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Abstract

Neurodegenerative diseases are largely defined by protein aggregates in affected tissues. 

Aggregates contain some shared components as well as proteins thought to be specific for each 

disease. Aggregation has not previously been reported in the normal, aging heart or the 

hypertensive heart. Detergent-insoluble protein aggregates were isolated from mouse heart and 

characterized on 2D gels. Their levels increased markedly and significantly with aging and 

following sustained angiotensin-II-induced hypertension. Of the aggregate components identified 

by high-resolution proteomics, half changed in abundance with age (392/787) or with sustained 

hypertension (459/824), while 30% (273/901) changed concordantly in both, each P<0.05. One 

fifth of these proteins were previously associated with age-progressive neurodegenerative and/or 

cardiovascular diseases — e.g. ApoE, ApoJ, ApoA-IV, clusterin, complement C3, and others 

involved in stress-response and protein-homeostasis pathways. Since fibrosis is a characteristic of 

both aged and hypertensive hearts, we posited that aging of fibroblasts may contribute to the 

aggregates observed in cardiac tissue. Indeed, as cardiac myofibroblasts “senesced” (approached 

their replicative limit) in vitro, they accrued aggregates with many of the same constituent proteins 

observed in vivo during natural aging or sustained hypertension. In summary, we have shown for 

the first time that compact (detergent-insoluble) protein aggregates accumulate during natural 

aging, chronic hypertension and in vitro myofibroblast senescence, sharing many common 

proteins. Thus, aggregates that arise from disparate causes (aging, hypertension, replicative 

senescence) may have common underlying mechanisms of accrual.
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Introduction

Deaths from atherosclerotic cardiovascular disease (CVD) comprise 31% of all mortality 

world-wide. Age and hypertension are the major risk factors for atherosclerotic CVD, and 

both are associated with increased stiffness of the heart. This rigidity, resulting in diastolic 

dysfunction, is largely attributed to myofibroblast growth and collagen deposition between 

cardiomyocytes. Knowledge of the mechanisms that contribute to cardiovascular aging 

would have profound clinical implication for CVD prevention, early detection, and 

development of therapies.

Most proteins adopt, either spontaneously or with the help of other proteins, specific folded 

structures with limited degrees of freedom. Chemically altered or misfolded structures, when 

they occur, are vulnerable to aggregation with other unstructured proteins (1). Although 

protein damage and misfolding are inevitable, multiple “proteostasis” systems are devoted to 

the repair or clearance of damaged proteins. The heart, in particular, is subject to continuous 

mechanical and metabolic stress; as a result, the cardiac proteome may be especially reliant 

on multi-level quality control to ensure proper folding and integrity of proteins (2). In 

diverse neuro-degenerative disorders, insoluble protein aggregates accrue in neuronal 

cytoplasm or nuclei (3–5) which are believed to comprise misfolded proteins that were not 

cleared by either chaperone-mediated refolding, the ubiquitin-proteasome pathway, or 

autophagy (6). Genetic disruption of these pathways can also lead to heritable 

cardiomyopathies that feature aggregate foci (7;8) While protein aggregation has been 

studied extensively in neurodegenerative diseases (9;10), aggregates that form during normal 

cardiac aging or sporadic CVD have not previously been characterized.

Aging is accompanied by a state of chronic inflammation termed “inflammaging” (11), 

which is also characteristic of many age-associated diseases such as atherosclerosis, 

neurodegenerative diseases and hypertension (12–14). Both cardiac aging and sustained 

hypertension feature elevated levels of reactive oxygen species (ROS), which have been 

implicated in CVD, chronic inflammation, and reduced biosynthesis and availability of nitric 

oxide (15).

The ubiquitin-proteasome system is the first line of defense for clearing misfolded and 

aggregated proteins from many tissues, including heart muscle (2;16). Despite extensive 

research on protein aggregation as a mediator of age-dependent functional decline, 

consideration of its possible role in atherosclerotic CVD has emerged only quite recently 

(17).

In the present study, we isolated and quantified compact aggregates from the hearts of 

young-adult and aged mice, and identified their protein constituents. To ask whether the 

hypertensive state itself disrupts proteostasis and thus mimics aging, we compared protein 

aggregates from hearts of young mice that were either hypertensive or normotensive. We 
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also examined protein aggregation in early- and late-passage cardiac myofibroblasts, to 

assess whether their proteostasis is impaired during in vitro senescence and thus may 

contribute to cardiac senescence in vivo. Protein components of these aggregates were 

identified and quantified by high-resolution mass spectrometry, revealing a remarkable 

overlap in constituent proteins among aggregates formed during normal aging and 

angiotensin-II-induced hypertension, and (to a lesser extent) in myofibroblast replicative 

senescence.

Methods

We analyzed protein aggregates from young, aged, hypertensive hearts, and fibroblasts 

isolated from mice hearts. See online-only Data Supplement for detailed material and 

methods.

Results

Cardiac protein aggregates increase in abundance and complexity with age

Proteins were recovered and solubilized from cardiac-tissue aggregates, and resolved on 2-D 

gels (isoelectric focusing followed by SDS/acrylamide-gel electrophoresis). Results of 

representative experiments are shown in Fig. 1, panels A and B. Heart tissue from aged mice 

(30 months, panel B) showed a dramatic increase in the number and abundance of 

aggregated protein components, relative to those from young-adult mice (12 months, panel 

A). Combining data from three independent comparisons (panel C), hearts of older mice 

contained 4.5-fold more aggregated proteins than hearts from young-adult mice (P = 0.01 by 

2-tailed t-test; each N=3).

Hypertension increases the quantity and diversity of aggregated cardiac proteins

Chronic hypertension mimics and accelerates many of the clinical indices of cardiac aging. 

Since Ang II infusion induces hypertension and initiates cardiac remodeling (cardiomyocyte 

hypertrophy and extensive fibrosis) (18), and hypertensive hearts show functional declines 

similar to those observed in naturally aged hearts (e.g. loss of compliance), we asked 

whether mouse hearts exposed to sustained hypertension might also show protein aggregates 

resembling those of aged hearts. Indeed, cardiac tissues of Ang II-infused mice showed a 

marked elevation in aggregated proteins relative to control (saline-treated) mice of the same 

age (Fig. 1, panels D and E). This increase averaged 3.2-fold for three independent 

comparisons (P<0.01 by 2-tailed t-test; see Fig. 1F). The patterns of aggregated proteins 

observed in 2D gels also became more complex and diverse after Ang II infusion relative to 

control hearts, but were not as complex as those of cardiac tissue from 30-month-old mice. 

Although it is not possible to correlate specific protein spots between these 2D profiles, the 

results suggest that young hypertensive hearts may contain a subset of the aggregate 

components that appear with normal aging.

Protein aggregation accompanies “replicative aging” of cardiac myofibroblasts

Fibroblasts play important role in maintaining cardiac structure and function, and 

predominate during cardiac remodeling that occurs with aging and pressure-overload 
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situations such as sustained hypertension (21). We isolated fibroblasts from hearts of young 

mice (2.5 months), and propagated them in vitro for 15 mean population doublings (MPD), 

by which time their inter-division time had increased 2.5-fold, indicating replicative 

senescence. We isolated protein aggregates from myofibroblasts at 3 and 15 MPD, and 

separated their detergent-insoluble fractions from less compact and/or less stable protein 

complexes. Protein intensity and complexity increased substantially as cells approached their 

replicative limit. Representative examples of aggregated proteins from cardiac 

myofibroblasts are shown in Fig. 1, panels G and H. While the 2D protein patterns for 

cardiac myofibroblasts are rather different from those of heart tissue (Fig. 1, panels A,B,D 

and E), both the pattern complexity and abundance (intensity) of aggregated proteins 

increased with myofibroblast senescence, paralleling the changes observed in aged and 

hypertensive hearts. The mean increase (for two replicate cultures per group, expanded 

independently) in aggregate protein content with in vitro senescence was >2-fold (see Fig. 1; 

P = 0.01 by 2-tailed t-test).

Identification of aggregated proteins from hearts of normal young, aged, or hypertensive 
mice

Sarcosyl-insoluble protein aggregates isolated from mouse hearts (two per group) and 

cultured cardiac myofibroblasts (two cultures per group) were dissolved by heating in 

Laemmli buffer, containing a strong ionic detergent (SDS) and a strong reducing agent (β-

mercaptoethanol). Constituent proteins of aggregates were then electrophoresed on 

denaturing polyacrylamide gels, digested with trypsin in excised gel slices, and peptides 

identified by high-resolution tandem mass spectrometry coupled to nanoflow liquid 

chromatography. Proteins with Mascot scores >90 (indicating >95% likelihood of correct 

identification) were considered to be present, and relative quantities of those proteins were 

estimated from spectral counts (peptide “hits”) summed for all peptides of each protein. This 

provides a crude measure of relative protein abundance, uncorrected for protein size (which 

affects hit frequency but can be neglected when comparing samples for abundance of the 

same protein).

As mice aged from 3.5 to 30 months, 155 proteins became more abundant while 237 

proteins became less abundant in aggregates isolated from cardiac tissue (considering only 

changes that were significant at P<0.05, Fig. 2), far more than would be expected by chance 

in a total of 787 proteins identified. Hypertension led to similar shifts in the composition of 

cardiac aggregates, with 223 proteins increasing in abundance and 236 declining, relative to 

normotensive mice (out of 824 identified proteins). Among proteins that increased their 

abundance in aged hearts, 44% also increased in hearts from mice with sustained 

hypertension (considering only changes significant at P<0.05, Fig. 2). Moreover, 56% of 

proteins that diminished in aged hearts were also significantly reduced in hypertensive 

hearts. Conversely, 34% of proteins that became more abundant with hypertension also 

increased in aged hearts, while 61% of proteins that declined in hypertensive hearts also fell 

in aged hearts. Thus, there was substantial overlap between the shifts in the protein 

composition of aggregates accompanying aging and hypertension.
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Although proteomics indicates more aggregate proteins decreasing than increasing with age 

(and nearly equal numbers with hypertension), there is no disagreement with the net declines 

consistently seen in 2D gel analyses (Fig. 1). Aggregates were initially scarce in hearts of 

young, untreated mice (Fig. 1, A and D), so the marked increases that accompany aging and 

angiotensin-II treatment were far more conspicuous than the declines.

Selection of proteins for validation

Six of the proteins identified in the aggregate proteomes of heart tissue (HSP90, fibronectin, 

cytochrome C, 14-3-3, ApoE and clusterin) were assessed by western blotting of fresh 

aggregates isolated from young, aged and hypertensive mouse hearts. As shown in Figure 3, 

the levels of these proteins indicated by immunodetection altered with age and hypertension, 

fully corroborating the proteomics data (indicated by “hit counts” superimposed over the 

histogram bars).

Identification of aggregated proteins from cardiac myofibroblasts aging in vitro

A rather different picture emerged from the analysis of proteins in aggregates isolated from 

cultured cardiac myofibroblasts: 389 proteins increased in abundance with replicative 

senescence, while 166 declined. Overlaps among the aggregated proteins that displayed 

differential abundance in each comparison are shown as Venn diagrams (Fig. 2). The 

proteins that declined in senescent myofibroblasts were also likely to have decreased in aged 

hearts (58–60%), whereas proteins that rose in abundance coincided less frequently (15–

18%).

Overlapping profiles of aggregate proteins that change in abundance with aging, 
hypertension, or in vitro senescence

Many of the proteins from sarcosyl-insoluble aggregates, identified by proteomics with high 

confidence (False Discovery Rate q<0.05) also shifted in abundance during aging and/or 

sustained hypertension (considering only changes significant at P<0.05, Fig. 2). The overlap 

of these sets was highly enriched for proteins previously shown to play roles in CVD or 

Alzheimer’s disease; these are listed in Table S1 along with their known functions and 

spectral counts (Supplementary Data). Abundance ratios for all proteins found in sarcosyl-

insoluble aggregates, contrasting young-adult vs. aged, or normotensive vs. hypertensive 

hearts, or cultured cardiac myofibroblasts at 3 or 15 population doublings are shown in Table 

S2. Of 1393 total proteins identified with confidence (q<0.05) in any sample, 836 were 

enriched in at least one comparison (2267 significant changes, summed for three 

comparisons), whereas <70 per contrast (<210 for all three) would be expected to differ by 

chance at P<0.05. A substantial fraction of the proteins that accrued in aggregates from aged 

and hypertensive hearts had been previously implicated in atherosclerotic CVD (12.1%) 

and/or neurodegenerative diseases (6.2%) or other age-dependent diseases (2.1%), for a total 

of 20.4% (see Table S1 for references).

Proteins that were highly abundant in the aged heart, but rare or undetected in hypertension 

and senescent myofibroblasts, include apolipoprotein E, clusterin/ApoJ, complement C3, 

histones H1t, H2A and H2B, periostin, vitronectin and von Willebrand factor A protein. 
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Among these, ApoE, clusterin and C3 have been implicated in both CVD and Alzheimer’s 

disease (ref. 38 and citations in Table S1).

Of particular interest are the 98 proteins that increased in heart aggregates with both natural 

aging and sustained hypertension; these include Apolipoprotein A-IV, atrial natriuretic 

factor, cardiac phospholamban, filamin’s A–C, lamin-A/C, myosin-binding protein C, 

myotilin, obscurin, 9 proteasome subunits, serotransferrin, synaptopodin-2-like, tropomyosin 

α-4 chain, vinculin, vitronectin, and xin/actin-binding protein 1.

Proteins that declined dramatically with natural aging and sustained hypertension include 

14-3-3 zeta and epsilon (3 other isoforms also declined somewhat), α-actinin 3, annexin A6, 

cadherin 2, EH-domain protein 2, γ-enolase, HSP75, myosin 1, neurofilament L chain, 

sarcalumenin, sarcoplasmic/endoplasmic recticulum calcium ATPase 1 (SRCA1), Ser/Thr 

phosphatase 2A, SET & MYND-domain-containing protein 1, and ubiquitin-like modifier-

activating enzyme 1. Two highly abundant proteins, myosin 1 and SRCA1, and five less-

abundant ones (α-actinin-3, annexin A6, EH-domain protein 2, γ-enolase, HSP75,), were 

identified only in aggregates from young hearts. Many proteins that declined in aggregate 

abundance with age and/or hypertension are involved in stress responses and protein 

homeostasis, which are thought to be protective; these include SRCA1, α-actinin-3, γ 

enolase, glycogen phosphorylase, and heat shock proteins.

Gene ontology (GO, functional annotation) analysis has been used to identify pathways and 

processes implicated by transcriptomics and other “omics” analyses, by looking for 

enrichment of differentially represented molecular species in each category. We applied 

DAVID (v.6.7, david.abcc.ncifcrf.gov) analysis to proteins that were either over-represented 

or (separately) under-represented in aged hearts relative to young-adult hearts. The most 

significantly age-enriched categories (GO terms or pathways) are listed in Table S3, along 

with the corresponding data for GO/pathway enrichment in hypertensive heart and in vitro-

aged myofibroblasts. Protein categories that were significantly enriched in all three 

contrasts, due to increased protein abundance in aggregates (Table S3A) and/or decreased 

abundance (Table S3C), include contractile fiber, proteasome complex, non-membrane 

bounded organelle, Alzheimer disease, actin binding, methylation, phosphoprotein, UBL 

conjugation, mitochondrion, transit peptide, acetylation, cytoskeleton, and ATP-binding. 

Categories significantly enriched with hypertension but not with cardiac aging are also listed 

in Table S3, B and D.

Discussion

Aging, hypertension, and proteostasis

Protein misfolding is a phenomenon observed across all taxa, from bacteria to humans. 

Nearly a third of newly synthesized proteins misfold, and fail to refold with the help of 

chaperones (22). Under normal conditions, irreversibly misfolded proteins are cleared by 

proteasomes; however, aging alters rates of synthesis, modification, folding, processing and 

degradation of proteins (3). Deficiencies in protein quality control can lead to accumulation 

of aggregates, which are believed to underlie the development of diverse neurodegenerative 

diseases (23;24;). In these disease states, proteins coalesce into insoluble aggregates that 
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accumulate with age and/or disease progression. Examples include beta-amyloid and tau 

aggregates (Alzheimer’s disease); α-synuclein, parkin, DJ-1 and PINK-1 (Parkinson’s 

disease); huntingtin, ataxins and other proteins with long polyglutamine tracts (Huntington’s 

disease); mutant forms of actinin-4 (renal failure); and superoxide dismutase (ALS). 

Cytotoxicity of these protein aggregates has been attributed to various factors, such as 

membrane permeabilization (25), oxidative and endoplasmic-reticulum stress (26;27), and 

mitochondrial dysfunction (28).

Proteasome activity and quality-control have also been reported to be impaired in the aged 

heart (16;29;30). Since aging is a prominent risk factor for both atherosclerotic 

cardiovascular disease and neurodegenerative diseases, we asked whether age-dependent 

protein aggregation might occur in the heart. Indeed, we observed that aggregates do form in 

mouse heart and accumulate with age (in vivo and in vitro), and likewise with sustained 

hypertension. We identified many proteins in cardiac aggregates that are components of the 

ubiquitin-proteasome system and/or autophagy (see Tables S1 and S2), clearance systems 

for misfolded proteins that undergo functional declines in cardiac aging and disease (32;32). 

Analysis of the protein composition of aggregates revealed nearly 400 constituent proteins 

that differ markedly in abundance between young and old mouse hearts, despite the paucity 

of age-dependent differences in the total cardiac proteome (30). Proteins that increased with 

age were on average 5.1-fold (range of 2- to 50-fold) more abundant in hearts from aged 

mice, and those that decreased in abundance with age declined by nearly 3-fold (range, 16% 

to 25-fold). Changes in protein abundance with hypertension were almost as impressive, 

averaging 4.6-fold for those that increased, and 2-fold for those that decreased. It is 

noteworthy that roughly half of the proteins that increased (or decreased) in aged hearts were 

also enriched (or depleted) in hypertensive hearts. These observations strongly suggest that 

aging and hypertension feature similar disruptions of protein homeostasis. Some of the 

interesting differential hits and their roles in diverse physiological processes are compiled in 

Tables S1–S3.

Previous studies have sought changes with age in the total proteome of cardiac tissues from 

mice and rats. Significant shifts in abundance were remarkably rare, comprising <0.01% to 

3% of the total proteins identified, and these changes were relatively modest in degree, 

ranging from 1.2- to 2.5-fold (30;33). No significant changes were seen in protein turnover, 

among >800 proteins monitored in hearts of young and aged rodents (34). In contrast, we 

found far larger and more frequent changes with age, among proteins isolated from 

“compact” (detergent-insoluble) protein aggregates. The striking contrast in outcomes for 

whole-proteome vs. “aggregome” discovery implies that aging primarily alters the 
susceptibility of proteins to aggregate, rather than their synthesis, degradation, or steady-

state levels. Further, our observation of significant overlap in protein aggregates between 

hypertensive and aging hearts suggests that hypertension may in some respects be 

considered to accelerate or mimic cardiac aging. Physiologically, many functional 

characteristics of the hypertensive heart mirror those seen with cardiac aging, such as 

fibrosis and impaired diastolic relaxation (35;36).

Since fibrosis results from proliferation and collagen synthesis by fibroblasts, we speculated 

that protein aggregates in senescent fibroblasts might bear some similarity to those in 
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hypertensive and aged hearts. Although there were many differences, a surprisingly large 

proportion of aggregated proteins that decreased with myofibroblast aging (150 out of 166, 

or 90%) also declined in heart aggregates with aging and/or hypertension. Since most of 

these proteins appear likely to play protective roles, we interpret this as evidence that 

replicative senescence of cardiac myofibroblasts has one critical feature in common with the 

heart’s responses to aging and hypertension: the deterioration of proteostasis-maintenance 

machinery.

Implications of specific proteins found to accumulate in aggregates

Proteomic analysis of aggregated proteins indicated marked alterations with age and/or 

hypertension in many proteins previously associated with cardiovascular pathology: these 

comprise the bulk of proteins listed in Table S1. Some of these, and numerous additional 

proteins (see Tables S1 – S3), have been implicated in neurodegenerative diseases such as 

Alzheimer’s; these include specific 14-3-3 proteins and apolipoprotein E, clusterin, 

complement C3, H1 histones, HSP90 α & β, catalase, laminin γ-1, NADH-ubiquinone 

oxidoreductase, PAI-1, peripherin, proteasome α subunits, transthyretin, vimentin, and 

vitamin D-binding protein.

Specific apolipoprotein species have been implicated in multiple age-related diseases 

including Alzheimer disease, certain cancers, diabetes, and renal disease (37–40). 

Apolipoprotein A-I (ApoA1) predicts CVD risk, while ApoA-IV has antioxidant and anti-

atherogenic properties. ApoE isoforms are valuable biomarkers of susceptibility to 

atherosclerotic cardiovascular disease (41;42); the ApoEε4 allele markedly increases (and 

the ε2 allele decreases) risk of both CVD and Alzheimer Disease (43). In the current study, 

apolipoproteins A-I and A-IV were enriched in aggregates of hypertensive hearts, whereas 

ApoE was exclusively abundant in aged heart (164 hits, vs. 0 for young and HT). Clusterin 

(apolipoprotein J), an extracellular chaperone thought to oppose aggregation of plasma 

proteins, was similarly quite abundant in aggregates from old and hypertensive heart, 

perhaps indicating its induction by nacent aggregates, but was absent from young cardiac 

aggregates.

Protective/proteostatic heat-shock proteins HSP70, HSP90α and HSP90β were significantly 

depleted in aggregates from aged hearts, while HSP75, a mitochondrial HSP that protects 

against cardiac hypertrophy and fibrosis (44;45), was absent from both aged and 

hypertensive heart aggregates (Table S1). Several large heat shock proteins, especially 

HSP70 and HSP60, are elevated in the offspring of centenarians relative to age-matched 

controls (46) supporting protective functions. In contrast, the small heat shock proteins HSP-

β6, -β7 and -β8 are more abundant in aged-heart aggregates (see Tables S1, S2). They co-

localize with amyloid plaques in neurodegen-erative diseases [47–48], suggesting 

entrapment in aggregates and/or roles in reducing aggregate toxicity.

Previous reports have indicated that expression in heart declines with rat age for actin, 

tropomyosin and troponin — proteins responsible for cardiac contractility [32]. We found 

more tropomyosin in the aggregates of aged and hypertensive hearts, suggesting that 

increased sequestration of tropomyosin within aggregates may contribute to the decreased 

contractility of aged and hypertensive hearts. Periostin is also more abundant in heart with 
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both aging and hypertension, and in cardiac myofibroblasts with replicative senescence. 

Periostin is a major TGFβ target involved in tissue remodeling and angiogenesis following 

injury (49;50); indeed, cardiac healing is impaired in periostin-knockout mice after acute 

myocardial infarction (51). Genomewide association studies found periostin alleles to be 

strongly associated with early-onset atherosclerosis (52). Sequestration of periostin in 

aggregates may contribute to age- and hypertension-impaired healing of cardiac injury.

Of 11 proteasome subunits identified in cardiac aggregates, 9 were enriched (and 2 depleted) 

with aging, and 10 were enriched with hypertension (Tables S1 and S2). Proteasome activity 

declines with age and under conditions of high protein aggregation, and appears to involve 

entrapment of proteasomes within aggregates [1]. Aggregation of proteasomes would impair 

protein degradation, consistent with the reported decline in proteasome activity with cardiac 

aging (32). Complement C3, a marker of inflammation, was elevated 14-fold in aggregates 

from aged heart. C3 is activated in age-related macular degeneration (53–55), and is 

associated with increased amyloid-plaque deposition (56).

Lessons from GO meta-analysis

GO analysis of the aggregate proteome can provide insight into specific pathways, 

processes, and cell structures that contribute to aggregation. By their nature, however, they 

ignore “random” events as well as processes that depend on unannotated features of 

proteins, such as intrinsic disorder, low thermal stability, hydrophobicity, or propensity for 

disruptive post-synthetic modifications. Meta-analysis of aggregate proteins that increased 

with age (Table S3A) highlighted categories for extracellular matrix, contractile fiber, 

nucleosome, protein:DNA complex, and proteasome complex (enriched 19- to 27-fold; each 

P<2E–9). Intriguingly, Alzheimer disease-related proteins were enriched 7.4-fold (P<2E–8). 

Among categories of proteins decreasing with age (Table S3B), mitochondrion, acetylation, 

generation of precursor metabolites, transit peptides, and cell respiration were enriched 5.5- 

to 37-fold (each P<E–15). Proteins associated with Parkinson Disease (11-fold, P≈2E–12) 

and Huntington Disease (8-fold, P≈3E–10) were not far behind, suggesting that 

proteostasis-protection pathways commonly defective in those diseases are also impaired 

with cardiac aging.

Hypertension as a caricature of normal cardiovascular aging

GO categories (Table S3), like individual proteins (Tables S1 and S2), underscore the many 

commonalities in aggregate composition between cardiac aging and hypertension, and (to a 

lesser extent) in vitro aging of cardiac myofibroblasts (Fig. 2). The overlap in protein-

aggregate composition between hypertensive and aged hearts is especially remarkable, 

suggesting that hypertension, a known risk factor for cardiovascular disease, is linked to age-

associated CVD risk through protein aggregation. The observation that angiotensin-induced 

hypertension recapitulated many of the same aggregate characteristics seen in normal aging, 

but at a young age, implies that hypertension may be the proximal culprit, contributing many 

causal factors exacerbated by aging. Although we cannot formally exclude the alternative 

possibility that hypertension itself accelerates cardiac aging, this would be a tenuous 

hypothesis on purely mechanistic grounds. Further, some age-dependent changes in protein 

aggregation were also seen during myofibroblast senescence. With both aging and sustained 
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hypertension, fibroblasts proliferate and contribute to fibrosis; this could account for part of 

the observed overlap in protein-aggregate composition between cardiac aging and 

hypertension. Other differences, not explained by myofibroblasts, could be attributed to 

changes in other cell types, e.g. cardiomyocytes and/or endothelial cells.

Aggregation links cardiovascular aging to age-progressive neuropathies

We were particularly intrigued by similarities in protein-aggregation levels and constituents 

in aged or hypertensive hearts, to those reported in neurodegenerative diseases (Table S1). It 

was recently speculated that cardiac aging may be considered as “Alzheimer’s disease of the 

heart” [17], and our observations may be the strongest evidence to date for this proposition. 

A further, unforeseen finding is that hypertensive hearts have much in common with two 

other aggregation-defined neurodegenerative diseases, Parkinson’s and Huntington’s (Table 

S3B). This implies that cardiac aggregation accompanying aging or hypertension reflects a 

molecular pathology remarkably similar to progressive neurological diseases. The current 

studies provide, for the first time, a plausible mechanism to explain this puzzling 

convergence between such disparate but highly age-associated diseases: Aggregates form as 

a concomitant of aging, but produce distinct pathologies in each susceptible tissue.

Clinical perspective

Protein damage and misfolding are common features of aging-related neurologic disorders 

like Alzheimer’s disease and Huntington chorea. These disorders in “proteostasis” may be 

the basis of aging in general, and may affect the heart as well. Hypertensive and aged hearts 

show similar dysfunction of the heart related most likely to the development of fibrosis. The 

present study revealed that indeed there are significant changes in proteostasis in the aged 

heart as well as in the hypertensive heart. Further, there was a significant overlap in 

upregulated and downregulated proteins in aged heart and the hypertensive heart. Senescent 

myofibroblasts in culture also showed a significant overlap in disorders of proteostasis in the 

aged heart and the hypertensive heart. Lastly, the aged and hypertensive heart shared some 

features of the aged brain in neurologic disorders. Thus hypertension appears to be 

caricature of normal cardiovascular aging, and both conditions may be considered 

“Alzheimer’s” of the heart.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What Is New?

1. There are significant changes in proteostasis in the aged heart and in the 

hypertensive heart. Both involve the formation of detergent-insoluble 

aggregates, not previously reported.

2. There was a significant overlap of aggregated proteins in aged heart and the 

hypertensive heart.

3. Senescent myofibroblasts in culture showed a lesser but significant overlap in 

aggregate proteins with those of aged and hypertensive hearts.

What Is Relevant?

• Based on this proteomic study, hypertension appears to accelerate or mimic 

some aspects of normal physiologic aging.

• Aggregates formed in the aged heart and the hypertensive heart share some 

features with the aged brain, in particular features that are markedly increased in 

neurologic disorders.

Summary

Both aging and chronic hypertension lead to the accumulation of similar aggregates in the 

heart, many of which overlap the aggregates that occur in the cortex of Alzheimer’s 

patients.
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Fig. 1. 
Aggregated proteins increase in cardiac cells with natural aging, hypertension, and in vitro 
senescence. Aggregates were isolated by differential centrifugation and sarcosyl-insolubility. 

Panels A, B, D, E, G and H show typical separations of proteins from hearts of young mice 

(A, 3.5 months old) or aged mice (B, 30 months), with data summarized in panel C; saline-

infused normotensive young mice (D), angiotensin-II infused hypertensive young mice (E), 

data summarized in F. Aggregate proteins from mouse cardiac myofibroblasts at 3 MPD 

(early-passage, G) and 15 MPD (”senescent”, H), with combined data summarized in panel 

I. Histograms (panels C, F and I) present data as mean ± SD, for ImageJ quantitation of 

aggregate-protein signal from 3 different mice or in-vitro cultures.
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Fig. 2. 
Venn diagrams indicate the overlap of identified proteins that increased (A) or decreased (B) 

significantly in abundance within cardiac aggregates, as mice aged naturally, or were made 

hypertensive by angiotensin-II infusion, or as cardiac myofibroblasts underwent replicative 

aging in vitro.

All proteins included in these totals differed with at least nominal significance (chi-squared 

P<0.05) for the indicated comparisons.
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Fig. 3. 
Representative western blots for HSP90, fibronectin, vimentin, 14-3-3, ApoE and Clusterin 

from young, aged and hypertensive mice. Multiple isoforms (e.g. for HSP90, 14-3-3, ApoE) 

are not distinguished. ImageJ quantitations of each protein are indicated by bars and the 

spectral counts identified by mass spectrometry are indicated by numbers above each bar. 

For each gel lane with maximum intensity is used as 100 percent. The significance is 

indicated by *, **= ≥0.01 and *= ≥0.05. Molecular weight of each protein HSP90 =90kD, 

Fibronectin -220kD, Cytochrome C - 15kD, 14-3-3 = 29kD, Apo E - 44kD and clusterin - 

36kD.
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