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ABSTRACT: The synthesis of a water/plasma soluble, noncytotoxic, “clicked” sugar-derivative of curcumin with amplified
bioefficacy in modulating amyloid-f# and tau peptide aggregation is presented. Curcumin inhibits amyloid-f and tau peptide
aggregation at micromolar concentrations; the sugar—curcumin conjugate inhibits AS and tau peptide aggregation at
concentrations as low as 8 nM and 0.1 nM, respectively. In comparison to curcumin, this conveniently synthesized Alzheimer’s

drug candidate is a more powerful antioxidant.
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here is a compelling need to find drugs for the treatment

of Alzheimer’s disease (AD). AD presently affects 18
million people worldwide and is expected to increase to 25
million by 2025." Medications approved by the United States
Food and Drug Administration (FDA) treat the symptoms of
AD, but do not alter progression of the disease.”> The concept
that small aggregates of proteins are pathological entities in
many amyloid diseases including AD is an emerging paradigm
finding increasing support from recent studies on proteins such
as tau, Af, a-synuclein, and prion protein whose aggregation is
associated with neurodegenerative diseases.* The aggregation
process can be triggered by different factors: redox active
copper(II) ion can expedite amyloid aggregation via binding to
AP peptides, and it can also generate reactive oxygen species
(ROS), that initiate lipid peroxidation which induces oxidative
stress.” The major target for drug discovery for AD has been Af
that forms insoluble senile plaques, and recently, with the
failure of the trials based only on amyloid-f, there is an
increased interest in incorporating tau aggregates in the
therapeutic approach. Binding to and altering the distribution
of tau and amyloid aggregates is likely to disrupt their toxic
action on neurons. Drug targets that are limited to a single
target have proven to have disappointing results: Antibodies
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that directly target monomeric or oligomeric Af have been
developed, and they have however failed in clinical trials.®
Several small molecules which have been shown to inhibit A
aggregation’ have had limited success in clinical studies. Several
Cu(Il) ion chelators have been considered as drug candidates,
for example, Clioquinol and Apocyclen. Therapeutic ap-
proaches for reduction of phosphorylated tau include
pharmacologic mampulatlon of cellular proteln refolding/
degradation pathways® and immunotherapy.” It is evident
from the above discussion that there are many pathways that
contribute to AD. An ideal AD drug candidate should therefore
be broad spectrum with activity against all the pathways that
contribute to AD. An ideal AD drug should (a) disrupt amyloid
aggregates, (b) depolymerize tau aggregates, (c) chelate and
remove metal ions such a copper, (d) reduce oxidative stress in
the brain, and (e) have other neuroprotective characteristics.
The active ingredient in turmeric (curcumin) is a potential
safe bullet to simultaneously target the multifaceted features of
AD. Epidemiological studies have correlated the consumption
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Figure 1. Monofunctional curcumin derivatives.
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of turmeric by the southeast asian population with significantly
reduced occurrence of AD compared to western countries.'’
Curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-hepta-
diene-3,5-dione], a FDA Generally Regarded as Safe (GRAS)
polyphenolic component of turmeric, has been shown to
possess activity against most of the biochemical pathways
associated with the onset and progression of AD."' Curcumin is
an antioxidant,* anti-inflammatory"® and has promising anti-
AD activity.""®>'> Curcumin has been shown to cross the
blood brain barrier and reduce pathology in AD mouse models
overproducing AB."* We have recently shown that curcumin
disrupts tau peptide aggregates."> Curcumin appears to have
multiple neuroprotective mechanisms including inhibition of
inflammation, disruption of amyloid-f# and tau peptide
aggregation, reduction of reactive oxygen species by chelating
metals, inhibition of stress pathways, and induction of heat
shock proteins,'!?4<1¢

Two crucial structural features have been associated with
many small molecule amyloid inhibitors: the presence of
phenolic rings capable of disrupting peptide aromatic 7—7x
stacking and groups capable of competitive hydrogen bonding
(B-sheet breakers).'” The curcumin pharmacophore has the
same features present in the amyloid targeting Alzheimer’s drug
candidate and f-sheet breaker, N,N- bis(3-hydroxyphenyl)-
pyridazine-3,6-diamine, which was found using high-throughput
screening of 113000 compounds (like curcumin, it inhibits
amyloid fibril formation at micromolar concentrations)."® The
phenolic group of curcumin can interact with the aromatic
residues in amyloid fibrils disrupting peptide 7—n stacking
while the hydroxyl groups and f-diketone unit can act as f-
sheet breakers via competitive hydrogen bonding. The p-
diketone component is also capable of chelating copper ions."
The mechanism of action of curcumin in inhibiting tau
aggregates has not been correlated with its structure; one
possibility is that it works via copper ion chelation.”® Despite its
broad spectrum bioactivity, curcumin by itself is a poor
therapeutic agent for AD. One of the major limitations of using
curcumin as a drug is its poor water and plasma solubility and
consequent low bioavailability.>' There have been some
attempts at addressing this issue by producing micellar and
solid lipid nanoparticle formulations of curcumin with
improved water/plasma solubility and by evaluating CNB001,
a derivative of curcumin,*” for safety and for the potential to
treat AD. CNBOOI is synthesized by covalent modification of
one of the ketone groups in the f-diketone bridge of curcumin
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with phenyl hydrazine and is more hydrophobic than curcumin.
CNBO001 does not possess the vital j-diketone unit which is
necessary for disruption of amyloid-f aggregation via
competitive hydrogen bonding. The leaching of encapsulated
curcumin/CNBO001, the lack of transport of the micelles/
nanoparticles across the gastrointestinal tract, slow release
kinetics of the payloads from the nanoparticles, lack of in vivo
safety of nanoparticles,*® and limited transport of the micelles/
nanoparticles across the blood brain barrier (BBB)>* are some
of the hurdles which have to be addressed with a noncovalent
encapsulation (formulation) approach to improving the
bioefficacy of curcumin. A recent report™ describes the
synthesis of hydrophobic cholesterol-curcumin derivatives
with activity which is approximately similar to curcumin
(micromolar range) against amyloidal aggregates; it must be
noted that amyloid fibrils are extracellular, curcumin can
independently incorporate in lipid bilayers,*® and curcumin has
been shown to cross the blood brain barrier,”’ so attaching
cholesterol to curcumin does not, in principle, enhance it to
perform as a better AD drug candidate.

It is thus evident that the fundamental issue of curcumin
bioavailability has not yet been solved and that there is a
compelling need for better curcumin based amyloid-f and tau
inhibitors that work at a much lower concentration, ideally in
the nanomolar range. We synthesized monofunctional
curcumin derivatives that possess an unique carboxylic acid/
azide/alkyne group in accordance with our reported procedur-

e''® and evaulated the molecules for anti-AD activity (Figure

1).

Preliminary studies were carried out to assess whether the
monofunctional curcumin derivatives retained the ability to
bind and dissolve amyloid fibrils in vitro. Human heart tissue
containing intercellular amyloid was stained with Congo Red
according to the “Benhold’s” protocol (control sample) or with
the reactive monofunctional curcumin derivatives and imaged
using a polarized light microscope; the monofunctional
derivatives label amyloid fibrils very effectively (see Supporting
Information Figure SSa, b). Curcumin and its derivatives have
the advantage that they can effectively label fibrils at a much
lower concentration than Congo Red: 50 nM of 1-1d compared
to 0.014 M for Congo Red. The ability of 1-1d to dissolve
amyloid aggregates (fibrils) was also evaluated. In a typical
experiment, amyloid fibrils were formed by incubating Af 1—40
peptide. Either the curcumin derivative or control buffer was
added to the fibrils and incubated followed by visualization

dx.doi.org/10.1021/cn200088r | ACS Chem. Neurosci. 2011, 2, 694—699



ACS Chemical Neuroscience

Scheme 1. Synthesis of Curcumin “Clicked” Mono-Galactose le
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using transmission electron microscopy (TEM). A network of
fibrils was observed in the TEM image of the control amyloid
fibril sample (see Supporting Information Figure SSc, d),
whereas the fibrils were absent in the sample treated with the
curcumin derivatives (see Supporting Information Figure S5d).
This observation was further supported by UV spectroscopy
(see Supporting Information Figure S7). These experiments
indicate the curcumin derivatives are as effective (function in
the micromolar range) in inhibiting amyloid fibril formation as
the parent molecule curcumin. It should be noted that the
curcumin derivatives do not have significantly improved water/
plasma solubility in comparison to curcumin.

Our goal was to synthesize a water/plasma soluble, nontoxic,
biocompatible derivative of curcumin with bioactivity against
both amyloid and tau aggregates at significantly lower
concentrations compared to curcumin. We hypothesized that
attaching a sugar moiety to curcumin would result in the
desired construct which retains all the characteristics of the
curcumin pharmacophore. In addition, the sugar would serve to
significantly increase the water/plasma solubility of the
molecule. The hydroxyl groups of sugar could participate in
competitive hydrogen bonding. The loss in antioxidant
potential caused by blocking one of the phenolic groups
would be compensated by the vastly increased water/plasma
solubility. The sugar—curcumin conjugate would retain other
structural characteristics of the curcumin pharmacophore such
as the ability to chelate metal ions. The desired molecule, a
soluble “clicked” sugar conjugate of curcumin (SC), was
synthesized in accordance with Scheme 1; SC inhibits amyloid-
J peptide aggregation (Af fragments 25—3S5 and Af peptide
1-42) and tau aggregates at nanomolar concentrations.
Preliminary studies indicate that SC is nontoxic to neurons
and is a stronger antioxidant than curcumin.

Curcumin monoalkyne derivative of curcumin 1a was reacted
with commercially available 2-[2-(2-azidoethoxy)ethoxy]ethyl-
2,3,4,6-tetra-O-acetyl-D-galactopyranoside (acetyl-protected gal-
actose azide) under “click” reaction conditions (Scheme 1).

The 8.1 ppm peak (triazole proton) in the '"H NMR and ESI-
MS data m/z = 912.3 confirms the conjugation of curcumin
with sugar. Acetyl-protected galactose was employed in the
click reaction due to the solubility mismatch of sugars and 1a in
organic solvents. Further, deprotection using NaOMe afforded
the acetyl-deprotected sugar—curcumin conjugate le. The
absence of acetyl-CHj, peaks at 2.22—2.38 ppm in 'H NMR
and 20.48—20.65 ppm in *C NMR along with the presence of
a peak at m/z = 744.3 in ESI-MS confirms the complete
deprotection of the galactose. The sugar—curcumin conjugate
le (SC) is freely soluble in water.
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A UV-—vis experiment was conducted to evaluate the
superior water solubility of sugar—curcumin compared to
curcumin. The same molar quantities of both curcumin and
sugar—curcumin were vortexed in water, the resulting solution
was centrifuged to remove undissolved material. The super-
natant liquid was diluted and the UV—vis spectrum was
recorded (Figure 2). From the spectrum (using a previously
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Figure 2. UV—vis spectrometric comparison of solubility of curcumin
1 and sugar—curcumin le in water: sugar—curcumin in water (5 mg/
mL, red) and curcumin in water (S mg/mL, blue).

determined molar extinction coefficient) it was estimated that
SC is ~1000 times more soluble than curcumin in water. It
should be noted that the solubility study outlined above
measures the direct solubility of the compounds in water and
closely models “real life” conditions. This is in contrast to other
experiments reported in literature in which the compounds are
first dissolved in other solvents followed by dilution in water.
In order to evaluate SC’s ability to dissolve amyloid-/ fibrils,
Ap fragments 25—35 and Af peptide 1—42 were incubated with
different concentrations of either curcumin or SC at 37 °C for §
days. The aggregation of Ap to form fibrils was determined via
TEM where the samples were negatively stained using freshly
prepared and filtered 0.2% phosphotungstic acid. SC inhibits
the Af aggregation at significantly lower concentrations
compared to curcumin (Figure 3A, B). SC completely inhibits
amyloid-f fiber formation at concentrations as low as 8 nM, but
is not as effective at higher concentrations; the consistency of
this result was confirmed by repeating the experiments multiple
times. To further confirm this result, we performed a dot blot
assay (Figure 3C). Af peptide 1—42 was incubated with varying
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Figure 3. Sugar-curcumin inhibits amyloid-f assembly at lower
concentrations than regular curcumin. Amyloid-f peptides 25—35
(A) and 1-42 (B) were incubated with 8 uM or 8 nM of SC or
curcumin. It is shown that, at 8 nM concentration, SC is able to
significantly inhibit aggregation. Curcumin is only able to inhibit
aggregation at micromolar concentrations. The assembly is shown by
negatively stained electron microscopy (all scale bars are S00 nm). (C)
Dot blot assay of A 1—42. TEM microscopy results were confirmed
by immuno dot blot assay. Note: P, pellet; S, supernatant.

concentrations of SC for 5 days at 37 °C and then centrifuged
at 10000 rpm; the resulting pellet and supernatant were
employed in a dot blot assay and probed with a Af peptide 1—
42 specific antibody. SC inhibited Af assembly at 8 nM, since
no aggregate was detected in the pellet fraction whereas almost
all of it was in the pellet fraction when regular curcumin was
analyzed at the same concentration. At micromolar concen-
trations of SC, the inhibition of aggregation is not effective
when compared to 8 nM.

Preliminary experiments to evaluate the tau inhibitory
activity of SC and curcumin were performed. The peptide
VQIVYK has been identified as the sequence responsible for
tau self-assembly.”® VQIVYK peptide sequence was incubated
with different concentrations of either curcumin or SC at 37 °C
for 2 h. The aggregation of tau to form filaments was
determined via TEM. SC inhibits tau aggregation at
significantly lower concentrations compared to curcumin.
Where curcumin begins to have an inhibitory effect on the
tau aggregation at a concentration of 8 uM, SC completely
inhibits tau peptide aggregation at concentrations as low as 0.1
nM (Figure 4). However, the same trend observed in case of

697

Curcumin

Control

Sugar-Curcumin

» "" :
Tau ; v
Peptide AL x
, * f:
: .
f— o TR,
0.1 nM

Figure 4. TEM results from the inhibitory experiment of tau peptide
aggregation. SC is far more effective than curcumin at 0.1 nM.

AP experiments was repeated in the tau study: at higher
concentrations, SC is not a very effective tau inhibitor. The
reduced efficacy of SC to inhibit AS and tau peptide
aggregation at higher concentrations may be due to the
possible formation of SC micelles (the molecule is amphiphilic
in nature). The increased solubility of SC in water (1000-fold
more) is reflected in its enhanced ability (~1000 times more
effective) to inhibit amyloid-f and tau aggregation. It should be
noted that assays such as the thioflavin assay are not
appropriate for testing anti-amyloidogenic properties of
curcumin and its derivatives because the strong absorptive
and fluorescent properties curcumin have been shown to
signiglgcantly interfere with the thiofloflavin fluorescence read-
ings.

To assess whether the enhanced bioefficacy of SC can be
correlated with the antioxidant potential (AOP), we measured
the AOP of curcumin, curcumin monoalkyne, and sugar—
curcumin via the linoleic acid peroxidation method in
accordance with a literature procedure.*® SC showed higher
AOP compared to both the curcumin and curcumin
monoalkyne in water (see Supporting Information Figure
S2). This could be attributed to the higher solubility of le in
water than 1 and la. A preliminary experiment to investigate
the neurotoxicity of the SC was performed via a MTT assay on
cultured hippocampal slices of mouse brain. The results of the
MTT assay (Supporting Information Figure S4) showed that at
over a concentration range (8 nM and 80 uM) the viability of
SC treated cells is similar to that of the control samples. This
suggests that the sugar—curcumin conjugate did not have a
harmful effect on the normal brain tissue with respect to cell
viability.

In conclusion, we have successfully synthesized a “clicked”
water-soluble sugar derivative of curcumin with amplified
bioactivity (~1000 times more potent against amyloid-f and
tau peptide aggregation) in comparison to curcumin and its
monofunctional derivatives 1-1d. SC is a more powerful
antioxidant than curcumin. It is anticipated that by varying
the sugar in our modular synthetic design we can optimize the
uptake across the blood brain barrier via the glucose transporter
mechanism.®>’ Further studies to exploit this conveniently
synthesized Alzeimer’s drug candidate including novel
approaches to deliver the molecule and in vivo experiments
are in progress.

B METHODS

Synthesis of Protected Curcumin—"Clicked”-Monogalactose
Conjugate. Curcumin monoalkyne (1a) (500 mg, 1.23 mmol) was
dissolved in 2 mL of THF and added to 2 mL of t-BuOH containing
commercially available acetyl-protected azido-galactose derivative [2-
[2-(2-azidoethoxy)ethoxy]ethyl-2,3,4,6-tetra-O-acetyl-D-galactopyrano-
side] (625 mg, 1.23 mmol) in a round-bottom flask (r.b.). Fresh
solutions of CuSO,-SH,0O (76 mg, 0.3 mmol) and sodium ascorbate
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(90 mg, 0.45 mmol) were prepared separately in 1 mL of Millipore
water. Sodium ascorbate solution was added to the r.b. followed by
CuSO, solution and stirred for 12 h. The reaction was stopped, and
the solvent was removed by evaporation. The crude product was
extracted from the water—chloroform mixture. The organic layer was
dried over anhydrous NaSO,, and solvent was evaporated. Finally, the
product was purified via column chromatography using a chloroform/
ethyl acetate (90:10) mixture to yield orange solid. Yield: 785 mg
(70%). '"H NMR (CDCls, 600 MHz): § (ppm) 2.22 (s, 3H), 2.27—
2.29 (d, 6H), 2.38 (s, 3H), 3.81—3.85 (m, 6H), 3.95 (m, 1H), 4.11—
4.17 (m, 10H), 4.34—4.40 (m, 2H), 4.76—4.80 (m, 3H), 5.24—5.27
(dd, 1H), 5.42—5.45 (m, 1H), 5.54—5.57 (m, 2H), 5.61-5.62 (m,
1H), 6.05 (s, 1H), 6.71—6.75 (m, 2H), 7.16—7.17 (d, 1H), 7.29—7.35
(m, 4H), 7.80—7.84 (m, 2H), 8.10 (s, 1H). *C NMR (CDCl,, 150
MHz): § (ppm) 20.48, 20.54, 20.56, 20.65, 50.23, 55.82, 55.84, 61.09,
6277, 66.92, 68.69, 69.04, 69.28, 70.07, 70.45, 70.47, 70.53, 70.75,
101.18, 101.23, 109.61, 110.30, 113.57, 114.84, 121.59, 122.15, 122.24,
122.84, 124.25, 139.99, 140.61, 143.39, 146.82, 147.93, 149.50, 149.51,
169.33, 170.04, 170.13, 170.28, 182.73, 183.52. ESL-MS for
Cy4Hg3N;0 g0 calculated, 911.33; observed, 912.3 [M + H]".
Synthesis of Curcumin—"Clicked”-Monogalactose (Sugar-
Curcumin) (1e). Protected curcumin—"“clicked”-galactose (90 mg,
0.098 mmol) was dissolved in 3 mL of 0.3 M NaOMe in anhydrous
MeOH. The mixture was stirred at room temperature for 2 h. The pH
of the solution was neutralized to pH 7 using AmberlystlS ion-
exchange resin, and the color of the solution became light yellow from
dark orange. The solution was filtered, and the solvent was removed.
Finally, the crude product was purified via column chromatography
using CHCl;/MeOH (95:5) to yield le as a dark yellow solid. Yield:
55 mg (76%). '"H NMR (CD;0D, 600 MHz): 5 (ppm) 3.30 (s, 4H),
3.39—-3.46 (m, 2H), 3.50—3.53 (m, 2H), 3.57 (s, 4H), 3.59—3.62 (m,
2H), 3.65—-3.75 (m, 3H), 3.79—3.80 (d, 2H), 3.85-3.89 (m, 6H),
3.94—3.96 (m, 1H), 4.18—4.20 (d, 1H), 4.57—4.58 (t, 2H), 5.21 (s,
2H), 6.59—6.65 (m, 2H), 6.80—6.81 (d, 1H), 7.07—7.21(m, 4H),
7.53—7.56 (m, 2H), 8.11 (s, 1H). 3C NMR (CDCl,, 150 MHz): §
(ppm) 49.84, 51.48, 56.48, 56.53, 62.54, 62.79, 63.34, 69.59, 70.30,
71.09, 71.31, 71.37, 71.41, 72.50, 74.89, 76.66, 105.03, 111.79, 112.08,
115.35, 116.59, 123.55, 124.19, 126.57, 128.54, 130.50, 131.21, 141.30,
142.37, 144.47, 149.40, 150.50, 151.06, 151.37, 183.92, 185.37. ESI-
MS for C3sH,N;O4,: calculated, 743.29; observed, 744.3 [M + H]".

B ASSOCIATED CONTENT

© Supporting Information

Experimental procedures and characterization of synthesized
compounds, experimental details concerning antioxidant
potentials, Af and tau peptide inhibition, hippocampal slice
culture, and MTT assay. This material is available free of charge
via the Internet at http://pubs.acs.org.
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