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Abstract

:

Transmissible spongiform encephalopathies (TSEs) are fatal neurodegenerative diseases caused by misfolding and aggregation of prion protein (PrP). Previous studies have demonstrated that quercetin can disaggregate some amyloid fibrils, such as amyloid β peptide (Aβ) and α-synuclein. However, the disaggregating ability is unclear in PrP fibrils. In this study, we examined the amyloid fibril-disaggregating activity of quercetin on mouse prion protein (moPrP) and characterized quercetin-bound moPrP fibrils by imaging, proteinase resistance, hemolysis assay, cell viability, and cellular oxidative stress measurements. The results showed that quercetin treatment can disaggregate moPrP fibrils and lead to the formation of the proteinase-sensitive amorphous aggregates. Furthermore, quercetin-bound fibrils can reduce the membrane disruption of erythrocytes. Consequently, quercetin-bound fibrils cause less oxidative stress, and are less cytotoxic to neuroblastoma cells. The role of quercetin is distinct from the typical function of antiamyloidogenic drugs that inhibit the formation of amyloid fibrils. This study provides a solution for the development of antiamyloidogenic therapy.
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1. Introduction


Amyloid fibrillation is caused by the misfolding of native proteins. Amyloid fibrils have a high tendency to accumulate into insoluble plaques and deposit in tissues and organs. Amyloid fibrils can be found in various amyloidoses, such as Alzheimer’s disease [1], Parkinson’s disease [2], and transmissible spongiform encephalopathies (TSEs) [3] in the brain and neuron. In addition, type-2 diabetes in the pancreas [4] and light chain amyloidosis in the heart, kidney, liver, and peripheral nervous system [5] have been identified as amyloidoses. TSEs have drawn more attention for cross-species transmission since the outbreak of bovine spongiform encephalopathy (BSE) [6]. TSEs are fatal neurodegenerative diseases ascribed to the structural change of prion protein from α-helix-rich isoform (PrPC) to β-sheet-rich isoform (PrPSc). Further accumulation of PrPSc forms insoluble, protease-resistant amyloid fibrils or plaques [3]. Amyloid fibrils can lead to lipid bilayer disruption [7] and cell death [8]. Several studies have shown that PrPSc interacts with the lipid membrane and causes membrane permeabilization [9,10]. Evidently, cell membrane disruption caused by PrP fibrils leads to cell death.



Variant Creutzfeldt–Jakob disease (vCJD) is one of the prion diseases in humans. It is highly associated with human intake of the BSE pathogen. Therefore, foreign PrP fibrils possess cytotoxicity. PrPSc is a stable material that is hard to inactivate [11]. According to a recent study on the structure of prion fibrils with a protease-resistant core [12], H111-D144 salt bridge is found in intrafilaments, and each protofilament interacts with hydrophobic force. In addition, each protofilament is stabilized by backbone hydrogen bonds. These inter- and intramolecular interactions make prion fibrils highly stable and difficult to disaggregate. Several materials were found to disaggregate amylin or Aβ amyloid fibrils, including small peptides [13,14,15], nanoparticles [16], and polyphenols [17,18]. Several polyphenol molecules can inhibit Aβ, α-synuclein, or PrP amyloid fibril formation or disaggregate the fibrils, such as epigallocatechin 3-gallate (EGCG) [19], curcumin [20], and nordihydroguaiaretic acid (NDGA) [21].



Oxidative stress occurs in many neurodegenerative diseases [22,23,24]. Flavonoids are a group of polyphenols with high antioxidant ability to react with free radicals and to protect the cells from reactive oxygen species (ROS) [25]. Quercetin is a flavonoid with excellent activity to scavenge free radicals and is one of the dietary antioxidants commonly found in many kinds of food, including apples, onions, green tea, wine, and so on [26]. It is found that quercetin has several beneficial effects in both human cells and rodent models, including cancer prevention [27], cardiovascular protection [28], anti-inflammatory effects [29], and neurodegeneration prevention [30,31].



Previous studies indicate that quercetin can disaggregate Aβ1-42 amyloid fibrils [32,33] and α-synuclein fibrils [34], while the effect of quercetin on PrP fibrils is not clear. Therefore, in this study, we examined the disaggregating activity of quercetin on recombinant mouse PrP (moPrP) fibrils. Furthermore, the effect of quercetin on moPrP fibrils was examined at cellular level, including fibril-caused ROS and cytotoxicity in murine neuroblastoma (N2a) cells.




2. Materials and Methods


2.1. Expression and Purification of Recombinant moPrP


The pET101/D-TOPO plasmid encoding mouse prion 23-230 (moPrP) was transformed into competent Escherichia coli BL21(DE3) cells and over-expressed in inclusion bodies by induction with isopropyl β-d-thiogalactopyranoside. The expressed moPrP proteins were purified on a Ni-Sepharose column based on a previously described method [35] with some modifications [36]. MoPrP was further purified with reversed-phase C4-high performance liquid chromatography (HPLC) column [20]. The purity of the isolated proteins was confirmed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) and electrospray ionization–mass spectrometry.




2.2. Fibril Conversion and Transmission Electron Microscopy


The fibril conversion was performed by incubation of 40 µM moPrP on a shaker rotating at 800 rpm at 37 °C in a buffer solution containing 50 mM 2-(N-morpholino)ethanesulfonic acid (MES, pH 6.0) and 2 M guanidine hydrochloride (GdnHCl). The fibril formation was monitored by thioflavin T (ThT), a fluorescence dye recognizing cross-β structure of amyloids. After fibril formation, the fibril samples were dialyzed in H2O for further experiments. Quercetin powders were preliminarily dissolved in ethanol as a stock solution of 1 mM. For quercetin-bound fibrils, 2- or 5- equivalent of quercetin were added into moPrP fibrils in 1 mM Tris buffer (pH 7.3) and incubated for 24 h at room temperature. The fibril sample without quercetin treatment is denoted as Fib. The fibrils treated with 2- and 5 equiv. of quercetin are denoted as 2QF and 5QF, respectively. For cell-free assay, 2QF represents 10 µM fibrils treated with 20 µM quercetin. Similarly, 5QF represents 10 µM fibrils treated with 50 µM quercetin. The absorption spectra of quercetin and fibril samples were collected by UV–visible spectrophotometer (SCINCO S-3100, Seoul, Korea). For imaging with transmission electron microscopy (TEM), the fibril samples were stained with 2.6% tungsten phosphoric acid on carbon-coated 200-mesh copper grids. The samples were adsorbed onto the copper grids for 1 min and subsequently washed with phosphate-buffered saline (PBS) and H2O. The samples were air-dried before imaging. The images were collected using a transmission electron microscope (JEOL JEM-2100, Tokyo, Japan).




2.3. Protease K Digestion


The fibril samples (10 μM) were treated with protease K (PK, 2 ng/µL) at 37 °C in 100 mM Tris (pH 7.5) for 1 h. After the incubation, the PK-treated samples were analyzed by 15% SDS-PAGE. For Western blotting, the proteins were electroblotted onto polyvinylidene difluoride membranes and sequentially incubated with a primary antibody (1 µg/mL SAF-84, epitope moPrP 159–168, Bertin Bioreagent, Montigny le Bretonneux, France) and a secondary antibody (horseradish peroxidase-conjugated anti-mouse IgG). The densitometric quantification of PK-resistant bands was analyzed with ImageJ software, version 1.52a (National Institutes of Health, Bethesda, MD, USA) [37].




2.4. Immunostaining and Fluorescence Imaging


Immunofluorescence imaging was performed based on a previously described procedure [38]. Briefly, moPrP fibrils were deposited onto glass slides for 1 h at room temperature and then fixed with 4% formaldehyde for 20 min. After fixation and washing with Tris-buffered saline (TBS), the samples were incubated with the primary antibody 8H4 (6 µg/mL, epitope moPrP 145-179, Abcam, Cambridge, UK) in TBS containing 0.25% Triton X-100 (TBST) and 5% horse serum for 1 h. Subsequently, the samples were stained with a secondary antibody (donkey anti-mouse IgG labeled with Alexa-594) in TBST containing 2% bovine serum albumin for 1 h. In addition, 50 µM ThT was added for the recognition of fibrils. The fluorescence images were collected on a fluorescence microscope (Nikon Eclipse 80i, Tokyo, Japan).




2.5. Hemolytic Assay


The hemolytic assay was performed as described previously [20]. In brief, fresh mouse blood was primarily centrifuged at 1000× g for 10 min, and the erythrocytes were washed with PBS three times. Afterward, the moPrP fibrils were added into the cell suspensions (1% of hematocrit) for further incubation at 37 °C for 40 min. The fibril-treated erythrocytes were spun down at 1000× g for 10 min. Lastly, aliquots of erythrocytes were examined by optical microscopy (Nikon Eclipse 80i, Tokyo, Japan), and the supernatant was collected for absorption measurement.




2.6. Cell Viability and ROS Measurements


N2a cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) and penicillin/streptomycin and 5% CO2 at 37 °C. Previously dialyzed 40 µM fibril sample was diluted with DMEM containing 1% FBS to a final concentration of 10 µM before the fibril treatments. Notably, for 2QF and 5QF, 40 µM fibrils were pre-treated with 80 µM and 200 µM quercetin, respectively, prior to the dialysis and following dilution with culture media. N2a cells were cultured in 96-well plates (1 × 104 cells/well) for 24 h. Subsequently, N2a cells were treated with quercetin and/or moPrP fibrils for 24 h. After cell wash with PBS, 10% (v/v) CCK-8 was added into the cells and incubated for 4 h. The cell viability was determined by the absorbance of formazan recorded at 450 nm using an ELISA reader (Multiskan FC, Thermo Fisher Scientific, Waltham, MA, USA). For ROS measurement, N2a cells cultured in 96-well plates (1 × 104 cells/well) were washed by PBS and then incubated with culture medium containing 1% FBS and 50 µM 2′,7′-dichlorofluorescin diacetate (DCFH–DA) for 1 h. After DCFH–DA incubation, the cells were washed by PBS, and then treated with quercetin and/or fibril samples in culture medium containing 1% FBS for 24 h. In addition, 100 µM hydrogen peroxide was tested as a positive control. The fluorescence emission of DCF at 520 nm was recorded with the excitation wavelength at 485 nm using a microplate reader (FLUOstar Omega, BMG LABTECH, Ortenberg, Germany).





3. Results


3.1. Effect of Quercetin on Morphology of moPrP Fibrils


To confirm whether quercetin binds to moPrP fibrils, we measured the absorption spectra of free quercetin and quercetin-bound fibrils as shown in Figure 1a. The major peak of free quercetin is at 370 nm. In quercetin-bound fibrils, the major peak of quercetin shifts to 335 nm. The blue shift of quercetin absorption indicates that quercetin stays in a hydrophobic environment in quercetin-bound fibrils. Moreover, we used TEM to examine how quercetin affects the morphology of moPrP fibrils. As shown in Figure 1b,c, fibrils in Fib are long and straight, but fibrils in 2QF are short and wide. Notably, some amorphous aggregates are shown in 2QF. Significantly, large amorphous aggregates rather than straight fibrils are shown in 5QF (Figure 1d). It is evident that quercetin can disaggregate moPrP fibrils, especially at 5 equiv. dosage.




3.2. Effect of Quercetin on Structure and Protease-Resistance of moPrP Fibrils


After finding quercetin-induced disaggregation of moPrP fibrils, we looked into the structural difference between three fibril samples by immunofluorescence using the 8H4 antibody that recognizes moPrP 145–179 in the structured C-terminus. The fibrils are well-recognized by ThT images as shown in Figure 2a–c. In Fib, the fibrils were distributed omnipresently and were well recognized by ThT. Clearly, quercetin-bound fibrils have stronger ThT fluorescence due to their high tendency to aggregate. As shown in Figure 2d, Fib is barely recognized by 8H4 due to the buried C-terminal domain within the fibrils. In contrast, as shown in Figure 2e,f, the fluorescence of 8H4 in 2QF and 5QF is enhanced ca. two-fold as quantitated in Figure 2g. The high fluorescence of 8H4 represents the exposure of the C-terminal domain by the treatment of quercetin. Evidently, the addition of quercetin causes structural change in moPrP fibrils.



A specific characteristic of PrPSc is its protease resistance. Therefore, we treated moPrP fibrils with PK and analyzed the PK-resistant bands on SDS-PAGE as shown in Figure 3a. Two PK-resistant bands are clearly shown in the low-molecular weight region including one at ~10 kDa and one below 10 kDa. The densitometric quantification shown in Figure 3b indicates that the PK-resistant bands are slightly weakened after the addition of 2 equiv. of quercetin. Furthermore, they are greatly weakened after the addition of 5 equiv. of quercetin, especially for the PK-resistant fragment <10 kDa. These results unambiguously indicate that quercetin modifies the structure of morPrP fibrils and turns moPrP fibrils into partial protease-sensitive.




3.3. Effect of Quercetin-Bound moPrP Fibrils on Hemolysis


Our previous study indicates that the membrane of mouse erythrocytes can be disrupted when they are treated with moPrP fibrils [20]. To examine the effect of quercetin at the cellular level, we examined the morphology of mouse erythrocytes after treatment with moPrP fibrils or quercetin-bound fibrils. The morphology of normal erythrocytes is a biconcave disk in PBS as shown in Figure 4a. When erythrocytes are treated with Fib, as shown in Figure 4b, many of the cells are shrunken. Comparatively, treatment with 5QF causes weak disruption as shown in Figure 4c. The hemoglobin escapes from erythrocytes when the cell membranes get disrupted. To determine the escaped hemoglobin quantitatively, we measured the absorption of oxy-hemoglobin released from erythrocytes at 540 and 576 nm [39]. As shown in Figure 4d, strong absorbance at 540 and 576 nm indicates that Fib treatment causes a significant amount of oxy-hemoglobin escaping from erythrocytes. 5QF treatment causes relatively less oxy-hemoglobin to escape from erythrocytes.




3.4. Effect of Quercetin on moPrP Fibril Induced Cytotoxicity and ROS Level of N2a Cells


To determine the cytotoxicity of moPrP fibrils, we measured the viability of N2a cells after incubation with Fib or 2QF as shown in Figure 5a. Treatment with free quercetin causes about 40% cell death due to the well-known anti-cancer activity of quercetin [26,40]. Therefore, to avoid cytotoxicity induced by free quercetin, the fibril samples were dialyzed before the treatment. Fib is highly cytotoxic, as only 5% of the cells survived. In contrast, 2QF is not cytotoxic. Our previous study indicates that moPrP fibrils can induce oxidative stress in N2a cells [20]. Therefore, we measured the oxidative stress level of N2a cells after treatment with Fib, 2QF, and 5QF by DCF assay. As shown in Figure 5b, in the comparison with buffer treatment, the ROS level is increased to ca. two-fold and three-fold when treating N2a cells with moPrP fibrils and with hydrogen peroxide as a positive control, respectively. Compared with Fib treatment, the ROS level is evidently decreased to one-fifth after incubation with 2QF, 5QF, or quercetin. In Figure 5b, the ROS levels of quercetin treatments are noticeably decreased ascribed to ROS-scavenging ability of quercetin. It is found in several studies that antioxidants can reduce ROS level in cells [41,42]. Similarly, quercetin plays the role of the antioxidant to reduce ROS level in N2a cells. However, quercetin causes cytotoxicity as shown in Figure 5a. In the cellular metabolism, free quercetin is converted to cytotoxic quinone in N2a cells [43]. The cytotoxicity of quercetin is abolished when quercetin is bound to fibrils. Quercetin-bound fibrils significantly decrease the cytotoxicity comparing to treatments of fibril only or quercetin only in N2a cells. These findings indicated that quercetin binding decreases the fibril caused cytotoxicity ascribed to the effect of fibril disaggregation and ROS-scavenging activity.





4. Discussion


Although a compound can disaggregate one kind of amyloid fibrils, this may not apply to the other kinds of amyloid fibrils. For example, NDGA can disaggregate α-synuclein fibrils [44] but cannot disaggregate β-amyloid fibrils [45]. In this study, we found that quercetin can disaggregate prion fibrils. In the process of disaggregation, we observed the structural change of prion fibrils and the loosened fibrils accumulating to form amorphous aggregates. These amorphous aggregates still contain cross-β-sheet structure so that they can be recognized by ThT. However, the C-terminal structure is loosened so that it can be recognized by 8H4 antibody and sensitive for protease K.



The short fibrils are highly cytotoxic [46]. A previous study has found that the amyloid fibrils of PrP106-126 disrupt membrane bilayers. Interestingly, after treatment of PrP106-126 fibrils with bacoside A, the fibrils accumulate into large aggregates and reduce the permeation of membrane bilayers [47]. These findings indicate that the membrane disruption is stronger by small fibrils than by large aggregates. A previous study indicates that the prion fibrils damage the membrane, resulting in increased membrane permeability [48]. The results of ThT fluorescence imaging combined with this hemolysis assay show that it is likely that the moPrP fibrils induce membrane disruption by pore formation, resulting in hemoglobin escape. Quercetin binding can alternate the morphology of moPrP fibrils, resulting in the formation of large aggregates. Therefore, quercetin binding can weaken the membrane damage and reduce escaped hemoglobin.



It is well known that amyloid fibrils cause ROS production [49,50,51]. It is not clear why moPrP fibrils induced ROS production in N2a cells. One possible reason is that plasma membranes are disrupted by moPrP fibrils, resulting in calcium homeostasis dysregulation [52]. The concentration of Ca2+ is very low in cytosol (about 100 nM) and high in extracellular space (about 2 mM) [53]. When the plasma membrane is damaged, Ca2+ flux would enter cytosol and induce activation of protein kinase C (PKC) which phosphorylates p47-phox and follows assembly of NADPH oxidase 2 (NOX2) complex at plasma membranes. As result, NOX2 generates a large amount ROS [54,55]. Low ROS production in N2a cells caused by quercetin-bound fibrils could be caused by reduced plasma membrane damage.




5. Conclusions


In this study, we have identified the binding of quercetin to moPrP fibrils and the disaggregation of quercetin-bound fibrils. The quercetin binding loosens the structure of C-terminal moPrP in quercetin-bound fibrils, resulting in the sensitivity of the fibrils to PK. Cellular assays indicate that quercetin binding reduces fibril-induced cellular ROS generation, resulting in abolished cytotoxicity. Based on these findings, we believe that quercetin can potentially reduce neuron damage from TSEs.
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Figure 1. (a) UV-Vis absorption spectra of free quercetin, Fib, 2QF, and 5QF. TEM images of (b) Fib, (c) 2QF, and (d) 5QF. The scale bar in TEM images represents 200 nm. 
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Figure 2. Fluorescence images of fibrils (a,d) Fib, (b,e) 2QF, and (c,f) 5QF shown by ThT (a–c) and 8H4 (d–f) staining. The scale bar represents 100 μm. (g) Quantitation of the fluorescence intensity ratio of 8H4/ThT. The statistical significance is represented by asterisk (**, p < 0.01; ***, p < 0.001). 
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Figure 3. The PK-digested fragments shown in (a) immunoblotting by antibody SAF-84. (b) Densitometric quantification of PK-resistant fragments. The densitometric patterns in the top and the bottom represents the fragments locate at about 10 kD and below 10 kD, respectively. 
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Figure 4. Hemolytic assays of mouse erythrocytes (a) without treatment, (b) treated with Fib, (c) treated with 5QF. In each sample, part of the field is enlarged for clarity. Part of the shrunken cells are shown by arrows in (b,c). The scale bar represents 10 μm. (d) The quantitative comparison of oxy-hemoglobin escaped from erythrocytes monitored by absorption spectroscopy. 
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Figure 5. (a) Viability of neuroblastoma (N2a) cells treated with buffer (control), Fib, 2QF, and 20 µM quercetin. (b) ROS level of N2a cells after treatment with fibrils (Fib, 2QF, or 5QF) or quercetin (20 or 50 µM) determined by intracellular DCF assay. The statistical significance is represented by asterisk (ns, not significant; ***, p < 0.001). 
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