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Abstract

Amyloid oligomers and fibrils are protein aggregates that cause an onset and progression of many 

neurodegenerative diseases, diabetes type 2 and systemic amyloidosis. Although a growing body 

of evidence shows that oligomers and fibrils trigger mitochondrial dysfunction simultaneously 

enhancing production of reactive oxygen species, exact mechanisms by which these protein 

aggregates exert their toxicities remain unclear. In this study, we used advanced microscopic and 

spectroscopic methods to examine topography and structure of insulin aggregates grown in the 

lipid-free environment, as well as in the presence of major classes of phospho- and sphingolipids. 

We also employed a set of molecular markers to determine the extent to which insulin aggregates 

induce a damage of cell endoplasmic reticulum (ER), an important cell organelle used for 

calcium storage, protein synthesis and folding. Our results show that insulin aggregates activate 

the expression of Activating Transcription Factor 6 (ATF6), a transmembrane protein that is 

involved in unfolded protein response (UPR) of the stressed ER. At the same time, two other ER 

transmembrane proteins, Inositol Requiring 1 (IRE1α) and eLF2a, the product of PKR-like ER 

kinase (PERK), exhibited very low expression levels. Furthermore, amyloid aggregates trigger an 

expression of the 78-kDa glucose-regulated protein GRP78, which is also involved in the UPR. 

We also observed UPR-induced expression of a proapoptotic transcription factor CHOP, which, in 

turn, regulates expression of caspase 3 kinase and BCL2 protein family members, including the 

ER localized Bax. These findings show that insulin oligomers and fibrils induce UPR-associated 

ER stress and ultimately fatal changes in cell homeostasis.
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1. Introduction

Abrupt aggregation misfolded proteins into oligomers and fibrils is the molecular signature 

of a large group of pathologies that include type 2 diabetes [1], Alzheimer [2], Parkinson 

[3]and Huntington diseases [4–7]. A growing body of evidence suggests that such 

aggression is taken place in endosomes that accumulate misfolded proteins in high 

concentrations [8–10]. These cell incisions have acidic pH that favors formation of highly 

toxic oligomers that decrease spontaneous calcium oscillations in neurons [10]. Amyloid 

oligomers and fibrils can be endocytosed by cells and appear in the cytosol by the direct 

permeabilization of cell membranes [11,12]. This results in mitochondrial disfunction and 

enhanced levels of reaction oxygen species, which ultimately leads to the cell apoptosis 

[13–16].

Endoplasmic reticulum (ER) plays vitally important role in protein synthesis and folding; 

it also serves as the calcium storage of the cell [17]. Endosomal localization of both 

endocytosed and endosome-formed amyloids, as well as previously reported ER-endosomes 

contact sites, suggest that amyloid toxicity can induce the ER stress and disfunction, which, 

in turn, can lead to the cell death [18,19]. The ER stress activates a set of signaling 

pathways, known as the unfolded protein response (UPR), to mitigate the ER stress and 

restore homeostasis, Fig. 1 [20]. The UPR is induced by three ER transmembrane proteins: 

Inositol Requiring 1 (IRE1), PKR-like ER kinase (PERK), and Activating Transcription 

Factor 6 (ATF6) [21–23]. These proteins are regulated by 78-kDa glucose-regulated 

chaperon GRP78, also known as BiP [18,19]. Under ER stress, GRP78 dissociates from 

IRE1, PERK and ATF6, which results in their activation [24,25].

Alpha isoform of IRE1 (IRE1α) is a type I ER transmembrane kinase that senses unfolded 

or misfolded proteins by its N-terminal luminal domain [26]. Upon activation, IRE1α 
dimerizes and auto-phosphorylates splicing X-box binding protein 1 (XBP-1) mRNA [27–

29]. Spliced XBP1 mRNA encodes a basic leucine zipper (b-ZIP) transcription factor 

that upregulates UPR target genes, as well as genes that encode folding proteins such as 

protein disulfide isomerase and chaperones [27–29]. XBP1 also activates the expression 

of a proapoptotic activating transcription factor ATF4, which in turn activates C/EBP 

Homologous Protein (CHOP) that regulates the expression of caspase 3 kinase and BCL2 

protein family members [30,31]. It should be noted that IRE1α also activates c-Jun N-

terminal protein kinase (JNK), which in turn, induces cell apoptosis by regulating the BCL2 

family of proteins, including the ER- and mitochondria-localized Bax [31,32].

ER stress also induces oligomerization and auto-phosphorylation of PERK, a type I ER 

transmembrane kinase, which engages subunit of eukaryotic initiation factor 2 (eIF2a) by 

phosphorylation of its Ser51 residue [26–29]. Phosphorylated eIF2a prevents the formation 

of ribosomal complexes that are involved in initiation of mRNA translation [26]. This 

suppresses protein expression, and consequently, ER workload. Furthermore, ER stress 
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activates expression of type II ER transmembrane transcription factor, ATF6 that migrates to 

the Golgi where it is cleaved by proteases to generate bZIP factor [18,19]. BZIP factor then 

translocates to the nucleus, where it activates the UPR genes involved in the protein folding, 

processing, and degradation [18,19].

Quantitative polymerase chain reaction (qPCR) can be used to monitor the level of 

expression of the described above ER stress factors [33]. For instance, using this approach, 

Fonseca and co-workers were able to quantify the expression levels of spliced and unspliced 

XBP-1 in different cell lines [34]. In this study, we used qPCR approach to examine the 

levels of ER stress caused by insulin fibrils grown in the lipid-free environment, as well 

as insulin aggregates grown in the presence of phospho- and sphingolipids. In our previous 

study, we demonstrated that phospholipids cardiolipin (CL) and phosphatidylcholine (PC) 

drastically altered secondary structure and toxicity of insulin aggregates [35]. Specifically, in 

the presence of PC, insulin yielded only small spherical aggregates that had predominantly 

unordered protein secondary structure and significantly lower cell toxicity compared to 

insulin fibrils grown in the lipid-free environment. Insulin aggregation in the presence of 

CL enables integration of the lipid into the structure of corresponding oligomers and fibrils 

which lowers their toxicity. These findings show that lipids can uniquely alter the secondary 

structure and consequently toxicity of amyloid aggregates.

In this work, we examine the extent to which insulin fibrils grown in the lipid-free 

environment, as well as in the presence of PC, CL, phosphatidylserine (PS), ceramide 

(CER) and sphingomyelin (SM) exert the ER stress in rat dopaminergic neural cells. 

These lipids occupy a significant part of lipid membranes in most of eukaryotic cells 

b [36–39]. Specifically, PC is the most observed lipid that takes up to 47 % of the 

membranes, whereas the ~10 % of the organelle and plasma membranes are occupied by 

PS. Although the contributions of CER and SM are smaller, these lipids take up to 6 % 

and 4 % of eukaryotic plasma membranes, respectively [36–39]. CL is unique to the inner 

mitochondrial membranes where it constitutes about 20 % of all present lipids. It should 

be noted that all chosen lipids for this work possessed C16-C18 saturated fatty acids (FA). 

Although lipids with unsaturated FA also play an important role in membrane biophysics, 

elucidation of their impact on insulin aggregation is the subject for a separate study. We 

also examine the levels of ER stressed caused by insulin aggregates that were formed in 

the mixture of PC and CL (1:1 and 4:1 M rations). These ratios correspond to the relative 

amount of PC and CL in inner mitochondrial membrane. In this study, we also determine 

molecular mechanisms that are involved in the amyloid-induced stress.

2. Experimental section

2.1. Materials

1,2-Ditetradecanoyl-sn-glycero-3-phospho-L-serine (DMPS or PS), 1,2-Dimyristoyl-sn-

glycero-3-phosphocholine (DMPC or PC), 1’,3′-bis [1,2-distearoyl-sn-glycero-3-phospho]-

glycerol (18:0 cardiolipin (CL)), sphingomyelin (SM) and ceramide (CER) were purchased 

from Avanti (Alabaster, AL, USA).
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2.2. Liposome and fibril preparation

DMPS, DMPC and CL large unilamellar vesicles (LUVs) were prepared accordingly to the 

method reported by Galvagnion et al. [40]. Briefly, 0.6 mg of the lipid were dissolved in 

2.6 ml of phosphate buffered saline (PBS) pH 7.4. Lipid solutions were heated in water 

bath to ~50 °C for 30 min and then placed into liquid nitrogen for 3–5 min. This procedure 

was repeated 10 times. After this, lipid solutions were passed 15 times through a 100 nm 

membrane that was placed into the extruder (Avanti, Alabaster, AL, USA). LUV sizes were 

determined by dynamic light scattering. Due to the poor assembly properties, no LUVs for 

SM and CER were prepared; lipids used as received.

In the lipid-free environment, 400 μM of insulin was dissolved in PBS; solution pH was 

adjusted to pH 3.0 using concentrated HCl. For Ins: CL, Ins:CER, Ins:PS and Ins:SM, as 

well as for Ins:PC:CL (1:0.5:0.5) and Ins:PC:CL (1:0.8:0.2), 400 μM of insulin was mixed 

with an equivalent concentration of the corresponding lipid; solution pH was adjusted to 

pH 3.0 using concentrated HCl. Next, the solutions were placed in the plate reader (Tecan, 

Männedorf, Switzerland) and incubated at 37 °C under 510 rpm for 24 h.

2.3. Atomic force microscopy (AFM) imaging

AFM imaging was performed using silicon AFM probes with related parameters force 

constant 2.7 N/m and resonance frequency 50–80 kHz were purchased from Appnano 

(Mountain View, CA, USA) on AIST-NT-HORIBA system (Edison, NJ). For each 

measurement, an aliquot of the sample was diluted with 1× PBS, pH 3.0, deposited onto 

pre-cleaned silicon wafer and dried under a flow of dry nitrogen. At least two independently 

prepared protein samples were measured by AFM to ensure full reproducibility of the 

reported results. We analyzed at least 4 large areas (5 × 5 μm) on each sample to ensure 

that reported AFM results are representative for the sample. This large-field imaging is also 

performed to ensure that we do not overlook any long fibrils or fibril bundles that can be 

present in the samples of protein aggregates. For each sample, at heights and lengths of at 

least 100 different aggregates were measured using AIST-NT software (Edison, NJ, USA).

2.4. Atomic force microscopy – infrared (AFM-IR) spectroscopy

AFM-IR imaging was conducted using a Nano-IR3 system (Bruker, Santa Barbara, CA, 

USA). The IR source was a QCL laser. Contact-mode AFM tips (ContGB-G AFM probe, 

NanoAndMore, Watsonville, CA, USA) were used to obtain all spectra. From 18 to 30 

individual aggregates were analyzed for each sample. Treatment and analysis of collected 

spectra was performed in Matlab (The Mathworks, Inc. Natick, Massachusetts, USA).

2.5. QPCR

N27 Rat dopaminergic neural 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 (5000 cells per well) at 37 °C under 5 % CO2. After 24 h, 

the cells were found to fully adhere to the wells reaching ~70 % confluency. Next, insulin 

aggregates were added and incubated for 4 h, 14 h and 24 h.
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After incubation, the cells were collected for the isolation of ribonucleic acid (RNA) by 

extraction using Trizol (Invitrogen). To determine the presence and amount of RNA, we used 

agarose gel electrophoresis and the agarose gel documentation system, as well as NanoDrop. 

Next, we synthesized coding deoxyribonucleic acid (DNA) using reverse transcriptase, 

a set of SuperScript III (Invitrogen). A real-time polymerase chain reaction (PCR) was 

performed with primers corresponding to the selected genes. SYBR Master Mix (Thermo 

Fisher Scientific) was used for PCR of the mixture. PCR was performed with primers from 

Table 1 in the CFX96 Real-Time System (Bio-Rad) device.

Each sample was performed in a triplet. Then we plotted the average CT values from each 

sample compared to the absolute amount of the control gene, the so-called housekeeping 

genes, in our case it was GAPDH and β-Actin, to create a standard curve. This comparison 

of experimental CT data with the control gene gives the value of the number of genes of 

interest to us that are present in the cells. For data analysis, the values of samples were 

selected that exhibited a growth of up to 35 cycles, control genes - up to 25 cycles. In each 

triplet, the variation between repetitions was up to 0.5 cycles. When analyzing the data, we 

used the −2ΔCT method.

3. Results

3.1. Microscopic analysis of insulin aggregates

Using AFM, we performed morphologic characterization of insulin aggregates grown in the 

presence of lipids, as well as in the lipid-free environment, Fig. 2. Insulin fibrils grown in 

the lipid-free environment (Ins) stretch microns in length and have 10–12 nm in height, 

Supporting Figs. 1 and 2. Insulin aggression in the presence of CL yields short (30–60 

nm) spherical aggregates and ~200 nm long fibrils that had 6–8 nm in height, Supporting 

Figs. 1 and 2. Similar aggregates (5–11 nm in height) were found in Ins:CER, Ins:PS 

and Ins:SM. At the same time, we found that insulin aggression in the presence of PC 

yields only small (4–6 nm in height) oligomers. Similar structures were observed in Ins: 

PC:CL (1:0.8:0.2). Nevertheless, in Ins:PC:CL (1:0.8:0.2), we also observed short fibril-like 

structures. We also found that with an increase in the concentration of CL relative to PC 

(Ins:PC:CL (1:0.5:0.5)), short (40–70 nm) spherical aggregates and 90–160 nm long fibrils 

that have ~12 nm in height were grown, Supporting Figs. 1 and 2. These fibrils exhibited 

similar topologies with those formed by insulin in the presence of CL itself. Summarizing, 

we found that lipids drastically alter the morphology of insulin aggregates if present at the 

stage of protein aggregation. Lipids either shorten the length of the grown fibrils (CL, SP, 

CER and SM) or fully inhibit (PC) fibril formation. PC also exerts the inhibitory activity in 

the mixtures with CL. We found that with an increase in the relative ration of PC relative to 

CL (Ins:PC:CL (1:0.8:0.2) vs Ins:PC:CL (1:0.5:0.5)), stronger inhibition of fibril formation 

is observed.

3.2. Structural analysis of protein aggregates

One may expect that lipids not only alter the morphology of insulin aggregates but also 

change their secondary structure. To answer this question, we used AFM-IR spectroscopy. In 

AFM-IR, a metalized scanning probe can be placed on the surface of individual aggregates. 
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Illumination of the sample with pulsed tunable IR light induces thermal expansions in 

the sample are recorded by the scanning probe [41–43]. In addition to elucidation of the 

secondary structure of individual oligomers, this innovative analytical approach can be also 

used to reveal presence of lipids in their structure [44–47].

AFM-IR spectra collected from individual insulin fibrils that were formed in the lipid-free 

environment exhibited amide I (1630–1690 cm−1) and amide II (1500–1570 cm−1) which 

originated from the peptide bond vibrations [14]. The position of amide I band can be 

used for a quantitative analysis of the secondary structure of protein aggregates. If the 

amide I is centered around 1655 cm−1 and ~1695 cm−1, high α-helical and anti-parallel 

β-sheet secondary structure can be expected, respectively [14,48,49], Supporting Fig. 3. If 

the secondary structure of the aggregates is dominated by parallel β-sheet, amide I band in 

the corresponding AFM-IR spectra will be centered ~1620 cm−1, whereas the shift of this 

vibration to 1660 cm−1 is indicative of the unordered protein [14]. In the AFM-IR spectra 

collected form insulin fibrils that were grown in the lipid-free environment, amide I band 

was centered around 1625 cm−1, which indicated the predominance of the parallel β-sheet in 

their structure, Supporting Figs. 3 and 4. AFM-IR analysis of Ins:PC and PC:CL (1:0.8:0.2) 

oligomers revealed that their secondary structure is dominated by unordered protein. We 

also found that AFM-IR spectra collected from individual Ins:PC and PC:CL (1:0.8:0.2) 

oligomers exhibited vibrational bands centered ~800 and 1000–1200 cm−1, Fig. 3. These 

vibrational bands correspond to C–H and PO2
− vibration respectively [50]. These findings 

show that Ins:PC and PC:CL (1:0.8:0.2) oligomers possess lipids in their structure. Similar 

conclusions about the lipid content could be made for all analyzed insulin aggregates that 

were grown in the presence of lipids (Ins:PS, Ins: CL, Ins:CER, Ins:SM and Ins:PC:CL 

(1:0.5:0.5)) [51]. However, these samples exhibited higher degree of variability of the 

aggregates from perspective of their secondary structure. Specifically, we found that Ins: 

PS oligomers exhibited high amount of unordered protein and α-helix in their secondary 

structure, whereas Ins:PS fibrils were primarily composed of parallel β-sheet, Supporting 

Fig. 3. Similar structural variability between oligomers and fibrils has been observed for 

Ins:CL, Ins:SM, Ins:CER and Ins:PC:CL (1:0.5:0.5). Specifically, we found that Ins:CL, 

Ins:SM, Ins:CER and Ins:PC:CL (1:0.5:0.5) oligomers had predominantly unordered protein 

and α-helix in their secondary structure, whereas fibrils observed in these samples were 

dominated by parallel β-sheet, Supporting Fig. 3.

3.3. Elucidation of the ER stress caused by insulin aggregates

Analysis of the expression levels of UPR-related genes showed strong increase in the 

intensity of GRP78 already 4 h (Fig. 4A) after cell exposition to insulin aggregates that were 

grown in the presence of lipids and insulin fibrils grown in the lipid-free environment (Ins). 

We found that Ins:CL, Ins:PC:CL (1:0.8:0.2) and Ins:PC:CL (1:0.5:0.5) exerted significantly 

higher GRP78 expression levels comparing to Ins, Ins:PC, Ins:PS, Ins:CER and Ins:SM. 

At the same time, Ins exerted the highest level of ATF6 expression that was not observed 

for any other type of insulin aggregates. Similar to GRP78, Ins:CL, Ins:PC:CL (1:0.8:0.2) 

and Ins:PC:CL (1:0.5:0.5) demonstrated stronger activation of ATF6 than Ins: PC, Ins:PS, 

Ins:CER and Ins:SM. We also found that none of the protein samples induced any change 

in the expression eIF2a, whereas only Ins: CER induced an increase in the expression level 
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of IRE1α. These findings show that UPD-related activation of GRP78, which is triggered by 

protein aggregates, primarily induces activation of ATF6, with very low activation of IRE1 

and PERK signaling pathways. These conclusions are further supported by a very low if any 

XBP-1 expression.

At the same time, we observed an increase in the expression of CHOP. This suggests that 

protein aggregates trigger an alternative to XBP-1 mechanisms of CHOP activation. As 

expected, we found that all analyzed protein aggregates engaged CHOP-mediated expression 

of Bax. Furthermore, direct relationship between the levels of expression of CHOP and 

BAX were observed. Specifically, we found that Ins:PC:CL (1:0.5:0.5) induced the highest 

comparing to other protein aggregates expression of both CHOP and Bax. These findings 

show that different insulin aggregates although induce different levels of expression of 

UPR-related genes, molecular mechanisms activated by all aggregates are very similar.

We also found that levels of expression of the discussed above of UPR-related genes 

drastically changed from early (4 h) to middle (14 h) and late (24 h) stages of the neuronal 

cell stress, Fig. 2B–C. Specifically, we observed a drastic decrease in the expression of 

CHOP and ATF6 caused by Ins relative to the expression levels of these genes caused 

by insulin aggregates grown in the presence of lipids. We also observed no change in the 

expression of eIF2a for all analyzed protein aggregates. At the same time, we observed 

a significant increase in the expression of XBP1 caused by Ins:CER and Ins:SM. These 

protein aggregates also induced a drastic increase in the expression of GRP78 and ATF6, 

which was not observed at early stages of the UPR stress caused by these protein aggregates 

(Fig. 2A). It should be noted that at 14 h, Ins:SM exerted the highest from all other 

protein samples levels of GRP78, XBP1, CHOP, IRE1α and ATF6. These findings show that 

presence of SM in the structure of the protein aggregates drastically increases levels of the 

UPR-related stress response on such stressors.

At 24 h, Ins:SM induced high level of expression of only ATF6, whereas Ins:CER 

demonstrated the highest expression levels of GRP78, XBP1, CHOP, IRE1α and ATF6. 

We also found that Ins:CL, Ins:PC:CL (1:0.8:0.2) and Ins:PC:CL (1:0.5:0.5), Ins:PS and 

Ins:PC exerted lower than Ins:CER and Ins:SM levels of ATF6 expression, however, they 

were significantly higher than the levels of ATF6 expression caused by Ins. These findings 

show that presence of lipids in the structure of the protein aggregates results in higher levels 

of the ER stress compared to the levels of the stress caused by insulin aggregates grown in 

the lipid-free environment.

4. Discussion

A growing body of evidence shows that lipids change aggregation properties of 

amyloidogenic proteins and peptides. For finance, Zhang et al. showed that low levels 

of anionic lipids promoted islet amyloid precursor protein (IAPP) aggregation and 

enhanced membrane permeabilization potential of these aggregates [52]. At the same time, 

zwitterionic lipid did not alter the rate of IAPP aggregation, whereas cholesterol at or below 

physiological levels significantly decelerated IAPP amyloid formation, as well as lowered 

the propensity of IAPP aggregates to cause membrane leakage. Lipids can also uniquely 
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alter the structure of amyloid β1–40 (Aβ1–40) and α-synuclein aggregates [53]. Furthermore, 

aggregation of insulin in the presence of CL yields structurally different aggregates from 

the oligomers that were formed in the presence of PC. Both Ins:CL and Ins:PC aggregates 

exerted significantly lower cell toxicity compared to the insulin fibrils that were grown in 

the lipid-free environment. These findings raised a question whether Ins:PC and Ins:CL, as 

well as other insulin aggregates that were formed in the presence of lipids activate distinctly 

different mechanisms of cell damage comparing to the pathways activated by the lipid-free 

insulin fibrils. Furthermore, one may wonder whether lipids determine the degree of the cell 

damage caused by amyloid aggregates.

There are several mechanisms by which protein aggregates can exert the cell damages 

[10,11]. Srinivasan and co-workers showed that amyloid fibrils damage eukaryotic plasma 

membranes, whereas experimental findings reported by Schützmann and co-workers 

suggest that amyloid toxicity is associated with irreversible damages of late endosomes 

[10,11]. Furthermore, numerous studies show that amyloid aggregates cause mitochondrial 

dysfunction and ROS stress [15,54]. At the same time, the role of ER in such amyloid-

related stresses remained unclear.

Our current findings show that insulin aggregates induce the ER stress, which triggers 

(i) autophagy, (ii) suppression of protein expression, and (iii) enhancement of chaperon 

activity. These conclusions can be made by the activation of the UPR of the ER of cells 

exposed to amyloid aggregates. Specifically, we observed an enhancement in the expression 

of GRP78, protein that regulates the downstream regulation of ATF6, PERK and IRE1α. 

We also observed that exposition of cells to amyloid aggregates is primarily associated with 

an enhancement of the expression of ATF6, whereas two other ER transmembrane proteins, 

IRE1α and eLF2a exhibited very low expression levels. We also observed UPR-induced 

expression of a proapoptotic transcription factor CHOP, which, in turn, regulates expression 

of caspase 3 kinase and BCL2 protein family members, including the ER localized Bax. 

These findings suggest that amyloid-induced ER stress strongly affects the functionality of 

Golgi via AFT6, as well as cell mitochondria (BCL2) and, ultimately, transcription in the 

cell nuclei (ATF6, CHOP, and XBP1).

We also found that levels of the expression of the discussed above UPR-related proteins 

directly depend on the secondary structure of the aggregates and on the chemical nature 

of the lipid present in such aggregates. It should be noted that lipids themselves induce no 

ER stress. Previously reported NMR results showed that α-Syn develops strong electrostatic 

interactions with polar headgroups of lipids simultaneously building up strong hydrophobic 

interactions with aliphatic chains of the lipids. Similar findings were recently reported by 

Rizevsky and co-workers for insulin. Specifically, the researchers examined interactions 

between PC, CL and insulin using AFM-IR. It has been found that vibrational bands of 

lipids in the spectra collected from Ins:PC and Ins: CL aggregates shifted compared to the 

vibrations of lipids in LUVs themselves. These shifts pointed on the interactions between 

lipids and the protein. These results are in a good agreement with the recently proposed 

lipid-chaperone hypothesis [55–57]. According to this hypothesis, membrane lipids interact 

with amyloidogenic proteins forming stable lipid-protein complexes These species can be 

easily transported across the lipid bilayer into the cytosol where they exert mitochondrial 
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dysfunction, ROS and ER stresses. Furthermore, membranes containing lipid with high 

critical micelle concentration (cmc) repress fibril formation and promote pore formation, 

whereas lipid having low cmc suppress pore and favor fibril formation [58,59]. Thus, the 

chemical structure of the lipid strongly correlates with the toxicity that the corresponding 

lipid:protein aggregates can exert.

5. Conclusions

Our experimental findings show that insulin fibrils grown in the lipid-free environment, as 

well as insulin aggregates induce a strong ER stress, which, in turn, activates the expression 

of UPR-related genes. Using qPCR, we were able to determine changes in the expression 

rates of proteins that are linked to the UPR stress. We found that all analyzed aggregates 

enhance the expression of ATP6, as well as GRP78, CHOP and Bax, with very little changes 

in the expression of IRE1α and eLF2a, the product of PERK. This triggers an autophagy, 

suppression of protein expression, and enhancement of chaperon activity that aim to mitigate 

the ER stress and restore normal cell physiology.
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Fig. 1. 
Schematic illustration of UPR stress response by ER.
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Fig. 2. 
Lipids uniquely alter morphologies of insulin aggregates. AFM images of Ins (A), Ins:PS 

(B), Ins:PC (C), Ins:CL (D), Ins:PC:CL (1:0.5:0.5) (E), Ins:PC:CL (1:0.8:0.2) (F), Ins:SM 

(G) and Ins:CER (H) aggregates. Scale bars are 200 nm.
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Fig. 3. 
Nanoscale analysis of lipid content of insulin aggregates. AFM-IR spectra of insulin 

aggregates grown in the absence of lipids (Ins) and in the presence of PS, PC, CL, as 

Ins:PC:CL (1:0.5:0.5), as Ins:PC:CL (1:0.8:0.2), SM and CER. Spectra collected from 

individual aggregates are in gray; the corresponding average spectra of the oligomers are in 

blue and fibrils are in red.
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Fig. 4. 
Insulin aggregates induce ER stress in rat dopaminergic neural cells. qPCR results of 

changes in the expression of Bax, GRP78, XBP1, CHOP, IRE1α, eIF2a and ATF6 at the 

early (4 h) (A), middle (14 h) (B) and late (24 h) (C) stages of cell exposition to the amyloid 

aggregates. Ins (red), Ins:CL (blue), Ins: PC:CL (1:0.5:0.5) (gray), Ins:PC:CL (1:0.8:0.2) 

(yellow), Ins:PC (green), Ins: PS (black), Ins:SM (light blue) and Ins:CER (brown).
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Table 1

Primer sequences used for qPCR analysis of changes in the expression of ER-stress associated genes.

Gene Primers 3′-5′

ATF6_F CAAGACCGAAGATGTCCATTGTG

ATF6_R ATCCTGGTGTCCATGACCTGA

BAXa_F TGACATGTTTTCTGACGGC

BAXa_R CAGCCCATCTTCTTCCAGA

GRP78_F CGGCAGCTGCTATTGCTTA

GRP78_R CCATGACACGCTGGTCAAA

XBP1_F CTGGTTGCTGAAGAGGAGG

XBP1_R CATGGGGAGATGTTCTGGAG

ATF4_F CTAAGGCGGGCTCCTCCGA

ATF4_R CCCAACAGGGCATCCAAGTCG

CHOP_F ACTCTCCAGATTCCAGTCAG

CHOP_R GCCGTTCATTCTCTTCAGC

IRE1a_F AAACTACGCCTCCCCTGTG

IRE1a_R CTAGATAGCGCAGGGTCTC

eIf2a_F GCATATAGTGGAAAGGTGAGGT

eIf2a_R GAGGTCCGACAGCTCTAAC

GAPDH_F GCACAGTCAAGGCTGAGAATG

GAPDH_R TGGTGGTGAAGACGCCAGTA

β-Actin_F TGAAGTCTGACGTGGACATC

β-Actin_R ACTCGTCATACTCCTGCTTG
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