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Abstract: Alzheimer’s disease is the leading cause of dementia among the elderly, and with
the ever-increasing size of this population, cases of Alzheimer’s disease are expected to triple
over the next 50 years. Consequently, the development of treatments that slow or halt the disease
progression have become imperative to both improve the quality of life for patients and reduce
the health care costs attributable to Alzheimer’s disease. Here, we demonstrate that the active
component of marijuana, A°-tetrahydrocannabinol (THC), competitively inhibits the enzyme
acetylcholinesterase (AChE) as well as prevents AChE-induced amyloid S-peptide (ApB)
aggregation, the key pathological marker of Alzheimer's disease. Computational modeling of
the THC—AChE interaction revealed that THC binds in the peripheral anionic site of AChE, the
critical region involved in amyloidgenesis. Compared to currently approved drugs prescribed
for the treatment of Alzheimer’'s disease, THC is a considerably superior inhibitor of AS
aggregation, and this study provides a previously unrecognized molecular mechanism through
which cannabinoid molecules may directly impact the progression of this debilitating disease.
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Introduction

Since the characterization of tR&nnabis satia produced
cannabinoid A®-tetrahydrocannabinol (THC) (Figure 1), in :
the 1960s, this natural product has been widely explored as o
an antiemetic, anticonvulsive, anti-inflammatory, and anal-

Figure 1. Chemical structure of A°-tetrahydrocannabinol
(THC).
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debilitating disease are critical as Alzheimer’s disease afflicts the active site of acetylcholinesterase (AChE), the enzyme
over 20 million people worldwide, with the number of responsible for the degradation of acetylcholine, thereby
diagnosed cases continuing to rise at an exponentiaf-fate. raising the levels of neurotransmitter in the synaptic dfeft.
These studies have demonstrated the ability of cannabinoiddn addition, AChE has been shown to play a further role in
to provide neuroprotection againstamyloid peptide (48) Alzheimer's disease by acting as a molecular chaperone,
toxicity 810 Yet, it is important to note that, in these reports, accelerating the formation of amyloid fibrils in the brain and
cannabinoids serve as signaling molecules which regulateforming stable complexes with/Aat a region known as the
downstream events implicated in Alzheimer’s disease pathol- peripheral anionic binding site (PAS)!°Evidence support-
ogy and are not directly implicated as effecting At a ing this theory was provided by studies demonstrating that
molecular level. the PAS ligand, propidium, is able to prevent amyloid
One of the primary neuropathological hallmarks of Alz- acceleration in vitro, whereas active-site inhibitors had no
heimer’s disease is deposition oﬁAnto amy|o|d piaques effect1® Due to the association between the AChE PAS and
in areas of the brain important for memory and Cogniﬂibn_ Alzheimer’s disease, a number of studies have focused on

Over the last two decades, the etiology of Alzheimer's blocking this allosteric sit¢! Recently, we reported a
disease has been elucidated through extensive biochemicafombined computational and experimental approach to
and neurobiological studies, leading to an assortment of identify compounds containing rigid, aromatic scaffolds
possible therapedutic strategies including prevention of down- hypothesized to disrupt proteiprotein interactiond? =
stream neurotoxic events, interference with etabolism, ~ Similarly, THC is highly lipophilic in nature and possesses
and reduction of damage from oxidative stress and inflam- @ fused tricyclic structure. Thus, we hypothesized that this
mationi2 The impairment of the Choiinergic system is the terpenoid also could bind to the allosteric PAS of AChE with
most dramatic of the neurotransmitter systems affected byconcomitant prevention of AChE-promoteg Aggregation.
Alzheimer's disease and, as a result, has been thoroughly

investigated. Currently, there are four FDA-approved drugs Experimental Section

that treat the symptoms of Alzheimer’s disease by inhibiting Docking Procedures. THC was docked to the mouse

AChE structure (PDB ID code 1J07) using AutoDock 33.5.
(3) Howlett, A. C.; Barth F.; Bonner, T. |.; Cabral, G.; Casellas P.; Twenty docking runs (100 million energy evaluations each)
Devane, W. A.; Felder, C. C.; Herkenham, M.; Mackie, K.; were run with a 26.25 A< 18.75 A x 26.25 A grid box
Martin, B. R.; Mechoulam, R.; Pertwee, R. G. International Union
of Pharmacology. XXVII. Classification of cannabinoid receptors.

Pharmacol. Re. 2002 54, 161-202.
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Hillard, C. J.; Romero, J. Cannabinoid €Beceptors and fatty ecules.Pharmacol. Res2004 50, 441-451.
acid amide hydrolase are selectively overexpressed in neuritic (14) Inestrosa, N. C.; Alvarez, A.; Pecez, C. A.; Moreno, R. D;
plaque-associated glia in Alzheimer’s disease brainseurosci. Vicente, M.; Linker, C.; Casanueva, O. |.; Soto, C.; Garrido, J.
2003 23, 11136-11141. Acetylcholinesterase accelerates assembly of amylgpeptides
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related”?-evidence from meta-analysis of dementia prevalence Mello, F. G.; Inestrosa, N. C. Stable complexes involving
in the oldest oldLancet1995 346, 931-934. acetylcholinesterase and amylgigeptide change the biochemi-

(7) Evans, D. A. Estimated prevalence of Alzheimer’s disease in the cal properties of the enzyme and increase the neurotoxicity of
United StatesMilbank Q.199Q 68, 267—289. Alzheimer’s fibrils. J. Neurosci.1998 18, 3213-3223.

(8) Milton, N. G. Anandamide and noladin ether prevent neurotoxicity (16) Bartolini, M.; Bertucci, C.; Cavrini, V.; Andrisano, \5-Amyloid
of the human amyloigk peptide Neurosci. Lett2002 332, 127— aggregation induced by human acetylcholinesterase: inhibition
130. studies.Biochem. PharmacoR003 65, 407—416.
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A. Neuroprotective effect of cannabidiol, a non-psychoactive acetylcholinesterase: structure, functions and potential role in
component from Cannabis sativa, on beta-amyloid-induced toxic- rational drug designCurr. Pharm. Des2006 12, 217-225.
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Rozemuller, J. M.; Eikelenboom, P.; Stam, F. C.; Beyreuther, K.; (19)
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with 0.375 A grid spacing. This grid box was designed to

include regions of both the catalytic site and the peripheral
anionic site. Otherwise, standard docking settings were used

for the AutoDock calculations, as previously detaitéd.
Acetylcholinesterase Inhibition StudiesAll assays were

performed using a Cary 50 Bio UWisible spectrophotom-

eter using an 18-cell changer, and conducted &C31sing

a Cary PCB 150 water Peltier system. Solutions of acetyl-

thiocholine iodide (ATCh iodide) and B3;8lithiobis(2-

nitrobenzoic) acid (DTNB) were prepared according to the

method of Ellman et &P Stock solutions of acetylcholinest-
erase from Electrophorus electricuswere prepared by
dissolving commercially available enzyme in 1% gelatin.
Prior to use, an aliquot of the gelatin solution was diluted

1:200 in water. For the assay, the solution was diluted until

enzyme activity between 0.1 and 0.13 AU/min at 500

Figure 2. Predicted binding mode of THC (gray) to AChE

ACTh iodide was obtained. Compounds were prepared as(grange ribbon). The catalytic triad residues of AChE (green)

solutions in methanol.

Assays were performed by mixing AChE, THC, and 340
u#M DTNB in 100 mM phosphate buffer, pH 8.0, containing
5% methanol. Solutions were incubated at°&€7for 5 min
before the reaction was initiated by the addition of ATCh
iodide (75-300uM). The increase of absorbance at 412 nm
was monitored for 25 min. All assays were run in triplicate.

and water molecules included in the docking calculations (light
blue spheres) are shown.

of THC in 0.215 M sodium phosphate buffer, pH 8.0, were
prepared. These solutions were incubated at room temper-
ature along with triplicate solutions of/Aalone, A with
AChE, and A8 with varying concentrations of THC. After

Initial rates were determined by subtracting the average 48 h, a 2uL aliquot was removed from each well, placed in

observed initial rate from the nonenzymatic reaction.
Linear regression analysis of reciprocal plots aof, Yersus
1/[S] for four THC concentrations was performed using
Microsoft Excel software. The slope was plotted against [I]
to give K; values. Propagation of error was performed to
determine the erroiAK;.
For studies to determine the mutual exclusivity of THC

and propidium iodide, experiments were performed identi-

cally to THC inhibition studies with a fixed concentration
of ACTh iodide (125uM), and varied concentrations of
propidium iodide (6-25 M) and THC (0-15 uM).
AChE-Induced f-Amyloid Peptide Aggregation in the
Presence of AChE LigandsThe aggregation of thé-amy-

a black-walled, clear-bottomed 96-well plate, and diluted
with 50 mM glycine-NaOH buffer, pH 8.5, containing 1.5
uM thioflavin T to a total volume of 20@L. After incubation

for 5 min, the fluorescence was measured udigg= 446

nm andlem = 490 nm with excitation and emission slits of

2 nm. The fluorescence emission spectrum was recorded
between 450 and 600 nm, with excitation at 446 nm.

The fluorescence intensities were averaged, and the
average background fluorescence of buffer only, or buffer
and THC, was subtracted. The corrected fluorescence values
were plotted with their standard deviation. The equatigh, F
Fo x 100%, wherd-; is the fluorescence of AChE,/A and
THC, andF, is the fluorescence of AChE angsAwas used

loid peptide was measured using the thioflavin T based to quantify the extent to which each compound inhibifs A

fluorometric assay as described by LeVihand Bartolini®

Assays were measured using a SpectraMAX Gemini fluo-

aggregation. The Studentgest function of Microsoft Excel
was used to determing@ values and assess statistical

rescence plate reader with SOFTmax PRO 2.6.1 software.significance between reactions.

Ap1-40 Stock solutions were prepared in DMSO and HUAChE
stocks prepared in distilled water. All stock solutions ¢f A
and HUAChE were used immediately after preparation.

In a 96-well plate, triplicate samples of a 2Q solution
of 23 nM Ag, 2.30uM HUAChE, and various concentrations

(21) Morris, G. M.; Goodsell, D. S.; Halliday, R. S.; Huey, R.; Hart,
W. E.; Belew, R. K.; Olson, A. J. Automated docking using a
Lamarckian genetic algorithm and an empirical binding free
energy functionJ. Comput. Chenil998 19, 1639-1662.

(22) Ellman, G. L.; Courtney, K. D.; Andres, Jr., V.; Featherstone, R.
M. A new and rapid colorimetric determination of acetylcho-
linesterase activityBiochem. Pharmacoll961, 7, 88—95.

(23) LeVine, H., Ill. Thioflavine T interaction with synthetic Alz-
heimer's disease3-amyloid peptides: detection of amyloid
aggregation in solutiorProtein Sci.1993 2, 404-410.

Control experiments containing AChE, THC, and thiofla-
vin T or AChE and thioflavin T alone were also performed
to ensure that any observed fluorescence decrease was not
attributable to the molecular rotor properties of thioflavin T
upon binding to AChE. For these reactions, all concentrations
were identical to those used in the describgtlaygregation
assays (vide supra).

Results and Discussion

THC binding to AChE initially was modeled in silico using
AutoDock 3.0.5* Twenty docking runs with 100 million
energy evaluations each were performed with a 26.26 A
18.75 A x 26.25 A grid box with 0.375 A grid spacing,
which included regions of both the catalytic site and the PAS.
Examination of the docking results revealed that THC was
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Figure 3. (A) Kinetic analysis of AChE inhibition by THC: 0 (®), 6.25 (a), 12.5 (#), and 25.0 uM (). Steady-state kinetic
analysis was performed using acetylthiocholine (75—300 M) and Ellman’s reagent (340 uM) at 37 °C. (B) Dixon plots of 1/v
versus [THC] at different fixed concentrations of propidium iodide: 0 (@), 6.25 (a), 12.5 (#), and 25 «M (m).

predicted to bind to AChE with comparable affinity to the cholinesterase (BuChE) can be correlated with the ability of
best reported PAS binders, with the primary binding inter- a compound to block AChE-accelerate Aggregatiori®>26
action observed between the ABC fused ring of the THC Kinetic examination of BuChE inhibition revealed a slight
scaffold and the Trp86 indole side chain of AChE (Figure reduction in enzymatic activity at high concentrations of THC
2). Further interactions were also evident between THC and (ICso = 100uM); however, these experiments were limited
the backbone carbonyls of Phel123 and Ser125. Encouragedby the poor solubility of THC in aqueous solution.

by these results, we tested the ability of THC to inhibit AChE  The activity of THC toward the inhibition of A aggrega-
catalytic activity. Steady-state kinetic analysis of THC tion was then investigated using a thioflavin T (ThT) based
inhibition revealed that THC competitively inhibits AChE fluorometric assay to stain putativesAibrils.?® Using this

(Ki = 10.2 uM) (Figure 3A). This level of inhibition is assay, we found that THC is an effective inhibitor of the
relatively modest, yet it is important to note that inhibition amyloidogenic effect of AChE (Figure 4). In fact, at a
of acetylcholine cleavage is not a prerequisite for effective concentration of 5«M, propidium does not fully prevent
reduction of AS aggregation; indeed, most PAS binders are AChE-induced aggregatiop & 0.03, Student'$ test), while
moderate AChE inhibitors displaying either noncompetitive THC completely blocks the AChE effect orpAaggregation,

or mixed-type inhibition® While THC shows competitive  with significantly greater inhibition than propidiunp &
inhibition relative to the substrate, this does not necessitate0.04, Student’s test), one of the most effective aggregation
a direct interaction between THC and the AChE active site. inhibitors reported to daté.However, the observed decrease
In fact, given the proximity of the PAS to the protein channel in fluorescence could also be rationalized as a result of a
leading to the catalytic triad active site, it is possible to block competition between THC and ThT for the same site on
substrate entry into the active site while bound to the PAS, AChE. It has been shown that ThT also can bind to the PAS
thus preventing the formation of an ESI comptéXtIn order and that this binding leads to an increase in fluorescence.
to test this hypothesis, additional kinetic experiments were Presumably, this phenomenon results from ThT serving as
performed to determine the mutual exclusivity of THC and a molecular rotor in which fluorescence quantum yield is
propidium, a well-characterized purely noncompetitive AChE sensitive to the intrinsic rotational relaxation; thus, when
inhibitor and PAS binder. Dixon plots af * versus THC molecular rotation is slowed by protein binding, the quantum
concentration at different fixed concentrations of propidium
returned a series of parallel lines, indicating that THC and (25) piazzi, L.; Rampa, A.; Bisi, A.; Gobbi, S.; Belluti, F.; Cavalli,

propidium cannot bind simultaneously to AChE (Figure 3B). A.; Bartolini, M.; Andrisano, V.; Valenti, P.; Recanatini, M. 3-(4-
Thus, these studies verify our docking results and demon-  {[Benzyl(methyl)aminoJmeth§kphenyl)-6,7-dimethoxy--2-
strate that THC and propidium are mutually exclusive PAS chromenone (AP2238) inhibits both acetylcholinesterase and

acetylcholinesterase-induceftamyloid aggregation: A dual
function lead for Alzheimer’s disease therapy.Med. Chem.
2003 46, 2279-2282.

(26) Belluti, F.; Rampa, A.; Piazzi, L.; Bisi, A.; Gobbi, S.; Bartolini,

inhibitors. Additionally, recent reports have suggested that
the selectivity of a given inhibitor for AChE over butyryl-

(24) Szegletes, T.; Mallender, W. D.; Rosenberry, T. L. Nonequilibrium M.; Andrisano, V.; Cavalli, A.; Recanatini, M.; Valenti, P.
analysis alters the mechanistic interpretation of inhibition of Cholinesterase inhibitors: Xanthostigmine derivatives blocking
acetylcholinesterase by peripheral site ligaf®lechemistryl 998 the acetylcholinesterase-induggémyloid aggregationl. Med.

37, 4206-4216. Chem.2005 48, 4444-4456.
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Figure 4. Inhibition of AChE-induced A aggregation by THC
and propidium ((*) p < 0.05 versus A only; (#) p < 0.05
versus AS + propidium).

yield of the molecule can increase dramaticall§?In order

to ensure that the observed fluorescence decrease was du

to fibril inhibition, control experiments were performed using

(27) De Ferrari, G. V.; Mallender, W. D.; Inestrosa, N. C.; Rosenberry,
T. L. Thioflavin T is a fluorescent probe of the acetylcholinesterase

AChE, THC, and ThT. Reactions containing AChE and ThT
alone showed the same fluorescence output as those contain-
ing AChE, THC, and ThT, providing convincing evidence
that any observed reduction in fluorescence can be attributed
to fewer Ag fibrils.

Conclusion

We have demonstrated that THC competitively inhibits
AChE and, furthermore, binds to the AChE PAS and
diminishes A6 aggregation. In contrast to previous studies
aimed at utilizing cannabinoids in Alzheimer's disease
therapy?—0 our results provide a mechanism whereby the
THC molecule can directly impact Alzheimer's disease
pathology. We note that while THC provides an interesting
Alzheimer’s disease drug lead, it is a psychoactive compound
with strong affinity for endogenous cannabinoid receptors.
It is noteworthy that THC is a considerably more effective
inhibitor of AChE-induced & deposition than the approved
drugs for Alzheimer’s disease treatment, donepezil and
tacrine, which reduced Aaggregation by only 22% and 7%,
respectively, at twice the concentration used in our studies.
Therefore, AChE inhibitors such as THC and its analogues
r%ay provide an improved therapeutic for Alzheimer’s
disease, augmenting acetylcholine levels by preventing
neurotransmitter degradation and reducing aggregation,
thereby simultaneously treating both the symptoms and

peripheral site that reveals conformational interactions between progression of Alzheimer’s disease.

the peripheral and acylation site3. Biol. Chem.2001, 276,
23282-23287.

(28) Viriot, M. L.; Carre, M. C.; Geoffroy-Chapotot, C.; Brembilla,
A.; Muller, S.; Stoltz, J. F. Molecular rotors as fluorescent probes
for biological studiesClin. Hemorheol. Microcirc1998 19, 151—
160.
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