversely, the relative
expression of PRKN was significantly higher at 6 h (2.63-fold), followed
by a decrease to 0.43-fold at 12 h, and a subsequent increase to 1.24-fold
at 24 h. When Af;_4; fibrils were formed in the presence of PC LUVs we
observed notable changes in the expression of PINK1 and PRKN. PINK1
expression decreased at 6 h (0.29-fold), increased at 12 h (0.69-fold),
and significantly increased at 24 h (1.54-fold). Meanwhile, PRKN
expression showed an initial increase at 6 h (2.57-fold), followed by a
decrease at 12 h (0.73-fold), and a further slight increase at 24 h (0.99-
fold). In the presence of CL LUVs, PINK1 exhibited a relative expression
of 4.54 at 6 h, followed by 0.88 at 12 h and 0.99 at 24 h. Similarly, PRKN
displayed a relative expression of 2.52 at 6 h, 0.78 at 12 h, and 0.71 at
24 h.

Furthermore, our analysis encompassed the gene expression of pro-
teins associated with the mt-UPS pathways in samples treated with
AB1_45 formed in the presence of PC:Cho LUVs. Notably, PINK1 relative
expression was remarkably low at 6 h (0.02-fold), followed by an in-
crease to 0.48-fold at 12 h and a further increase to 1.46-fold at 24 h.
Conversely, PRKN relative expression was 0.43-fold at 6 h, followed by
0.71-fold at 12 h, and 1.18-fold at 24 h.

2.4. External rather than internal damage of MT caused by Af;_42 fibrils
that were grown with and without LUVs

We used the JC-1 assay combined with flow cytometry and fluores-
cence microscopy to investigate the dynamics of MT impairment caused
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by AB1_42 fibrils were grown with and without LUVs at 6, 12, and 24 h
after the exposition of N27 cells to amyloid aggregates.

After 6 h, the magnitude of the JC-1 signal was significantly higher in
all fibril-treated groups compared to the control group, Fig. 3(a). Spe-
cifically, AB;_42:PC showed the highest JC-1 response (60.5 % =+ 2 %),
followed by Ap;_42:PC:Cho (51.5 % + 2 %), AP1_42 (37.2 % + 2 %), and
AB1_42:CL (34.4 % + 4 %). We observed a progressive increase in JC-1
intensities in all groups as the time of the cell exposition to protein ag-
gregates increased. Specifically, JC-1 intensity increased for Ap;_42 from
46.5 % + 4 % (12h) to 51.7 % =+ 8.4 % (24 h), whereas for AB;_42:PC, we
observed an increase from 86.4 % + 4 % (12 h) to 96 % + 2.8 % (24 h).
Similar changes were observed for AB; 42:CL (49.1 % + 2 % (12 h) to
70.2 % £ 6.4 % (24 h)) and APy _42:PC:Cho (73.6 % + 3 % (12 h) to 81.8
% + 8 % (24 h)). Notably, cells grown in the presence of LUVs alone
showed a JC-1 signal that was not significantly different from untreated
cells, indicating that the observed JC-1 response was due to the presence
of fibrils and not to the lipids themselves, Fig. S2(a).

To validate the results obtained from the JC-1 assay using flow
cytometry, we performed fluorescence microscopy analysis on N27 cells
treated with AB;_42 fibrils in the presence and absence of PC, CL, and PC:
Cho LUVs for 24 h, Fig. 3(c). The images clearly showed a significant
increase in green JC-1 fluorescence intensity, indicating a reduction in
MT membrane potential, in cells treated with all types of AB;_42 fibrils as
compared to the control cells.

We also used ROS assay to detect and quantify changes in the
amounts of ROS in N27 cells after their treatment with amyloid fibrils
that were grown with LUVs composed of CL, PC, and PC:Cho, as well as
in the absence of lipids. In ROS assay, Deep Red fluorescent dye is used.
Live cells are permeable to this dye, which allows for detection and

6h
®12h
24h

Control

AB,_;:PC:Cho

20 um

Fig. 3. Histogram of JC-1 a) and ROS b) assays of N27 neuronal cells incubated for 6 h, 12 h, and 24 h with AB1-42 fibrils that were grown in LUVs composed of CL,
PC, and PC:Cho and with no LUVs (AB1-42). Fluorescent images that reveal damaged (green) and healthy (red) mitochondria (c), as well as (d) ROS levels (red) in
N27 cells exposed for 24 h to Ap1-42 fibrils grown in LUVs composed of CL, PC, and PC:Cho and with no LUVs (AB1-42); cell nuclei are shown in blue. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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quantification of superoxide and hydroxyl radicals in such cells. In the
cytosol, Deep Red is oxidized by ROS producing a derivative that ex-
hibits a strong fluorescence. Consequently, flow cytometry or fluores-
cence imaging could be used quantify levels of ROS in the cells.

We found that the intensity of the ROS signal increased with time for
all samples, with the highest ROS stress observed at 24 h of treatment,
Fig. 3(b). The ROS signal from cells after 6 h of incubation with fibrils
showed that Ap;_42:PC fibrils had the least cytotoxicity with 24.3 % +
0.8 % ROS stress, followed by Ap;_42:CL (34.6 % + 1.6 %) and AP 42:
PC:Cho (39.3 % =+ 0.8 %). ROS stress from AP _4o fibrils from a lipid-free
environment shows the maximum percentage at the current time point
of 47.9 % + 4.9 %. The ROS signal was significantly higher in all fibril-
treated samples compared to the non-treated control (18.9 % =+ 3.7 %).
We observed a progressive increase in ROS quantities in all groups as the
time of the cell exposition to protein aggregates increased. Specifically,
ROS intensity increased for Ap;_42 from 68.5 % + 0.8 % (12 h) to 85.6 %
+ 6.2 % (24 h), whereas for AB;_42:PC we observed an increase from
34.8% + 2.4 % (12 h) to 43.5 % + 6.9 % (24 h). Similar changes were
observed for AP;_42:CL (38.4 % + 4.1 % (12 h) to 48 % + 2.5 % (24 h))
and AP;_42:PC:Cho (56.2 % + 2.4 % (12 h) to 70.3 % + 7.5 % (24 h).
Notably, cells grown in the presence of LUVs alone showed a ROS signal
that was not significantly different from untreated cells, indicating that
the observed ROS response was due to the presence of fibrils and not to
the lipids themselves, Fig. S2(b).

We also performed fluorescence microscopy on N27 cells treated
with Apy_45 fibrils formed with LUVs composed of CL, PC, and PC:Cho
for 24 h, Fig. 3(b). The images clearly showed a significant increase in
ROS fluorescence intensity in cells treated with all types of Ap;_43 fibrils
as compared to the control cells.

3. Discussion

Amyloid aggregates can directly permeabilize the plasma membrane
or get endocytosed by cells. [26,59] In the former case, these toxic
species appear in the cytosol where they impair physiological processes
necessary to maintain cell homeostasis. [59] In the latter case, amyloid
aggregates damage endosomes and leak out into the cytosol. [28] Pre-
viously reported results by Matveyenka et al. showed that the endosomal
damage was directly linked to enhanced UPR response and severe ER
impairment. [28] It was also found that insulin oligomers and fibrils
formed in the presence of different phospho- and sphingolipids exerted
drastically different endosomal damage and UPR response. [28]

In the current study, we investigated the extent to which morpho-
logically similar AP; 42 fibrils with drastically different secondary
structure caused MT and ER damage. We previously demonstrated that
differences in the secondary structure were induced by lipids that were
present at the stage of Ap;_42 aggregation. Furthermore, AFM-IR used for
analysis of these aggregates revealed the presence of lipids in their
structure [23]. Thus, lipids not only altered the secondary structure of
these aggregates, but also changed their hydrophobicity. Using qPCR,
we observed drastically different patterns of gene expression of ER UPR
pathways in cells treated with Ap;_42 fibrils formed in the presence of
lipids and a lipid-free environment. When exposed to Afj_4o fibrils
formed in the lipid-free environment, cells showed upregulation of
genes involved in the PERK pathway. However, cells treated with
AP1_42:PC exhibited significantly higher upregulation of PERK-related
genes and the downregulation of XBP1 and ATF6 genes. AB;_42:CL and
APy_42:PC:Cho fibrils caused drastically different changes in the
expression of PERK XBP1 and ATF6 genes in N27 cells compared to
those observed for AP; 42 and AP;_42:PC fibrils. Specifically, these
fibrillar species showed a drastic increase of almost PERK genes
expression at 6 h with a subsequent downregulation at 12 and 24 h.

Our study revealed a relationship between the relative expression of
PERK and ATF4 genes across different treatment conditions and time
points. Both PERK and ATF4 exhibited similar trends of up- and down-
regulation as a response to amyloid aggregates. This observation
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suggests that changes in PERK expression can influence the phosphor-
ylation rate of eif2a, subsequently impacting ATF4 expression levels.

The analysis of changes in the expression of genes involved in mt-
UPR revealed that Af;_42:PC:Cho fibrils exhibited the most significant
downregulation in gene expression compared to AB;_42:CL, and Af_43:
PC, as well as AP;_45 fibrils. Specifically, the relative expression levels of
mt-UPR proteins CLPP, YME1A, UBL-5, PINK, and PRKN were notably
suppressed as a result of the cell exposition to Ap;_42 and AB;_42:PC:Cho
fibrils. At the same time, we observed drastically different response of
N27 cells to ABy_42:PC and APy_42:CL fibrils. Specifically, we found a
strong upregulation of genes responsible for mt-UPR response after the
cells were exposed to AP1_42:PC ang APy_42:CL fibrils for 6 h with a
subsequent downregulation of these genes.

JC-1 assay used in our study indicated progressive MT membrane
damage over the course of 24 h after the cell exposition to all protein
aggregates. The same results were obtained for the ROS assay that
revealed the level of ROS in the cell cytosol. Based on the results of these
assays, we can conclude that MT is not directly damaged by amyloid
aggregates. Our data suggest that cells facing severe UPR response of ER
suppress mt-UPR response enabling the maximal ATP production to
mitigate the amyloid-induced stress. Thus, we can conclude that ER
damage and increased levels of ROS in the cytosol rather than MT
impairment is the primary molecular mechanism by which amyloid
aggregates exert their cytotoxicity.

4. Methods
4.1. Large unilamellar vesicles (LUVs) preparation

1,2-Dimyristoyl- glycero-3-phosphocholine (14:0 PC (PC)), Cat. N.
85-0345; 18:00 cardiolipin (CL), Cat. N. 71-0334; and cholesterol
(Cho), Cat. N. 700-100 were obtained from Avanti Polar Lipids
(Alabaster, AL, USA). To prepare LUVs, PC, and CL were first dissolved
in 1x phosphate buffer saline (PBS), pH of 7.4, to 400 pM final con-
centration. For the 5:95 mol:mol Cho:PC, PC and Cho were first mixed in
chloroform. Next, chloroform was evaporated by N, gas stream until the
lipid film was formed. The resulted film was dissolved in 1xPBS, with a
pH of 7.4. To ensure the uniformity and stability of LUVs, all samples
were subjected to five cycles in liquid nitrogen and water bath. Finally,
lipid solutions subjected to LIPEX® Flow Extruder that had membrane
with 100 nm pores (A.M.D. Manufacturing Inc. Cat. N. AM-DPCTE-
0100-25C). Formed LUVs were ~ 100 nm in diameter according to
Dynamic Light Scattering (DLS), Fig. S1.

4.2. Protein aggregation

Human AB;_45 used in the experiment (GenScript, Cat. No RP10017)
was prepared by dissolving it in 1 ml of 1,1,1, 3,3,3-Hexafluoroisopropa-
nol (HFIP) (Across Organics, code 445-820-500) at a concentration of 1
mg/ml. After a 15 min incubation, HFIP was removed under the Ny
stream, and a protein film was formed. The film was then re-dissolved in
1xPBS, pH 7.4, under continuous vortexing on ice for 25 min. The final
concentrations of Ap;_42 and LUVs were 60 pM and 240 pM, respec-
tively. Protein samples were incubated at 25 °C under quiescent con-
ditions for 72 h.

4.3. AFM

5 pL of the sample was drop-casted onto silicon wafers and kept on
them for 3 min. After wavers were rinsed by DI water and dried under N,
gas, AFM imaging was performed on Nano-IR3 system (Bruker, Santa
Barbara, CA, USA). Contact-mode AFM tips were used to image samples.

4.4. Dynamic Light Scattering (DLS)

Sizes of LUV vesicles were determined using DynaPro NanoStar DLS
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with 90° incident light angle.
4.5. Cell toxicity assays

The N27 rat neurons were cultured in RPMI 1640 Medium (Ther-
moFisher Scientific); Medium contained 10 % fetal bovine serum (FBS)
(Invitrogen, Waltham, MA, USA). On average, each well had 30,000
cells. Cells were kept at 37 °C with 5 % CO,. After 24 h, the cells fully
adhered to the wells. Prior to the experiment, 300 pL of the cell culture
medium was taken away; next, 300 puL of RPMI 1640 Medium with 5 %
FBS were added. 30 pL of protein samples were added to RPMI 1640
Medium with 5 % FBS prior to mixing with cells. After cell exposition of
aggregates for 6 h, 12 h, and 24 h, ROS assay was performed. For this,
ROS reagent (C-10422, Invitrogen) was added to N27 cells to the final
concentration of 5.0 pM. After that cells were incubated 30 min under
the same experimental. Supernatant was removed; cells were washed
with 1640 RPMI media including 5 % FBS. Cells were exposed to trypsin
and suspended in 200 pL of 1xPBS, pH 7.4. ROS measurements were
made using Accuri C6 Flow Cytometer (BD, San Jose, CA, USA). For JC-1
test, which indicates mitochondrial impairment, JC-1 reagent (M-34152
A, Invitrogen) was added to obtain 50 pM of the final concentration;
cells were incubated at for 30 min with the reagent. After the superna-
tant was removed, cells were treated by trypsin and resuspended in 200
pL of the 1xPBS, pH 7.4. Sample measurements were made using the
same instrument.

4.6. Fluorescence microscopy imaging

N27 neuron cells were cultured in RPMI 1640 Medium with 10 %
FBS in 35 mm dishes with the optical bottom (Cat. N. D3510-1.5N,
Cellvis). Approximately 300,000 cells were in one well. After 24 h,
RPMI 1640 was replaced with a new RPMI 1640 containing 5 % FBS and
protein samples. After 6 h, 12 h, and 24 h after protein aggregates were
added, cells were exposed to ROS and JC-1 reagents to the final con-
centrations of 5 pM and 50 pM, respectively. Next, cells were incubated
for 20 min at 37 °C, 5 % CO;. One drop of NucBlue Live Cell ReadyP-
robes (Cat. No. R-3760-5, Invitrogen) was added to each sample, and
incubated for 5 min. Fluorescence images were taken using EVOS M-
5000 Imaging System (Invitrogen), with Olympus UPIanApo 100x oil-
objective using and deep red, blue, and green optical filters.

4.7. Gene expression

RNA was extracted from cells following treatment using a GeneJET
RNA Purification Kit (Cat. No. K-0732, Thermo Scientific). The con-
centration and purity of the extracted RNA were determined using a
Nano-Drop One Spectrophotometer (ThermoFisher Scientific), ensuring
A260/A280 ratios were close to 2.0, indicative of high RNA purity.
Complementary DNA (cDNA) was made from 1 pg of total RNA using
Super-Script™ 3 Reverse Transcriptase (Cat. No. 1-80,800-93, Invi-
trogen) with random hexamer primers (Cat. No. 48190011, Invitrogen)
in a 20 pL reaction volume.

For quantitative PCR (qPCR), specific primers for each target gene
were designed (details provided in Table S1) to ensure specificity and
compatibility with qPCR amplification conditions. qPCR reactions were
performed on a C1000 Touch Thermal Cycler (Bio-Rad). Each 20 pL
reaction mixture contained cDNA template (diluted 1:10), 10 pL of SYBR
Green PCR Master Mix (Cat. No. 4309155, Applied Biosystems), gene-
specific primers (final concentration 300 nM), and of nuclease-free
water. The PCR amplification conditions were as follows: initial dena-
turation at 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s
(denaturation) and 60 °C for 1 min (annealing/extension). Melting
curve analyses were performed at the end of each run to verify the
specificity of the PCR products.

Beta-actin was employed as a house-keeping gene for the normali-
zation of expression levels of the target genes. To ensure the reliability of
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obtained results, non-template controls (NTCs) and positive controls
were included in each performed qPCR test.

4.8. Data analysis

Quantification of relative expression of genes of interest was made
using Ct method (Z'AACt), where ACt is the difference in the threshold
cycles between the gene of interest and the house-keeping gene. AACt
represents the difference in ACt values between the samples exposed to
amyloid aggregates and the control samples. The relative expression
levels of genes were calculated and presented as fold changes compared
to the control samples.

5. Conclusions

Our results demonstrate that AB;_4; fibrils formed in the presence of
PC, CL, and cholesterol exerted drastically different magnitude and
dynamic of mt-UPR and UPR of ER. We found that the opposite dy-
namics of ER and MT responses in rat dopaminergic cells exposed to
APy_42:CL fibrils and Ap;_4o aggregates formed in a lipid-free environ-
ment. Specifically, ABj_42 fibrils caused a strong upregulation of both ER
UPR and mt-UPR, whereas Ap;_42:CL fibrils, on the other hand, caused
do fibrils exhibited greater toxicity regulation of both ER UPR and mt-
UPR. We also found that Ap;_42:PC fibrils upregulated ER UPR simul-
taneously downregulated mt-UPR, whereas AB;_42:PC:Cho fibrils sup-
pressed the UPR response of ER and upregulated mt-UPR. We also
observed progressively increasing ROS production that damages mito-
chondrial membranes and other cell organelles, ultimately leading to
cell death. Correlating the dynamics of gene regulation, we found that
ER damage and increased levels of ROS in the cytosol rather than MT
impairment was the primary molecular mechanism by which amyloid
aggregates exert their cytotoxicity. These findings are consistent with
the recently reported analysis of changes in ER UPR and mt-UPR trig-
gered by a-syn fibrils formed in the presence and absence of lipids [38].
Thus, we can conclude that lipid-determined changes in amyloid toxicity
is a general phenomenon attributed to protein aggregates formed by
different rather than one amyloidogenic protein.
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