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Accumulation of misfolded protein aggregates is a hallmark event in many age-related protein misfolding disorders, including some of the most prevalent and insidious neurodegenerative diseases. Misfolded protein aggregates produce progressive cell damage, organ dysfunction, and clinical changes, which are common also in natural aging. Thus, we hypothesized that aging is associated to the widespread and progressive misfolding and aggregation of many proteins in various tissues. In this study, we analyzed whether proteins misfold, aggregate, and accumulate during normal aging in three different biological systems, namely senescent cells, Caenorhabditis elegans, and mouse tissues collected at different times from youth to old age. Our results show a significant accumulation of misfolded protein aggregates in aged samples as compared to young materials. Indeed, aged samples have between 1.3 and 2.5-fold (depending on the biological system) higher amount of insoluble proteins than young samples. These insoluble proteins exhibit the typical characteristics of disease-associated aggregates, including insolubility in detergents, protease resistance, and staining with amyloid-binding dye as well as accumulation in aggresomes. We identified the main proteins accumulating in the aging brain using proteomic studies. These results show that the aged brain contain large amounts of misfolded and likely non-functional species of many proteins, whose soluble versions participate in cellular pathways that play fundamental roles in preserving basic functions, such as protein quality control, synapsis, and metabolism. Our findings reveal a putative role for protein misfolding and aggregation in aging.
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Introduction

Aging can be defined as the widespread, gradual, and progressive decline of biological functions in an organism that leads to senescence and increases the risk of disease and death (López-Otín et al., 2013). The world’s population is aging. In the next 30 years, the group of people older than 60 years of age will increase sharply (Ortman et al., 2014). Moreover, aging is the strongest risk factor for many diseases. Therefore, there is an urgent need to understand the molecular and cellular mechanisms responsible for aging and to develop strategies to slow it.

Advanced age is a major risk factor for a clinically heterogeneous group of diseases, collectively called Protein Misfolding Disorders (PMDs; Kikis et al., 2010; Cuanalo-Contreras et al., 2013; Soto and Pritzkow, 2018). PMDs are caused by the misfolding, aggregation, and deposition of specific proteins in different tissues, leading to organ dysfunction and disease (Chiti and Dobson, 2006). Examples of disease-associated misfolded proteins are tau and amyloid beta in Alzheimer’s disease (AD), alpha-synuclein in Parkinson’s disease (PD), TDP43 and SOD1 in amyotrophic lateral sclerosis and amylin in type 2 diabetes (Mukherjee et al., 2015; Soto and Pritzkow, 2018). The process of protein misfolding and aggregation involves the formation of intermolecular beta-sheet polymers, which leads to insolubility and resistance to elimination by cellular clearance mechanisms (Sweeney et al., 2017). Proteins undergoing misfolding and aggregation deposit in various tissues, resulting in the loss of the normal biological function of the protein and/or the gain of a toxic activity (Winklhofer et al., 2008). The propensity to misfold is not exclusive of proteins associated to pathologies, as several non-disease related proteins bear sequences and three-dimensional arrangements that increase their susceptibility to misfold and aggregate (Goldschmidt et al., 2010; Soto, 2012). Since protein misfolding and aggregation can be induced by slight fluctuations in physiological conditions (Chiti and Dobson, 2009), we speculate that such alterations could trigger the changes that prompt these otherwise benign proteins to misfold and accumulate throughout life, contributing to the progressive dysfunction we called aging.

Advanced age imposes extra challenges on the proteome, as proteostasis undergoes a progressive decline during aging (Ben-Zvi et al., 2009; Taylor and Dillin, 2011). The Ubiquitin-Proteasome System (UPS) is one of the most important proteostasis network components (Amm, 2014). UPS is comprised of different enzymes that ubiquitinate proteins marking them for degradation by proteasomes. In both PMDs and aging, the UPS exhibits functional impairment, inciting a vicious cycle where misfolded proteins accumulate, thereby saturating and further impairing the proteostasis machinery (Saez and Vilchez, 2014; Vilchez et al., 2014). The latter promotes the sequestration of misfolded proteins into juxtanuclear inclusion bodies, called aggresome (Johnston et al., 1998). The presence of aggresome has been documented in several neurodegenerative PMDs (Bandopadhyay et al., 2005; Kristiansen et al., 2005; Olzmann et al., 2008; Santa-Maria et al., 2012).

Several studies have shown widespread accumulation of hundreds of insoluble proteins as a hallmark of aging in Caenorhabditis elegans (David et al., 2010; Reis-Rodrigues et al., 2012; Walther et al., 2015), Saccharomyces cerevisiae (Peters et al., 2012), Mus musculus heart (Ayyadevara et al., 2016), and Nothobranchius furzeri brain (Kelmer Sacramento et al., 2020). Yet, it remains unclear if these insoluble proteins have the hallmarks of misfolded protein aggregates associated to PMDs and whether they deposit over the course of a lifetime. We hypothesize that protein transition to insolubility during aging involves the misfolding, aggregation, and deposition of these proteins, analogous to what is observed in PMDs. In this study, we performed an extensive and systematic characterization of age-related aggregation (termed here age-ggregation) in different experimental models of natural aging, using a battery of established biochemical, histological, and proteomic techniques commonly employed in the PMDs field. Our results provide evidence of an extensive age-related accumulation of misfolded protein aggregates (age-ggregates) in Caenorhabditis elegans, Mouse Embryonic Fibroblasts (MEFs) and Mus musculus brain and heart, indicating that these insoluble aggregates may be associated to aging. In addition, we detected intracellular accumulation of misfolded proteins and aggresome formation in the aged brain. Our findings suggest that protein misfolding in the murine old brain has major physiological implications in synapsis, metabolism, proteostasis, and disease. Taken together, our observations reveal the magnitude of protein misfolding in aging and raise the question whether one important aspect of aging should be considered a similar process as in PMD.



Materials and methods


Sample collection and processing


Caenorhabditis elegans

We used the temperature-induced sterile C. elegans strain CF512: rrf-3(b26) II; fem-1(hc17) IV, obtained from the Caenorhabditis Genetics Center (CGC), University of Minnesota. To obtain synchronized cultures, we lysed adult hermaphrodites (0.25 M NaOH, 1% NaClO, 10 min) and collected their eggs. Eggs were washed in M9 solution (0.24 M Sodium Phosphate Dibasic Heptahydrate, 0.11 M Potassium Phosphate Monobasic, 40 mM sodium chloride, and 93 mM ammonium cloride) and larva 1 arrested overnight in S medium at 20°C. Worms were transferred and grow in NGM plates/Escherichia coli OP50 at 25°C during adult life until collection (days 1, 5, and 10). To remove bacterial debris that could interfere with our experiments, we washed the worms three times with distilled water (1,500 rpm for 1 min) and placed them for 10 min in a slow rocking shaker. Samples were homogenized (5,000 rpm for 15 s, 4x) in cold aqueous buffer (20 mM TRIS, 100 mM NaCl, 1X protease inhibitor cocktail from Roche) in presence of 0.5 mm glass beads using a Precellys 24 homogenizer (Bertin instruments). Debris were removed (450 × g for 5 min at 4°C), and protein concentration was determined using Pierce MicroBCA Protein Assay Kit (ThermoFisher). Homogenates were stored at −80°C until use.



Mouse embryonic fibroblasts

We produced our in-house MEFs primary cultures, as previously described (Smith, 2006). Briefly, a pregnant B6C3F1 female was humanely sacrificed by exposure to CO2 at 14 days post-coitum, embryos were harvested and head, heart, and liver were removed. The remaining tissue was teased into fine pieces and digested overnight with 0.25% trypsin–EDTA at 4°C. On the next morning, trypsin was removed and a cell suspension was prepared by up and down pipetting. Debris were removed by sedimentation. The cell suspension was plated in 10-cm tissue culture dishes with MEFs culture medium (Dulbbeco’s DMEM from Sigma, 10% fetal bovine serum from Gibco, and 1X non-essential aminoacids from Gibco and 1X antimicotic-antibiotic from Gibco). MEFs were sequentially passaged once they reached 70–80% confluency. Cells were harvested at each passage and homogenized with a manual pestle in cold aqueous buffer. Debris were removed (450 × g for 5 min at 4°C), and protein concentration was determined using Pierce MicroBCA Protein Assay Kit (ThermoFisher). Homogenates were stored at −80°C until use.

To characterize MEFs senescence we measured population doubling (PD) levels, cellular size, and proliferation. To determine PD, we counted the total number of cells after each passage using a Neubauer chamber. PD was calculated as follows (Faraonio et al., 2012):
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Where nh is the number of cells after passage, ni is the starting cell number.

To visualize and quantify cellular size, we stained 4% paraformaldehyde fixed permeabilized cells with ActinGreen 488 Ready Probes (ThermoFisher). Samples were mounted with Vectashield (Vector Labs) that contains DAPI to counterstain the nucleus.

To measure cell proliferation, we used the 5-Bromo-2′-deoxyuridine incorporation assay. Briefly, MEFs were treated for 24 h with a 10 μM solution of 5-Bromo-2′-deoxyuridine (BrdU, Sigma), followed by a 20 min fixation with Bouin’s solution (Sigma), and incubated overnight with G3G4 (anti-BrdU, Developmental studies hybridoma bank). We used Alexa Flour 594 (Life technologies) as secondary antibody. Samples were mounted with Vectashield (Vector Labs).



Mouse tissue samples

Brain, heart, liver, and intestine were harvested from PBS perfused male B6C3F1 mice of different ages (“young” 3 months old, “adult” 12 months old, and “old” 22 months old). Mice were housed at the University of Texas Health Science Center animal facility under standard conditions with a PicoLab Rodent 20 diet (Labdiet). Food and water were provided ad libitum. All animal experiments were approved by the University of Texas Health Science Center Animal Welfare Committee and were in accordance with NIH Guidelines. All homogenates were prepared in presence of cold aqueous buffer with 1X protease inhibitor cocktail from Roche; protein concentration was determined using Pierce MicroBCA Protein Assay Kit (ThermoFisher). Brains were homogenized using a Dounce homogenizer. Heart, liver, and intestine were homogenized (5,000 rpm for 20 s, 4x) in cold aqueous buffer with 2.8 mm stainless steel beads using a Precellys 24 homogenizer (Bertin instruments). Debris were removed by low speed centrifugation (450 × g for 5 min at 4°C). Homogenates were stored at −80°C until use.




Insoluble protein extraction

The extraction process was entirely performed at 4°C and in the presence of the protease inhibitor cocktail from Roche to avoid protein degradation. Samples were normalized by total protein concentration and treated for 1 h with 65 units/ml of Benzonase nuclease (Sigma) to remove nucleic acids and 1.35 units/mg of Lipase A (Sigma) to remove lipids. For insoluble protein extraction, we first centrifuged the sample at 20,000 × g for 1 h at 4°C in presence of aqueous buffer, followed by pellet resuspension and a second centrifugation (same speed as above) in aqueous buffer (wash). The pellet in aqueous solution was carefully resuspended in detergent buffer (20 mM TRIS–HCl, 100 mM NaCl, 0.1% SDS, 1% sodium deoxycholate, 1% Igepal, and 1X protease inhibitor cocktail from Roche) and centrifuged. The detergent insoluble pellet was washed two times with aqueous buffer to remove any residue of detergent that could interfere with our assays. Finally, the pellet was resuspended in aqueous buffer and mildly sonicated for 10 min at 100% Amplitude. We consider this suspension the insoluble fraction. Protein concentration was determined using Pierce MicroBCA Protein Assay Kit (ThermoFisher).



Proteinase K resistance digestion assay

Samples were normalized by the concentration of insoluble protein. The insoluble fractions were digested with 0.3 μg of proteinase K (PK, Sigma) for each 20 μg of insoluble protein, at 37°C for 1 h. The digestion was stopped by the addition of 5 mM phenylmethylsulfonyl fluoride (PMSF, Sigma). We then precipitated the non-digested fraction by mixing the samples with four volumes of 100% methanol, followed by 1 h incubation at −80°C. The samples were centrifuged at 12,000 × g for 10 min and we determined the concentration of non-digested protein in the pellet using Pierce MicroBCA Protein Assay Kit (ThermoFisher). The percentage of undigested protein was determined using the following equation: Non digested protein after PK/total protein before PK × 100.



Thioflavin T binding assay

Samples were normalized by the concentration of insoluble protein. Fluorescence readings of the insoluble fractions were performed in the presence of 5 μM thioflavin T (Sigma), using a Hitachi F7000 Fluorescence Spectrophotometer (excitation 435 nm, emission 485 nm). Fluorescence signal of the samples in absence of thioflavin T and a thioflavin T blank were used as background. For thioflavin T experiments in protein degraded samples, we subjected the insoluble fractions to a strong digestion treatment with 1 mg/ml proteinase K (PK, Sigma) for 1 h at 37°C, digestion was stopped with 5 mM phenylmethylsulfonyl fluoride (PMSF, Sigma). Digested products were mixed with 5 μM thioflavin T (Sigma), and fluorescence was determined as stated above.



Histological analysis

Brain samples were fixed in formalin and paraffin embedded. 10-μm thick sections were obtained. After deparaffinization, we stained with thioflavin S, aggresome dye, and BTA-1. Briefly, thioflavin S (Sigma) staining was performed by incubation with a 0.1% thioflavin S solution for 10 min, followed by two washes in 80% ethanol. For BTA-1 staining, we incubated the samples with a 100 nm BTA-1 solution for 45 min, followed by a wash in distilled water. For aggresome staining, we used Proteostat Aggresome detection dye (Enzo Life Sciences) for 10 min, followed by a 20 min wash with 1% acetic acid. Samples were cover-slipped with Vectashield (Vector Labs) or Fluoro-Gel (EMS) mounting medium. Each group of samples was analyzed by immunofluorescence. Images were acquired with a Leica DMI 6000B microscope.

Confocal microscopy was performed at the Center for Advanced Microscopy, Department of Integrative Biology & Pharmacology University of Texas, Health Science Center. Brain histological sections were visualized using a Nikon A1R Confocal Laser Microscope System. The acquisition was made at standard high-resolution confocal mode. Image analysis and quantification was performed using Image J (RSB, Reserve Services Branch, NIH).



Mass spectrometry


Sample preparation for mass spectrometry (MS)

Brain insoluble fractions were resuspended in 6 M guanidine hydrochloride, 0.1 M TRIS–HCl with 1X protease inhibitor cocktail from Roche, and sonicated for 4 min at 100% Amplitude. Samples were subjected to acetone precipitation; proteins were precipitated at −20°C overnight. After centrifugation (12,000 × g × 5 min), the pellets were resuspended in 10 μl of 150 mM Tris–HCl, pH 8.0, denatured and reduced with 20 μl of 9 M urea, 30 mM DTT in 150 mM Tris HCl, pH 8.0, at 37°C for 40 min, then alkylated with 40 mM iodacetamide in the dark for 30 min. The reaction mixture was diluted 10-fold using 50 mM Tris–HCl pH 8.0 prior to overnight digestion at 37°C with trypsin (1:20 enzyme to substrate ratio). Digestions were terminated with adding equal volume of 2% formic acid, and then desalted using a 1 ml reverse phase cartridges (Waters Oasis HLB) according to the vendor’s procedure: wash cartridge with 2 × 500 μl of 70% of acetonitrile in 0.1% formic acid, equilibrate with 2 × 500 μl of 0.1% formic acid, load total volume of digest, wash with 2 × 500 μl of 0.1% formic acid, and elute with 500 μl of 70% acetonitrile in 0.1% formic acid. Eluates were dried via vacuum centrifugation.



Liquid chromatography with tandem mass spectrometry analysis (LC/MS/MS)

An aliquot of the tryptic digest (in 2% acetonitrile/0.1% formic acid in water) was analyzed by LC/MS/MS on an Orbitrap Fusion™ Tribrid™ mass spectrometer (Thermo Scientific™) interfaced with a Dionex UltiMate 3000 Binary RSLCnano System. Peptides were separated onto a Acclaim™ PepMap ™ C18 column (75 μm ID × 15 cm, 2 μm) at a flow rate of 300 nl/min. Gradient conditions were: 3–22% B for 120 min; 22–35% B for 10 min; 35–90% B for 10 min; and 90% B held for 10 min (solvent A, 0.1% formic acid in water; solvent B, 0.1% formic acid in acetonitrile). The peptides were analyzed using data-dependent acquisition method, Orbitrap Fusion was operated with measurement of FTMS1 at resolutions 120,000 FWHM, scan range 350–1,500 m/z, AGC target 2E5, and maximum injection time of 50 ms; during a maximum 3 s cycle time, the ITMS2 spectra were collected at rapid scan rate mode, with CID NCE 35, 1.6 m/z isolation window, AGC target 1E4, maximum injection time of 35 ms, and dynamic exclusion was employed for 60 s.



Data processing and analysis

The raw data files were processed using Thermo Scientific™ Proteome Discoverer™ software version 1.4, spectra were searched against the IPI_mouse 3.87 database using the Mascot search engine. Search results were trimmed to a 1% FDR using Percolator. For the trypsin, up to two missed cleavages were allowed. MS tolerance was set 10 ppm; MS/MS tolerance 0.8 Da. Carbamidomethylation on cysteine residues was used as fixed modification; oxidation of methione as well as phosphorylation of serine, threonine and tyrosine was set as variable modifications.




Functional annotation analysis

Functional annotation was performed using NIH-DAVID v6.8. We used Mus musculus genome as background list and the Kyoto Encyclopedia of Genes and Genomes biochemical pathways (KEGGs) for final analysis. Terms not relevant for brain physiology were removed. A value ≤0.05 of the modified Fisher Exact p-value (EASE Score) was considered significant.



Statistical analysis

Statistics were performed with GraphPad Prism Software 5 (GraphPad Software, Inc.). Changes among groups were analyzed by T-test or one way ANOVA followed by Tukey post-hoc test. Value of p ≤ 0.05 was considered significant.




Results


Proteins misfold and accumulate during aging and cellular senescence

Misfolding and aggregation leads to protein insolubilization, resistance to elimination by cellular clearance and the ability of the aggregates to bind to certain amyloid-binding dyes (e.g., Thioflavin; Soto and Pritzkow, 2018). These properties have been frequently used to characterize protein aggregates in PMDs. We exploited these properties to study the occurrence of age-related protein misfolding at the level of the cell, organ, and full multicellular organism. For this purpose, we studied the presence and quantity of misfolded protein aggregates in senescent mouse embryonic fibroblasts (MEFs), aged mouse organs (brain, heart, liver, and intestine), and old C. elegans. The time to reach senescence and senescent properties in the MEF model were carefully evaluated by standard procedures (Supplementary Figure 1).

Disease-associated misfolded aggregated proteins remain insoluble, even in the presence of strong detergents (Kushnirov et al., 2006; Yuan et al., 2006). To assess the levels of insoluble protein in our samples, we extracted and quantified the detergent-insoluble fractions from total homogenates and compared among different ages or proliferative stages (Figure 1). We observed a progressive and significant increase of insolubility during aging in C. elegans (p ≤ 0.01; Figure 1A), senescent MEFs (p ≤ 0.001; Figure 1B), and mouse brain and heart (p ≤ 0.001; Figures 1C,D). We detected low levels of insoluble proteins in young and adult samples, which remained nearly similar in both age groups. Comparing the means of young/proliferative with old/senescent samples, the most substantial fold-change occurred in mouse brain (2.5), followed by heart (1.7), MEFs (1.3), and worms (1.3). To our surprise, we did not detect statistical differences between young and old samples from liver or intestine (Figures 1E,F). These results suggest that the accumulation of misfolded protein aggregates during aging occurs only in some tissues.
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FIGURE 1
 Insoluble protein levels increase during aging and senescence. Percentage of insoluble protein present in samples of: (A) Caenorhabditis elegans, day 1 (D1), day 5 (D5), and day 10 (D10) of adult life, n = 3; (B) MEFs, proliferative (population doubling or PD = 3), and senescent (PD = 8), n = 3; (C) Brain; (D) Heart; (E) Liver, and (F) Intestine of mouse, young (3 m.o., n = 8), adult (12 m.o., n = 8), and old (22 m.o., n = 4). One way ANOVA, Tukey post-hoc test. T-test (FEMs), nsp > 0.05, *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. Average ± SEM.


Misfolded protein aggregates are extremely resistant to thermal, chemical, or proteolytic degradation (Neumann et al., 2002; Stöhr et al., 2012; Saverioni et al., 2013). This property is critical for the high resistance of misfolded proteins to clearance, leading to accumulation and deposition. To test the ability of the insoluble proteome to resist proteolytic degradation, we performed controlled proteinase K (PK) digestion, followed by quantification of remaining proteins to determine the percentage of non-digested protein (Figure 2). We found the aged insoluble proteome of C. elegans (p ≤ 0.001; Figure 2A), senescent MEFs (p ≤ 0.001; Figure 2B), mouse brain (p ≤ 0.05; Figure 2C), and heart (p ≤ 0.05; Figure 2D), to be more resistant to digestion than their younger/proliferative counterparts. In terms of mean-fold increases, the highest contrast of young vs. old occurred in brain (3.3), followed by worms (2.8), heart (2.7), and senescent MEFs exhibited a modest increase (1.5). These results suggest that the aged insoluble proteome has an increased resistance to proteolytic digestion, consistent with the presence of aggregated structures. No significant changes on protease resistance in the liver or intestine proteome were observed (Figures 2E,F).

[image: Figure 2]

FIGURE 2
 Insoluble proteins accumulating during aging and senescence are resistant to protease digestion. Percentage of protein resistant to PK digestion in the insoluble fraction of samples of: (A) Caenorhabditis elegans, day 1 (D1), day 5 (D5), and day 10 (D10) of adult life, n = 3; (B) MEFs, proliferative (PD = 3) and senescent (PD = 8), n = 3; (C) Brain; (D) Heart; (E) Liver; and (F) Intestine of mouse, young (3 m.o., n = 8), adult (12 m.o., n = 8), and old (22 m.o., n = 4). The percentage of protein remaining undigested was measure after precipitating proteins with methanol as described in the Methods. One way ANOVA, Tukey post-hoc test. T-test (FEMs), nsp > 0.05, *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. Average ± SEM.


Thioflavin is a benzotiazolic molecule that exhibits an increase in fluorescence after binding to misfolded protein aggregates with high beta-sheet stacking (Xue et al., 2017). It has been extensively used for the ex vivo and in vitro detection of disease-associated misfolded aggregates (Saeed and Fine, 1967; LeVine, 1993; Rajamohamedsait and Sigurdsson, 2012; Xue et al., 2017). To gain insight on the supramolecular assembly present in the aged insoluble proteome, we performed in vitro thioflavin T (ThT) binding assays (Figure 3). To avoid nonspecific binding of the dye, we pre-treated the samples with DNase and lipase since DNA and lipids have been shown to bind ThT. The results show a significantly increased fluorescent signal in aged worms (p ≤ 0.05; Figure 3A), senescent MEFs (p ≤ 0.01; Figure 3B), old brain (p ≤ 0.001; Figure 3C), and old heart (p ≤ 0.001; Figure 3D). When we calculated the mean-fold increase of thioflavin signal of young vs. old, we found that aged brain insoluble proteome has the highest increase (3.1), followed by heart (2.4), MEFs (2.2), and worms (1.8). This result indicates the presence of an enriched fraction of misfolded proteins with intermolecular beta-sheet structure in the aged insoluble proteome. Again, we did not observe significant differences in the insoluble proteome of liver or intestine (Figures 3E,F). To exclude the possibility that ThT binding was associated to molecules other than proteins, we used a harsh digestion treatment (1 mg/ml protease for 1 h at 37°C) to degrade proteins in our samples. This treatment is often enough to degrade disease-associated amyloid proteins. We found little to no fluorescent signal upon treatment (Supplementary Figure 2). This result suggest that the ThT signal was indeed coming from misfolded protein aggregates. Thus, we conclude that during aging and senescence there are significantly high levels of misfolded protein aggregates.
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FIGURE 3
 Insoluble proteins accumulated during aging and senescence bind to Thioflavin T. Thioflavin T fluorescence in arbitrary unit (a.u) of the insoluble fraction of: (A) C. elegans, day 1 (D1), day 5 (D5), and day 10 (D10) of adult life, n = 3; (B) MEFs, proliferative (PD = 3) and senescent (PD = 8), n = 3; (C) Brain; (D) Heart; (E) Liver; and (F) Intestine of mouse, young (3 m.o., n = 8), adult (12 m.o., n = 8), and old (22 m.o., n = 4). One way ANOVA, Tukey post-hoc test. T-test (FEMs), nsp > 0.05, *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. Average ± SEM.




Extensive intracellular accumulation of misfolded proteins and aggresomes in aged brain

Our biochemical results revealed remarkable increases in protein misfolding during aging in various systems, with the most clear effect seen in the mouse brain. Based on these results, we performed histological studies in mouse brain samples from the midbrain to gain a better understanding of the histopathology of non-disease-associated age-related accumulation of misfolded proteins. For this purpose, we evaluated the presence and location of misfolded proteins in brain slices of animals at different ages. We perfused and collected brains from young, adult, and naturally-aged wild type mice. We stained brain slices with thioflavin S (ThS). We did not detect extracellular ThS-positive deposits, as observed in AD brains (Bussiere et al., 2004). However, we observed a progressive intracellular punctuated-like ThS staining as age increased (Figures 4A,B). To confirm the ThS staining of old brain tissue indeed represents accumulation of misfolded protein aggregates, we used BTA-1, which is a blue fluorescent analog of ThS (Wu et al., 2008). As displayed in Supplementary Figure 3, this dye stained the same deposits as ThS. The particular juxtanuclear location of the staining caught our attention, as it indicates the possible sequestration of toxic misfolded proteins into aggresomes. Thus, we performed co-stainings with ThS and an aggresome detection dye (Figure 4A). We observed a good co-localization between thioflavin and aggresome signal (Figure 4A). We quantified the percentage of area stained by each of these procedures (Figures 4B,C) and found significant increase when we compared adult (p ≤ 0.01) and young (p ≤ 0.001) vs. the old group. We used confocal microscopy to avoid interference from the natural auto-fluorescence of the samples. Nevertheless, as shown in Figure 4A, old unstained tissue did not show significant auto-fluorescence. To further confirm that the fluorescent signal does not correspond to the background auto-fluorescence, we processed images for all samples with no staining (Supplementary Figure 4). Taken together, our results provide histological evidence of age-related intracellular accumulation of misfolded proteins sequestered into aggresomes in brain, in the absence of disease.
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FIGURE 4
 Thioflavin S and aggresome staining increase and co-localize in aged mouse brain. (A) Confocal microscopy of histological sections of mouse brain at different ages co-stained with Thioflavin S (green) and aggresome dye (red). Scale bar: 10 μm; Quantification of the percentage of area stained by Thioflavin S (B) and aggresome (C) dye in histological sections of mouse brain. Young (3 m.o.), adult (12 m.o.), and old (22 m.o.), n = 3 (an average of 20 slides per animal were analyzed). One way ANOVA, Tukey post-hoc test, nsp > 0.05, *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. Average ± SEM.




Proteins involved in synapsis, metabolism, and proteostasis misfold in the aged brain

To unveil the identity of the proteins that misfold in the aged brain, we performed proteomic analysis of the insoluble fractions of the brain from young and aged mice. We analyzed only those proteins detected in all three individuals of each group. Using liquid chromatography–tandem mass spectrometry, we identified 1,101 proteins in the insoluble fraction of both young and old animals. To quantify protein abundance, we used peptide spectral match-based quantification and we calculated the old vs. young ratio for each protein. We found 168 proteins that consistently accumulate in the old insoluble proteome by 2-fold or more. We also identified 87 proteins exclusive to the aged proteome. Together, we call this set of 255 proteins, the aged-brain insoluble proteome. In addition, we found 27 insoluble proteins present only in young brains. Keratin is one of the proteins detected among the 255 proteins present in the aged insoluble proteome. However, keratin was not detected in the young insoluble proteome. This suggest that the presence of keratin is not due to experimental contamination, otherwise we would have detected this protein equally in old and young insoluble proteomes. The list of the proteins classes identified only in young brain insoluble proteome is displayed in Supplementary Table 1, and the list of all proteins in Supplementary Table 2.

To elucidate the processes affected by protein misfolding with advanced age, we looked within the aged-brain insoluble proteome for common pathways. We conducted a functional annotation analysis using NIH-DAVID v6.8 (Huang et al., 2009a,b) and explored the enriched KEGG pathways in the set (Kanehisa and Goto, 2000; Kanehisa et al., 2016, 2017). We found that proteins that misfold and accumulate in the aged brain play important biological roles in various key pathways, including dopaminergic synapsis, metabolism, proteostasis, fatty acid biosynthesis and degradation, endocytosis, and cytoskeleton (Table 1). Overall, our analysis shows that a specific set of proteins consistently misfold and accumulate with age in the brain, indicating that this is not a stochastic process, but rather a possible source of cellular dysfunction, resembling to what is observed in PMDs.



TABLE 1 Enriched KEGG pathways in the mouse aged brain insoluble proteome.
[image: Table1]




Discussion

The biological activity of cells and organisms depends on the proper function of many different proteins involved in key cellular signaling pathways. To remain biologically active, proteins need to preserve their native three-dimensional structure and solubility. Any alterations to these parameters challenge their ability to perform their normal biological function, with devastating consequences for the cell and the organism (Cuanalo-Contreras et al., 2013). Previously reported evidence showed a transition to insolubility of several proteins during aging in different models (David et al., 2010; Peters et al., 2012; Reis-Rodrigues et al., 2012; Ayyadevara et al., 2016; Kelmer Sacramento et al., 2020). Interestingly, many of these proteins are predicted to have high propensity to misfold and aggregate, similarly to PMDs (David et al., 2010). Based on these observations, we hypothesized that during aging several different proteins undergo progressive misfolding and aggregation to form structures similar to those found in age-related PMDs, causing widespread and chronic cellular dysfunction, which is the hallmark feature of aging (Cuanalo-Contreras et al., 2013).

In this study, we report the extensive and progressive accumulation of misfolded proteins during natural aging/senescence in different models, in the absence of disease. We coined the term age-ggregates to refer to this subset of proteins. Our findings demonstrate that age-ggregates exhibit the main characteristics of misfolded protein aggregates implicated in PMDs, including insolubility in detergents, protease-resistance, and staining with dyes specific for misfolded aggregates (i.e., thioflavin and BTA). Misfolded protein aggregates with these characteristics are thought to be implicated in some of today most prevalent diseases, including Alzheimer’s disease and related forms dementia, Parkinson’s disease, Amyotrophic Lateral Sclerosis, type 2 diabetes, and even cancer (Mukherjee et al., 2015; Soto and Pritzkow, 2018). The strongest risk factor for all these diseases is aging, supporting our concept that advanced age is associated with increased accumulation of misfolded protein aggregates. We found intracellular age-ggregation in the aged brain, where misfolded proteins are sequestered into aggresomes. Aggresomes have been studied in the context of neurodegenerative diseases, where they act as a general defense mechanism against high levels of accumulation of toxic misfolded proteins (Kopito, 2000). Our results indicate that the aged brain contains relatively large amounts of misfolded species, whose soluble versions participate in cellular pathways that play fundamental roles in preserving basic functions, such as protein quality control, synapsis, and metabolism. By comparison with PMD, it is likely that the aging-associated misfolded protein will be non-functional or acquire a toxic activity. Therefore, we speculate that age-related protein misfolding may play a key role in the decline of those processes. Alternatively, the formation of misfolded aggregates might be a consequence of a dysfunctional proteasomal and other degradation pathways. The reproducibility of our results using various different techniques, methodologies, and model systems (invertebrates, cellular models, and rodents) indicate that protein misfolding during aging is not a stochastic phenomenon, but rather that a specific subset of proteins are prone to misfold with age, in accordance with previous reports (David et al., 2010; Peters et al., 2012; Reis-Rodrigues et al., 2012). Several investigators have proposed that protein transition to insolubility in the context of aging is a conserved event (David et al., 2010; Peters et al., 2012); however, our results in aged liver and intestine question that paradigm. The fact that we did not observe age-ggregation increase in those organs, could indicate that their aging mechanism is intrinsically different, or that their proteome has less tendency to misfold or that they possess a more robust protein homeostasis system (Dasuri et al., 2009). It is interesting to note that liver and intestine are more mitotically active than the other models we tested (Miyaoka and Miyajima, 2013; Richardson et al., 2014), suggesting that age-related protein misfolding could be a hallmark of postmitotic/senescent age.

Our proteomic results show an over-representation of proteins implicated in proteostasis in the aged insoluble proteome of the brain, which is consistent with previous reports in other models (David et al., 2010; Peters et al., 2012; Reis-Rodrigues et al., 2012; Ayyadevara et al., 2016; Duncan et al., 2017). The proteostasis network play essential roles to clear damaged proteins. A general decline in proteostasis has been reported in aging and in several age-related disorders (Kikis et al., 2010; Morimoto and Cuervo, 2014). Confirming the role of protein homeostasis in aging, it has been shown that proteostasis activation leads to healthspan and lifespan extension (Harrison et al., 2009; Alavez et al., 2011; Ohtsuka et al., 2011; Vilchez et al., 2012). We found that proteins that misfold in the aged brain participate in several levels of the protein quality control system, from folding, to ubiquitin conjugation to degradation. Proteasome composition seems to be especially affected by brain age-ggregates, as we detected both regulatory and catalytic subunits of the proteasome in the insoluble proteome. Our observation of widespread age-ggregation of proteostasis elements is consistent with our detection of aggresomes in the aged brain and suggests that proteostasis is greatly impacted by misfolding at an advanced age.

Metabolism is another important function involved in brain health and function, and is impaired in the context of aging and neurodegeneration (Srivastava, 2019). Metabolic alterations have been linked to initiation and progression of cognitive decline, dementia, and neurovascular dysfunction (Camandola and Mattson, 2017). The brain is a highly energetic organ, it consumes 20% of the total energy expenditure of the body (Grimm and Eckert, 2017). This energy is primarily produced within the mitochondria (Grimm and Eckert, 2017). Mitochondrial fission is a very important process as it is involved in mitochondria distribution and mitophagy. Alterations in fission are linked to aging and neurodegeneration (Sebastián et al., 2016; Wai and Langer, 2016; Sebastián et al., 2017; Srivastava, 2017). Dynamin 1-like protein plays a key role in mitochondrial fission (van der Bliek et al., 2013), ensuring the survival of neurons (Kageyama et al., 2012). The fact that we detected this protein in the age-ggregated fraction, indicates that misfolding may affect mitochondrial dynamics and compromise neuronal viability. However, we did not study mitochondrial functionality or neuronal survival on these experiments. Nevertheless, our results are consistent with reports showing neuronal mitochondrial dysfunction during aging (Kowald and Kirkwood, 2000; Terman et al., 2010; Grimm and Eckert, 2017) and share similarities with previous studies pinpointing enrichment of insoluble mitochondrial proteins in old C. elegans (Reis-Rodrigues et al., 2012). We observed age-related misfolding of proteins involved in brain metabolism. We found several mitochondrial bioenergetic elements transitioning to insolubility, such as: ATP citrate lyase, acyl-CoA synthetase, aldehyde dehydrogenase 1 and 2, enoyl Coenzyme A hydratase, fatty acid synthase, glutathione S-transferase, hydroxyacyl-Coenzyme A dehydrogenase, among others. Several of them play roles in fatty acid metabolism, degradation, and biosynthesis, which are enriched in the insoluble proteome. Fatty acid metabolism influences many neurological functions, and plays anti-inflammatory and neuroprotective roles (Romano et al., 2017). Moreover, fatty acid metabolism is significantly dysregulated in neurodegenerative PMDs, such as AD (Snowden et al., 2017). The antioxidant defense of the mitochondria is affected during aging, as we found the oxidation resistance 1 protein and peroxiredoxin in the insoluble fraction. The antioxidant defense system of the mitochondria is extremely important for neuronal survival (Ferreira et al., 2019) and linked with aging (Nyström et al., 2012; Odnokoz et al., 2017). The oxidation resistance protein 1 overexpression protects against oxidative stress in models of neurodegenerative PMDs, and its deletion causes ataxia, neurodegeneration and lifespan decrease (Volkert et al., 2000; Oliver et al., 2011; Wu et al., 2016). Interestingly, we observed age-associated misfolding of dynamin 1-like (DNM1L), which is a protein involved in mitochondrial dynamics.

Not only proteostasis and metabolism are impaired during normal aging, but also there is a sustained decline on pre-and post-synaptic dopaminergic activity (Reeves et al., 2002). Dopamine plays crucial roles in the control of locomotor activity, learning, and memory (Puig et al., 2014). We propose that age-associated misfolding of proteins involved in dopaminergic synapsis could be responsible for this impairment, as we found kinesin 5B and 5C, calmodulin, and several catalytic and regulatory subunits of PP1 and PP2, in the brain insoluble aged proteome. Kinesin 5B and 5C transport vesicles to neuron terminals and its activity is dysregulated in neurodegenerative PMDs (Simunovic et al., 2009). Calmodulin binds to dopamine receptors to enhance their function (Liu et al., 2007) and PP1/PP2 regulate dopaminergic synapse (Nestler and Greengard, 1999). Interestingly, those proteins are also known mediators of ER stress (Szegezdi et al., 2006; Ozcan and Tabas, 2010), which is a defensive response against the accumulation of misfolded proteins and whose activity declines during aging and age-related diseases (Brown and Naidoo, 2012).

Unfolded protein response-mediated degradation of damaged proteins is an essential mechanism to maintain protein homeostasis and eliminate misfolded proteins in the brain (Ciechanover and Brundin, 2003). Interestingly, we found that UPS enzymes and proteasomal elements become insoluble with advanced age. We observed consistent age-related transition to insolubility of ubiquitin-like modifier activating enzyme 1 (which catalyzes ubiquitin conjugation of damaged proteins) and of several regulatory proteasomal subunits: Psmc5 (ATPase), Psmc4 (ATPase), Psmd2 (non-ATPase), as well as catalytic subunits: Psma3 (alpha type 3), Psma6 (alpha type 6), and Psma7 (alpha type 7). We detected misfolding of proteins that assist the folding of other proteins, such as chaperonin containing Tcp1.

Several proteins of our age-ggregate set overlap with the previously reported proteome of the insoluble fraction of aged mouse heart (Ayyadevara et al., 2016) as well as with proteins implicated in the formation of misfolded protein deposits in human neurodegenerative disorders (Table 2). These findings further corroborate the non-stochastic semi-conserved nature of the process and suggest that age-related protein misfolding plays significant roles in disease. We used the same selection parameters of our aged brain set to define the aged heart insoluble proteome (Ayyadevara et al., 2016), identifying a total of 385 proteins. We then compared both sets and were surprised by the overlap in biological pathways affected by age in both organs. We found a concurrence of proteins involved in dopaminergic synapse (serine/threonine-protein phosphatase 2A, Guanine nucleotide-binding protein G), fatty acid metabolism (enoyl-CoA hydratase, acyl coenzyme A thioester hydrolase), AMPK energy homeostasis (serine/threonine-protein phosphatase 2A, elongation factor 2), and proteostasis (proteasome subunit alpha type-6, 40S, and 60S ribosomal proteins). In addition, we found overlap in proteins involved in cell division (centromere protein V, cytoskeleton-associated protein 5, programmed cell death 6 interacting protein, and rho guanine nucleotide exchange factor 2). We also compared our set as well with the reported proteome of disease-associated human amyloid plaques (Liao et al., 2004), neurofibrillary tangles (NFT; Wang et al., 2005), and Lewy bodies (Xia et al., 2008). We identified the presence of tau protein in both diseased brain and our brain aging set. Microtubule associated protein tau misfolds and forms neurofibrillary tangles in AD brains and other tauopathies (Binder et al., 2005), where has been linked to toxicity, neurodegeneration, and cognitive decline (Gendron and Petrucelli, 2009). The diseased and aged sets of samples have a concomitant representation of proteins associated with mitochondrial function (Dynamin-1-like protein, Enoyl-CoA hydratase, and Peroxiredoxin-6) and proteostasis (Proteasome subunit alpha type-6, Ubiquitin carboxyl-terminal hydrolase isozyme L1); which illustrates the disease/aging link and highlights the influence of metabolism and protein quality control on these pathologies. In addition, we found the persistent presence of vimentin, an intermediate filament protein that forms the aggresome cage (Johnston et al., 1998).



TABLE 2 Overlap of mouse aged brain insoluble proteome with the insoluble proteome of mouse aged heart and human amyloid plaques, NFT, and Lewy bodies.
[image: Table2]

The 27 insoluble proteins exclusive to young brains are predominantly involved in development and morphogenesis (Supplementary Table 1), processes that become obsolete once a young animal is fully developed. This suggests that proteins that play a role early in life, become insoluble once out-to-date in young fully developed animals and are eventually eliminated later in life.

In summary, our findings show that protein misfolding, aggregation, and accumulation is not restricted to diseases, but is an integral component of “normal aging.” Our study provides new insights into non-stochastic protein misfolding during aging and imposes a new paradigm in the field. Based on our results, we propose that aging is caused by the progressive and widespread misfolding and aggregation of essential proteins and we regarded this as a pathological process, and, thus, we speculate that aging might be considered as a pathological process, similar to PMDs. Further investigation is required to understand the intrinsic factors governing age-ggregation and the differential susceptibility of tissues during the later stages of life and disease. We speculate that advanced age increases the susceptibility of a defined subset of proteins to misfold and that age-ggregation could be the pathological event behind aging in some, but not all, tissues. Our previous study showed that administration of inhibitors of protein misfolding and aggregation to C.elegans extended their lifespan and healthspan (Cuanalo-Contreras et al., 2017), supporting the link between protein misfolding, aggregation and aging. A deeper elucidation of the specific role of generalized protein misfolding in the context of advanced age will be required to determine whether age-ggregation is the consequence or the cause of aging. In this study, we identified a specific set of proteins that consistently misfold in the aged brain and that overlap with neurodegenerative diseases. This set of proteins could be used as targets toward the design of therapies to study and alleviate aging and age-related neurodegeneration. Finally, as has been noted, protein components of different theories of aging such as oxidative stress, metabolism, mitochondria, and protein homeostasis misfold during aging, suggesting that protein misfolding and aggregation could be the unifying mechanism that threads these theories all together.
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Analysis was carried out using the Database for Annotation, Visualization, and
Integrated Discovery (DAVID) v6.5. A total of 121 out of 255 entries from the aged
insoluble proteome were recognized by DAVID in the selected gene ontology functional
annotation category. EASE score p value: modified Fisher exact p value (p <0.05).
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Several proteins that misfold in the aged brain are represented in the aged heart
(Ayyadevara etal,, 2016) and disease associated set (Liao et al., 2004 Wang et al,, 2005;
ia etal., 2008),






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Extensive accumulation of misfolded protein aggregates during natural aging and senescence



		Introduction



		Materials and methods



		Sample collection and processing



		Caenorhabditis elegans



		Mouse embryonic fibroblasts



		Mouse tissue samples









		Insoluble protein extraction



		Proteinase K resistance digestion assay



		Thioflavin T binding assay



		Histological analysis



		Mass spectrometry



		Sample preparation for mass spectrometry (MS)



		Liquid chromatography with tandem mass spectrometry analysis (LC/MS/MS)



		Data processing and analysis









		Functional annotation analysis



		Statistical analysis









		Results



		Proteins misfold and accumulate during aging and cellular senescence



		Extensive intracellular accumulation of misfolded proteins and aggresomes in aged brain



		Proteins involved in synapsis, metabolism, and proteostasis misfold in the aged brain









		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/fnagi-14-1090109-g001.jpg
. 3
£ °
T 2
g 5 &
& 2. = £ =
G B o E p H i3
s ] o < M <
k=1 o
g = =
H Y o
H [ : otz
o 2 >
& w & v o & & & o & o & & o
& 2 2 2 8 R 2 2 8 ] ¢
uiajoud ajgnjosuj %, uajoud ajgnjosu] 9, uiajoud ajqnjosu) %,
o a w
e 3 bl
a 5 5
¥ s |
o |t K =
s S = 2 =
S il 2 @ ¢ [ e o 3
2 E < o <
o} 3 E]
[§] =
o M o
5 5 5
o
2 2
[ R S S— & & & & o & o & & o
T g 8 | ¢ ? 8 | ¢
uggjoid 3|qnjosu| % ugajoud ajgnjosuj %, ujajoud ajgnjosu] %,
< (8] w





OPS/images/fnagi-14-1090109-g002.jpg
= kS
H z
& 2 °
g =
5 t E o
. : 3 w L ]
e g ' 3 3 ]
= g 3 3
= o
5 s
£ = z g
s 3 3
: i 15 i
8 &8 & =° 8 8§ R ° g2 ¢ 8
usjoud paysabipun 9% uajoud paysabipun 9, uiajoud paysablpun %
a w
= z =
a ° o
3 S
3 = &
g 5 & g .
H 9 s E = 3
g’ & 8 W (3 ] H
< 2 3
[} =
o = o
- € €
2 o o & o & S S ° < ) o o
g 8 ] 2 g § R§ g 8§ R
uiajoud paysabipun % uisjoud paysabipun % uiajoud paysabipun %
o w





OPS/images/cover.jpg
' frontiers | Frontiers in Aging Neuroscience

Extensive accumulation of
misfolded protein aggregates
during natural aging and
senescence












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
, frontiers Frontiers in Aging Neuroscience






