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Abstract

Aims: Many progressive neurological disorders, including Alzheimer’s disease (AD), Huntington’s disease, and
Parkinson’s disease (PD), are characterized by accumulation of insoluble protein aggregates. In prospective trials,
the cyclooxygenase inhibitor aspirin (acetylsalicylic acid) reduced the risk of AD and PD, as well as cardiovascular
events and many late-onset cancers. Considering the role played by protein hyperphosphorylation in aggregation
and neurodegenerative diseases, and aspirin’s known ability to donate acetyl groups, we asked whether aspirin
might reduce both phosphorylation and aggregation by acetylating protein targets.
Results: Aspirin was substantially more effective than salicylate in reducing or delaying aggregation in human
neuroblastoma cells grown in vitro, and in Caenorhabditis elegans models of human neurodegenerative diseases
in vivo. Aspirin acetylates many proteins, while reducing phosphorylation, suggesting that acetylation may oppose
phosphorylation. Surprisingly, acetylated proteins were largely excluded from compact aggregates. Molecular-
dynamic simulations indicate that acetylation of amyloid peptide energetically disfavors its association into dimers
and octamers, and oligomers that do form are less compact and stable than those comprising unacetylated peptides.
Innovation: Hyperphosphorylation predisposes certain proteins to aggregate (e.g., tau, a-synuclein, and
transactive response DNA-binding protein 43 [TDP-43]), and it is a critical pathogenic marker in both car-
diovascular and neurodegenerative diseases. We present novel evidence that acetylated proteins are under-
represented in protein aggregates, and that aggregation varies inversely with acetylation propensity after diverse
genetic and pharmacologic interventions.
Conclusions: These results are consistent with the hypothesis that aspirin inhibits protein aggregation and the
ensuing toxicity of aggregates through its acetyl-donating activity. This mechanism may contribute to the neuro-
protective, cardio-protective, and life-prolonging effects of aspirin. Antioxid. Redox Signal. 27, 1383–1396.

Keywords: aspirin (acetylsalicylic acid), (protein) acetylation, (protein) phosphorylation, (protein) aggregation,
neurodegeneration, inflammation

Introduction

Acetylsalicylic acid (ASA or aspirin), a cycloox-
ygenase inhibitor introduced more than a century ago, is

widely used for the prevention of primary and especially

secondary cardiovascular events. Several large prospective
trials have also demonstrated protective effects against Alz-
heimer’s disease (AD) and Parkinson’s disease (PD), as well
as a variety of cancers (45). A meta-analysis of primary-
prevention trials with aspirin suggested a 7% decrease in
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all-cause mortality (69); the survival benefits were more pro-
nounced and significant for men with type 2 diabetes (56). A
three-site study of genetically heterogeneous male mice dem-
onstrated significant life extension (8%, p < 0.01) by aspirin
(70). We and others have found that aspirin and an aspirin pro-
drug significantly increase the longevity of wild-type Cae-
norhabditis elegans (*21% and 23%, respectively) (5, 76).

Mechanisms of these protective effects of aspirin remain
conjectural, although abatement of reactive oxygen species
(ROS), insulin-like signaling, and Jun/mitogen-activated
protein kinase (MAPK) signaling appear to contribute to
life extension (5, 76). Aspirin possesses a variety of
anti-inflammatory, anti-oxidant, and acetylation-mediated
properties (3). It is possible that aspirin, a nonselective
cyclooxygenase inhibitor, suppresses inflammation by re-
directing arachidonate metabolism from biosynthesis of
prostaglandins to the formation of lipoxins (27). Aspirin also
reduces oxidative damage and dampens ROS-mediated sig-
naling (65). Aspirin-mediated lifespan extension in C. ele-
gans appears to depend in large measure on acetylation (5),
requires adenosine monophosphate-activated protein kinase
(AMPK), and may involve a dietary-restriction pathway by
altering the ATP/AMP ratio (76).

Aspirin lowers the risk of developing solid cancers, in-
cluding those of the colon, breast, lung, and prostate (31, 35,
45), which has been attributed to its inhibition of NF-jB (67)
and Wnt/b-catenin signaling (9, 52), and also to inhibition of
platelet aggregation (62). Aspirin acetylates a large number
of proteins (3), including numerous mitochondrial proteins
(77). Disruption of mitochondrial protein acetylation triggers
mitochondrial autophagy, or ‘‘mitophagy’’ (77). A recent
study showed that aspirin reduces SOD-1 aggregation in ALS
via its acetylation (1), and other work implies that similar
effects may apply to many other acetylation targets (5, 80).

Extending our previous report that aspirin reduces age-
associated protein aggregation in a C. elegans model of
Huntington’s disease (5), we now ask whether it is also pro-
tective in other models of myotoxic and neurotoxic protein
aggregation, including C. elegans strains expressing human
tau, transactive response DNA-binding protein 43 (TDP-43),
or amyloid beta peptide (Ab1–42), and in cultured human
neuroblastoma cells stably overexpressing the Swedish mu-
tant of amyloid precursor protein (APPSw), as a human-cell
model of b-amyloid aggregation.

Results

Protein aggregation and associated traits
are ameliorated by aspirin

Protein aggregation increases during normal aging (4, 20,
48) and in neurodegenerative diseases (4, 23, 47, 48). In this
study, we examined protein aggregation in C. elegans models
expressing Ab1–42, tau, TDP-43, or Q40::YFP (a transgenic
synthetic protein comprising a tract of 40 glutamines [Q40]
fused to yellow fluorescent protein [YFP]), and in cultured
human neuroblastoma cells overexpressing APPSw.

We first tested the effects of aspirin on behavioral changes
associated with aggregate formation in neurons of transgenic
worm strains modeling neurodegeneration-associated protein
aggregation. C. elegans strains expressing human tau, TDP-
43, or Ab1–42 in neurons show substantial deficits in che-
motaxis—movement toward a chemo-attractant (23, 42),
here n-butanol—which also decline with normal aging of
wild-type worms (21, 58). In each model of neuropathic ag-
gregation, aspirin prevented most of the deficits in respon-
siveness; typical results are shown in Figure 1, comparing
vehicle controls (V) with groups treated with aspirin (ASA).

Worms with pan-neuronal expression of human tau [which
is hyperphosphorylated and forms aggregates in AD, PD,
fronto-temporal dementia (FTD), and amyotrophic lateral
sclerosis (ALS) (79)] lost 26% of the normal (wild-type)
chemotactic response by day 5 posthatch; however, in
identical worms treated with aspirin, only 5% was lost
( p < 0.0001), rescuing more than 80% of the deficit. Simi-
larly, a nematode strain with neuronal expression of TDP-43
[observed in aggregates of FTD, PD, and ALS (24, 37)] re-
duced chemotaxis by 29% at day 5, but only *8% in aspirin-
treated worms ( p = 0.0013), rescuing *70% of the deficit.
Likewise, chemotaxis was reduced by 65% in worms ex-
pressing neuronal Ab1–42 [characteristic of amyloid plaque in

FIG. 1. Aspirin treatment significantly protects nema-
todes from loss of chemotaxis after neuronal expression of
human tau, TDP-43, or Ab1–42 transgenes. Worms of each
strain were exposed to aspirin (ASA, 0.5 mM) or vehicle control
(V), continuously from the time of hatching. Chemotaxis toward
n-butanol was assessed in worms on day 5 posthatch. Sig-
nificance of control-ASA differences, determined by two-tailed
heteroscedastic t-tests: **p £ 0.001; ***p £ 0.0001. Ab1–42,
amyloid beta peptide (amino acids 1–42).

Innovation

Aspirin is a highly effective prospective treatment that
is used to reduce the incidence of Alzheimer’s and Par-
kinson’s diseases, but the mechanisms by which it confers
protection remain controversial. We now show that a
well-established property of aspirin, the donation of its
acetyl group to diverse proteins, broadly suppresses pro-
tein aggregation. This appears to be a general mechanism,
since interventions that increase acetylation lower protein
aggregation, whereas interference with acetyltransferases
elevates it. Although there are individual exceptions, on
average, acetylation tends to oppose phosphorylation of
proteins, and to reduce aggregation. These principles may
guide the design of drugs with improved anti-aggregative
properties.
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AD and some Lewy body dementias (39)] but only declined
by 28% in aspirin-treated worms ( p < 0.0001), indicating a
57% rescue.

We next studied worms that express an Ab1–42 transgene in
muscle cells (a model of amyloidopathy similar to inclusion
body myositis). This strain (CL4176) develops paralysis
within 2 days of induction (42) or in an age-dependent
manner in uninduced worms (4). Aspirin treatment reduced
paralysis by 66% after Ab1–42 induction in C. elegans muscle
( p & 0.002, Fig. 2A), and it delayed paralysis accompanying
age-dependent Ab1–42 expression by nearly 50% ( p < 0.001;
Fig. 2B). The decrease in paralysis is not due to lower b-
amyloid expression in treated worms, since the intensity of
Ab1–42 signal on Western blots (Fig. 2C) remained quite
uniform as paralysis progressed in both ASA-treated and
control worms. Amyloid aggregates, stained in situ with
thioflavin T, were reduced by an average of 58% (37%, 60%,
and 72% in three experiments, each p < 0.005) after aspirin
exposure; a typical experiment is illustrated in Figure 2D.

The most widely studied C. elegans model of age-
dependent protein aggregation is the AM141 strain, in which
muscle expression of Q40::YFP leads to progressive accrual
of fluorescent protein aggregates and, eventually, to paralysis
(47, 49). Aspirin treatment reduced the number of Q40::YFP
aggregates by >30% (5), and it blocked or delayed the age-
dependent increase in abundance and complexity (diversity

in size and isoelectric point) of total aggregate proteins
(Fig. 3). Each aspirin-treated group contained *60% less
protein in sarcosyl-insoluble aggregates on adult day 3, and
80% less by day 7 (each p < 0.0001), than untreated controls.

Aspirin treatment also reduced aggregate protein com-
plexity as visualized by Sypro Ruby staining after aggregate
proteins are separated on two-dimensional (2D) gels (see
Fig. 3C–F). Since aspirin was shown to influence the ex-
pression of several genes (33, 44), we quantified Q40::GFP
protein in AM141 and found no significant change with age
in its expression (Fig. 4). This implies that the decrease in
aggregate count in aspirin-treated AM141 cannot be ex-
plained by decreased steady-state levels of the protein that
triggers aggregation, but must instead reflect less formation
or stability of aggregates.

Aspirin reduces amyloid aggregates in cultured human
neural cells expressing APPSw

We next evaluated the effects of aspirin on amyloid ac-
cumulation in SH-SY5Y-APPSw, human neuroblastoma cells
overexpressing a mutant amyloid precursor protein (APPSw)
associated with familial AD. Elevated APPSw leads to sub-
stantial accrual of amyloid plaque, visualized by fluorescence
microscopy after thioflavin-T staining on days 3 and 7 of

FIG. 2. Aspirin significantly impedes paralysis in Caenorhabditis elegans adults expressing Ab1–42 in muscle, by
reducing Ab1–42 aggregation but not its expression. (A) CL4176 worms were maintained from hatch on 0.5-mM aspirin
or vehicle (control). Paralysis was assessed 48 h after an upshift to 25�C (at the L3/L4 transition) to induce Ab1–42 synthesis.
(B) Without Ab1–42 induction, CL4176 worms undergo age-dependent paralysis, presumably due to leaky expression of
Ab1–42 (4). This decline (dashed trace) was delayed by 0.5-mM aspirin (solid trace). Significance was tested by the two-
tailed heteroscedastic t-test (A), or the Gehan-Wilcoxon log-rank test (B). (C) Ab1–42 (monomer and oligomers) was
quantified by ImageJ on Western blots by using a primary antibody to Ab1–42 (AB11132; Abcam). Total signal was not
altered in young-adult worms with aspirin treatment (ASA, 0.5 mM) relative to vehicle controls (V) at varying times after
induction: 27 h (0% paralysis), 36 h (70%), or 42 h (100%). (D) Amyloid aggregation, measured as spectrally shifted
thioflavin-T fluorescence 36 h postinduction, was reduced by 60% in aspirin-treated worms ( p < 0.0001).
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culture. Thioflavin-fluorescence intensity in these cells was
reduced 67% by aspirin treatment (Fig. 5; p < 0.0001).

We also examined the effect of aspirin on the quantity of
total protein aggregates (large complexes insoluble in 1%
sarcosyl) that accumulated in SH-SY5Y-APPSw cells, and we
found that aspirin treatment reduced the low-mobility frac-
tions of aggregate proteins, that is, the top 3 gel slices (Fig. 6;
each p < 0.03 for combined data from three independent ex-
periments), which are likely to be enriched for highly mod-
ified or cross-linked proteins. Proteins in the remainder of the
gel were not significantly affected by aspirin treatment.

Aspirin but not salicylate reduces aggregation
in SY5Y-APPSw cells and AM141 worms

Salicylate treatment confers roughly half of aspirin’s
protection against age-associated traits in C. elegans (5). We
compared aspirin with salicylate for the reduction of aggre-
gates in C. elegans strain AM141, a model of Huntington’s
disease, and in SH-SY5Y-APPSw neuroblastoma cells as a
model of AD. In both C. elegans AM141 and human neu-
roblastoma cells, the reduction in aggregate levels was
greater and more significant for aspirin treatment (ASA) than
for salicylate (SA) (Fig. 7A, B).

Protein acetylation impedes aggregation

Phosphorylation of cytosolic (nonaggregated) proteins
was measured by the fluorescence of protein bands that
were stained with ProQ Diamond (Life Technologies), a

phosphoprotein-specific dye. Aspirin treatment produced a
consistent decrease in phosphorylation signal from most
protein bands in wild-type C. elegans, extending to greater
than fivefold (Fig. 8A) relative to vehicle-only controls
( p < 0.001, combining data from three experiments).

FIG. 3. Insoluble protein
aggregates in C. elegans
muscle expressing Q40::YFP,
resolved on 2D gels, increase
with age but are attenuated
by aspirin treatment. Worms
were maintained from hatch on
0.5-mM aspirin (+ASA, panels
B, D, F) or vehicle (untreated
controls, panels A, C, E), and
sarcosyl-insoluble aggregates
were isolated at days 1, 3, and 5
after the L4/adult molt (*3.5,
5.5, and 7.5 days posthatch).
Panels display the central re-
gions of 2D gels separating
aggregate fractions by isoelec-
tric focusing (horizontal) over
the pI ranges indicated, fol-
lowed by polyacrylamide SDS-
gel electrophoresis (vertical).
2D, two-dimensional; pI, iso-
electric point; SDS, sodium
dodecyl sulfate.

FIG. 4. Q40::YFP expression does not change with age
or aspirin treatment. AM141 worms (expressing Q40::YFP
in muscle) were maintained continuously on 0.5-mM aspirin
(ASA) or vehicle (V), from hatch. Worms were lysed at 1, 3,
or 7 days of adult age, and total protein was extracted. Pro-
teins separated by SDS-PAGE electrophoresis were blotted
and probed with an antibody to GFP, which also recognizes
YFP. No significant changes in Q40::YFP expression were
observed with aspirin treatment or age.
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A complementary increase in protein acetylation, visual-
ized with an antibody to acetyl-lysine (Cell Signaling), was
demonstrated for the most intensely stained aggregate pro-
teins (Fig. 8B). Increased acetylation was expected after
treatment with an acetyl donor, but the observation of a
discrete set of medium- to high-mobility proteins targeted
for acetylation by aspirin (lower half of Fig. 8B) was un-
anticipated. In contrast to total protein, very little acety-
lation was apparent in proteins from sarcosyl-insoluble
aggregates, whether worms had been exposed to aspirin or
not (Fig. 8C).

We then examined the effect of aspirin on the acetylation
of aggregate proteins isolated from C. elegans strain CL4176,
which forms amyloid aggregates *48 h after the induction of
human Ab1–42 in muscle cells (4). Although levels of total
and cytosolic (unaggregated) proteins were not affected by
aspirin exposure (Fig. 9A), the majority of protein bands in
aggregates (detergent-soluble or -insoluble) were less abun-
dant after aspirin treatment (Fig. 9B). Aggregate phospho-

proteins comprise a subset of total aggregate proteins, many
of which appear to be preferentially diminished by aspirin
exposure (Fig. 9C). In these Ab-expressing worms, just as in
wild-type worms (Fig. 8), very few acetylated proteins were
detected in aggregates (Fig. 9D), although one band detected
by an antibody to acetyl-lysine (*34 kDa, mainly in the in-
soluble fraction) was markedly elevated in aspirin-treated C.
elegans (Fig. 9D, bands marked by white <).

Acetyl modifications were also significantly less abundant
(by 30%–45%, p < 0.001) in soluble and insoluble aggregate
proteins, relative to total protein, in SH-SY5Y-APPSw cells
exposed only to vehicle (Fig. 10A, B). Aspirin treatment
reduced those levels by a further twofold or more, relative
to controls (Fig. 10B). These results suggest that post-
translational acetylation makes proteins less prone to aggre-
gation. Hyperphosphorylation of specific proteins can strongly
promote their aggregation, for example, tau and TDP-43 in
neurological diseases (2, 53), and increasing evidence indicates
cross-talk between phosphorylation and acetylation, with

FIG. 5. Aspirin reduces amyloid accumulation in human neuroblastoma cells expressing an aggregation-prone
mutation of amyloid precursor protein (APPSw). Amyloid foci were stained with thioflavin T in SH-SY5Y-APPSw cells
that were treated for 2 days with (A) vehicle [V], or (B) 0.5-mM aspirin [ASA]. (C) Summary of data, quantified by ImageJ,
compiled from three independent experiments. Error bars indicate standard error of the mean, and significance was based on
a two-tailed heteroscedastic t-test, in each case treating each experiment as a single data point per group. To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars

FIG. 6. Aspirin reduces the abundance of low-mobility proteins in insoluble aggregates from neuroblastoma cells,
but it does not prevent exclusion of acetylated proteins. Sarcosyl-insoluble aggregates were isolated from SH-SY5Y-
APPSw cells after growth in medium containing 0.5-mM aspirin (ASA) or vehicle alone (V). (A) SyproRuby staining of total
protein from SH-SY5Y-APPSw aggregates. (B) Ratios of ASA/control lane intensity in successive gel slices, –SD (standard
deviation) for three independent experiments. Poorly dissolved and low-mobility proteins were 20%–30% less abundant
after ASA. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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effects on cardiovascular disease and neurological disorders
(10, 57, 74).

Aggregation of amyloid peptide Ab1–42 is predicted
to be opposed by acetylation

Amyloid b1–42 is a polypeptide that is believed to initiate
the formation of toxic amyloid plaque in affected cerebral
cortex regions of patients with AD (25). Acetylation of
lysine-624 in APP modulates its cleavage to favor release of
Ab1–42 (34). We performed simulations to assess the possi-
bility that aspirin-mediated acetylation of the same lysine
(numbered as Lys28 in Ab1–42) might also inhibit oligomeri-
zation of amyloid peptide and subsequent formation of insol-
uble aggregates. Acetylation at lysine-28 markedly reduced the
propensity of Ab1–42 to form tetrameric or octameric com-
plexes (Fig. 11), as predicted by several computer-modeling
approaches. First, oligomers modeled with docking software
(HEX 6.1) were used as inputs for molecular-dynamic simu-
lations in GROningen MAchine for Chemical Simulation
(GROMACS), a versatile modeling package that reproduces
observed protein-interaction properties with remarkable accu-
racy (4, 67). The simulations comprise 20-ns, three-dimensional
random walks for every atom of each molecule in the simula-
tion, constrained by all linked and nearby atoms in a fully sol-
vated aqueous environment, and by realistic limits to free
energy increase of the entire ensemble.

Typical ‘‘snapshots’’ of structures (Fig. 11A–D) indicate
that tetrameric and octameric complexes (Fig. 11A, C) of
native Ab1–42 are much more compact than those of mono-
acetylated [Kac28] peptide (Fig. 11B, D). In agreement with
these predicted structures, the radius of gyration (Rg), a
measure of structural dispersion, gradually declined for na-
tive Ab1–42 oligomers during GROMACS simulations (black
tracings in Fig. 11E, F), indicating condensation into more

FIG. 7. Aspirin is more effective than salicylate in reducing protein aggregation in C. elegans and human-
neuroblastoma models of neurodegeneration. (A) C. elegans strain AM141, expressing Q40::YFP in muscle, was
exposed from hatch to 0.5-mM aspirin (ASA), 0.5-mM salicylate (SA), or vehicle control (V). YFP-fluorescence images of
worms were captured, and aggregates per worm were counted with ImageJ software at day 1 of adulthood. (B) SH-SY5Y-
APPSw neuroblastoma cells, expressing an aggregation-prone mutation of amyloid precursor protein (APPSw), were assessed
for amyloid deposition after treatments (as in A). Cells were detached by brief digestion in trypsin-EDTA, removing pre-
existing extracellular amyloid; they were replated at *20% confluence, allowed to attach, and finally grown for 48 h (to
70%–80% confluence) in the presence of drug or solvent. Formalin-fixed cells were stained for amyloid with thioflavin T;
nuclei were counterstained with DAPI. Amyloid per cell is shown as the ratio of thioflavin-T to DAPI fluorescence
(proportional to cell number). Aspirin reduced both aggregate count per worm (A) and amyloid per cell (B), relative to
vehicle controls or salicylic acid. Significance (2-tail heteroscedastic t-tests): *p&0.02; **p&0.006; ****p < 0.0001.
DAPI, 4¢,6-diamidino-2-phenylindole; EDTA, ethylene diamine tetraacetic acid; NS, not significant.

FIG. 8. Aspirin reduces phosphorylation but increases
acetylation of total protein in wild-type C. elegans adults.
Total protein was isolated from worms that were maintained
on 0.5-mM aspirin (ASA) or vehicle (V), and it was elec-
trophoresed in one dimension. Phosphoprotein was visual-
ized by staining with ProQ Diamond (A), whereas a subset
of acetylated proteins was detected by immunostaining with
an antibody to acetyl-lysine (B, C). Aggregate proteins for
(C) were isolated as described in the ‘‘Materials and
Methods’’ section.
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compact complexes (40, 73); whereas oligomers of the cor-
responding acetylated [Kac28] Ab1–42 peptide (red tracings)
displayed larger radii of gyration that also fluctuated more
widely, and overall did not decline with time.

This indicates that the acetylated Ab1–42 peptide fails to
coalesce into the stable complexes formed by native Ab1–42

(Fig. 11E, F). This difference in behavior can be attributed, in
part, to the decline in hydrogen bonds during the course of the
simulation (an average loss of 10–15 bonds per octamer) for
Kac28, versus a small increase over time for native Ab1–42

octamers (Fig. 11G). For proteins in general, there is a linear
correlation between complex stability and the number of
hydrogen bonds formed (54).

Protein aggregation and associated traits correlate
inversely with overall protein acetylation

Diverse inhibitors of protein deacetylases and acetyl
transferases, including both drugs and RNA-interference
constructs targeting specific genes, were used to perturb the
average protein acetylation state either upward or downward.
To reduce acetylations, C. elegans adults were fed with
bacteria that express RNA interference (RNAi) constructs
targeting histone/protein acetyltransferase genes nath-5 and
nat-6. To increase acetylations, adult worms were exposed to
either (i) bacteria expressing RNAi constructs that individ-
ually target deacetylase genes hat-1, nceh-1, or sin-3; (ii)

FIG. 9. Aspirin reduces abundance of most aggregate proteins and phosphoproteins, while increasing acetylation of
a few proteins, in a nematode model of amyloidopathy. Aggregates from C. elegans strain CL4176, expressing Ab1–42 in
muscle, were isolated and partitioned by solubility in 1% sarcosyl. (A) Total and cytosolic (nonaggregated) protein profiles are
unaffected by aspirin treatment. (B) Most aggregate proteins are reduced in quantity by aspirin treatment, especially in
sarcosyl-insoluble fractions (examples are marked with ‘‘>,’’ and exceptions are marked with a white ‘‘<’’). (C) Most
phosphoproteins are reduced in aggregates after aspirin. (D) Very few proteins are acetylated in Ab1–42 aggregates, –aspirin.

FIG. 10. Acetylated proteins are underrepresented in both soluble and insoluble aggregates of human neuro-
blastoma cells. Total proteins, cytosolic proteins, and sarcosyl-soluble and -insoluble aggregates were isolated from human
neuroblastoma cells (SH-SY5YSw) after growth in medium containing 0.5-mM aspirin (ASA) or vehicle only (V). (A)
Western blot of proteins from SH-SY5Y-APPSw cells, probed with an antibody to acetyl-lysine. (B) Bars indicate
mean – SD for lane integrals for gels (as in A) from three independent experiments, each normalized to the ‘‘total protein’’
control mean. Aggregate proteins show 35%–80% less acetylation than corresponding total-protein lanes, despite uniform
protein loads. Significances, based on two-tailed heteroscedastic t-tests: **p = 0.001, ***p £ 0.0006. Asterisks above
brackets refer to differences between the bars (groups) connected by each bracket. Asterisks below brackets (just above
bars) compare each marked bar with its corresponding (V or ASA) ‘‘Total Protein’’ sample.
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CTPB (N-(4-chloro-3-trifluoromethyl-phenyl)-2-ethoxy-
benzamide; abcam), an activator of histone/protein acetyl-
transferases; or (iii) PDI, a cocktail of protein deacetylase
inhibitors (sc-362323; SantaCruz Biotech.). After each
treatment, or exposure to control bacteria that carry an empty
vector, AM141 adults (expressing Q40::YFP in muscle) were
assessed for aggregate counts, and CL4176 adults (expressing
human Ab1–42 in muscle) were tested for motility/paralysis.

The results (Fig. 12) indicate a perfect inverse concordance
between the expected effects of treatments on protein acet-
ylation and the observed levels of aggregate formation in
strain AM141 ( p < 0.02; Fig. 12A) or of its consequence,
paralysis, measured in strain CL4176 ( p < 0.01; Fig. 12B).
All but one of these intervention effects were individually
significant at p < 0.01 to p < 0.0005. RNAi knockdown of
age-1, which encodes the catalytic subunit of class-I phos-
phatidylinositol 3-kinase and was reported to be a potent
positive modulator of protein aggregation (49), is included in
Figure 12A for comparison.

Discussion

Aspirin is a widely used, nonsteroidal anti-inflammatory
compound that exhibits diverse biological activities and re-
duces or delays the onset of age-associated diseases, in-
cluding cardiovascular disease, AD, ALS, PD, and a variety

of cancers (1, 5, 8, 18, 59). Here, we present in vivo results for
the nematode C. elegans (employing several models of
neuropathic aggregation), and in vitro data for human SH-
SY5Y-APPSw neuroblastoma cells overexpressing APPSw

and forming amyloid plaque. Through these parallel studies,
we sought to identify additional mechanisms by which as-
pirin may contribute to neuroprotection.

Although it is unlikely to be the sole mechanism, here we
show that protein acetylation by aspirin contributes to its
ability to delay or prevent neurotoxic protein aggrega-
tion. These effects are not limited to aspirin, but they are
produced by modulation of protein acetylation with drugs
and RNAi constructs that target acetyltransferases or de-
acetylases.

Among the diverse post-translational modifications of
proteins, acetylation has been chiefly implicated in chromatin
remodeling (66). Phosphorylation is an even more common
protein modification that is instrumental in cell signaling via
kinase cascades that either activate or (more rarely) inactivate
their targets (30). Previous reports had indicated that aspirin
alters phosphorylation of diverse key cellular proteins, in-
cluding insulin receptor substrate-1, Bcl-2, MAPK, integrin
receptors, and leukocyte-specific protein-1 (7, 16, 38, 46, 55,
60, 63, 71). We observed a decrease in the phosphorylation
levels of several signaling proteins in human endothelial
cells, after aspirin treatment (data not shown, manuscript in

FIG. 11. Acetylation reduces compactness and stability of Ab1–42 oligomers. Molecular docking models and molecular-
dynamic simulations indicate that lysine acetylation in Ab1–42 (‘‘Kac’’) destabilizes its assembly into tetramers and octamers.
Optimized docking models are shown for: (A) native Ab1–42 tetramer, (B) acetylated Ab1–42 tetramer, (C) native Ab1–42

octamer, and (D) acetylated Ab1–42 octamer. Molecular-dynamic simulations in GROMACS indicate increased dispersion
(radius of gyration) for acetylated tetramer (E) and octamer (F), and decreased hydrogen bonding for acetylated octamer (G),
relative to their unmodified forms. (E–G) Properties of lysine-acetylated oligomers (Kac) are shown in red, and those of
unmodified Ab oligomers are indicated in black.
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preparation). An inverse correlation between target-site
acetylation and phosphorylation (implied by the earlier ref-
erences and Fig. 8) could arise from local steric hindrance
and/or allosteric effects. However, specific instances may
also reflect cross-talk between sites on interacting proteins; as
an example, acetylation of Sip2, the regulatory subunit of
yeast SNF-1/Sip2 complex, reduces phosphorylation of Sch9
(an Akt ortholog), slowing growth and increasing longevity
(41). Such complex interactions must have evolved in a
piecemeal fashion, which would not explain the observed
inverse correlation. An alternative rationale is that competi-
tive suppression between phosphorylation and acetylation of
the same protein may have evolved frequently and indepen-
dently to create positive-feedback loops, each with two al-
ternative stable states [e.g., see (72)].

Chromatin remodeling and the regulation of transcription
are largely accomplished via addition and removal of site-
specific methyl and acetyl groups on histone tails (32). These
changes can have surprisingly ‘‘concerted’’ functional con-
sequences; for example, knockout of histone deacetylase-2
in mice improves memory and accelerates learning (50).
Nevertheless, many such studies have assumed, rather
than demonstrated, that histones are the relevant deacetyla-
tion target—despite documentation of many other protein-
deacetylase substrates (6, 26).

Recent studies have shown that Transcription Factor EB
(E-box), which is involved in regulating lysosomal functions
when deacetylated, promotes Ab1–42 clearance from micro-
glia (6). In a Drosophila model of Huntington’s disease,
‘‘histone deacetylase inhibitors’’ were found to relieve neu-
ronal degeneration induced by polyglutamate expansion
(68). Acetylation was also shown to protect enzymes from
inactivation arising from denaturation and aggregation
in vitro (64).

In this study, we investigated whether the protection con-
ferred by aspirin against neurodegenerative diseases (and
perhaps other age-related pathologies) might reflect a lower

propensity of acetylated proteins to become enmeshed in ag-
gregates. Our rationale was that age-progressive neurodegen-
erative diseases, including AD, PD, and Huntington’s disease,
are accompanied by the gradual accumulation of neuronal
or peri-neuronal protein aggregates or ‘‘inclusion bodies,’’
in many cases shown to be neurotoxic. For each neuropa-
thy, characteristic aggregate constituents provide diagnostic
markers. In some instances, for example, tau and TDP-43,
hyperphosphorylation strongly promotes inclusion in aggre-
gates, and we reasoned that acetylation may oppose de novo
protein phosphorylations, thereby reducing aggregation. Al-
though a recent study showed that acetylation of a specific
residue can promote aggregation of hyperphosphorylated
TDP-43 (17), this appears to be an unusual exception.

The simple hypothesis that phosphorylation most com-
monly favors aggregation, and is usually opposed by acety-
lation, is consistent with our observation of increased
acetylation and decreased phosphorylation of total protein in
aspirin-treated C. elegans (Figs. 8 and 9). Aspirin at 0.5 mM,
within the range of human therapeutic doses, reduced the
levels of aggregated proteins (Figs. 3–7) and rescued many
aggregation-associated phenotypes, including behavioral traits,
in four nematode models of diverse aggregation-mediated
human diseases (Figs. 1 and 2). We also demonstrated in
silico, through docking simulations and molecular-dynamic
modeling, that a single acetylation can markedly destabilize
oligomerization of Ab1–42, the precursor of amyloid forma-
tion in AD.

Previous studies (chiefly from the Calabrese group) had
shown that acetylcarnitine, an acetyl donor delivered from
peroxisomes to mitochondria, responds to oxidative stress by
altering the expression of diverse heat shock proteins and the
NRF-2 transcription factor (5, 15, 19). Acetylcarnitine di-
rectly or indirectly regulates multiple genes that are involved
in caloric restriction and longevity pathways, including
sirtuin/mTOR signaling (5, 13–15). Acetylcarnitine-mediated
acetylation may also post-translationally modulate the

FIG. 12. Interventions that elevate protein acetylation reduce aggregation, and vice versa. (A) In a C. elegans model
of Huntington-like Q40 aggregation, the number of foci was reduced by RNAi knockdown of genes encoding protein
deacetylases (sin-3, nceh-1) or by an enhancer of acetylation activity (CTPB); each of these interventions is expected to
increase protein acetylation. Conversely, aggregate count was increased by RNAi targeting n-acetyltransferase genes (nat-6,
nat-25), and knockdowns were expected to reduce acetylation. Significance was determined by two-tailed heteroscedastic
t-tests: #p&0.07, *p £ 0.01, **p < 0.003, and ***p < 0.0005. (B) Fraction paralyzed after inhibition of acetyl transferase or
deacetylase genes by RNAi or by chemical activators of acetyltransferases or inhibitors of deacetylases. Significance was
determined by two-tailed heteroscedastic t-tests: *p < 0.01, **p < 0.002, and ***p < 0.0005. RNAi, RNA interference.
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functions of proteins that are involved in oxidative stress
response and longevity.

Proteasomal degradation is a key mechanism of proteos-
tasis, and it accounts for removal of most unfolded proteins in
eukaryotes (36). Although polyubiquitin-tagged proteins are
cleared chiefly by 26S proteasomes (28), 20S proteasomes to
which the proteasome activator PA200 has bound can de-
grade peptides and unstructured proteins that lack ubiquitin
tags (22). This mechanism, which is critical in the clearance
of histones during DNA repair and spermatogenesis, is
ubiquitin-independent but requires acetylation of histones (61).

In principle, these diverse responses could be mediated by
different activities of aspirin. Our data implicate acetylation
as a key mechanism, based on the novel observation that
protein aggregation and associated paralysis are reduced
whenever deacetylase activities are inhibited (whether by
pharmacologic or epigenetic means), but are elevated by
inhibition of acetyltransferases (Fig. 12). From this, we infer
that protein acetylation may be a useful biomarker of resis-
tance to aggregation, and that acetyl donors may be a class of
drug interventions that deserves further exploration. We
conclude that general protein acetylation by aspirin is both
necessary and sufficient to disrupt protein aggregation and to
reduce the sequelae of toxicity and behavioral impairment—
either by preventing the entry of acetylated proteins into
aggregates or by promoting the degradation of aggregation-
prone proteins via 20S proteasomes.

The opposing effects of protein phosphorylation and
acetylation, with respect to aggregation, suggest a mecha-
nism based on electrostatic interactions. Phosphorylated
sites can form electrovalent (ionic) bonds with basic resi-
dues of other proteins, and might thus promote their
co-aggregation, whereas acetylation is a more neutral modifi-
cation (serving chiefly to neutralize the positive charges of
lysines) that does not usually increase the aggregation propen-
sity of proteins. Although a simplistic model (‘‘phosphorylation
promotes aggregation, acetylation opposes it’’) provides a su-
perficially adequate explanation of our results, it is unlikely to
be the entire story. None of our data would exclude, for ex-
ample, the possibility that a few critical phosphorylases are
negatively regulated by acetylation, and/or key phosphatases
are activated by acetylation.

Similarly, a relatively small repertoire of protein acet-
ylases (conceivably just one, with multiple targets) may be
negatively regulated by phosphorylation, and/or deacetylases
might be positively regulated by phosphate additions. Indeed,
any one or any combination of the interactions mentioned
earlier could account for the drug and knockdown effects we
have observed. It is clear, however, that aspirin acetylates
many protein targets and reduces phosphorylation overall,
and that acetylation of some subset of targets is responsible
for reducing protein aggregation.

The results presented here highlight a general mechanistic
target for interventions to reduce protein aggregation (Figs. 2,
3, 5–7, 10, and 12) and, therefore, rescue behavioral deficits
arising from aggregation, for example, failure of chemotaxis
in nematode models of neuronal aggregation seeded by tau,
TDP-43, and Ab1–42 (Fig. 1). Remarkably, aspirin delayed by
almost 1.5-fold the age-dependent paralysis attributed to
‘‘leaky’’ expression of Ab1–42 in muscle of uninduced worms
(Fig. 2B). Taken together, these data establish a causal link
between protein acetylation and a substantial reduction or

delay of protein aggregation and its behavioral sequelae, and
they thus define a novel therapeutic strategy to combat neu-
rodegenerative diseases.

Materials and Methods

C. elegans strains

Wild-type Bristol N2, AM141 (unc-54/Q40::YFP),
CL4176 (smg-1ts [myo-3/Ab1–42/long 3¢-untranslated region
(UTR)]), and CL2355 (smg-1ts [snb-1/Ab1–42/long 3¢-UTR])
were obtained from the Caenorhabditis Genetics Center
(CGC). Strains with CK10 expressing transgenic tau in
neurons (Paex-3/Tau), and CK405 expressing TDP43 (Psnb-1/
TDP-43) in neurons were kind gifts from Brian Kramer (37).
All strains were maintained in 10-cm Petri dishes, on the
surface of agar containing nematode growth medium (NGM)
overlaid with Escherichia coli (OP50) at 20�C. Strain
CL4176 was upshifted to 25�C at the L3/L4 transition to
induce neuronal synthesis of Ab1–42. Synchronized, well-fed
worms were lysed on day 3 posthatch (day 1 of adulthood) to
release eggs, placed on NGM agar seeded with E. coli OP50
and brought to 1.0-mM aspirin (Sigma, St. Louis, MO), or
equilibrated with vehicle as a control.

Chemotaxis assay

Chemotaxis was assessed in transgenic strains expressing
tau, TDP-43, or Ab1–42 in all neurons, as previously de-
scribed (4) Briefly, synchronized worms from hatch were
grown on control (empty feeding vector) bacteria with or
without aspirin. The aspirin stock solution was 0.5 M in 95%
(v/v) ethanol, and it was diluted 1:1000 in NGM. Expression
of Ab1–42 was induced by an upshift to 25�C, as described
earlier. Worms at day 5 posthatch were collected after mul-
tiple washes to remove bacteria, and they were assayed in
100-mm NGM-agar plates without bacteria. Worms (‡50)
were placed near centers of plates spotted on one edge
with *5 ll n-butanol (as chemo-attractant) mixed with so-
dium azide (0.34% w/v, final), and on the opposite edge with
S buffer containing only 0.34% sodium azide. Assay plates
were incubated at 20�C, and the chemotaxis index (CI) was
scored every 30 min, expressed as CI = [(number of worms
near attractant) - (number of worms near control)]/(total
worms per plate) (21). Each experiment was performed at
least three times.

Cell growth and harvesting

SH-SY5Y-APPSw (a gift from Dr. Steve Barger, Uni-
versity of Arkansas for Medical Sciences, Little Rock AR) is
a human neuroblastoma cell line that was originally obtained
from a 4-year-old girl, expressing a mutant amyloid precursor
protein (APPSw) associated with familial AD, introduced as a
stably integrated transgene. Cells were grown in DMEM
containing 10% (v/v) fetal bovine serum at 37�C, containing
1-lM aspirin or ethanol vehicle (control). Cells were trypsi-
nized before confluence and rinsed in buffer for replating or
for harvesting.

Isolation of aggregated proteins

Cultured neuronal cells or C. elegans adults were col-
lected, drained of excess liquid, flash frozen in liquid

1392 AYYADEVARA ET AL.



nitrogen, pulverized in a dry-ice-cooled mortar, and sus-
pended in buffer with nonionic detergent (20-mM Hepes pH
7.4, 300-mM NaCl, 2-mM MgCl2, 1% [v/v] NP40, and pro-
tease/phosphatase inhibitors [CalBiochem]) at 0�C (11, 12,
49). Cuticle or cell debris was removed by brief centrifuga-
tion (5 min at 3000 rpm). After removal of cytosolic proteins
that dissolved in NP40 (18 min centrifugation at 13,000 g),
insoluble protein pellets were brought to pH 7.4 with 0.1-M
Hepes buffer containing ionic detergent (1% sarcosyl [v/v]
final concentration) and 5-mM ethylene diamine tetraacetic
acid (EDTA), and they were centrifuged for 30 min at
100,000 g. The pellet and supernatant are the detergent-
insoluble and -soluble fractions, respectively (37).

Fractions were individually equilibrated in Microcon spin
columns with Laemmli loading buffer containing 2% (w/v)
sodium dodecyl sulfate (SDS) and 50-mM freshly diluted
dithiothreitol (DTT), heated for 2 min at 100�C to dissolve
proteins, and resolved by polyacrylamide gel electrophoresis.

2D gel display

Aggregate proteins were dissolved in 8-M urea, 2-M
thiourea, 2% v/v CHAPS, and ampholytes for isoelectric
focusing to span the desired pH range (e.g., pH 3–10). The
second dimension is a 4%–20% acrylamide gradient gel
(Invitrogen). Gels were incubated with SYPRO Ruby
(ThermoFisher) to stain total protein.

Paralysis assay

We initiated a synchronous CL4176 cohort by lysing
gravid hermaphrodites in alkaline sodium hypochlorite; eggs
were transferred onto 60-mm culture plates that were seeded
with bacteria with or without aspirin. Muscle expression of
Ab1–42 was induced by upshifting worms from 20�C to 25�C
at the L3–L4 transition, and resultant paralysis (i.e., move-
ment of the head, but not the body, in response to touch) was
scored at 36 h post-upshift (4). Each experiment was per-
formed at least three times.

Visualization of aggregate reporters

Q40::YFP aggregates were counted, and fluorescence im-
ages were captured on an Olympus DP71 camera that was
mounted on an Olympus BX51 fluorescence microscope. In-
cident light was filtered to 490 – 20 nm and emitted light to
535 – 30 nm. Protein aggregates were quantified from digital
images using NIH ImageJ software. SH-SY5Y-APPSw cells
expressing mutant amyloid precursor protein were plated and
incubated for 24 h at 37�C to allow attachment and proliferation.
Aspirin in ethanol, or the same amount of ethanol for controls,
was added in minimal volume (final concentration of ethanol, v/
v, 0.1%–0.3%), and 0.8 mg/ml thioflavin-T was added 24 h la-
ter. Fluorescence intensity was scored 15 min afterward. The
excitation peak for thioflavin-T shifted to 450 nm, and the
emission maximum shifted to 482 nm on amyloid binding (78).

Quantitation of thioflavin-T stained SY5Y-APPSw cells

SY5Y-APPSw cells were seeded at a density of 7000 cells/
well in 96-well plates and cultured for 16 h before adding
aspirin or salicylate. After growth for a further 1–2 days, cells
were fixed in 4% paraformaldehyde (v/v), rinsed, and stained
with thioflavin T (0.1%, w/v) for 10 min in the dark. After four

washes in phosphate-buffered saline (PBS), cells were stained
in DAPI (4¢,6-diamidino-2-phenylindole), 10 min at 0.4 lg/ml,
and washed 3 · in PBS. Fluorescence of Ab amyloid stained
by thioflavin-T was measured on a SpectraMax Plate Reader
(440 nm excitation, 482 nm emission) and divided by the
number of nuclei assessed by ImageJ analysis of DAPI-stained
images (358 nm excitation, 461 nm emission). Data were
combined for at least three independent experiments.

Affinity purification, protein fractionation,
and Western blotting

Cells or age-synchronized worms were pelleted, drained,
and flash frozen in liquid nitrogen. Proteins were extracted as
described earlier, suspended in Laemmli loading buffer (see
Isolation of aggregated proteins), and heated for 5 min at
100�C to dissolve proteins before gel electrophoresis in 1%
SDS, 4%–12% polyacrylamide gradient gels (Life Technol-
ogies, Grand Island, NY).

Phosphoproteins were imaged by fluorescence after incu-
bation with phosphoprotein-specific stain (Pro-Q Diamond;
Life Technologies). Total protein was then visualized with
SYPRO Ruby (Life Technologies). In each case, digital im-
ages (BioRad Digital Imager) were quantified with Quanti-
tyOne software (BioRad, Hercules, CA). Gels were also
blotted onto nylon membranes, which were then probed with
rabbit antibody to acetyl-lysine (Cell Signaling, Danvers,
MA), followed by incubation with HRP-coupled murine
secondary antibody against rabbit IgG (Sigma). Finally, fil-
ters were developed by using an HRP-imaging kit (BioRad).

Modeling of Ab1–42

We simulated the structure of amyloid peptide Ab1–42 and
its acetylated form and assessed aggregation propensity and
ability to form several distinct oligomers, by using GRO-
MACS molecular-dynamic modeling.

Molecular docking simulations of Ab1–42 oligomers

For docking simulation studies, the NMR-resolved struc-
ture of Ab1–41 (1IYT) was retrieved from the Protein data
base. We used Modeller 9.13 (University of California, San
Francisco, CA) to build Ab1–42 from the Ab1–41 peptide.
After energy minimization, Ab1–42 (native) monomer was
used for further studies. Vienna-PTM 2.0 server was used to
build acetylated Lys28 (Kac28) Ab1–42 (43). To make olig-
omers of Ab1–42 (WT and Kac28), docking studies were
performed by using Hex-8.0 with default parameters, with the
sole exception that OPLS minimization was run in Hex-8.0
after each docking to derive the energy-minimized complex
(http://hex.loria.fr/hex.php). Explicit molecular-dynamic simu-
lations were performed on tetrameric and octameric complexes
of Ab1–42, both native and acetylated, at lysine 28 (Kac28).

Molecular-dynamic simulations

To check the dynamic behavior and aggregation propen-
sity of both native Ab1–42, and Ab1–42 acetylated on lysine-28
(Kac28), explicit molecular-dynamic simulations were per-
formed by using GROMACS 5.0 (73). Both tetramers and
octamers of each Ab1–42 were immersed in a cubic box of 0.7-
nm sides, filled with SPC16 solvent, and finally neutralized
by using NaCl for counterions. A modified GROMOS 54A7
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force field was used for all simulations involving post-
translational modifications (73). Each system was then energy
minimized by using the steepest descent algorithm for *2000
steps and equilibrated with number of particles, volume, and
temperature (NVT) and number of particles, pressure, and
temperature (NPT) protocols for 200 ps before the actual run.

Molecular-dynamic simulations were performed by using
the leap-frog integrator for *20 ns. Collection and analysis
of parameters were as previously described (4). Output
parameters such as radius of gyration, root-mean-square de-
viation, and hydrogen bonds were calculated within the
GROMACS package. All structures were visualized by using
Visual Molecular Dynamics (VMD) (29, 73).

Statistical analyses

All statistical analyses were performed using GraphPad
Prism 6. Results are expressed as mean – standard deviation,
unless otherwise indicated. Differences between groups were
generally evaluated for significance by two-tailed hetero-
scedastic t-tests, appropriate to samples of unequal or undeter-
mined variance. In survival comparisons (Fig. 2B), inter-group
differences were evaluated by the Gehan-Wilcoxon log-rank
test. P values are given without adjustment for multiple com-
parisons, to enable the reader to make appropriate allowance for
multiple endpoints.
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Abbreviations Used

2D¼ two-dimensional
Ab1–42¼ amyloid beta peptide (amino acids 1–42)

AD¼Alzheimer’s disease
ALS¼ amyotrophic lateral sclerosis

AMPK¼ adenosine monophosphate-activated
protein kinase

APPSw¼ amyloid precursor protein (Sw: Swedish
mutation, favoring AD and aggregation)

ASA¼ acetylsalicylic acid
CI¼ chemotaxis index

DAPI¼ 4¢,6-diamidino-2-phenylindole
DTT¼ dithiothreitol, a reducing agent

EDTA¼ ethylene diamine tetraacetic acid, a
chelating agent

FTD¼ fronto-temporal dementia
GROMACS¼GROningen MAchine for Chemical

Simulation, a command-line software
package for molecular-dynamic
simulations for >108 particles
(www.gromacs.org)

NGM¼ nematode growth medium
PD¼ Parkinson’s disease

Q40::YFP¼ a transgenic synthetic protein comprising
a tract of 40 glutamines (Q40) fused
to YFP (yellow fluorescent protein)

Rg¼ radius of gyration
RNAi¼RNA interference (procedure to ‘‘knock

down’’ transcript levels in targeted
genes)

ROS¼ reactive oxygen species
SD¼ standard deviation

SDS¼ sodium dodecyl sulfate, a strong ionic
detergent

TDP-43¼ transactive response DNA-binding
protein 43

UTR¼ untranslated region
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