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Abstract 
Cannabidiol (CBD), one of the most studied phytocannabinoids, is non- 
psychotropic and can induce protective effects on the central nervous system 
against acute and chronic brain injury. Interestingly, CBD inhibits processes 
relating to amyloid beta (Aβ)-induced neurotoxicity in mouse models of Alz-
heimer’s disease, though the detailed molecular mechanism underlying the 
CBD neurotoxicity modulation is not fully understood. In this study, using 
atomic force microscopy, we find that CBD promotes the aggregation of Aβ 
peptides, enhancing the formation of Aβ oligomers, also known as Aβ-derived 
diffusible ligands (ADDLs). The CBD-mediated sequestration of Aβ mono-
mers in soluble ADDLs could reduce neurotoxicity. This study highlights a 
possible role of CBD in modulating the formation of ADDL aggregates and 
provides insight into potentially neuroprotective properties of CBD in Alz-
heimer’s disease. 
 
Keywords 
Cannabidiol, Amyloid, Alzheimer’s Amyloid-β Peptides, Aβ-Derived  
Diffusible Ligands, Atomic Force Microscopy, Amyloid Peptide  
Sequestration 

How to cite this paper: Li, Y., Zhang, F.Y., 
Herron, C.E., Rosales, I., Heredia, A., Buchete, 
N.-V. and Rodriguez, B.J. (2023) Cannabi-
diol-Mediated Sequestration of Alzheimer’s 
Amyloid-β Peptides in ADDL Oligomers. 
American Journal of Molecular Biology, 13, 
113-126. 
https://doi.org/10.4236/ajmb.2023.132008 
 
Received: January 10, 2023 
Accepted: February 28, 2023 
Published: March 3, 2023 
 
Copyright © 2023 by author(s) and  
Scientific Research Publishing Inc. 
This work is licensed under the Creative 
Commons Attribution International  
License (CC BY 4.0). 
http://creativecommons.org/licenses/by/4.0/   

  
Open Access

https://www.scirp.org/journal/ajmb
https://doi.org/10.4236/ajmb.2023.132008
https://www.scirp.org/
https://doi.org/10.4236/ajmb.2023.132008
http://creativecommons.org/licenses/by/4.0/


Y. Li et al. 
 

 

DOI: 10.4236/ajmb.2023.132008 114 American Journal of Molecular Biology 
 

1. Introduction 

Alzheimer’s disease (AD), a chronic neurodegenerative disease leading to de-
mentia, affects tens of millions of people worldwide and is often associated with 
comorbidities including hypertension and diabetes mellitus [1]. The hallmarks 
of AD, reflecting the breakdown of neural system integrity and function, are the 
formation of beta-amyloid (Aβ) peptide plaques, neurofibrillary tangles com-
prising hyperphosphorylated tau proteins, and ultimately the occurrence of neu-
rodegeneration and brain atrophy [2] [3] [4]. While the molecular origins of AD 
pathogenesis remain poorly understood, the amyloid cascade hypothesis is one 
of the most popular explanations [3] [5], as reflected by recent treatment strate-
gies and clinical trials [3] [6] [7]. Aβ is a protein fragment consisting of 39 - 43 
amino acid residues cleaved from the type-1 transmembrane protein amyloid 
precursor protein by enzymes β-secretase and γ-secretase [8]. In AD, due to in-
creased production or decreased clearance, the expression levels of Aβ increase. 
The Aβ peptide can form soluble neurotoxic oligomeric species leading to the 
formation of protofibrils, fibrils, and ultimately, large aggregates. This process is 
thought to be partly responsible for the neurodegenerative damage observed in 
the post mortem AD brain [3] [8]. Aβ1-40 and Aβ1-42, species known to form toxic 
fibrils and plaques, [9] [10] are widely studied in AD-related research [3] [11] [12]. 
Recent studies have shown that soluble Aβ-peptide oligomers, also known as 
Aβ-derived diffusible ligands (ADDLs) are found in high concentrations in post 
mortem Alzheimer’s brain tissue and are reportedly more toxic than the insoluble 
Aβ fibrils [6] [8] [13] [14]. These ADDLs may reduce insulin receptor expression 
or could induce cell autophagy, leading to the death of mature neurons and in-
stigating synaptic failure [12] [15] [16], with increased toxicity correlated with 
higher concentrations of ADDLs [17]. 

The high toxicity of ADDLs is reportedly related to the production of reactive 
oxidative species as well as the breakdown of chemically reactive species, gene-
rating oxidative stress and inducing tau hyperphosphorylation and structural 
changes in the synaptic spine and ectopic redistribution of receptors critical in 
neuroplasticity and memory [18] [19]. Aβ peptide oligomer toxicity can also be 
related to their specific interactions with lipid headgroups in cellular membranes, 
including their ability to perturb membrane integrity, the formation of pores, 
and, possibly, amyloid channels [9] [10]. Therefore, a protective approach that 
inhibits binding of Aβ peptide oligomers to mature hippocampal neurons could 
also protect the synaptic spine receptors from ADDLs. Several studies have been 
performed with this aim, for example the use of insulin in synergy with rosigli-
tazone, a drug related to type II diabetes mellitus, and whose purpose is to regu-
late neuronal and synaptic functions in the hippocampus [20]. The relationship 
between AD and other diseases, such as type II diabetes, highlights a vicious cir-
cle that leads to health and social problems, among other negative implications, 
hence the importance of studying other mechanisms to reduce ADDL levels, 
such as the use of non-psychoactive phytocannabinoid derivatives to modulate 
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ADDL aggregation and, possibly, for sequestration.  
Phytocannabinoids are natural compounds extracted from the cannabis plant 

and have been applied in various clinical settings owing to their antioxidant, neu-
roprotective, anti-inflammatory, and immunomodulatory benefits [21]. Com-
pared to other cannabinoids, cannabidiol (CBD) [22] lacks cognitive and psy-
choactive actions, has a better safety profile in humans [21], and stands out as a 
promising drug for the treatment of AD [23], particularly in light of its ability to 
modulate oxidative stress and signaling [24]. CBD displays remarkable neuro-
protective properties [12] [25] [26] [27], and appears to stimulate synaptic plastic-
ity and facilitate neurogenesis [21]. Recently, CBD has been shown to reverse the 
acute effects of Aβ1-42 and protect synaptic plasticity in an in vitro model of AD 
[10] [28]. CBD has also been shown to decrease the level of Aβ40 in the hippo-
campus and reverse some AD-relevant deficits in the AβPPxs1 mouse model [29]. 
A recent review summarizes the use of cannabinoids as it relates to AD [30]. 

While findings highlight the therapeutic potential of CBD, whether CBD ex-
erts a direct effect on the aggregation of Aβ remains unclear. To better under-
stand the interactions between CBD and Aβ it is important to investigate the ef-
fect CBD has on amyloid peptide aggregation.  

Atomic force microscopy (AFM) studies have provided insight into amyloid 
fibril formation and structure [31] [32] [33] [34] [35], including at early stages of 
aggregation [36] [37], and into the functional mechanical and electromechanical 
properties of amyloids [38]-[43] AD and other amyloid-related diseases are as-
sociated with the formation of β-sheet-rich structures, attributed to protein mis-
folding [44]. Amyloid peptide folding and aggregation, as well as fibril forma-
tion, can be influenced by various factors including solvent, temperature, pH, 
and ion concentration, as revealed through simulations [45]-[51] and experi-
ments [52] [53] [54]. Interestingly, a recent molecular dynamics simulations study 
suggests strong interactions between CBD and short segments of Aβ peptides 
(i.e., Aβ25-35 and Aβ31-35) [55], motivating our experimental investigation. Fibril 
inhibition has been observed by AFM with small molecules such as hydroxyin-
dole and polyphenols [56] [57] [58] [59] [60]. Graphene oxide and other nano-
materials have also reportedly inhibited the assembly of peptide-based structures 
and modified their properties [53] [61]-[68]. A recent review summarizes the role 
of small molecules and nanomaterials on amyloid aggregation [69]. Here, we use 
AFM to examine the aggregation of ADDLs incubated in CBD solution in vitro. 
This preliminary study reveals the direct effects of CBD on Aβ aggregation and 
provides a basis for further understanding the neuroprotective mechanism of CBD 
and the potential of CBD as a candidate for developing new prophylactic and the-
rapeutic approaches for AD. 

2. Materials and Methods 

2.1. Preparation of ADDLs 

Human synthetic Aβ1-42 peptide, synthesized and purified using reverse phase 
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HPLC by Dr. James Elliot at the ERI amyloid laboratory (Oxford, CT, USA; as used 
in other publications) [70] [71] [72] [73] was dissolved in ice-cooled 1,1,1,3,3,3- 
Hexafluoro-2-propanol (HFIP) to form a 1 mM solution, which was sonicated 
for 10 minutes. After leaving this solution at ~20˚C for 1 hour, the HFIP was 
evaporated with a gentle stream of nitrogen in a fume hood to produce a thin 
film of Aβ1-42, which was then dissolved in anhydrous DMSO with vortexing to 
produce a 2.5 mM stock solution. DMSO is widely used to prepare Aβ1-42 stock 
solutions [70] [71] [72] [73] [74]. The resulting solution was diluted with 
ice-cooled phenol red-free Ham’s nutrient mixture F12 (Ham’s F12) to 100 μM, 
which was vortexed for 15 seconds, incubated at ~20˚C for 16 hours to allow Aβ 
oligomers to form [13], and then aliquoted and stored at −80˚C. To study the 
effect of CBD (obtained from STI Pharmaceuticals UK) on aggregation 15 μL of 
the solution was defrosted and diluted 200 times with Ham’s F12 to a final vo-
lume of 3 mL. The solution was divided into three parts to which 0.5 μL Ham’s 
F12, 0.5 μL of 10 mM CBD (dissolved in DMSO) or 0.5 μL DMSO were added, 
respectively, and incubated for 1 hour at ~20℃ before AFM measurements. The 
final concentration of CBD used was 5 µM. 

2.2. Atomic Force Microscopy 

Immediately prior to AFM imaging, each sample was diluted 25 times with Mil-
liQ water. A 50 μL droplet of each sample was deposited on a freshly cleaved 
mica substrate for 15 minutes to adhere the ADDLs on the mica surface. The 
mica was then washed gently with MilliQ water and finally dried with a gentle 
steam of nitrogen. All samples were imaged in air using amplitude modulation 
mode (Cypher S, Asylum Research) with a Si tip (PPP-NCHR, Nanosensors). 
The tip radius is <10 nm with a nominal resonance frequency of ~330 kHz and a 
nominal spring constant of ~42 N/m. Each sample was imaged in two or three 
distinct positions. 

3. Results and Discussion 

Fibrillogenesis of Aβ is a multi-step self-assembly process. After dissolving in 
solution, Aβ peptides aggregate to form amyloid oligomers (ADDLs) with the 
structural transformation from random coils to amyloidogenic β-sheet struc-
tures [59] [75]. ADDLs are often classified by their toxicity—one type is gener-
ally considered toxic while the other is considered non-toxic [13]. Non-toxic 
ADDLs can further associate into nucleating cores, followed by a chain-like as-
sembly to yield the intermediate protofibril, which subsequently form amyloid 
fibrils, and finally, plaques [13] [59] [75]. 

The effect of CBD on the aggregation of soluble ADDLs (i.e., toxic ADDLs 
associated from Aβ1-42 in Ham’s F12 medium [13]) is investigated in Figure 1. 
CBD was prepared in DMSO due to its insolubility in water. The experimental 
group was incubated with 0.5 mM CBD (dissolved in DMSO), while an equal 
volume of Ham’s F12 or DMSO was added to the other two samples as controls. 
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Representative 10 μm × 10 μm AFM topography images obtained for solutions 
of ADDLs 1 hour after adding Ham’s F12, CBD (in DMSO), and DMSO are 
shown in Figures 1(a)-(c), respectively. The surface roughness (mean and stan-
dard deviation from three locations for each sample) was similar for all three 
samples: Ham’s F12 (389 ± 135 pm), CBD (315 ± 140 pm), and DMSO (293 ± 89 
pm). Aggregates larger than 300 nm in size were only observed from the solu-
tions incubated in the presence of CBD. Representative 1 μm × 1 μm images 
(Figure 1(d)-(f)) show that ADDLs, and aggregates in the case of CBD, readily 
adhere to the mica surface. The average circle equivalent diameters of the par-
ticles in Figure 1(d)-(f) are 16 ± 10 nm, 16 ± 8 nm, 24 ± 15 nm, respectively, 
excluding the aggregates in Figure 1(e). The aggregate size in Figure 1(e) is 
521.94 nm in length and 391.79 nm in width, and the circle equivalent diameter 
is 340.66 nm. The average aggregate size was determined to be 501 ± 364 nm in 
length and 500 ± 244 nm in width, with a circle equivalent diameter of 578 ± 166 
nm. As aggregates did not form in DMSO (Figure 1(a), Figure 1(f)), aggrega-
tion of ADDLs is attributed to the presence of CBD. Unlike with the DMSO used 
here, early-stage aggregation studies by AFM of ADDLs prepared in aqueous 
solutions revealed Aβ1-42 structures [36] [37]. As we compared ADDLs in DMSO 
and ADDLs with CBD in DMSO separately in our investigation, we can attribute 
the aggregates to CBD even if the DMSO affects the kinetics of beta-amyloid ag-
gregation. Nevertheless, future work should seek to utilize ADDLs and CBD 
prepared in aqueous solutions; the CBD used in this work was already dissolved 
in DMSO and so it was not possible to obtain entirely DMSO-free results. 
 

 
Figure 1. AFM topography images recorded from solutions containing Aβ1-42 ADDLs 1 
hour after adding ((a), (d)) Ham’s F12, ((b), (e)) CBD (in DMSO), and ((c), (f)) DMSO 
and following the 15-minute incubation period on mica. Image sizes are ((a)-(c)) 10 μm × 
10 μm and ((d)-(f)) 1 μm × 1 μm. Scale bar, 2 μm in upper three images and 200 nm in 
lower three images. Data are representative of the three locations investigated.  
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To confirm that the features observed in Figure 1(b) and Figure 1(e) e cor-
respond to ADDLs, images of the Ham’s F12 medium in the absence of Aβ1-42 
were also obtained. Following the same sample preparation and using the same 
concentration of Ham’s F12, a roughness of 103 ± 27 pm (two locations) was 
obtained from the measured topography (Figure 2(a)) and particles of compa-
rable size are present on the mica surface (18 ± 6 nm circle equivalent diameter, 
measured from Figure 2(e)). Notably, mica surfaces prepared with CBD in 
DMSO (Figure 2(b)) and DMSO alone (Figure 2(c)) in the absence of ADDLs 
and Ham’s F12 have a similar surface with a low roughness surface of 50 ± 12 
pm (three locations) and 58 ± 10 pm (two locations), respectively. Few particles 
can be found in 1 μm × 1 μm areas of these two samples (Figure 2(f), Figure 
2(g)). Surfaces prepared with Ham’s F12 and CBD in DMSO, but in the absence 
of ADDLs also presented no obvious aggregates on the surface (Figure 2(d)). 
Even though the roughness of this sample (368 ± 47 pm) is higher than the other 
three, which are below 100 pm, the particle size is similar (18 ± 8 nm circle 
equivalent diameter, measured from Figure 2(h)) with Ham’s F12. No aggre-
gates like those appearing in Figure 1(b), Figure 1(e) were observed in any of 
the 10 μm × 10 μm images obtained for surfaces prepared with Ham’s F12 and 
CBD in DMSO. Thus, inferred from the results of Figure 1 and Figure 2, CBD 
promotes the aggregation of ADDLs and Ham’s F12 contributes background 
particles. 

CBD reportedly protects the central nervous system against acute and chronic 
brain injury by suppressing astrocyte activity and decreasing proinflammatory 
signaling [76]. While CBD reportedly inhibits processes relating to Aβ-induced 
neurotoxicity in models of AD [76], our investigation highlights a direct effect of 
CBD on the aggregation of Aβ protein. The effect of cannabinoid on Aβ1-42 ag-
gregate formation was previously investigated by Janefjord et al. by transmission  
 

 
Figure 2. Representative ((a)-(d)) 10 μm × 10 μm and ((e)-(h)) 1 μm × 1 μm AFM topo-
graphy images of mica surfaces prepared using ((a), (e)) Ham’s F12 only, ((b), (f)) CBD in 
DMSO, ((c), (g)) DMSO only, and ((d), (h)) Ham’s F12 and DMSO in CBD. None of the 
solutions contained Aβ1-42 ADDLs. 
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electron microscopy [27]. They reported that CBD at a concentration of 10 µM 
did not alter the morphology of the Aβ1-42 aggregate, whereas other cannabinoid 
ligands (2-arachidonoyl glycerol and O-1602) caused aggregation. 

The aromatic amino acids of Aβ can enhance formation kinetics [57] [77]. As 
such, substances containing aromatic groups can affect Aβ aggregation and sev-
eral small aromatic molecules, such as Congo red, resveratrol, catechin, and thiof-
lavin T, have been demonstrated to inhibit the formation of fibrillar assemblies 
in vitro [57] [78] [79] [80] [81] [82] Catechol rings can interfere with the aro-
matic residues of Aβ by π − π interactions [59] [77] [83]. Besides, aromatic mo-
lecules can remodel toxic ADDLs into multiple less-toxic conformations [77]. In 
addition to the catechol structure, hydrophobicity of the molecules may increase 
its affinity (via the repulsion of water) for binding with Aβ, which has a hydro-
phobic core [81] [84]. In this manner, CBD can alter the structure and mor-
phology of amyloids and their formation kinetics. The results suggest that CBD 
transformed the (reportedly toxic [13]) ADDLs investigated here possibly into a 
conformation with reduced toxicity, forming aggregates and potentially pre-
venting them from assembling into the structures that would otherwise form 
(i.e., mis-aggregation). Nevertheless, given that Aβ1-42 sample preparation is no-
toriously difficult to reproduce, in future work, experiments on toxicity should 
be conducted in parallel with AFM studies on the same samples which are sup-
plemented by additional complementary characterizations, e.g., dynamic light 
scattering and mass spectrometry. 

These findings reveal the effect of CBD on Aβ aggregation with implications 
for fibrillogenesis: CBD changes the conformation of ADDLs, potentially reduc-
ing the toxicity of soluble ADDLs. Similar strategies for reducing soluble ADDL 
toxicity could be pursued further (e.g., amyloid peptide sequestration facilitated 
by the presence of other natural compounds or engineered nanoparticles), and 
may help with the development of new prophylactic and therapeutic approaches 
for AD. The findings are in agreement with recent molecular modeling and si-
mulation results that suggest that CBD can indeed modulate effectively the ag-
gregation propensity of Aβ25-35 and Aβ31-35 [55]. Inspired by recent efforts to use 
small molecules for sequestration of Aβ as a new drug discovery strategy in AD 
[85], our study further highlights that AFM investigations of Aβ can be a useful 
tool to screen other compounds for therapeutic potential for the treatment of 
AD and other neurodegenerative and amyloid-associated diseases involving oli-
gomeric peptide aggregates. 

4. Summary 

In this work, CBD is found to promote the aggregation of ADDLs. This prelimi-
nary study may contribute to our understanding of the neuroprotective function 
of CBD, and to the development of new strategies for drug development in Alz-
heimer’s disease based on amyloid peptide sequestration. Future work should 
explore the effect of CBD concentration, including concentrations used in vivo, 
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the role of pH, as well as the impact of CBD on Aβ fibril formation, including 
Aβ1-42. 

Acknowledgements 

The authors thank the China Scholarship Council and UCD Science Study Abroad 
for financial support. N.-V.B. acknowledges the financial support received from 
the European Union’s Horizon 2020 research and innovation programme “Na-
noinformaTIX” (topic NMBP-14-2018, grant No 814426). 

Conflicts of Interest 

The authors declare no conflicts of interest regarding the publication of this pa-
per. 

References 
[1] Tosi, G., Pederzoli, F., Belletti, D., Vandelli, M.A., Forni, F., Duskey, J.T. and Ruozi, 

B. (2019) Nanomedicine in Alzheimer’s Disease: Amyloid Beta Targeting Strategy. 
In: Sharma, A. and Sharma, S., Eds., Progress in Brain Research, Vol. 245, Elsevier 
B.V., Berlin, 57-88. https://doi.org/10.1016/bs.pbr.2019.03.001 

[2] Henstridge, C.M., Hyman, B.T. and Spires-Jones, T.L. (2019) Beyond the Neu-
ron-Cellular Interactions Early in Alzheimer Disease Pathogenesis. Nature Reviews 
Neuroscience, 176, 139-148. 

[3] Liu, P.P., Xie, Y., Meng, X.Y. and Kang, J.S. (2019) History and Progress of Hypo-
theses and Clinical Trials for Alzheimer’s Disease. Signal Transduction and Tar-
geted Therapy, 4, Article No. 29. https://doi.org/10.1038/s41392-019-0063-8 

[4] Deture, M.A. and Dickson, D.W. (2019) The Neuropathological Diagnosis of Alz-
heimer’s Disease. Molecular Neurodegeneration, 14, Article No. 32.  
https://doi.org/10.1186/s13024-019-0333-5 

[5] Fabiani, C., Antollini, S.S., Guido, M.E., Eckert, G.P. and Stephan, A. (2019) Alz-
heimer’s Disease as a Membrane Disorder: Spatial Cross-Talk among Beta-Amyloid 
Peptides, Nicotinic Acetylcholine Receptors and Lipid Rafts. Frontiers in Cellular 
Neuroscience, 13, Article No. 309. https://doi.org/10.3389/fncel.2019.00309 

[6] Arbor, S.C., Lafontaine, M. and Cumbay, M. (2016) Amyloid-Beta Alzheimer Tar-
gets—Protein Processing, Lipid Rafts, and Amyloid-Beta Pores. Yale Journal of Bi-
ology and Medicine, 89, 5-21. 

[7] Qian, X., Hamad, B. and Dias-Lalcaca, G. (2015) The Alzheimer Disease Market. 
Nature Reviews Drug Discovery, 14, 675-676. https://doi.org/10.1038/nrd4749 

[8] Chen, X.Q. and Mobley, W.C. (2019) Alzheimer Disease Pathogenesis: Insights 
from Molecular and Cellular Biology Studies of Oligomeric Aβ and Tau Species. 
Frontiers in Neuroscience, 13, 659. https://doi.org/10.3389/fnins.2019.00659 

[9] Tofoleanu, F. and Buchete, N.-V. (2012) Molecular Interactions of Alzheimer’s Aβ 
Protofilaments with Lipid Membranes. Journal of Molecular Biology, 421, 572-586.  
https://doi.org/10.1016/j.jmb.2011.12.063 

[10] Tofoleanu, F., Brooks, B.R. and Buchete, N.-V. (2015) Modulation of Alzheimer’s 
Aβ Protofilament-Membrane Interactions by Lipid Headgroups. ACS Chemical 
Neuroscience, 6, 446-455. https://doi.org/10.1021/cn500277f 

[11] Kaminsky, Y.G., Marlatt, M.W., Smith, M.A. and Kosenko, E.A. (2010) Subcellular 

https://doi.org/10.4236/ajmb.2023.132008
https://doi.org/10.1016/bs.pbr.2019.03.001
https://doi.org/10.1038/s41392-019-0063-8
https://doi.org/10.1186/s13024-019-0333-5
https://doi.org/10.3389/fncel.2019.00309
https://doi.org/10.1038/nrd4749
https://doi.org/10.3389/fnins.2019.00659
https://doi.org/10.1016/j.jmb.2011.12.063
https://doi.org/10.1021/cn500277f


Y. Li et al. 
 

 

DOI: 10.4236/ajmb.2023.132008 121 American Journal of Molecular Biology 
 

and Metabolic Examination of Amyloid-β Peptides in Alzheimer Disease Pathoge-
nesis: Evidence for Aβ25-35. Experimental Neurology, 221, 26-37.  
https://doi.org/10.1016/j.expneurol.2009.09.005 

[12] Findley, C.A., Bartke, A., Hascup, K.N. and Hascup, E.R. (2019) Amyloid Be-
ta-Related Alterations to Glutamate Signaling Dynamics During Alzheimer’s Dis-
ease Progression. ASN Neuro, 11, 1-20. https://doi.org/10.1177/1759091419855541 

[13] Cline, E.N., Bicca, M.A., Viola, K.L. and Klein, W.L. (2018) The Amyloid-β Oligo-
mer Hypothesis: Beginning of the Third Decade. Journal of Alzheimer’s Disease, 64, 
S567-S610. https://doi.org/10.3233/JAD-179941 

[14] Tofoleanu, F. and Buchete, N.-V. (2012) Alzheimer Aβ Peptide Interactions with 
Lipid Membranes. Prion, 6, 339-345. https://doi.org/10.4161/pri.21022 

[15] Wen, J., Fang, F., Guo, S.H., Zhang, Y., Peng, X.L., Sun, W.M., Wei, X.R., He, J.S. 
and Hung, T. (2018) Amyloid β-Derived Diffusible Ligands (ADDLs) Induce Ab-
normal Autophagy Associated with Aβ Aggregation Degree. Journal of Molecular 
Neuroscience, 64, 162-174. https://doi.org/10.1007/s12031-017-1015-9 

[16] Liu, X., Teng, Z., Cui, C., Wang, R., Liu, M. and Zhang, Y. (2014) Amyloid Be-
ta-Derived Diffusible Ligands (ADDLs) Induce Abnormal Expression of Insulin Re-
ceptors in Rat Hippocampal Neurons. Journal of Molecular Neuroscience, 52, 124-130.  
https://doi.org/10.1007/s12031-013-0216-0 

[17] Catalano, S., Dodson, E., Henze, D., Joyce, J., Krafft, G. and Kinney, G. (2006) The 
Role of Amyloid-Beta Derived Diffusible Ligands (ADDLs) in Alzheimers Disease. 
Current Topics in Medicinal Chemistry, 6, 597-608.  
https://doi.org/10.2174/156802606776743066 

[18] Liu, Z., Li, T., Li, P., Wei, N., Zhao, Z., Liang, H., Ji, X., Chen, W., Xue, M. and Wei, 
J. (2015) The Ambiguous Relationship of Oxidative Stress, Tau Hyperphosphoryla-
tion, and Autophagy Dysfunction in Alzheimer’s Disease. Oxidative Medicine and 
Cellular Longevity, 2015, Article ID: 352723. https://doi.org/10.1155/2015/352723 

[19] Reed, S.G., Coler, R.N., Dalemans, W., Tan, E.V., Dela Cruz, E.C., Basaraba, et al. 
(2009) Protection of Synapses against Alzheimer’s-Linked Toxins: Insulin Signaling 
Prevents the Pathogenic Binding of Aβ Oligomers. Proceedings of the National Acad-
emy of Sciences of the United States of America, 106, 7678.  
https://doi.org/10.1073/pnas.0902058106 

[20] Hana, W. and Lic, C. (2010) Linking Type 2 Diabetes and Alzheimer’s Disease. 
Proceedings of the National Academy of Sciences of the United States of America, 
107, 6557-6558. https://doi.org/10.1073/pnas.1002555107 

[21] Giammalva, G.R., Iacopino, D.G., Graziano, F., Gulì, C., Pino, M.A. and Maugeri, 
R. (2018) Review of the Neurological Benefits of Phytocannabinoids. Surgical Neu-
rology International, 9, Article No. 91. https://doi.org/10.4103/sni.sni_223_18 

[22] Meissner, H. and Cascella, M. (2020) Cannabidiol (CBD). StatPearls, Treasure Isl-
and. https://www.ncbi.nlm.nih.gov/books/NBK556048  

[23] Iuvone, T., Esposito, G., De Filippis, D., Scuderi, C. and Steardo, L. (2009) Canna-
bidiol: A Promising Drug for Neurodegenerative Disorders? CNS Neuroscience and 
Therapeutics, 15, 65-75. https://doi.org/10.1111/j.1755-5949.2008.00065.x 

[24] Pereira, S.R., Hackett, B., O’Driscoll, D.N., Sun, M.C. and Downer, E.J. (2021) 
Cannabidiol Modulation of Oxidative Stress and Signalling. Neuronal Signaling, 5, 
NS20200080. https://doi.org/10.1042/NS20200080 

[25] Campbell, V.A. and Gowran, A. (2007) Alzheimer’s Disease, Taking the Edge off 
with Cannabinoids? British Journal of Pharmacology, 152, 655-662.  
https://doi.org/10.1038/sj.bjp.0707446 

https://doi.org/10.4236/ajmb.2023.132008
https://doi.org/10.1016/j.expneurol.2009.09.005
https://doi.org/10.1177/1759091419855541
https://doi.org/10.3233/JAD-179941
https://doi.org/10.4161/pri.21022
https://doi.org/10.1007/s12031-017-1015-9
https://doi.org/10.1007/s12031-013-0216-0
https://doi.org/10.2174/156802606776743066
https://doi.org/10.1155/2015/352723
https://doi.org/10.1073/pnas.0902058106
https://doi.org/10.1073/pnas.1002555107
https://doi.org/10.4103/sni.sni_223_18
https://www.ncbi.nlm.nih.gov/books/NBK556048
https://doi.org/10.1111/j.1755-5949.2008.00065.x
https://doi.org/10.1042/NS20200080
https://doi.org/10.1038/sj.bjp.0707446


Y. Li et al. 
 

 

DOI: 10.4236/ajmb.2023.132008 122 American Journal of Molecular Biology 
 

[26] Iuvone, T., Esposito, G., Esposito, R., Santamaria, R., Di Rosa, M. and Izzo, A.A. 
(2004) Neuroprotective Effect of Cannabidiol, a Non-Psychoactive Component 
from Cannabis Sativa, on β-Amyloid-Induced Toxicity in PC12 Cells. Journal of 
Neurochemistry, 89, 134-141. https://doi.org/10.1111/j.1471-4159.2003.02327.x 

[27] Janefjord, E., Mååg, J.L.V., Harvey, B.S. and Smid, S.D. (2014) Cannabinoid Effects 
on β Amyloid Fibril and Aggregate Formation, Neuronal and Microglial-Activated 
Neurotoxicity in Vitro. Cellular and Molecular Neurobiology, 34, 31-42.  
https://doi.org/10.1007/s10571-013-9984-x 

[28] Hughes, B. and Herron, C.E. (2019) Cannabidiol Reverses Deficits in Hippocampal 
LTP in a Model of Alzheimer’s Disease. Neurochemical Research, 44, 703-713.  
https://doi.org/10.1007/s11064-018-2513-z 

[29] Watt, G., Shang, K., Zieba, J., Olaya, J., Li, H., Garner, B. and Karl, T. (2020) Chronic 
Treatment with 50 mg/kg Cannabidiol Improves Cognition and Moderately Reduc-
es Aβ42 Levels in 12-Month-Old Male AβPPswe/PS1ΔE9 Transgenic Mice. Journal of 
Alzheimer’s Disease, 61, 1-14. https://doi.org/10.3233/JAD-191242 

[30] Uddin, Md.S., Mamun, A., Sumsuzzman, D.Md., Ashraf, G.M., Perveen, A., Bun-
gau, S.G., et al. (2020) Emerging Promise of Cannabinoids for the Management of 
Pain and Associated Neuropathological Alterations in Alzheimer’s Disease. Fron-
tiers in Pharmacology, 11, 1097. https://doi.org/10.3389/fphar.2020.01097 

[31] Harper, J.D., Wong, S.S., Lieber, C.M. and Lansbury, P.T. (1997) Observation of 
Metastable Aβ Amyloid Protofibrils by Atomic Force Microscopy. Chemistry and 
Biology, 4, 119-125. https://doi.org/10.1016/S1074-5521(97)90255-6 

[32] Goldsbury, C., Kistler, J., Aebi, U., Arvinte, T. and Cooper, G.J.S. (1999) Watching 
Amyloid Fibrils Grow by Time-Lapse Atomic Force Microscopy. Journal of Mole-
cular Biology, 285, 33-39. https://doi.org/10.1006/jmbi.1998.2299 

[33] Kowalewski, T. and Holtzman, D.M. (1999) In Situ Atomic Force Microscopy Study 
of Alzheimer’s β-Amyloid Peptide on Different Substrates: New Insights into Me-
chanism of β-Sheet Formation. Proceedings of the National Academy of Sciences of 
the United States of America, 96, 3688-3693. https://doi.org/10.1073/pnas.96.7.3688 

[34] Fukuma, T., Mostaert, A.S., Serpell, L.C. and Jarvis, S.P. (2008) Revealing Molecu-
lar-Level Surface Structure of Amyloid Fibrils in Liquid by Means of Frequency 
Modulation Atomic Force Microscopy. Nanotechnology, 19, Article ID: 384010.  
https://doi.org/10.1088/0957-4484/19/38/384010 

[35] Adamcik, J., Jung, J.M., Flakowski, J., De Los Rios, P., Dietler, G. and Mezzenga, R. 
(2010) Understanding Amyloid Aggregation by Statistical Analysis of Atomic Force 
Microscopy Images. Nature Nanotechnology, 5, 423-428.  
https://doi.org/10.1038/nnano.2010.59 

[36] Mastrangelo, I.A., Ahmed, M., Sato, T., Liu, W., Wang, C., Hough, P. and Smith, 
S.O. (2006) High-Resolution Atomic Force Microscopy of Soluble Aβ42 Oligomers. 
Journal of Molecular Biology, 358, 106-119.  
https://doi.org/10.1016/j.jmb.2006.01.042 

[37] Economou, N.J., Giammona, M.J., Do, T.D., Zheng, X., Teplow, D.B., Buratto, S.K. 
and Bowers, M.T. (2016) Amyloid β-Protein Assembly and Alzheimer’s Disease: 
Dodecamers of Aβ42, but Not of Aβ40, Seed Fibril Formation. Journal of the Ameri-
can Chemical Society, 138, 1772-1775. https://doi.org/10.1021/jacs.5b11913 

[38] Cherny, I. and Gazit, E. (2008) Amyloids: Not Only Pathological Agents but Also 
Ordered Nanomaterials. Angewandte Chemie—International Edition, 47, 4062-4069.  
https://doi.org/10.1002/anie.200703133 

[39] Dong, M., Hovgaard, M.B., Mamdouh, W., Xu, S., Otzen, D.E. and Besenbacher, F. 

https://doi.org/10.4236/ajmb.2023.132008
https://doi.org/10.1111/j.1471-4159.2003.02327.x
https://doi.org/10.1007/s10571-013-9984-x
https://doi.org/10.1007/s11064-018-2513-z
https://doi.org/10.3233/JAD-191242
https://doi.org/10.3389/fphar.2020.01097
https://doi.org/10.1016/S1074-5521(97)90255-6
https://doi.org/10.1006/jmbi.1998.2299
https://doi.org/10.1073/pnas.96.7.3688
https://doi.org/10.1088/0957-4484/19/38/384010
https://doi.org/10.1038/nnano.2010.59
https://doi.org/10.1016/j.jmb.2006.01.042
https://doi.org/10.1021/jacs.5b11913
https://doi.org/10.1002/anie.200703133


Y. Li et al. 
 

 

DOI: 10.4236/ajmb.2023.132008 123 American Journal of Molecular Biology 
 

(2008) AFM-Based Force Spectroscopy Measurements of Mature Amyloid Fibrils of 
the Peptide Glucagon. Nanotechnology, 19, Article ID: 384013.  
https://doi.org/10.1088/0957-4484/19/38/384013 

[40] Mostaert, A.S., Higgins, M.J., Fukuma, T., Rindi, F. and Jarvis, S.P. (2006) Nanoscale 
Mechanical Characterisation of Amyloid Fibrils Discovered in a Natural Adhesive. 
Journal of Biological Physics, 32, 393-401.  
https://doi.org/10.1007/s10867-006-9023-y 

[41] Mostaert, A.S. and Jarvis, S.P. (2007) Beneficial Characteristics of Mechanically 
Functional Amyloid Fibrils Evolutionarily Preserved in Natural Adhesives. Nano-
technology, 18, Article ID: 044010. https://doi.org/10.1088/0957-4484/18/4/044010 

[42] Fukuma, T., Mostaert, A.S. and Jarvis, S.P. (2006) Explanation for the Mechanical 
Strength of Amyloid Fibrils. Tribology Letters, 22, 233-237.  
https://doi.org/10.1007/s11249-006-9086-8 

[43] Kalinin, S.V., Rodriguez, B.J., Jesse, S., Seal, K., Proksch, R., Hohlbauch, S., Reven-
ko, I., Thompson, G.L. and Vertegel, A.A. (2007) Towards Local Electromechanical 
Probing of Cellular and Biomolecular Systems in a Liquid Environment. Nanotech-
nology, 18, Article ID: 424020. https://doi.org/10.1088/0957-4484/18/42/424020 

[44] Gazit, E. (2002) The “Correctly Folded” State of Proteins: Is It a Metastable State? 
Angewandte Chemie International Edition, 18, 257-259.  
https://doi.org/10.1002/1521-3773(20020118)41:2<257::AID-ANIE257>3.0.CO;2-M 

[45] Kirshenbaum, K. and Daggett, V. (1995) PH-Dependent Conformations of the 
Amyloid β(1-28) Peptide Fragment Explored Using Molecular Dynamics. Bioche-
mistry, 34, 7629-7639. https://doi.org/10.1021/bi00023a009 

[46] Urbanc, B., Cruz, L., Ding, F., Sammond, D., Khare, S., Buldyrev, S.V., Stanley, H.E. 
and Dokholyan, N.V. (2004) Molecular Dynamics Simulation of Amyloid b Dimer 
Formation. Biophysical Journal, 87, 2310-2321.  
https://doi.org/10.1529/biophysj.104.040980 

[47] Buchete, N., Tycko, R. and Hummer, G. (2005) Molecular Dynamics Simulations of 
Alzheimer’s β-Amyloid Protofilaments. Journal of Molecular Biology, 353, 804-821.  
https://doi.org/10.1016/j.jmb.2005.08.066 

[48] Strodel, B. (2021) Amyloid Aggregation Simulations: Challenges, Advances and Pers-
pectives. Current Opinion in Structural Biology, 67, 145-152.  
https://doi.org/10.1016/j.sbi.2020.10.019 

[49] Kelly, C.M., Northey, T., Ryan, K., Brooks, B.R., Kholkin, A.L., Rodriguez, B.J. and 
Buchete, N. (2015) Conformational Dynamics and Aggregation Behavior of Piezoe-
lectric Diphenylalanine Peptides in an External Electric Field. Biophysical Chemi-
stry, 196, 16-24. https://doi.org/10.1016/j.bpc.2014.08.009 

[50] Lee, C. and Ham, S. (2011) Characterizing Amyloid-Beta Protein Misfolding from 
Molecular Dynamics Simulations with Explicit Water. Journal of Computational Che-
mistry, 32, 349-355. https://doi.org/10.1002/jcc.21628 

[51] Narayan, B., Herbert, C., Rodriguez, B.J., Brooks, B.R. and Buchete, N.-V. (2021) 
Replica Exchange Molecular Dynamics of Diphenylalanine Amyloid Peptides in 
Electric Fields. The Journal of Physical Chemistry B, 125, 5233-5242.  
https://doi.org/10.1021/acs.jpcb.1c01939 

[52] Morel, B., Varela, L., Azuaga, A.I. and Conejero-Lara, F. (2010) Environmental 
Conditions Affect the Kinetics of Nucleation of Amyloid Fibrils and Determine 
Their Morphology. Biophysical Journal, 99, 3801-3810.  
https://doi.org/10.1016/j.bpj.2010.10.039 

[53] Niu, L., Liu, L., Xi, W., Han, Q., Li, Q., Yu, Y., et al. (2016) Synergistic Inhibitory 

https://doi.org/10.4236/ajmb.2023.132008
https://doi.org/10.1088/0957-4484/19/38/384013
https://doi.org/10.1007/s10867-006-9023-y
https://doi.org/10.1088/0957-4484/18/4/044010
https://doi.org/10.1007/s11249-006-9086-8
https://doi.org/10.1088/0957-4484/18/42/424020
https://doi.org/10.1002/1521-3773(20020118)41:2%3C257::AID-ANIE257%3E3.0.CO;2-M
https://doi.org/10.1021/bi00023a009
https://doi.org/10.1529/biophysj.104.040980
https://doi.org/10.1016/j.jmb.2005.08.066
https://doi.org/10.1016/j.sbi.2020.10.019
https://doi.org/10.1016/j.bpc.2014.08.009
https://doi.org/10.1002/jcc.21628
https://doi.org/10.1021/acs.jpcb.1c01939
https://doi.org/10.1016/j.bpj.2010.10.039


Y. Li et al. 
 

 

DOI: 10.4236/ajmb.2023.132008 124 American Journal of Molecular Biology 
 

Effect of Peptide-Organic Coassemblies on Amyloid Aggregation. ACS Nano, 10, 
4143-4153. https://doi.org/10.1021/acsnano.5b07396 

[54] Yu, L., Yang, Y. and Wang, C. (2019) Peptide Self-Assembly and Its Modulation: 
Imaging on the Nanoscale. In: Perrett, S., Buell, A. and Knowles, T., Eds., Biological 
and Bio-Inspired Nanomaterials. Advances in Experimental Medicine and Biology, 
Vol. 1174, Springer, Singapore, 35-60. https://doi.org/10.1007/978-981-13-9791-2_2 

[55] Chrobak, W., Pacut, D.W., Blomgren, F., Rodin, A., Swenson, J. and Ermilova, I. 
(2021) Component of Cannabis, Cannabidiol, as a Possible Drug against the Cyto-
toxicity of Aβ(31-35) and Aβ(25-35) Peptides: An Investigation by Molecular Dy-
namics and Well-Tempered Metadynamics Simulations. ACS Chemical Neuroscience, 
12, 660-674. https://doi.org/10.1021/acschemneuro.0c00692 

[56] Cohen, T., Frydman-Marom, A., Rechter, M. and Gazit, E. (2006) Inhibition of 
Amyloid Fibril Formation and Cytotoxicity by Hydroxyindole Derivatives. Bioche-
mistry, 45, 4727-4735. https://doi.org/10.1021/bi051525c 

[57] Porat, Y., Abramowitz, A. and Gazit, E. (2006) Inhibition of Amyloid Fibril Forma-
tion by Polyphenols: Structural Similarity and Aromatic Interactions as a Common 
Inhibition Mechanism. Chemical Biology and Drug Design, 67, 27-37.  
https://doi.org/10.1111/j.1747-0285.2005.00318.x 

[58] Yang, A., Li, X., Li, D., Zhang, M., Du, H., Li, C., et al. (2012) Observation of Molecu-
lar Inhibition and Binding Structures of Amyloid Peptides. Nanoscale, 4, 1895-1909.  
https://doi.org/10.1039/c2nr11508e 

[59] Huang, Q., Zhao, Q., Peng, J., Yu, Y., Wang, C., et al. (2019) Peptide-Polyphenol 
(KLVFF/EGCG) Binary Modulators for Inhibiting Aggregation and Neurotoxicity 
of Amyloid-β Peptide. ACS Omega, 4, 4233-4242.  
https://doi.org/10.1021/acsomega.8b02797 

[60] Pillai, V., Tych, K.M., Rubini, M., Rodriguez, B. and Benedetto, A. (2019) Room- 
Temperature Ionic Liquids in Protein Amyloidogenesis: A Combined Neutron Scat-
tering, Atomic Force Microscopy and Optical Tweezer Study. European Biophysics 
Journal with Biophysics Letters, 48, S216-S216. 

[61] Mahmoudi, M., Akhavan, O., Ghavami, M., Rezaee, F. and Ghiasi, S.M.A. (2012) 
Graphene Oxide Strongly Inhibits Amyloid Beta Fibrillation. Nanoscale, 4, 7322-7325.  
https://doi.org/10.1039/c2nr31657a 

[62] Wang, J., Cao, Y., Li, Q., Liu, L. and Dong, M. (2015) Size Effect of Graphene Oxide 
on Modulating Amyloid Peptide Assembly. Chemistry—A European Journal, 21, 
9632-9637. https://doi.org/10.1002/chem.201500577 

[63] Wang, X., Han, Q., Liu, X., Wang, C. and Yang, R. (2019) Multifunctional Inhibi-
tors of β-Amyloid Aggregation Based on MoS2/AuNR Nanocomposites with High 
near-Infrared Absorption. Nanoscale, 11, 9185-9193.  
https://doi.org/10.1039/C9NR01845J 

[64] Yousaf, M., Huang, H., Li, P., Wang, C. and Yang, Y. (2017) Fluorine Functiona-
lized Graphene Quantum Dots as Inhibitor against HIAPP Amyloid Aggregation. 
ACS Chemical Neuroscience, 8, 1368-1377.  
https://doi.org/10.1021/acschemneuro.7b00015 

[65] Han, Q., Cai, S., Yang, L., Wang, X., Qi, C., Yang, R. and Wang, C. (2017) Molyb-
denum Disulfide Nanoparticles as Multifunctional Inhibitors against Alzheimer’s 
Disease. ACS Applied Materials and Interfaces, 9, 21116-21123.  
https://doi.org/10.1021/acsami.7b03816 

[66] Jin, Y., Sun, Y., Chen, Y., Lei, J. and Wei, G. (2019) Molecular Dynamics Simula-
tions Reveal the Mechanism of Graphene Oxide Nanosheet Inhibition of Aβ1-42 Pep-

https://doi.org/10.4236/ajmb.2023.132008
https://doi.org/10.1021/acsnano.5b07396
https://doi.org/10.1007/978-981-13-9791-2_2
https://doi.org/10.1021/acschemneuro.0c00692
https://doi.org/10.1021/bi051525c
https://doi.org/10.1111/j.1747-0285.2005.00318.x
https://doi.org/10.1039/c2nr11508e
https://doi.org/10.1021/acsomega.8b02797
https://doi.org/10.1039/c2nr31657a
https://doi.org/10.1002/chem.201500577
https://doi.org/10.1039/C9NR01845J
https://doi.org/10.1021/acschemneuro.7b00015
https://doi.org/10.1021/acsami.7b03816


Y. Li et al. 
 

 

DOI: 10.4236/ajmb.2023.132008 125 American Journal of Molecular Biology 
 

tide Aggregation. Physical Chemistry Chemical Physics, 21, 10981-10991.  
https://doi.org/10.1039/C9CP01803D 

[67] Ryan, K., Neumayer, S.M., Maraka, H.V.R., Kholkin, A.L., Rice, J.H. and Rodriguez, 
B.J. (2017) Thermal and Aqueous Stability Improvement of Graphene Oxide En-
hanced Diphenylalanine Nanocomposites. Science and Technology of Advanced Ma-
terials, 18, 172-179. https://doi.org/10.1080/14686996.2016.1277504 

[68] Almohammed, S., Zhang, F., Rodriguez, B.J. and Rice, J.H. (2019) Electric Field- 
Induced Chemical Surface-Enhanced Raman Spectroscopy Enhancement from Aligned 
Peptide Nanotube-Graphene Oxide Templates for Universal Trace Detection of Bio-
molecules. The Journal of Physical Chemistry Letters, 10, 1878-1887.  
https://doi.org/10.1021/acs.jpclett.9b00436 

[69] Salahuddin, P., Khan, R. H., Furkan, M., Uversky, V.N., Islam, Z. and Fatima, M.T. 
(2021) Mechanisms of Amyloid Proteins Aggregation and Their Inhibition by An-
tibodies, Small Molecule Inhibitors, Nano-Particles and Nano-Bodies. International 
Journal of Biological Macromolecules, 186, 580-590.  
https://doi.org/10.1016/j.ijbiomac.2021.07.056 

[70] Hu, N.-W., Nicoll, A.J., Zhang, D., Mably, A.J., O’Malley, T., Purro, S.A., et al. 
(2014) MGlu5 Receptors and Cellular Prion Protein Mediate Amyloid-β-Facilitated 
Synaptic Long-Term Depression in Vivo. Nature Communications, 5, 3374.  
https://doi.org/10.1038/ncomms4374 

[71] Zhang, D., Mably, A.J., Walsh, D.M. and Rowan, M.J. (2017) Peripheral Interventions 
Enhancing Brain Glutamate Homeostasis Relieve Amyloid β- and TNFα-Mediated 
Synaptic Plasticity Disruption in the Rat Hippocampus. Cerebral Cortex, 27, 3724-3735.  
https://doi.org/10.1093/cercor/bhw193 

[72] Sarell, C.J., Quarterman, E., Yip, D.C.-M., Terry, C., Nicoll, A.J., Wadsworth, J.D. 
F.,et al. (2017) Soluble Aβ Aggregates Can Inhibit Prion Propagation. Open Biology, 
7, Article ID: 170158. https://doi.org/10.1098/rsob.170158 

[73] Ondrejcak, T., Hu, N.-W., Qi, Y., Klyubin, I., Corbett, G.T., et al. (2019) Soluble 
Tau Aggregates Inhibit Synaptic Long-Term Depression and Amyloid β-Facilitated 
LTD in Vivo. Neurobiology of Disease, 127, 582-590.  
https://doi.org/10.1016/j.nbd.2019.03.022 

[74] Stine, W.B., Jungbauer, L., Yu, C. and LaDu, M.J. (2010) Preparing Synthetic Aβ in 
Different Aggregation States. In: Roberson, E., Ed., Alzheimer’s Disease and Fron-
totemporal Dementia, Methods in Molecular Biology, Vol. 670, Humana Press, To-
towa, 13-32. https://doi.org/10.1007/978-1-60761-744-0_2 

[75] Yang, D.-S., Yip, C.M., Huang, T.H.J., Chakrabartty, A. and Fraser, P.E. (1999) Ma-
nipulating the Amyloid-β Aggregation Pathway with Chemical Chaperones. Journal 
of Biological Chemistry, 274, 32970-32974. https://doi.org/10.1074/jbc.274.46.32970 

[76] Kozela, E., Juknat, A. and Vogel, Z. (2017) Modulation of Astrocyte Activity by 
Cannabidiol, a Nonpsychoactive Cannabinoid. International Journal of Molecular 
Sciences, 18, 1-20. https://doi.org/10.3390/ijms18081669 

[77] Stanković, I.M., Niu, S., Hall, M.B. and Zarić, S.D. (2020) Role of Aromatic Amino 
Acids in Amyloid Self-Assembly. International Journal of Biological Macromole-
cules, 156, 949-959. https://doi.org/10.1016/j.ijbiomac.2020.03.064 

[78] Poli, G., Ponti, W., Carcassola, G., Ceciliani, F., Colombo, L., Dall’Ara, P., et al. 
(2003) In Vitro Evaluation of the Anti-Prionic Activity of Newly Synthesized Congo 
Red Derivatives. Arzneimittel-Forschung/Drug Research, 53, 875-888.  
https://doi.org/10.1055/s-0031-1299845 

[79] Lorenzo, A. and Yankner, B.A. (1994) Beta-Amyloid Neurotoxicity Requires Fibril 

https://doi.org/10.4236/ajmb.2023.132008
https://doi.org/10.1039/C9CP01803D
https://doi.org/10.1080/14686996.2016.1277504
https://doi.org/10.1021/acs.jpclett.9b00436
https://doi.org/10.1016/j.ijbiomac.2021.07.056
https://doi.org/10.1038/ncomms4374
https://doi.org/10.1093/cercor/bhw193
https://doi.org/10.1098/rsob.170158
https://doi.org/10.1016/j.nbd.2019.03.022
https://doi.org/10.1007/978-1-60761-744-0_2
https://doi.org/10.1074/jbc.274.46.32970
https://doi.org/10.3390/ijms18081669
https://doi.org/10.1016/j.ijbiomac.2020.03.064
https://doi.org/10.1055/s-0031-1299845


Y. Li et al. 
 

 

DOI: 10.4236/ajmb.2023.132008 126 American Journal of Molecular Biology 
 

Formation and Is Inhibited by Congo Red. Proceedings of the National Academy of 
Sciences of the United States of America, 91, 12243-12247.  
https://doi.org/10.1073/pnas.91.25.12243 

[80] Lee, V.M.Y. (2002) Amyloid Binding Ligands as Alzheimer’s Disease Therapies. 
Neurobiology of Aging, 23, 1039-1042.  
https://doi.org/10.1016/S0197-4580(02)00121-5 

[81] Conte, A., Pellegrini, S. and Tagliazucchi, D. (2003) Synergistic Protection of PC12 
Cells from β-Amyloid Toxicity by Resveratrol and Catechin. Brain Research Bulle-
tin, 62, 29-38. https://doi.org/10.1016/j.brainresbull.2003.08.001 

[82] Scherzer-Attali, R., Pellarin, R., Convertino, M., Frydman-Marom, A., Egoz-Matia, 
N., Peled, S., et al. (2010) Complete Phenotypic Recovery of an Alzheimer’s Disease 
Model by a Quinone-Tryptophan Hybrid Aggregation Inhibitor. PLOS ONE, 5, 
e11101. https://doi.org/10.1371/journal.pone.0011101 

[83] Cukalevski, R., Boland, B., Frohm, B., Thulin, E., Walsh, D. and Linse, S. (2012) 
Role of Aromatic Side Chains in Amyloid β-Protein Aggregation. ACS Chemical 
Neuroscience, 3, 1008-1016. https://doi.org/10.1021/cn300073s 

[84] Lashuel, H.A., Hartley, D.M., Balakhaneh, D., Aggarwal, A., Teichberg, S. and Cal-
laway, D.J.E. (2002) New Class of Inhibitors of Amyloid-β Fibril Formation: Impli-
cations for the Mechanism of Pathogenesis in Alzheimer’s Disease. Journal of Bio-
logical Chemistry, 277, 42881-42890. https://doi.org/10.1074/jbc.M206593200 

[85] Heller, G.T., Aprile, F.A., Michaels, T.C.T., Limbocker, R., Perni, M., Ruggeri, F.S., 
et al. (2020) Small-Molecule Sequestration of Amyloid-β as a Drug Discovery Strat-
egy for Alzheimer’s Disease. Science Advances, 6, eabb5924.  
https://doi.org/10.1126/sciadv.abb5924 

 
 

https://doi.org/10.4236/ajmb.2023.132008
https://doi.org/10.1073/pnas.91.25.12243
https://doi.org/10.1016/S0197-4580(02)00121-5
https://doi.org/10.1016/j.brainresbull.2003.08.001
https://doi.org/10.1371/journal.pone.0011101
https://doi.org/10.1021/cn300073s
https://doi.org/10.1074/jbc.M206593200
https://doi.org/10.1126/sciadv.abb5924

	Cannabidiol-Mediated Sequestration of Alzheimer’s Amyloid-β Peptides in ADDL Oligomers
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. Preparation of ADDLs
	2.2. Atomic Force Microscopy

	3. Results and Discussion
	4. Summary
	Acknowledgements
	Conflicts of Interest
	References

