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a b s t r a c t

Curcumin and related compounds have been validated to remove evenwell-developed human b-amyloid
plaques from the brain of transgenic mice, in vivo. However, their molecular mechanism of the plaque
buster activity is rather unknown. Computational chemistry was employed here to better understand the
b-amyloid protein elimination. According to our docking studies, a tautomeric “keto-enol” flip-flop
mechanism is proposed that may chop up b-amyloid plaques in Alzheimer’s due to removing each
hairpin-foldamers one by one from both ends of aggregated fibrils. According to the experimented
models, other bi-stable “keto-enol” pharmacophores might be identified to break up amyloid plaques
and enhance rapid clearance of toxic aggregates in Alzheimer’s disease.

© 2020 Published by Elsevier Inc.
1. Introduction

Protein aggregates such as b-amyloids (Ab) in Alzheimer’s dis-
ease (AD), a-synuclein plaques in Parkinson’s disease, islet amy-
loids in type 2 diabetes or prions in Creutzfeldt-Jakob’s disease are
potential drug targets [1,2]. These plaques can exist at least in two
stable forms: i) in an asymptomatic state, ii) and in a life-
threatening symptomatic state [3,4]. The numbers of AD-affected
persons are forecasted to grow by 62% from 2015 to 2030, leading
to 1 billion plaque-diseased patients worldwide [5,6].

Even the AD market alone justifies [7] the search for nature-
made plaque-buster substances. These substances may ameliorate
other plaque-diseases as well, but there is no validated plaque
buster currently available on the market [8,9].

India-US cross-national epidemiological studies on the con-
sumption of various curry foods have already suggested some pre-
emptive role of curcumin (CURC) in AD [10e13].

Several in vitro structure-activity relationship studies concluded
that CURC can obstruct protein miss-folding and it can prevent
aggregation of the Ab-peptides in the brain of transgenic mice
serving as an ADmodel [12,13,15]. Asians ingest the highest amount
of turmeric typically up to 1 g per day. This is equivalent to the
consumption of 60e200 mg CURC per day. A study comparing rural
populations in Northern India (n ¼ 4450) and southwestern
Pennsylvania (n ¼ 886) showed a lower incidence and prevalence
of AD in India [16,17]. Thus, the therapeutic use of CURC either to
prevent or to treat AD has been started, first of all, with human
bioavailability studies [14,18e20].

Initial randomized clinical trials, however, were suffered from
the low bioavailability of oral CURC [21,22]. CURC did not have any
beneficial effect on pro-inflammatory biomarkers such as serum Ab
and isoprostanes aswell as failed to improve cognitive performance
in mild-to-moderate AD patients [23]. This is in contrary to the
strong in vivo plaque buster effect of CURC observed in transgenic
mice [24e26].

Achiral Mannich-base CURC analogs have been validated to have
better bioavailability and chaperon effect on miss-folded proteins
[27e29], also a promise to AD patients, if the initial finding will be
managed from bench-to-bedside [2,15,30,31].

Although, CURC and its homologs had undergone extensive
preclinical development, showed remarkable efficacy in neuronal
injury repair, and it is a validated anti-inflammatory agent, the
selective mechanism of the plaque buster activity on misfolded Ab,
are rather obscure. A better understanding of the mechanism of
plaque disintegration and removal of aggregation-prone proteins
from the brain and other human tissues may accelerate bench-to-
bedside processes of promising lead molecules. Another
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accelerated translation is to make available various spice-mixes as
the epidemiologically proven curry, for the AD-vulnerable popu-
lation [10e13]. Here, we suggest a flip-fop dissolution mechanism
of how CURC can inhibit newly formed plaques or disaggregate
plaques that have already been embedded in the brain tissue.

2. Methods

2.1. Screening plant extracts

Cold Ab1-42 peptide, radioactively labeled Leu-[3H]Pro-Tyr-Phe-
Asp-CONH2 (L[3H]PYFE) peptide (stock solution 35.3 Ci/mmol
8*10�8 M), and cold LPYFE were synthesized by in house core fa-
cility. The working solution of L[3H]PYFE) was 1 mCi/ml in the
binding assay. From synthesized Ab1-42 peptides, previously
lyophilized twice, Ab fibrils were grown with spontaneous aggre-
gation. It was carried out in a standard assay buffer by vigorous
stirring with a magnetic bar at room temperature (25 �C) for a
week. Fibril formation was controlled by visual inspection. Fibrils
were stained with Congo Red and samples were analyzed with an
Olympus FV1000 confocal LSM microscope. The radiolabeled small
peptide, L[3H]PYFE binds to fibrils. Its binding can be inhibited by
several test compounds. The assays were performed in duplicates
in sterile flat bottom 96 well plates with components as follows:
70 ml buffer, 10 ml suspension of Ab1-42 stock (either 0.2 mM or the
0.04 mM), 20 ml LPYFE, 100 ml L[3H]PYFE and the extract/compound
of interest. After 30 min incubation at room temperature, the
samples were transferred to a Multiscreen HTS (Millipore Corpo-
ration, Bedford, MA, USA) for filtration and extensive washing, to
get rid of the excess of reporter peptide. After that 50 ml scintillation
cocktail was added into each well and radioactivity was measured
in a 96 well scintillation counter. Data were analyzed with Prism
software (GraphPad™) and Microsoft Excel™..

2.2. Docking studies

The computational chemistry tasks were carried out using the
AutoDock 3.05 software [32]. The initial structure of amyloid [5]
was taken from the PDB database (accession number: 2BEG, the
first model was chosen), and the input files were generated with
AutoDockTools [32]. During the docking procedure, amyloid was
kept rigid, and flexible (torsional) movements were allowed for the
ligands at geometries obtained from the ab initio optimization.

Lennard-Jones potentials 12e10 and 12e6 were used to model
H-bonds and van der Waals interactions, respectively. In calcula-
tions of the electrostatic grid map, the distance-dependent
dielectric constant of Mehler and Solmajer was utilized [33]. Us-
ing the distance-dependent form in the grid calculation the
screening effect of the solvent was taken into consideration. During
the docking procedure, the Lamarckian Genetic Algorithm [34]
with the pseudo-Solis and Wets method was used with 250 in-
dividuals in the population. The stopping criterion was defined by
the total number of energy evaluations, which was set to 2.5 � 107.
The translation step was set to 0.5 Å/step, and in both quaternation
and torsional (only at flexible ligand docking) steps 5.0�/step was
used. The docking box was centered on the macromolecule and the
lattice point distancewas set to 0.375 Å. The docking procedurewas
performed 256 times.

3. Results

Ab fibrils were stained with Congo Red (Fig. 1A) to check the
applicability in the binding assay. A typical binding assay can
identify several compounds inhibiting the binding of the radioac-
tive peptide, L[3H]PYFE, to Ab fibrils (Fig. 1B).
In silico the aggregation-prone polypeptide motif of the Ab1-42
folds in a hairpin molecular format and stack up on top of one
another as a filament (Fig. 2).

Comparable to CURC, salicyl-curcuminoid, Bingo RS0406, and
Congo Red have been shown to bind to Ab1-42 plaques and capable
of tautomerism. Based on the type of tautomerism, Ab-binding
compounds form three groups. These functional groups were
shown in Supplementary Fig. 1.

Group A is represented by curcumin and salicyl-curcuminoid. Ab
initio molecular geometry optimizations have been performed on
both compounds. The infrared spectra of the „keto” and „enol” forms
of salicyl-curcuminoid have also been computed (Supplementary
Fig. 2). Group B is represented by Congo Red and Group C is repre-
sented by Bingo-RS0406. The optimum geometries of the com-
pounds were also determined by ab initio molecular geometry
optimizations.

Congo Red occurs in two tautomeric forms. B is the completely
planar form in which the terminal naphthalin rings are in ortho-
quinoidal forms and the central biphenyl moiety is in para-
quinoidal form. This is not the structure of the normal a-imino-
phenylhydrazone. In contrast to that, the B′ form which is the
normal form of a phenylhydrazone, is a tautomer in which the
proton is migrated from nitrogen atom, close to the naphthalin, to
the adjacent nitrogen, close to the biphenyl. Consequently, only the
ortho-quinoidal structure is retained while the para quinoidal
structure disappeared. B and B′, two forms of Congo Red are shown
in Supplementary Fig. 3. Note that the B0 is not completely planar in
comparisonwith the B-form. There is an about 10� twist in the CeC
bond that connects the two benzene rings of the biphenyl groups
(Fig. 3A).

Some of these molecules were subjected to docking computa-
tions, involving the amyloid peptide aggregate shown in Fig. 2. The
B0 tautomer of Congo Red is docked in this complex (Fig. 3B).

The thermodynamics of the docking of the two tautomer forms
of Congo Red were represented by the Gibbs free energy (DG)
profile (Fig. 3C). The total sum of the released Gibbs free energy is
considered to be the arithmetical sum of the DG associated with the
isomerization and the docking process

DGTotal ¼ DGIsom þ DGENOL
Docking

The Bingo-RS0406 total of Gibbs free energy (DGTotal) could
perhaps range from�10 to�50 kcal/mol, which may be suitable to
initiate the break off of the first polypeptide foldamer from the
edge. These chains are hooked together in a parallel b-strand
having 12 membered rings in their hydrogen-bonded network
(Fig. 4). The calculated thermodynamic parameters are
shown in Table 1.

4. Discussion

It is assumed that keto-enol tautomerization is involved in the
mechanism of action of cyclohexanedione oxime herbicides. These
herbicides act on acetyl-coenzyme A carboxylase, a key enzyme in
the lipid biosynthesis pathway [35]. Besides that, it has been pub-
lished that the antifungal activity of a-substituted acetophenones
shows a linear correlation with the computed enolization energies
[36]. Moreover, curcumin analogs have been tested for their po-
tencies as inducers of detoxification enzymes in murine hepatoma
cells depending on their keto-enol tautomerization [37]. However,
to the best of our knowledge, no attempt has been made to connect
keto-enol tautomerization with plaque buster potential.

AD is often called “proteinopathy” due to the presence of mis-
folded and aggregated proteins that lose their physiological roles
and acquire neurotoxic properties [38,39]. CURC binds to and limit



Fig. 1. Protein binding assay. A) Fibers were generated by in vitro aggregation at room temperature and depicted by confocal fluorescent microscopy. The branching Ab fibers are
shown their diameter is under 1 mm, determined by the calibration bar (20 mm). B) The result of a typical screening experiment illustrates the discovery of the biological effect of
CURC among other hits (see Tb7, Tc3, Te4).

Fig. 2. In silico fibre of Ab1-42 peptides. Ab1-42 peptides fold in a hairpin molecular format and stack up on top of one another.
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Fig. 3. Tautomeric forms and docking of Congo Red. A) Letters B and B′ refer to the
two tautomers of Congo Red. B is planar, and B0 is three-dimensional tautomeric forms
of Congo Red. There is a 10� twist about the CeC bond that connects the two benzene
rings of the biphenyl. B) Congo Red docked to the amyloid peptide aggregate model. C)
A schematic Gibbs free energy profile of tautomeric isomerization and docking. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 4. Ab disaggregation. The parallel b-strand (at the right) has relatively weak
hydrogen bonds and each of the single strands (at the left) can be broken-off one at a
time. As the parallel arrangement represents a weaker interaction than the antiparallel
arrangement, the proposed break-off will become feasible at a certain critical DGTotal

value. The heteroatoms

in the plaque-busters will form hydrogen bonds with the groups of the peptide
chain just broken-off from the amyloid structure. This will also aid the process on
energetic grounds.

Table 1
Thermodynamics of tautomerization and docking.

Compund DGIsom DGENOL
Docking

DGTOTAL

Salicylcurcuminoid �2.2 �5.4 �7.6
CongoRed �13.5 �9.1 �22.6
Bingo RS0406 �20.8 �9.4 �30.2
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the aggregation of Ab oligomers into fibers and reduces Ab plaques
[15].

Our calculations by computation chemistry support a “keto-
enol” tautomerization mechanism that may explain selectivity and
efficacy of curcuminoids as plaque buster agents. Many of them, not
only slows down or stop neurodegenerative diseases but also re-
stores homeostasis of the inflammatory system [40]. CURC boosts
certain heat shock proteins with chaperon activity [41e44] some of
them helps to selectively refold even the miss-folded proteins
involved in AD and other plaque diseases. In addition, CURC has
generic anti-oxidant activity and induces response elements of
scavengers that remove free radicals and chelates various heavy
metals such as iron, and zinc in the liver [45].

Both CURC and Congo Red selectively bind to aggregated Ab fi-
brils. We suppose that the “enol” form of CURC could nest in the
hairpin of Ab, while change over the “keto” might be suitable to
dissociate and peel-off each foldamer, one by one, and eventually
dissociate the aggregated structure fibrils. If this process repeats
itself, the plaque may completely disintegrate.
CURC and various analogs induce a decrease in the plaque
burden in vivo. Plaque busters as natural nutraceuticals, most likely
directly involved in the prevention and delay the onset of AD
[1,19,21,46,47]. Pharmaceutical development of tautomeric drug
leads like CURC, and synthetic derivatives, such as the recently
found curcumin-melatonin hybrid, have strong scientific rationale
to increase drug specificity, stability, and bioavailability [48e50].
Moreover, this principle can be exploited in other protein-
aggregation associated diseases such as Parkinson’s disease, type
2 diabetes, or Creutzfeldt-Jakob’s prion infection [1].

CRediT authorship contribution statement

Ol�ah Zolt�an: Supervision, Writing - original draft, Writing -
review & editing. Pecze L�aszl�o: Writing - original draft, Writing -
review & editing. Kocsis �Eva: Writing - original draft, Writing -
review & editing. Viskolcz B�ela: Writing - original draft, Writing -
review & editing, Supervision.

Declaration of competing interest

The authors declare that they have no conflict of interest.

Acknowledgment

Professor emeritus Imre Csizmadia is highly acknowledged for
critical reading of the manuscript. This research was supported by
the European Union and the Hungarian State, co-financed by
the European Regional Development Fund in the framework of the
GINOP-2.3.4-15-2016-00004 project, aimed to promote the



O. Zolt�an et al. / Biochemical and Biophysical Research Communications 532 (2020) 82e8786
cooperation between the higher education and the industry. ZO, EK,
and BVwere supported by grants from the Hungarian Government;
EFOP-3.6.1-16-2016-00011, GINOP-2.2.1-15-2016-00005, and
GINOP-2.3.2-15-2016-00058.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.bbrc.2020.07.086.

References

[1] I. Lopez Gonzalez, P. Garcia-Esparcia, F. Llorens, I. Ferrer, Genetic and tran-
scriptomic profiles of inflammation in neurodegenerative diseases: alzheimer,
Parkinson, creutzfeldt-jakob and tauopathies, Int. J. Mol. Sci. 17 (2016)
ijms17020206 [pii] 10.3390/ijms17020206.

[2] P. Saa, J. Castilla, C. Soto, Cyclic amplification of protein misfolding and ag-
gregation, Methods Mol. Biol. 299 (2005) 53e65, 1-59259-874-9:053 [pii].

[3] F. Panza, M. Lozupone, G. Logroscino, B.P. Imbimbo, A critical appraisal of
amyloid-beta-targeting therapies for Alzheimer disease, Nat. Rev. Neurol. 15
(2019) 73e88, https://doi.org/10.1038/s41582-018-0116-6.

[4] N.A. Arnaoutoglou, J.T. O’Brien, B.R. Underwood, Dementia with Lewy bodies -
from scientific knowledge to clinical insights, Nat. Rev. Neurol. 15 (2019)
103e112, https://doi.org/10.1038/s41582-018-0107-7.

[5] T. Luhrs, C. Ritter, M. Adrian, D. Riek-Loher, B. Bohrmann, H. Dobeli,
D. Schubert, R. Riek, 3D structure of Alzheimer’s amyloid-beta(1-42) fibrils,
Proc. Natl. Acad. Sci. U. S. A. 102 (2005) 17342e17347, 0506723102 [pii]
10.1073/pnas.0506723102.

[6] H.L. Zhao, Y. Sui, J. Guan, L. He, F.M. Lai, D.R. Zhong, D. Yang, L. Baum, P.C. Tong,
B. Tomlinson, J.C. Chan, Higher islet amyloid load in men than in women with
type 2 diabetes mellitus, Pancreas 37 (2008) e68ee73, 10.1097/MPA.0-
b013e3181788e1800006676-200810000-00028 [pii].

[7] X. Qian, B. Hamad, G. Dias-Lalcaca, The Alzheimer disease market, Nat. Rev.
Drug Discov. 14 (2015) 675e676, nrd4749 [pii] 10.1038/nrd4749.

[8] S. Akhondzadeh, M. Noroozian, M. Mohammadi, S. Ohadinia, A.H. Jamshidi,
M. Khani, Salvia officinalis extract in the treatment of patients with mild to
moderate Alzheimer’s disease: a double blind, randomized and placebo-
controlled trial, J. Clin. Pharm. Therapeut. 28 (2003) 53e59, 463 [pii].

[9] Y.S. Eisele, C. Monteiro, C. Fearns, S.E. Encalada, R.L. Wiseman, E.T. Powers,
J.W. Kelly, Targeting protein aggregation for the treatment of degenerative
diseases, Nat. Rev. Drug Discov. 14 (2015) 759e780, nrd4593 [pii] 10.1038/
nrd4593.

[10] M. Ganguli, H.H. Dodge, C. Shen, R.S. Pandav, S.T. DeKosky, Alzheimer disease
and mortality: a 15-year epidemiological study, Arch. Neurol. 62 (2005)
779e784, 62/5/779 [pii] 10.1001/archneur.62.5.779.

[11] J.M. Ringman, S.A. Frautschy, G.M. Cole, D.L. Masterman, J.L. Cummings,
A potential role of the curry spice curcumin in Alzheimer’s disease, Curr.
Alzheimer Res. 2 (2005) 131e136.

[12] A.N. Begum, M.R. Jones, G.P. Lim, T. Morihara, P. Kim, D.D. Heath, C.L. Rock,
M.A. Pruitt, F. Yang, B. Hudspeth, S. Hu, K.F. Faull, B. Teter, G.M. Cole,
S.A. Frautschy, Curcumin structure-function, bioavailability, and efficacy in
models of neuroinflammation and Alzheimer’s disease, J. Pharmacol. Exp.
Therapeut. 326 (2008) 196e208, jpet.108.137455 [pii] 10.1124/
jpet.108.137455.

[13] G.M. Cole, B. Teter, S.A. Frautschy, Neuroprotective effects of curcumin, Adv.
Exp. Med. Biol. 595 (2007) 197e212, https://doi.org/10.1007/978-0-387-
46401-5_8.

[14] J.M. Ringman, S.A. Frautschy, E. Teng, A.N. Begum, J. Bardens, M. Beigi,
K.H. Gylys, V. Badmaev, D.D. Heath, L.G. Apostolova, V. Porter, Z. Vanek,
G.A. Marshall, G. Hellemann, C. Sugar, D.L. Masterman, T.J. Montine,
J.L. Cummings, G.M. Cole, Oral curcumin for Alzheimer’s disease: tolerability
and efficacy in a 24-week randomized, double blind, placebo-controlled
study, Alzheimer’s Res. Ther. 4 (2012) 43, 10.1186/alzrt146alzrt146 [pii].

[15] F. Yang, G.P. Lim, A.N. Begum, O.J. Ubeda, M.R. Simmons, S.S. Ambegaokar,
P.P. Chen, R. Kayed, C.G. Glabe, S.A. Frautschy, G.M. Cole, Curcumin inhibits
formation of amyloid beta oligomers and fibrils, binds plaques, and reduces
amyloid in vivo, J. Biol. Chem. 280 (2005) 5892e5901. M404751200 [pii]
10.1074/jbc.M404751200.

[16] V. Chandra, R. Pandav, H.H. Dodge, J.M. Johnston, S.H. Belle, S.T. DeKosky,
M. Ganguli, Incidence of Alzheimer’s disease in a rural community in India:
the Indo-US study, Neurology 57 (2001) 985e989.

[17] V. Chandra, M. Ganguli, R. Pandav, J. Johnston, S. Belle, S.T. DeKosky, Preva-
lence of Alzheimer’s disease and other dementias in rural India: the Indo-US
study, Neurology 51 (1998) 1000e1008.

[18] G.P. Lim, T. Chu, F. Yang, W. Beech, S.A. Frautschy, G.M. Cole, The curry spice
curcumin reduces oxidative damage and amyloid pathology in an Alzheimer
transgenic mouse, J. Neurosci. 21 (2001) 8370e8377, 21/21/8370 [pii].

[19] S. Hu, P. Maiti, Q. Ma, X. Zuo, M.R. Jones, G.M. Cole, S.A. Frautschy, Clinical
development of curcumin in neurodegenerative disease, Expert Rev. Neuro-
ther. 15 (2015) 629e637, https://doi.org/10.1586/14737175.2015.1044981.

[20] Q.L. Ma, X. Zuo, F. Yang, O.J. Ubeda, D.J. Gant, M. Alaverdyan, E. Teng, S. Hu,
P.P. Chen, P. Maiti, B. Teter, G.M. Cole, S.A. Frautschy, Curcumin suppresses
soluble tau dimers and corrects molecular chaperone, synaptic, and behav-
ioral deficits in aged human tau transgenic mice, J. Biol. Chem. 288 (2012)
4056e4065. M112.393751 [pii] 10.1074/jbc.M112.393751.

[21] C. Zhang, A. Browne, D. Child, R.E. Tanzi, Curcumin decreases amyloid-beta
peptide levels by attenuating the maturation of amyloid-beta precursor pro-
tein, J. Biol. Chem. 285 (2010) 28472e28480. M110.133520 [pii] 10.1074/
jbc.M110.133520.

[22] C. Mancuso, R. Siciliano, E. Barone, Curcumin and Alzheimer disease: this
marriage is not to be performed, J. Biol. Chem. 286 (2011) le3; author reply
le4. 286/3/le3 [pii] 10.1074/jbc.L110.133520.

[23] L. Baum, C.W. Lam, S.K. Cheung, T. Kwok, V. Lui, J. Tsoh, L. Lam, V. Leung,
E. Hui, C. Ng, J. Woo, H.F. Chiu, W.B. Goggins, B.C. Zee, K.F. Cheng, C.Y. Fong,
A. Wong, H. Mok, M.S. Chow, P.C. Ho, S.P. Ip, C.S. Ho, X.W. Yu, C.Y. Lai,
M.H. Chan, S. Szeto, I.H. Chan, V. Mok, Six-month randomized, placebo-
controlled, double-blind, pilot clinical trial of curcumin in patients with Alz-
heimer disease, J. Clin. Psychopharmacol. 28 (2008) 110e113, 10.1097/
jcp.0b013e318160862c 00004714-200802000-00025 [pii].

[24] G.P. Lim, T. Chu, F. Yang, W. Beech, S.A. Frautschy, G.M. Cole, The curry spice
curcumin reduces oxidative damage and amyloid pathology in an alzheimer
transgenic mouse, J. Neurosci. 21 (2001) 8370e8377, 10.1523/jneurosci.21-
21-08370.2001.

[25] F. Ullah, H. Liang, G. Niedermayer, G. Münch, E. Gyengesi, Evaluation of
phytosomal curcumin as an anti-inflammatory agent for chronic glial acti-
vation in the GFAP-IL6 mouse model, Front. Neurosci. 14 (2020), https://
doi.org/10.3389/fnins.2020.00170, 170-170.

[26] P. Maiti, L. Paladugu, G.L. Dunbar, Solid lipid curcumin particles provide
greater anti-amyloid, anti-inflammatory and neuroprotective effects than
curcumin in the 5xFAD mouse model of Alzheimer’s disease, BMC Neurosci.
19 (2018) 7, https://doi.org/10.1186/s12868-018-0406-3.

[27] M. Gyuris, L. Hackler Jr., L.I. Nagy, R. Alfoldi, E. Redei, A. Marton, T. Vellai,
N. Farago, B. Ozsvari, A. Hetenyi, G.K. Toth, P. Sipos, I. Kanizsai, L.G. Puskas,
Mannich curcuminoids as potent anticancer agents, Arch. Pharm. (Weinheim)
350 (2017), https://doi.org/10.1002/ardp.201700005.

[28] G.J. Szebeni, A. Balazs, I. Madarasz, G. Pocz, F. Ayaydin, I. Kanizsai, R. Fajka-
Boja, R. Alfoldi, L. Hackler Jr., L.G. Puskas, Achiral mannich-base curcumin
analogs induce unfolded protein response and mitochondrial membrane de-
polarization in PANC-1 cells, Int. J. Mol. Sci. 18 (2017), https://doi.org/10.3390/
ijms18102105.

[29] L. Hackler Jr., B. Ozsvari, M. Gyuris, P. Sipos, G. Fabian, E. Molnar, A. Marton,
N. Farago, J. Mihaly, L.I. Nagy, T. Szenasi, A. Diron, A. Parducz, I. Kanizsai,
L.G. Puskas, The curcumin analog C-150, influencing NF-kappaB, UPR and akt/
notch pathways has potent anticancer activity in vitro and in vivo, PloS One
11 (2016), e0149832, https://doi.org/10.1371/journal.pone.0149832.

[30] M. Garcia-Alloza, L.A. Borrelli, A. Rozkalne, B.T. Hyman, B.J. Bacskai, Curcumin
labels amyloid pathology in vivo, disrupts existing plaques, and partially re-
stores distorted neurites in an Alzheimer mouse model, J. Neurochem. 102
(2007) 1095e1104. JNC4613 [pii] 10.1111/j.1471-4159.2007.04613.x.

[31] L.D. Estrada, C. Soto, Inhibition of protein misfolding and aggregation by small
rationally-designed peptides, Curr. Pharmaceut. Des. 12 (2006) 2557e2567.

[32] G.M. Morris, R. Huey, W. Lindstrom, M.F. Sanner, R.K. Belew, D.S. Goodsell,
A.J. Olson, AutoDock4 and AutoDockTools4: automated docking with selective
receptor flexibility, J. Comput. Chem. 30 (2009) 2785e2791, https://doi.org/
10.1002/jcc.21256.

[33] E.L. Mehler, T. Solmajer, Electrostatic effects in proteins: comparison of
dielectric and charge models, Protein Eng. Des. Sel. 4 (1991) 903e910.

[34] G.M. Morris, D.S. Goodsell, R.S. Halliday, R. Huey, W.E. Hart, R.K. Belew,
A.J. Olson, Automated docking using a Lamarckian genetic algorithm and an
empirical binding free energy function, J. Comput. Chem. 19 (1998)
1639e1662.

[35] B. Bandyopadhyay, P. Pandey, P. Banerjee, A.K. Samanta, T. Chakraborty,
C.H. O, Interaction lowers hydrogen transfer barrier to keto-enol tautomeri-
zation of beta-cyclohexanedione: combined infrared spectroscopic and elec-
tronic structure calculation study, J. Phys. Chem. 116 (2012) 3836e3845,
https://doi.org/10.1021/jp2108736.

[36] A. Rodrıguez, F. Giannini, F. Suvire, H. Baldoni, R. Furl�an, S. Zacchino, G. Beke,
P. M�atyus, R. Enriz, I. Csizmadia, Correlation of antifungal activity of selected
�a-substituted acetophenones with their ketoeenol tautomerization energy,
J. Mol. Struct.: THEOCHEM 504 (2000) 35e50.

[37] A.T. Dinkova-Kostova, P. Talalay, Relation of structure of curcumin analogs to
their potencies as inducers of Phase 2 detoxification enzymes, Carcinogenesis
20 (1999) 911e914.

[38] B. Boland, W.H. Yu, O. Corti, B. Mollereau, A. Henriques, E. Bezard,
G.M. Pastores, D.C. Rubinsztein, R.A. Nixon, M.R. Duchen, G.R. Mallucci,
G. Kroemer, B. Levine, E.L. Eskelinen, F. Mochel, M. Spedding, C. Louis,
O.R. Martin, M.J. Millan, Promoting the clearance of neurotoxic proteins in
neurodegenerative disorders of ageing, Nat. Rev. Drug Discov. 17 (2018)
660e688, https://doi.org/10.1038/nrd.2018.109.

[39] M. Jucker, L.C. Walker, Self-propagation of pathogenic protein aggregates in
neurodegenerative diseases, Nature 501 (2013) 45e51, https://doi.org/
10.1038/nature12481.

[40] K.S. Bhullar, A. Jha, D. Youssef, H.P. Rupasinghe, Curcumin and its carbocyclic
analogs: structure-activity in relation to antioxidant and selected biological
properties, Molecules 18 (2013) 5389e5404, molecules18055389 [pii]
10.3390/molecules18055389.

https://doi.org/10.1016/j.bbrc.2020.07.086
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref1
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref1
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref1
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref1
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref2
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref2
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref2
https://doi.org/10.1038/s41582-018-0116-6
https://doi.org/10.1038/s41582-018-0107-7
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref5
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref5
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref5
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref5
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref5
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref6
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref6
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref6
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref6
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref6
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref7
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref7
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref7
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref8
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref8
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref8
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref8
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref8
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref9
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref9
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref9
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref9
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref9
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref10
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref10
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref10
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref10
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref11
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref11
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref11
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref11
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref12
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref12
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref12
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref12
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref12
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref12
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref12
https://doi.org/10.1007/978-0-387-46401-5_8
https://doi.org/10.1007/978-0-387-46401-5_8
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref14
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref14
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref14
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref14
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref14
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref14
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref15
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref15
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref15
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref15
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref15
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref15
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref16
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref16
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref16
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref16
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref17
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref17
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref17
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref17
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref18
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref18
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref18
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref18
https://doi.org/10.1586/14737175.2015.1044981
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref20
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref20
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref20
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref20
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref20
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref20
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref21
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref21
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref21
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref21
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref21
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref22
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref22
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref22
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref23
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref23
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref23
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref23
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref23
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref23
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref23
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref23
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref24
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref24
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref24
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref24
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref24
https://doi.org/10.3389/fnins.2020.00170
https://doi.org/10.3389/fnins.2020.00170
https://doi.org/10.1186/s12868-018-0406-3
https://doi.org/10.1002/ardp.201700005
https://doi.org/10.3390/ijms18102105
https://doi.org/10.3390/ijms18102105
https://doi.org/10.1371/journal.pone.0149832
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref30
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref30
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref30
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref30
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref30
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref31
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref31
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref31
https://doi.org/10.1002/jcc.21256
https://doi.org/10.1002/jcc.21256
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref33
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref33
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref33
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref34
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref34
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref34
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref34
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref34
https://doi.org/10.1021/jp2108736
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref36
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref36
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref36
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref36
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref36
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref36
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref36
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref36
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref36
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref37
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref37
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref37
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref37
https://doi.org/10.1038/nrd.2018.109
https://doi.org/10.1038/nature12481
https://doi.org/10.1038/nature12481
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref40
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref40
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref40
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref40
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref40


O. Zolt�an et al. / Biochemical and Biophysical Research Communications 532 (2020) 82e87 87
[41] L.S. Angelo, J.Y. Wu, F. Meng, M. Sun, S. Kopetz, I.E. McCutcheon, J.M. Slopis,
R. Kurzrock, Combining curcumin (diferuloylmethane) and heat shock protein
inhibition for neurofibromatosis 2 treatment: analysis of response and
resistance pathways, Mol. Canc. Therapeut. 10 (2011) 2094e2103, 1535-
7163.MCT-11-0243 [pii] 10.1158/1535-7163.MCT-11-0243.

[42] Y. Lv, L. Gong, Z. Wang, F. Han, H. Liu, X. Lu, L. Liu, Curcumin inhibits human
cytomegalovirus by downregulating heat shock protein 90, Mol. Med. Rep. 12
(2015) 4789e4793, https://doi.org/10.3892/mmr.2015.3983.

[43] R. Manikandan, M. Beulaja, R. Thiagarajan, M. Arumugam, Effect of curcumin
on the modulation of alphaA- and alphaB-crystallin and heat shock protein 70
in selenium-induced cataractogenesis in Wistar rat pups, Mol. Vis. 17 (2011)
388e394, 43 [pii].

[44] R. Sarkar, A. Mukherjee, S. Mukherjee, R. Biswas, J. Biswas, M. Roy, Curcumin
augments the efficacy of antitumor drugs used in leukemia by modulation of
heat shock proteins via HDAC6, J. Environ. Pathol. Toxicol. Oncol. 33 (2014)
247e263, 0410fa476f5ceb7e,7ff089be0078bc5b [pii].

[45] W.R. Garcia-Nino, J. Pedraza-Chaverri, Protective effect of curcumin against
heavy metals-induced liver damage, Food Chem. Toxicol. 69 (2014) 182e201,
https://doi.org/10.1016/j.fct.2014.04.016. S0278-6915(14)00198-7 [pii].

[46] G.M. Cole, T. Morihara, G.P. Lim, F. Yang, A. Begum, S.A. Frautschy, NSAID and
antioxidant prevention of Alzheimer’s disease: lessons from in vitro and
animal models, Ann. N. Y. Acad. Sci. 1035 (2004) 68e84, https://doi.org/
10.1196/annals.1332.005, 1035/1/68 [pii].

[47] E. Karran, M. Mercken, B. De Strooper, The amyloid cascade hypothesis for
Alzheimer’s disease: an appraisal for the development of therapeutics, Nat.
Rev. Drug Discov. 10 (2011) 698e712, nrd3505 [pii] 10.1038/nrd3505.

[48] J.E. Chojnacki, K. Liu, X. Yan, S. Toldo, T. Selden, M. Estrada, M.I. Rodriguez-
Franco, M.S. Halquist, D. Ye, S. Zhang, Discovery of 5-(4-hydroxyphenyl)-3-
oxo-pentanoic acid [2-(5-methoxy-1H-indol-3-yl)-ethyl]-amide as a neuro-
protectant for Alzheimer’s disease by hybridization of curcumin and mela-
tonin, ACS Chem. Neurosci. 5 (2014) 690e699, https://doi.org/10.1021/
cn500081s.

[49] G. Gerenu, K. Liu, J.E. Chojnacki, J.M. Saathoff, P. Martinez-Martin, G. Perry,
X. Zhu, H.G. Lee, S. Zhang, Curcumin/melatonin hybrid 5-(4-hydroxy-phenyl)-
3-oxo-pentanoic acid [2-(5-methoxy-1H-indol-3-yl)-ethyl]-amide amelio-
rates AD-like pathology in the APP/PS1 mouse model, ACS Chem. Neurosci. 6
(2015) 1393e1399, https://doi.org/10.1021/acschemneuro.5b00082.

[50] C. Kudo, H. Yamakoshi, A. Sato, H. Nanjo, H. Ohori, C. Ishioka, Y. Iwabuchi,
H. Shibata, Synthesis of 86 species of 1,5-diaryl-3-oxo-1,4-pentadienes ana-
logs of curcumin can yield a good lead in vivo, BMC Pharmacol. 11 (2011), 4.
1471-2210-11-4 [pii] 10.1186/1471-2210-11-4.

http://refhub.elsevier.com/S0006-291X(20)31475-3/sref41
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref41
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref41
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref41
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref41
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref41
https://doi.org/10.3892/mmr.2015.3983
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref43
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref43
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref43
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref43
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref43
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref44
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref44
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref44
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref44
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref44
https://doi.org/10.1016/j.fct.2014.04.016
https://doi.org/10.1196/annals.1332.005
https://doi.org/10.1196/annals.1332.005
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref47
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref47
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref47
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref47
https://doi.org/10.1021/cn500081s
https://doi.org/10.1021/cn500081s
https://doi.org/10.1021/acschemneuro.5b00082
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref50
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref50
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref50
http://refhub.elsevier.com/S0006-291X(20)31475-3/sref50

	A “keto-enol” plaque buster mechanism to diminish Alzheimer’s β-Amyloid burden
	1. Introduction
	2. Methods
	2.1. Screening plant extracts
	2.2. Docking studies

	3. Results
	4. Discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgment
	Appendix A. Supplementary data
	References


