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Introduction

Alzheimer’s	Disease	
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Aloysius	 Alois Alzheimer

• Symptoms
• Impairment	of	life	functioning
• Disorientation
• Memory	 impairment
• Speech	impediment	
• Visuospatial	cognitive	 impairment
• Executive	dysfunction
• Psychological	symptoms

• Pathology
• Degenerative	loss	of	neurons	 and	associated	cerebral	atrophy
• Multiple	 senile	plaques
• Multiple	neurofibrillary	 tangles
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Social	issues	of	Alzheimer's	disease
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• Number	of	patients	
• 47.5	million	 (2015)
• Over	9.9	million	new	cases	of	AD-related	dementia	are	diagnosed	every	year.

• Social	costs
• Direct	medical	costs	(e.g.	nursing	home	care)
• Direct	nonmedical	 costs	(e.g.	in-home	day	care)
• Indirect	costs	(e.g.	lost	productivity	of	both	patient	and	caregiver)
• Dementia	costs	worldwide	have	been	calculated	around	$818	billion	 (2015)
• The	most	costly	diseases	for	society	in	developed	countries

World	Alzheimer	Report	2015:	The	Global	Impact	of	Dementia.	
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Three	main	hypothesis
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• Cholinergic	hypothesis
AD	is	caused	by	reduced	synthesis	of	the	neurotransmitter	acetylcholine.

• Amyloid	hypothesis
Extracellular	amyloid	beta	(Aβ)	deposits	are	the	fundamental	 cause	of	the	disease.

• Tau	hypothesis
Tau	protein	abnormalities	 initiate	the	disease	cascade.
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Existing	drugs
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• acetylcholinesterase	inhibitor	

• NMDAR	antagonist
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Examples	of	failed	clinical	trials	of	anti-Ab	drugs

Name Mode	of	Action	 Sponsor	Involved	in	the	Clinical	Trials	

Solanezumab Monoclonal	 antibody	 Eli	Lilly	

Crenezumab Monoclonal	 antibody	 Roche- Genetech

Gantenerumab Monoclonal	 antibody	 Roche- Genetech

Aducanumab Monoclonal	 antibody	 Biogen	

Verubecestat BACE1	inhibitor	 Merck	

Lanabecestat BACE1	inhibitor	 Astra,	Eli	lilly

Atabecestat BACE1	inhibitor	 Janssen	

Nurul Husna Ibrahim,	Mohamad	Fairuz	Yahaya,	Wael Mohamed,	Seong Lin	Teoh,	Chua	Kien and	Jaya	Kumar,	
Front.	Pharmacol.,	2020,	11,	261.
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AD	pathology

The	general	pathways	involved	in neurodegenerative	diseases

9
Van	BulckM,	Sierra-Magro A,	Alarcon-Gil	J,	Perez-Castillo	A,	Morales-Garcia	JA,
Int.	J.	Mol.	Sci.,	2019,	20,	719.
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Aβ changes	expression	level	of	mRNA	and	proteins

10
Calkins	MJ,	ManczakM,	Mao	P,	 Shirendeb U,	Reddy	PH.,	Hum.	Mol.	Genet.,	2011, 20,	4515.	

• mRNA

• Proteins



AD	pathology

Aβ	oligomer	localizes	in	mitochondria	

11Calkins	MJ,	ManczakM,	Mao	P,	 Shirendeb U,	Reddy	PH.,	Hum.	Mol.	Genet.,	2011, 20,	4515.	
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Effects	on	mitochondria

12Calkins	MJ,	ManczakM,	Mao	P,	 Shirendeb U,	Reddy	PH.,	Hum.	Mol.	Genet.,	2011, 20,	4515.	
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Aβ	coordinates	metal	ions

13Barnham,	K.J.;	Masters,	C.L.;	Bush,	A.I.,	Nat.	Rev.	Drug	Dis., 2004,	3,	205.	



AD	pathology

Metal	ions	promote	Aβ	aggregation

14

Lovell,	M.	A.,	Robertson,	J.	D.,	Teesdale,	W.	J.,	Campbell,	 J.	L.	&	Markesbery,	W.	R.,	J.	Neurol.	Sci.,	1998,	158,	47.

Atwood,	C.	S.,	Moir,	R.	D.,	Huang,	X.,	Scarpa,	R.	C.,	Bacarra,	N.	M.	E.,	Romano,	D.	M.,	Hartshorn,	M.	A.,	Tanzi,	R.	E.,	
Bush,	 A.	I.,	J.	Biol.	Chem.,	1998, 273,	12817.
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Cu	& Aβ promote	H2O2 production
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Bush	A.	I.	et	al.,	J.	Biol.	Chem.,	1999, 274,	37111.	

H2O2 cell	survival



AD	pathology

Aβ inhibits	autophagy

16
Menzies,	F.M.;	Fleming,	 A.;	Caricasole,	A.;	Bento,	C.F.;	Andrews,	 S.P.;	Ashkenazi,	A.;	Füllgrabe,	J.;	Jackson,	A.;	
Jimenez	Sanchez,	M.;	Karabiyik,	C.;	et	al.,	Neuron, 2017,	93,	1015.	



AD	pathology

PICALM	is	low	in	AD	patients
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western blotting in this study had Braak VI tau pathology), PSP and CBD
subjects (Fig. 4A). In the total fraction, mean levels of phosphorylated
tau were significantly increased in AD, Pick disease, FTLD-MAPT P301L,
LBD and CBD cases (Fig. 4B). The level of PICALM was significantly de-
creased in AD, Pick disease, FTLD-MAPT P301L and CBD cases (Fig. 4C).
The levels of PICALM were inversely correlated with the levels of
phosphorylated tau with a high degree of significance in the total
fraction (Fig. 4D).

The homogenates were further fractionated by centrifugation. In
the RIPA soluble fraction, the level of PICALM was altered (Fig. 5A).
PICALM, especially the longest isoform, was significantly decreased
in the soluble fraction of AD, Pick disease, FTLD-MAPT P301L, FTLD-
TDP, LBD, PSP and CBD cases (Fig. 5C). In the RIPA insoluble fraction
(Fig. 5B), PICALM levels were significantly increased in AD cases but
not in other diseases (Fig. 5D). RIPA soluble and RIPA-insoluble
phosphorylated tau was absent in controls and in FTLD-TDP, but
was significantly increased in AD, Pick disease, FTLD-MAPT P301L
mutation, LBD and CBD and was less abundant in PSP cases (not
shown). The ratio of RIPA-soluble/insoluble PICALM (Fig. 5E) was
significantly decreased in all the analysed cases except in PSP that
showed a non-significant decrease. The ratios of soluble/insoluble
PICALM levels were negatively correlated with the levels of phos-
phorylated tau (Fig. 5F).

3.5. PICALM levels are negatively correlatedwith the levels of the autophagy
related proteins LC3-II and Beclin-1

PICALM downregulation has recently been reported to inhibit both
autophagosome synthesis and degradation in cellular and animal
models (Moreau et al., 2014). In order to investigate the association of
solubility change and protein level of PICALM with autophagy, levels
of autophagymarkers LC3-II and Beclin-1were analysed in human neu-
rodegenerative diseases. When LC3-I is converted to LC3-II, LC3-II is
conjugated with phosphatidylethanolamine and is attached to the
surface of autophagosomes. Augmented LC3-II level can be related to ei-
ther increased autophagosome synthesis or reduced autophagosome
turnover. Level of LC3-II wasmeasured by normalizingwith actin signal
in accordancewith guidelines for autophagymonitoring (Klionsky et al.,
2016). The level of LC3-II was generally increased in the disease cases
but a highly significant increase of the LC3-II/actin ratio was observed
in AD and LBD with Braak VI tau pathology cases (Fig. 6A, B). Beclin-1
is a key component of autophagy involved in recruitment ofmembranes
to autophagosomes. A significant decrease of Beclin-1 was also
observed in the neurodegenerative diseases except PSP (Fig. 6C). A
highly significant correlation was found between decreased levels of
PICALM and increased levels of LC3-II (p = 0.0032) or decreased levels
of Beclin-1 (p = 0.0295) in the total brain lysates from these diseases

Fig. 4. Levels of PICALMare decreased and levels of phosphotau are increased in the total fraction of frontal cortex inAD, Pick disease, FTLD-MAPTP301L andCBDA:Representativewestern
blots for PICALM, PHF1 and actin in total fractions from homogenates of frontal cortex from control, Pick Disease, FTLD-MAPT P301L, FTLD-TDP, LBD with Braak VI tau pathology, PSP and
CBD cases. Arrowhead shows a 50 kDa cleaved PICALM fragment. B and C: Quantification of the levels of PHF1 positive tau (B) and of PICALM (C) normalised to actin in the total fraction of
frontal cortex from control (n = 8), AD (n = 4), Pick Disease (n = 3), FTLD-MAPT P301L (n = 2), FTLD-TDP (n = 2), LBD (n = 3), PSP (n = 4) and CBD (n = 5) cases. A significant
reduction of PICALM is observed in AD, Pick disease, FTLD-MAPT P301L and CBD. (*p b 0.05, ***p b 0.001 by one-way ANOVA and Dunnett's test). D: Correlation analysis between the
levels of PICALM and of PHF1 positive phosphotau both normalised to actin in the total fraction. There is a significant negative correlation between PICALM and phosphotau levels
(r = −0.57, n = 31, p = 0.0008, by Pearson correlation test).

38 K. Ando et al. / Neurobiology of Disease 94 (2016) 32–43

Ando	K,	Tomimura K,	Sazdovitch V,	et	al.	Neurobiol Dis.	2016,	94,	32



AD	pathology

Neuro-inflammation

18
Meraz-Ríos,	M.	A.,	Toral-Rios,	D.,	Franco-Bocanegra,	D.,	Villeda-Hernández,	 J., Campos-Peña,	 V.,	
Front.	Integr.	Neurosci.	, 2013,	7,	59.	



AD	pathology

Aβ	increases	levels	of	TNF-α	&	IL-1β	
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Figure 3. ICV TGF-β1 pretreatment prevents Aβ1–42-induced glial activation. TGF-β1 (4, 10 or 50 ng in 5 μl) was given ICV one hour prior to Aβ1–42
injection. On day 7 following TGF-β1 administration, glial cells including microglia and astrocytes in the hippocampus were evaluated for their activation and
function. (A) Immunofluorescent histochemistry of hippocampal sections. Note that the microglia and astrocytes, tagged by CD11b and GFAP, respectively,
are obviously increased in soma size with retraction of processes by the Aβ1–42 treatment. The characteristics meet morphological criteria of activation of
microglia and astrocytes. TGF-β1 pretreatment before Aβ1–42 injection reduces soma size of microglia and astrocytes compared with Aβ1–42 injection alone.

TGF-β1 Neuroprotection against Aβ1–42-Induced Neuroinflammation

PLOS ONE | DOI:10.1371/journal.pone.0116549 February 6, 2015 11 / 19

Figure 3. ICV TGF-β1 pretreatment prevents Aβ1–42-induced glial activation. TGF-β1 (4, 10 or 50 ng in 5 μl) was given ICV one hour prior to Aβ1–42
injection. On day 7 following TGF-β1 administration, glial cells including microglia and astrocytes in the hippocampus were evaluated for their activation and
function. (A) Immunofluorescent histochemistry of hippocampal sections. Note that the microglia and astrocytes, tagged by CD11b and GFAP, respectively,
are obviously increased in soma size with retraction of processes by the Aβ1–42 treatment. The characteristics meet morphological criteria of activation of
microglia and astrocytes. TGF-β1 pretreatment before Aβ1–42 injection reduces soma size of microglia and astrocytes compared with Aβ1–42 injection alone.

TGF-β1 Neuroprotection against Aβ1–42-Induced Neuroinflammation

PLOS ONE | DOI:10.1371/journal.pone.0116549 February 6, 2015 11 / 19

mRNA protein

Loftis	JM,	Huckans M,	Morasco BJ,	Neurobiol Dis.,	2010,	37,	519.
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AD	pathology-based	therapeutic	target

Novel	treatment	strategies	for	AD

21

1. Minocycline

2. 4-(1-benzylpiperidin-4-yl)thiosemicarbazone

3. Diethyl	(3,4-dihydroxyphenethylamino)	(quinolin-4-yl)methylphosphonate

4. Oligomannate



Targeting	Neuroinflammation

Minocycline	
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Minocycline
Tetracycline	antibiotics

• Alzheimer�s	disease	(Garcez	et	al.	2017)
• Traumatic	brain	injury	 (Hanlon	et	al.	2016)
• Multiple	 sclerosis	(Giuliani	et	al.	2005)
• Cerebral	ischemia	(Yrjänheikki	 et	al.	1999)
• Huntington�s	 disease	(Chen	et	al.	2000)
• Parkinson�s	disease	(Du	et	al.	2001)
• Stroke	(Lampl	et	al.	2007)
• Anxiety-related	behaviors	(Majidi	et	al.	2016)
• Schizophrenia	 (Chaudhry	et	al.	2012)
• Anti-depressant effect	(Amorim et	al.	2017)

In	animal	models



Targeting	Neuroinflammation

Clinical	trial	of	minocycline	
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• Mild-to-moderate	depression	 in	HIV	patients	(Emadi-Kouchak et	al.	2016)
• Major	depressive	disorder	 (Dean	et	al.	2017)
• Bipolar	depression (Soczynska et	al.	2017)

Success	example of	depression

In	Alzheimer's	disease

• “Minocycline	did	not	delay	the	progress	of	cognitive	or	functional	 impairment	
in	people	with	mild	AD	during	 a	2-year	period.”	(Howard	et	al.	2020)



Targeting	Neuroinflammation

Experimental	design	of	minocycline	treatment

24Amani,M.;Shokouhi,G.;Salari,A.A.,	 Psychopharmacology,	 2019,	236,	1281.



Targeting	Neuroinflammation

Result	of	experiment	1

25Amani,M.;Shokouhi,G.;Salari,A.A.,	 Psychopharmacology,	 2019,	236,	1281.



Targeting	Neuroinflammation

Result	of	experiment	2

26Amani,M.;Shokouhi,G.;Salari,A.A.,	 Psychopharmacology,	 2019,	236,	1281.



Targeting	Neuroinflammation

The	level	of	Cytokines

27Amani,M.;Shokouhi,G.;Salari,A.A.,	 Psychopharmacology,	 2019,	236,	1281.



Targeting	Neuroinflammation

The	level	of	Cytokines

28Amani,M.;Shokouhi,G.;Salari,A.A.,	 Psychopharmacology,	 2019,	236,	1281.
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Multi-target	drug	BPT

Design	strategy	of	multi-target	drug

29Palanimuthu,	D.;	Poon,	R.;	Sahni,	 S.;	Anjum,	 R.;	Hibbs,	D.;	Lin,	H.Y.;	Bernhardt,	P.V.;	Kalinowski,	D.S.;	Richardson,	
D.R.,	Eur.	J.	Med.	Chem.	2017,	139,	612.	

Dp44mT	

4-(1-benzylpiperidin-4-yl)thiosemicarbazone (BPT)	

Donepezil	

benzylpiperidine

• Inhibition	 of	AChE activity	

thiosemicarbazone

• Chelation	of	redox-active	metals
• Induction	of	autophagy	

combine	pharmacophores	
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Multi-target	drug	BPT	

BPT	series

30Palanimuthu,	D.;	Poon,	R.;	Sahni,	 S.;	Anjum,	 R.;	Hibbs,	D.;	Lin,	H.Y.;	Bernhardt,	P.V.;	Kalinowski,	D.S.;	Richardson,	
D.R.,	Eur.	J.	Med.	Chem.	2017,	139,	612.	

R N
H
N

H
N

S N

1. Cytotoxicity
2. Inhibition	 of	AChE activity	
3. Chelation	of	redox-active	metals	
4. Induction	of	autophagy
5. BBB	permeability	

R=
PBPT	 SBPT NBPT PCBT

QBPT 8-OH-QBPT 2,3-OH-BBPT 2,3,4-OH-BBPT

4-(1-benzylpiperidin-4-yl)thiosemicarbazone (BPT)	



Multi-target	drug	BPT	

Anti-proliferative	activity	

31

Copper and Iron Complexes). Indeed, our laboratory has shown
previously that such N,N,S ligands demonstrate high anti-
proliferative activity [43,54]. In summary, these data demonstrate
the lowanti-proliferative activity of the BPT series in SK-N-MC cells,
which supports their utility as agents for AD treatment.

Since the BPTanalogues were designed to formmetal complexes
with endogenous copper and iron, we also examined the anti-
proliferative efficacy of their 1:1 Cu: ligand and 1:2 Fe: ligand
complexes towards SK-N-MC cells (Table 1). The anti-proliferative
activity of the copper and iron complexes of the controls, DFO,
Dp44mTand Donepezil, were also assessed. The Cu complex of DFO
showed a significant (p < 0.001) increase in anti-proliferative ac-
tivity relative to the free ligand, as observed previously [62].
Although the Cu complex of Dp44mT showed similar anti-
proliferative activity to its free ligand, Donepezil in the presence
of Cu demonstrated increased anti-proliferative activity relative to
Donepezil alone (Table 1). As shown previously [62], the Fe com-
plexes of DFO and Dp44mT showed significantly (p < 0.001)
decreased anti-proliferative activity compared to their respective
ligands (Table 1). The anti-proliferative efficacy of Donepezil in the
presence of iron was similar to that observed for Donepezil alone
(>100 mM; Table 1).

It is apparent that all the novel Cu complexes of the BPT ana-
logues displayed significantly (p < 0.001) higher anti-proliferative
activity than the corresponding ligands (Table 1). Interestingly,
the Fe complexes of all novel chelators, except PCBPT and QBPT,
exhibited significantly (p < 0.001e0.05) lower anti-proliferative
efficacy compared to their respective ligands (Table 1). These
findings suggest that the Fe complexes of the BPT ligands, apart
from those derived from PCBPT and QBPT, are not biologically
reactive (e.g., in terms of ROS generation). This was in concordance
with the low potential at which these Fe complexes are reduced
(see above: Electrochemistry and EPR Spectroscopy of Copper and Iron
Complexes). In contrast, the Fe complexes of PCBPT and QBPT
exhibited significantly (p < 0.001) potentiated cytotoxicity
compared to the corresponding ligands. Again, this observationwas
in good agreement with the electrochemistry of their Fe complexes,
which was reversible, and within a range previously demonstrated
to lead to redox activity [43,54].

In summary, the BPT series have generally low anti-proliferative
efficacy. While Fe complexation resulted in generally attenuated
cytotoxicity, Cu complexation led to potentiated cytotoxic effects
relative to the free ligand. Although Cu complexation increased
their anti-proliferative efficacy of the BPT ligands, it is notable that

the activity of the novel Cu complexes was markedly less than that
of Dp44mT or its Cu complex (Table 1). Collectively, amongst the
BPT series of analogues, PBPT and its Fe or Cu complex demon-
strated the poorest anti-proliferative efficacy, which is a desirable
characteristic for the long-term treatment of AD.

2.6. The effect of the BPT analogues on 59Fe release from prelabeled
cells

Accumulation of Fe is a common feature of AD brains [8,63],
which leads to oxidative stress through the generation of ROS and
aggregation of both Ab and tau [6]. We examined the Fe chelation
efficacy of the BPT analogues to evaluate their ability to bind
intracellular Fe and release it from SK-N-MC neuroepithelioma cells
(Fig. 3A). These results were compared to three controls, namely:
(1) Dp44mT, a well characterized thiosemicarbazone with high Fe
mobilization efficacy [43]; (2) DFO, a clinically used chelator
implemented for the treatment of Fe overload disease [64] and also
AD [65] that has poor BBB permeability, and thus, low efficacy [66];
and (3) Donepezil, an AChE inhibitor used for AD treatment [48],
which is not a known chelator, but was used as a control, as the
current BPT series contains a pharmacophore-derived from this
inhibitor (Fig. 1).

In these experiments, SK-N-MC cells were prelabeled with the
physiological 59Fe donor, diferric transferrin (59Fe2-Tf), washed and
then reincubated with control medium, or medium containing the
agents (25 mM) using standard methods [56,61,67]. Levels of 59Fe in
the cells and 59Fe released into the overlying medium were then
assessed [56,61,67]. As previously observed [56], the incubation of
prelabeled SK-N-MC cells with control medium alone resulted in
minimal cellular 59Fe release (6% of total cellular 59Fe; Fig. 3A). The
positive control, Dp44mT, significantly (p < 0.001) increased 59Fe
mobilization to 49% of total cellular 59Fe (Fig. 3A). In contrast, DFO
showed limited ability to induce 59Fe release from cells, leading to
the mobilization of 15% of cellular 59Fe (Fig. 3A), which was
significantly (p < 0.001) higher than control medium, but was
significantly (p < 0.001) lower than Dp44mT (Fig. 3A). Donepezil
did not show any significant (p > 0.05) effect on 59Fe release
compared to control medium (Fig. 3A), confirming that Donepezil
does not act as an iron chelator due to the lack of appropriate
ligating moieties (Fig. 1).

All novel BPT analogues showed the ability to significantly
(p < 0.001) increase cellular 59Fe mobilization compared to the
control, but were significantly (p < 0.001) less effective than
Dp44mT (Fig. 3A). Notably, PBPT, SBPT and 2,3-OH-BBPT were the
most effective of the BPT analogues and significantly (p < 0.001)
increased 59Fe release (i.e., 31%, 28% and 29%, respectively) relative
to DFO (Fig. 3A). Additionally, NBPT, PCBPT, 8-OH-QBPT and 2,3,4-
OH-BBPT showed comparable 59Fe mobilization efficacy (i.e., 16%,
18%, 17% and 14%, respectively) to that of DFO. Finally, QBPT showed
the poorest ability to mediate cellular 59Fe release (10% of cellular
59Fe) of this series and was significantly (p < 0.01) less active than
DFO (Fig. 3A). No strong correlation was observed between the
ability of the BPT series tomediate cellular 59Fe release and their log
Pcalc values (R2 ¼ 0.3274) or IC50 values (R2 ¼ 0.0264). Collectively,
amongst this series of analogues, PBPT, SBPT and 2,3-OH-BBPT
demonstrated the greatest efficacy at mobilizing cellular 59Fe.

2.7. The effect of the BPT series on inhibiting 59Fe uptake from 59Fe-
Transferrin

Considering the ability of the BPT analogues to induce cellular
59Fe release, experiments then examined the activity of these
agents to inhibit iron uptake from 59Fe2-Tf by SK-N-MC cells
(Fig. 3B). In these studies, the chelators (25 mM) were incubated

Table 1
Anti-Proliferative Activity (IC50 in mM) of the Novel BPT Analogues and their Copper
and Iron Complexes Against SK-N-MC Neuroepithelioma Cells, as Determined by the
MTT Assaya.

Compound Ligand (L) CuII(L) FeIII(L2)

DFO 16.81 ± 3.87 9.83 ± 0.38 >25b

Dp44mT 0.013 ± 0.01 0.014 ± 0.01 2.00 ± 0.49
Donepezil >100 83.33 ± 7.60 >100

PBPT >100 46.18 ± 7.97 >100
SBPT 34.41 ± 1.24 1.30 ± 0.14 77.99 ± 11.58
NBPT 8.86 ± 0.10 1.81 ± 0.53 52.90 ± 8.34
PCBPT 4.23 ± 1.41 0.43 ± 0.02 1.33 ± 0.11
QBPT 17.71 ± 0.70 3.86 ± 1.28 1.20 ± 0.26
8-OH-QBPT 36.14 ± 3.24 1.87 ± 0.50 >100
2,3-OH-BBPT 16.85 ± 0.96 0.40 ± 0.09 23.99 ± 4.85
2,3,4-OH-BBPT 79.14 ± 0.36 12.22 ± 0.09 80.06 ± 13.57

a SK-N-MC cells (15,000 cells/well) were seeded in 96-well plates and incubated
for 24 h/37 "C and the cells then treated with control medium or compounds for
72 h/37 "C. IC50 values are shown as mean ± SD (3 experiments).

b IC50 was measured for the 1:1 FeIII-DFO complex (as dictated by stoichiometry).

D. Palanimuthu et al. / European Journal of Medicinal Chemistry 139 (2017) 612e632 617

IC50 (µM)

• The	anti-proliferative	activity	against	SK-N-MC	neuroepithelioma cells	

Palanimuthu,	D.;	Poon,	R.;	Sahni,	 S.;	Anjum,	 R.;	Hibbs,	D.;	Lin,	H.Y.;	Bernhardt,	P.V.;	Kalinowski,	D.S.;	Richardson,	
D.R.,	Eur.	J.	Med.	Chem.	2017,	139,	612.	
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Inhibition	of	AChE activity

32Palanimuthu,	D.;	Poon,	R.;	Sahni,	 S.;	Anjum,	 R.;	Hibbs,	D.;	Lin,	H.Y.;	Bernhardt,	P.V.;	Kalinowski,	D.S.;	Richardson,	
D.R.,	Eur.	J.	Med.	Chem.	2017,	139,	612.	
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Chelation	of	redox-active	metals
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with cells in the presence of 59Fe2-Tf, which physiologically donates
iron to cells via endocytosis [68]. The ability of the chelators to
inhibit the internalization of 59Fe into cells was examined using
standard methodology [61,67]. As utilized in the iron mobilization
studies above, Dp44mT, DFO and Donepezil (25 mM) were imple-
mented as relevant controls (Fig. 3B).

As previously observed [43], Dp44mT could markedly and
significantly (p < 0.001) inhibit cellular 59Fe uptake to 5% of the
control (Fig. 3B). On the other hand, DFO was significantly
(p < 0.001) less effective than Dp44mT, but still significantly
(p < 0.001) decreased cellular 59Fe uptake to 85% of the control
(Fig. 3B). Donepezil showed little activity (96% of the control) at
reducing 59Fe uptake due to the lack of effective chelation moieties

and was significantly (p < 0.001e0.01) less effective than Dp44mT
or DFO (Fig. 3B).

Overall, the BPT series demonstrated varying ability to inhibit
cellular 59Fe uptake (Fig. 3B). All of the BPT analogues were
significantly (p < 0.001e0.01) more effective than control media
alone, but were significantly (p < 0.001) less effective than
Dp44 mT at inhibiting cellular 59Fe uptake (Fig. 3B). Notably, PBPT
was the most effective agent of the BPT series and decreased
cellular 59Fe uptake to 41% of the control (Fig. 3B). The analogues,
PBPT (41%), SBPT (57%), NBPT (68%), PCBPT (63%) and 2,3-OH-BBPT
(63%), were significantly (p < 0.001) more effective than DFO
(Fig. 3B). The least effective analogues at reducing 59Fe uptake were
QBPT, 8-OH-QBPT and 2,3,4-OH-BBPT, which inhibited 59Fe uptake
to 91%, 78% and 93% of the control, respectively (Fig. 3B). While
QBPT and 8-OH-QBPT showed comparable efficacy to DFO, 2,3,4-
OH-BBPT showed significantly (p < 0.05) lower efficacy at inhibit-
ing 59Fe uptake relative to DFO (Fig. 3B).

As demonstrated with 59Fe mobilization experiments, no strong
correlation was observed between their ability to inhibit 59Fe up-
take and either their Log Pcalc values (R2 ¼ 0.2064) or IC50 values
(R2 ¼ 0.3094). In conclusion, PBPT demonstrated the most prom-
ising ability of the BPT analogues at inhibiting cellular 59Fe inter-
nalization from 59Fe2-Tf.

2.8. The effect of the iron complexes of the BPT series on ascorbate
oxidation

An important property of chelators for the treatment of Fe-
loading conditions is that they should bind and remove excess Fe
from tissues and also form redox-inactive Fe complexes. This is
critical in diseases, such as AD, where iron accumulation occurs
within plaques and has been reported to play a detrimental role in
inducing oxidative stress [8].

To examine their redox properties, the Fe(III) complexes of the
BPT series of ligands were assessed in terms of their ability to
catalyze ascorbate oxidation via Fe-mediated Fenton chemistry
[56,69]. In these studies, ascorbate was used as a substrate because
of its abundance in neurons and its strong anti-oxidant potential to
protect these cells from oxidative stress [70e72]. For comparison,
the well-known, redox-active Fe(III) complexes of EDTA and
Dp44mTwere included as positive controls [54,56,73]. On the other
hand, the redox inactive Fe(III) complex of DFO was used as a
negative control since it inhibits oxidative stress [54,56,73].
Moreover, we also assessed the ability of Donepezil to mediate
ascorbate oxidation in the presence of Fe(III) (Fig. 1). The ascorbate
oxidation activity of the Fe complexes of QBPT and 2,3,4-OH-BBPT
could not be determined (N.D.) due to their low solubility under the
conditions used in this assay.

In accordance with our previously published results [54,56,73],
the EDTA- and Dp44mT-Fe(III) complexes markedly and signifi-
cantly (p < 0.001) accelerated ascorbate oxidation to 436% and
285% of the control, respectively (Fig. 4A). In contrast, the redox-
inactive Fe(III)-DFO complex significantly (p < 0.001) reduced
ascorbate oxidation, decreasing it to 29% of the control, confirming
its anti-oxidative activity (Fig. 4A). Additionally, in the presence of
Fe(III), Donepezil showed comparable levels of ascorbate oxidation
relative to control (Fig. 4A).

Generally, all but one of the Fe(III) complexes of the BPT ana-
logues did not accelerate ascorbate oxidation compared to the
control (Fig. 4A). In fact, the Fe(III) complexes of these agents
significantly (p < 0.001) decreased ascorbate oxidation when
compared to the iron complexes of EDTA or Dp44mT (Fig. 4A).
However, all iron complexes of the BPT series showed significantly
(p < 0.001) increased levels of ascorbate oxidation relative to DFO
(Fig. 4A). The Fe(III) complexes of PBPT, NBPT, 8-OH-QBPT and 2,3-

Fig. 3. (A) The effect of the BPT series of analogues on 59Fe release from prelabeled
SK-N-MC neuroepithelioma cells. Cells were incubated with 59Fe2-Tf (0.75 mM) for
3 h/37 "C, washed four times with ice-cold PBS and then re-incubated in the presence
or absence of the control compounds (25 mM) or novel BPT analogues (25 mM) for 3 h/
37 "C. The release of 59Fe from the cells mediated by the agents was then assessed. (B)
The effect of the BPT series of analogues on 59Fe uptake from 59Fe-transferrin
(59Fe2-Tf) by SK-N-MC neuroepithelioma cells. Cells were incubated with 59Fe2-Tf
(0.75 mM) alone (control), the control compounds (25 mM), or the novel BPT analogues
(25 mM) for 3 h/37 "C. The cells were then washed four times with ice-cold PBS, and
incubated with protease (1 mg/mL) for 30 min/4 "C to examine internalized 59Fe up-
take. Results are expressed as the mean ± SD (3 experiments). **p < 0.01, ***p < 0.001
versus the control. ###p < 0.001 versus Dp44 mT Cp < 0.05, CCp < 0.01, CCCp < 0.001
versus DFO.
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with cells in the presence of 59Fe2-Tf, which physiologically donates
iron to cells via endocytosis [68]. The ability of the chelators to
inhibit the internalization of 59Fe into cells was examined using
standard methodology [61,67]. As utilized in the iron mobilization
studies above, Dp44mT, DFO and Donepezil (25 mM) were imple-
mented as relevant controls (Fig. 3B).

As previously observed [43], Dp44mT could markedly and
significantly (p < 0.001) inhibit cellular 59Fe uptake to 5% of the
control (Fig. 3B). On the other hand, DFO was significantly
(p < 0.001) less effective than Dp44mT, but still significantly
(p < 0.001) decreased cellular 59Fe uptake to 85% of the control
(Fig. 3B). Donepezil showed little activity (96% of the control) at
reducing 59Fe uptake due to the lack of effective chelation moieties

and was significantly (p < 0.001e0.01) less effective than Dp44mT
or DFO (Fig. 3B).

Overall, the BPT series demonstrated varying ability to inhibit
cellular 59Fe uptake (Fig. 3B). All of the BPT analogues were
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(63%), were significantly (p < 0.001) more effective than DFO
(Fig. 3B). The least effective analogues at reducing 59Fe uptake were
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QBPT and 8-OH-QBPT showed comparable efficacy to DFO, 2,3,4-
OH-BBPT showed significantly (p < 0.05) lower efficacy at inhibit-
ing 59Fe uptake relative to DFO (Fig. 3B).

As demonstrated with 59Fe mobilization experiments, no strong
correlation was observed between their ability to inhibit 59Fe up-
take and either their Log Pcalc values (R2 ¼ 0.2064) or IC50 values
(R2 ¼ 0.3094). In conclusion, PBPT demonstrated the most prom-
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critical in diseases, such as AD, where iron accumulation occurs
within plaques and has been reported to play a detrimental role in
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To examine their redox properties, the Fe(III) complexes of the
BPT series of ligands were assessed in terms of their ability to
catalyze ascorbate oxidation via Fe-mediated Fenton chemistry
[56,69]. In these studies, ascorbate was used as a substrate because
of its abundance in neurons and its strong anti-oxidant potential to
protect these cells from oxidative stress [70e72]. For comparison,
the well-known, redox-active Fe(III) complexes of EDTA and
Dp44mTwere included as positive controls [54,56,73]. On the other
hand, the redox inactive Fe(III) complex of DFO was used as a
negative control since it inhibits oxidative stress [54,56,73].
Moreover, we also assessed the ability of Donepezil to mediate
ascorbate oxidation in the presence of Fe(III) (Fig. 1). The ascorbate
oxidation activity of the Fe complexes of QBPT and 2,3,4-OH-BBPT
could not be determined (N.D.) due to their low solubility under the
conditions used in this assay.

In accordance with our previously published results [54,56,73],
the EDTA- and Dp44mT-Fe(III) complexes markedly and signifi-
cantly (p < 0.001) accelerated ascorbate oxidation to 436% and
285% of the control, respectively (Fig. 4A). In contrast, the redox-
inactive Fe(III)-DFO complex significantly (p < 0.001) reduced
ascorbate oxidation, decreasing it to 29% of the control, confirming
its anti-oxidative activity (Fig. 4A). Additionally, in the presence of
Fe(III), Donepezil showed comparable levels of ascorbate oxidation
relative to control (Fig. 4A).

Generally, all but one of the Fe(III) complexes of the BPT ana-
logues did not accelerate ascorbate oxidation compared to the
control (Fig. 4A). In fact, the Fe(III) complexes of these agents
significantly (p < 0.001) decreased ascorbate oxidation when
compared to the iron complexes of EDTA or Dp44mT (Fig. 4A).
However, all iron complexes of the BPT series showed significantly
(p < 0.001) increased levels of ascorbate oxidation relative to DFO
(Fig. 4A). The Fe(III) complexes of PBPT, NBPT, 8-OH-QBPT and 2,3-
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3 h/37 "C, washed four times with ice-cold PBS and then re-incubated in the presence
or absence of the control compounds (25 mM) or novel BPT analogues (25 mM) for 3 h/
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• 59Fe	release	from	prelabeled cells	 • Inhibiting	59Fe	uptake	from	59Fe-Transferrin	
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• The	effect	on	ascorbate	oxidation	
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• Inhibiting	 copper-mediated	Ab1-40	aggregation	
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Fig. 9. The BPT analogues, PBPT, PCBPT, 8-OH-QBPT, or 2,3,4-OH-BBPT, stimulate autophagic flux in SK-N-MC neuroepithelioma cells as measured using the autophagy
inhibitor, Bafilomycin A1 (Baf A1). (A) Schematic diagram demonstrating the mechanisms by which total LC3-II protein levels (a classical marker of autophagosome formation) can
be altered as a consequence of changes in autophagosomal flux. (i) Under basal conditions, the newly formed autophagosomes are degraded upon fusion with the lysosome, leaving
LC3-II levels unaltered. (ii) Autophagosome degradation is inhibited in the presence of Baf A1, which prevents autophagosome-lysosome fusion and leads to the accumulation of
LC3-II. (iii) In the presence Baf A1, as well as an agent that induces autophagy (e.g., Dp44mT), autophagosome formation is increased relative to basal levels and leads to further
accumulation of LC3-II relative to Baf A1 alone. (B, D, F, H) Western blots showing the effect of the BPT analogues (25 mM) on the levels of LC3-II (18 kDa) after a 24 h incubation at
37 !C in the presence or absence of the late-stage autophagy inhibitor, Baf A1 (100 nM). (C, E, G, I) Densitometry of LC3-II protein levels relative to the corresponding loading control
(b-actin). Results are presented as mean ± SD (3 experiments). *p < 0.05, **p < 0.01 and ***p < 0.001 versus control. #p < 0.05, ##p < 0.01 and ###p < 0.001 versus the Baf A1 control.
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• Evaluation	of	physicochemical	parameters	to	cross	the	blood	brain	barrier	(BBB)	
1. Lipinski's	Rule	of	Five	(Oral	bioavailability)

• Hydrogen	bond	donors	 (OH	and	NH)	� 5
• Hydrogen	bond	acceptors	(N	and	O)� 10
• Molecular	weight	� 500
• LogP� 5

2. Successful	CNS	agents
• Topological	polar	surface	area	<	90	�2

• 2	<	cLogP <5
• LogBB >	-1	(LogBB	=	-0.0148	�TPSA	+	0.152	� cLogP	+0.139)	

D.E.	Clark,	J.	Pharm.	Sci., 1999,	88,	815.	
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pyridoxal	4-(1-benzylpiperidin-4-yl)thiosemicarbazone (PBPT)
• PBPT	is	best	of	the	8	compounds.
• Low	anti-proliferative	activity.
• Moderate	AChE inhibitory	 activity.	
• Favorable	iron	chelation	properties.
• The	inhibition	 of	Fe(III)-mediated	ascorbate	oxidation.	
• The	inhibition	 of	Cu(II)-mediated	aggregation	of	Ab1-40.
• Increase	autophagic initiation.		
• The	physicochemical	properties	of	PBPT	are	favorable	for	CNS	permeation.

Lead	compound	with	promising	multi-functional	activity	
to	treat	the	complex	pathology	associated	with	AD.	
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• Existing	Drp1	inhibiting	drugs	
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Diethyl	(3,4-dihydroxyphenethylamino)	
(quinolin-4-yl)methylphosphonate (DDQ)	

Dopamine	based	structure

• New	Drp1	inhibiting	drugs	
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synaptic gene expression levels were upregulated in cells incu-
bated with Ab and then treated with DDQ and pretreated with
DDQ and incubated with Ab relative to Ab-treated cells. This
indicates that DDQ is protecting synaptic genes from Ab.

Immunoblotting analysis

To determine the effects of Ab on mitochondrial proteins and
the useful effects of DDQ at the protein level, we quantified mi-
tochondrial proteins in five independent treatments of cells
with Ab, DDQ, AbþDDQ and DDQþAb.

Comparison with untreated cells. In SHSY5Y cells treated with Ab
compared with untreated SHSY5Y cells, significantly increased
protein levels were found for Drp1 (P¼ 0.01) and Fis1 (P¼ 0.01)
(Fig. 4A and C). In contrast, decreased levels of mitochondrial fu-
sion proteins, Mfn1 (P¼ 0.002) and Mfn2 (P¼ 0.004) were found in
cells incubated with Ab compared with untreated cells.
Synaptophysin (P¼ 0.001) and PSD95 (P¼ 0.01) levels were signifi-
cantly reduced in Ab-incubated cells relative to untreated cells
(Fig. 4A and C).

Mitochondrial fission proteins, Drp1 (P¼ 0.03) and Fis1 were
significantly reduced and fusion protein Mfn2 P¼ 0.004 was sig-
nificantly increased in DDQ-treated cells relative to untreated
cells (Fig. 4A and C). Mitochondrial biogenesis protein levels
were significantly increased in DDQ-treated cells relative to
untreated cells (Fig. 4B and D).

Mitochondrial biogenesis proteins PGC1a (P¼ 0.01), Nrf1
(P¼ 0.001), Nrf2 (P¼ 0.01) and TFAM (P¼ 0.01) levels were de-
creased in Ab-incubated cells relative to untreated cells.
Interestingly, significant increase of mitochondrial biogenesis
protein levels was observed in DDQ-treated cells relative to
untreated cells (Fig. 4B and D).

Mitochondrial fission proteins Drp1 (P¼ 0.01) and Fis1 (P¼ 0.02)
were reduced and fusion protein Mfn1 (P¼ 0.04) was significantly
increased in AbþDDQ-treated cells relative to untreated cells
(Fig. 4A and C). Synaptic proteins, synaptophysin (P¼ 0.01) and
PSD95 (P¼ 0.04) levels significantly increased in AbþDDQ-treated

cells relative to untreated cells. Decreased levels of Drp1 (P¼ 0.004)
were found in DDQþAb-treated cells relative to untreated cells
(Fig. 4A and C). Overall, these findings suggest that DDQ reduces
fission activity and enhances fusion activity in the presence of Ab.

Comparison with Ab-treated cells. As shown in Figure 4A and B,
significantly reduced levels of fission protein, Drp1 were found
in cells treated with AbþDDQ (Drp1, P¼ 0.01) and DDQþAb
(Drp1, P¼ 0.001; Fis1, P¼ 0.04) relative to Ab-treated cells. In con-
trast, fusion proteins were increased in AbþDDQ (Mfn1, P¼ 0.01;
Mfn2, P¼ 0.01) and DDQþAb (Mfn1, P¼ 0.02; Mfn2, P¼ 0.01)
treated cells relative to Ab-treated cells.

In AbþDDQ cells exhibited increased mitochondrial biogene-
sis protein levels (Nrf1 (P¼ 0.04), Nrf2 (P¼ 0.01) and TFAM
(P¼ 0.01) relative to Ab-treated cells. Similarly, DDQ pre-treated
(DDQþAb) cells showed significantly increased levels of mito-
chondrial biogenesis proteins (Nrf1 (P¼ 0.01), Nrf2 (P¼ 0.01) and
TFAM (P¼ 0.004) relative to Ab-treated cells (Fig. 4B and D).

Synaptic proteins were increased in AbþDDQ (synaptophy-
sin, P¼ 0.01; PSD95, P¼ 0.03) and DDQþAb (synaptophysin,
P¼ 0.04; PSD95, P¼ 0.001) treated cells relative to Ab-treated
cells (Fig. 4A and C), indicating that DDQ enhances synaptic ac-
tivity in the presence of Ab in cells.

DDQ reduces Ab and Drp1 levels

To determine whether DDQ reduces Ab and Drp1 levels, we con-
ducted immunoblotting analysis, in cells treated with DDQ,
AbþDDQ and DDQþAb. As shown in Figure 5A, we found re-
duced levels of 4 kDa Ab in cells treated AbþDDQ and DDQþAb
relative to cells treated with Ab alone. We also found reduced
levels of Drp1 in cells treated DDQ, AbþDDQ and DDQþAb rela-
tive to untreated and Ab-treated cells (Fig. 4A).

Co-immunoprecipitation and immunoblotting analysis
using DDQ-treated SHSY5Y cellsþAb

To determine whether DDQ reduces the interaction of Ab with
Drp1 in Ab-incubated cells, we performed co-immunoprecipitation

Table 2. mRNA fold changes of mitochondrial structural, mitochondrial biogenesis and synaptic genes in Human Neuroblastoma (SHSY5Y)
cells treated with DDQ, Ab, AbþDDQ and DDQþAb relative to the untreated SHSY5Y cells and cells treated with AbþDDQ and DDQþAb relative
to the Ab-treated SHSY5Y cells

Genes mRNA fold changes compare with untreated cells mRNA fold changes compare with Ab-treated cells

DDQ Ab AbþDDQ DDQþAb AbþDDQ DDQþAb

Mitochondrial Structural genes
Drp1 #2.2* 2.2** 1.9* #2.1* #1.7* #4.6***
Fis1 #4.4*** 1.7* #1.2 #1.3 #2.0* #2.5*
Mfn1 1.7* #2.3** 1.4 1.2 3.3** 2.9**
Mfn2 2.3** #2.6** 1.3 1.1 3.4** 2.9**
Synaptic genes
Synaptophysin 1.4* #3.7*** #2.4* #1.6* 1.6* 2.4*
PSD95 1.4* #2.5** #1.4* #1.2 1.8* 2.1*
Synapsin1 1.0 #1.9* 1.1 1.3 2.1* 2.5*
Synapsin2 1.7* #1.4* 1.1 1.8* 2.4* 2.9**
Synaptobrevin1 1.0 #2.4** #1.1 #1.4 2.0* 1.7*
Synaptobrevin2 1.3 #2.3* 1.0 1.0 2.1* 2.3*
Synaptopodin 1.0 #2.3** #1.1 #1.1 2.0* 2.1*
GAP43 1.2 #1.9** 1.1 1.1 1.7* 1.7*
Mitochondrial Biogenesis genes
PGC1a 1.5* #4.4** #1.8* #1.1 2.5* 3.9**
Nrf1 1.9* #4.1** #1.7* 1.1 2.6** 4.9***
Nrf2 2.7* #2.8* #1.3 #1.1 2.1* 2.6*
TFAM 1.7* #4.6*** #2.0* #1.5* 2.3* 3.2**
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In summary, for the first time, we designed and synthesized

DDQ based on the best docking score and its binding interac-
tions with Ab and Drp1 complex. In AD neurons treated with
DDQ, we found reduced levels of mitochondrial fission gene ex-
pressions and proteins, and increased levels of mitochondrial
fusion, biogenesis and synaptic gene expressions and proteins
relative to neurons incubated with Ab alone indicating that
DDQ is protective against Ab- and Drp1-induced toxicities.
Hence, it is proved that DDQ has protective effects on neuronal
cells and it protects against Ab induced mitochondrial and syn-
aptic toxicities in AD neurons. Further, it is required to do more
preclinical using AD mouse models and clinical studies using
AD patients treated with DDQ to determine it’s the preventive
effects against Ab induced neuronal toxicities in AD affected an-
imal and human models.

Materials and Methods
Chemicals and reagents

Chemicals for synthesis of DDQ were procured from Sigma-
Aldrich and Merck and used as such, without further purifica-
tion. All solvents used for spectroscopic and other physical
studies were reagent grade and were further purified by litera-
ture methods. Infrared spectra (IR) were obtained on a Perkin-
Elmer Model 281-B spectrophotometer. Samples were analyzed
as potassium bromide disks. Absorptions were reported in wave
numbers (cm!1). 1H and 31P NMR spectra were recorded as solu-
tions in DMSO-d6 on a Bruker AMX 400 MHz spectrometer oper-
ating at 400 MHz for 1H and 161.9 MHz for 31P NMR. The 1H
chemical shifts were expressed in parts per million (ppm) with
reference to tetramethylsilane (TMS) and 31P chemical shifts to
85% H3PO4. LCMS mass spectra were recorded on a Jeol SX
102 DA/600 Mass spectrometer. Ab 1–42 peptide was purchased
from Anaspec, Fremont, CA, USA. Dulbecco’s Modified Eagle
Medium/F-12 (DMEM/F12), penicillin/streptomycin, Trypsin-
EDTA and fetal bovine serum were purchased from GIBCO
(Gaithersberg, MD). SHSY5Y cells. SHSY5Y cells were purchased
from American Tissue Type Collection (ATCC), Virginia, USA.

Molecular docking

In preliminary studies, molecular docking simulations were
generated and prepared, using MOE software. The crystal struc-
tures of Ab (PDB ID: 1ba4) and dynamin-1-like protein (PDB ID:
4h1u) were retrieved from the Protein Data Bank. PDB structure
of Drp1 was loaded into the MOE working environment, ignor-
ing all heteroatoms and water molecules. When receptor
was loaded into the MOE molecular modeling software, the

heteroatoms and water molecules were removed, and polar hy-
drogens were added to relieve any close contact between the X
and Y axis. Protonation of the 3D structure was carried out for
all of the atoms, in the implicit solvated environment at 300 K
that had a pH of 7 and a salt concentration of 0.1. Electrostatic
potential was applied to a cut-off value of 1.5 Å at a dielectric
value of 1. A non-bonded cut-off value of 8 Å was applied to the
Leonard-Jones terms. After protonation, the completed struc-
ture was energy-minimized, using the MMFF94x force field at a
gradient cut off value of 0.05. Molecular dynamic simulations
were carried out at a constant temperature of 300 K for a heat
time of 10 picoseconds. All simulations were carried out, over a
total of 2000 picoseconds. The time step was considered 0.001,
and the temperature relaxation time was set to 0.2 picoseconds.
The position, velocity, and acceleration were determined and
the data collected and saved every 0.5 picoseconds.

PDB structure of Ab was constructed in the MOE working envi-
ronment and subjected to energy minimization. MMFF94x force
fields were included, and the related potential energy terms were
enabled for all bonded interactions, Van der Waals interactions,
and electrostatic interactions and restraints. The non-bonded cut-
off value was enabled between 8-10 Å. A generalized born implicit
salvation model was enabled, all parameters were fixed, the gradi-
ent was set to 0.05, and the partial charges of the force field were
enabled in order to run calculations during the minimization pro-
cess. Dynamic simulations were carried out, using the Nose-
Poincare-Anderson equational algorithm. Consequently, we
formed Ab and Drp1 complex, which further used as receptor to
find the binding interactions designed molecules.

The 3D structures of all designed structures were con-
structed in the MOE working environment and subjected to en-
ergy minimization. MMFF94x force fields were included, and the
related potential energy terms were enabled for all bonded in-
teractions, Van der Waals interactions, and electrostatic inter-
actions and restraints. The non-bonded cut-off value was
enabled between 8 and 10 Å. A generalized Born implicit salva-
tion model was enabled, all parameters were fixed, the gradient
was set to 0.05, and the partial charges of the force field were
enabled in order to run calculations during the minimization
process. Dynamic simulations were carried out, using the Nose-
Poincare-Anderson equational algorithm. The temperature for
the proteins was set to 30 K and was increased to 300 K for run-
time temperature. Heat time and cool time were set to 0 pico-
seconds. The site for the Prediction of Binding Site for Ligand
Activity of the crystallographic structure of Drp1 was defined.
The MOE dock module was used to dock the compounds into
specified binding sites along with the reference compound
exemestane. Exemestane was found in contact with 3S7S, de-
termined by alpha PMI (Principle Moments of Inertia) placement

Figure 12. Cell viability analysis. Cell viability of human neuroblastoma (SHSY5Y) cells, while treated with DDQ, Ab, AbþDDQ and DDQþAb relative to untreated cells.
Cell viability of pre-treated DDQ and post treated DDQ in Ab-incubated SHSY5Y cells relative to Ab-treated cells.
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Mitochondrial	dysfunction	target	drug	DDQ	

Transmission	electron	microscopy	

44Kuruva,	C.S.;	Manczak,	M.;	Yin,	X.;	Ogunmokun,	 G.;	Reddy,	A.P.;	Reddy,	P.H.,	Hum.	Mol.	Genet.	2017,	26,	3375.	

Further, as expected DDQ is obstructing Ab and Drp1 bind-
ing sites by direct interactions at active sites of Ab (ser8 and
Leu34) and Drp1 (ASN16 and Glu16) (Fig. 1). DDQ is readily
bound with Drp1 (independently before forming a Drp1- Ab
complex), leaving less Drp1 binding sites with Ab. However, ad-
ditional research is needed to determine the precise effects of
DDQ’s role in reducing physical interaction between Ab and
Drp1.

DDQ reduces Ab42 in mutant APPSwe/ind cells

To determine whether DDQ reduces Ab42 levels, we measured
both Ab42 and Ab40 in mutant APPSwe/Ind cells treated and
untreated with DDQ. Interestingly, Ab42 levels were signifi-
cantly reduced and Ab40 levels were significantly increased in
DDQ-treated mutant APPSwe/Ind cells (Fig. 9) relative to DDQ-
untreated APPSwe/Ind cells. These observations are interesting

Figure 9. Sandwich ELISA analysis of Ab40 and 42 in mutant APPSwe/Ind cells treated and untreated with DDQ. We performed sandwich ELISA using protein lysates mu-
tant APP cells treated and untreated with DDQ. (A) represents Ab42 and (B) represents Ab40. Significantly reduced levels of Ab42 in mutant APPSwe/Ind cells treated with
DDQ compared to mutant APPSwe/Ind cells untreated with DDQ. On the contrary, Ab40 levels were significantly increased in mutant APPSwe/Ind cells treated with DDQ
relative to mutant APPSwe/Ind cells untreated with DDQ.

Figure 10. Electron microscopy of SH-SY5Y cells. We quantified mitochondrial architectures within the cell in all 5 groups to identify mitochondrial number and mor-
phology. Average number of mitochondria per cell is shown in graphs. Error bars indicate the standard deviation. Mitochondrial number is significantly decreased in
DDQ-treated SH-SY5Y cells, relative to untreated cells. On the contrary, mitochondrial number is significantly increased Ab-treated SH-SY5Y cells. DDQ-pre and post-
treated cells in the presence of Ab showed reduced mitochondrial number compared to cells treated with Ab alone. Mitochondrial length was measured for all groups
of cells. Mitochondrial length was significantly reduced Ab-treated SH-SY5Y cells. DDQ-pre and post-treated cells in the presence of Ab showed increased mitochon-
drial length compared to cells treated with Ab alone.
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Mitochondrial	dysfunction	target	drug	DDQ	

Interaction	between	Aβ	and	Drp1	
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Mitochondrial	dysfunction	target	drug	DDQ	

The	localization	of	Drp1	and	Aβ	
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Summary	of	DDQ
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Diethyl	(3,4-dihydroxyphenethylamino)	
(quinolin-4-yl)methylphosphonate (DDQ)	

• Bound	at	Ab	and	Drp1	interacting	sites	to	Inhibit	Ab	and	Drp1	complex	formation	
• showed	better	docking	 score.
• Enhanced	fusion	activity,	reduced	 fission	machinery,	and	increased	mitochondrial	

biogenesis	and	synaptic	activities.	
• Reduces	the	levels	of	Ab	and	Drp1	and	interaction	between	Ab	and	Drp1.
• Maintains	mitochondrial	 function	 and	cell	viability.
• DDQ	can	reduce	the	negative	effects	of	Aβ
• Prevention	 is	better	than	treatment.	

Promising	molecule	to	treat	AD	neurons.



Approved	novel	AD	treatment	

AD	&	gut	microbiota	

48Wang,	X.,	Sun,	G.,	Feng,	T. et	al. Cell	Res.,	2019, 29, 787.



Approved	novel	AD	treatment	

AD	progression	is	associated	with	the	alteration	of	gut	microbiota	

49

• The	gut	microbiome	composition	of	WT	and	Tgmice	

Wang,	X.,	Sun,	G.,	Feng,	T. et	al. Cell	Res.,	2019, 29, 787.

• Aβ	&	Tau	level	of	Tgmice



Approved	novel	AD	treatment	

GV-971	exhibits	ameliorative	effects	on	cognitive	impairment

50
Wang,	X.,	Sun,	G.,	Feng,	T. et	al. Cell	Res.,	2019, 29, 787.

The	escape	latency	time	results	
of	the	Morris	Water	Maze

The	number	 of	platform-site	
crossovers	in	MWM	test	



Approved	novel	AD	treatment	

GV-971	alleviates	neuroinflammation by	shaping	 the	gut	microbiota

51
Wang,	X.,	Sun,	G.,	Feng,	T. et	al. Cell	Res.,	2019, 29, 787.

gut	microbiota brain



Approved	novel	AD	treatment	

oligomannate

52

2019 Oligomannatewas	approved	in	China

2020		The	Phase	3	clinical	trial	in	U.S.A	&	Europe

2003		Memantinewas	approved	

(Shanghai	Green	Valley	Pharmaceuticals)

16	years
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Summary
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• In	addition	 to	Aβ	and	tau,	multiple	 factors	are	involved	 in	Alzheimer's	disease.

• Drug	discovery	research	on	various	causative	factors	of	Alzheimer's	disease	is	
being	conducted.
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Appendix

Dynamic	biomarkers	of	the	Alzheimer’s	pathological	cascade	
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Proteolytic	cleavage	of	APP	
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Cu	&	Aβ generate	H2O2
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In vitro studies have shown that low µM levels of Zn2+

will induce protease-resistant aggregation and precipita-
tion of Aβ39. Cu2+ and Fe3+ also induce peptide aggrega-
tion that is exaggerated at acidic pH40. These metals are
normally found at high concentrations in the region of
the brain most susceptible to AD neurodegeneration.
During neurotransmission, high concentrations of Zn
(300 µM) and Cu (30 µM) are released, which might
explain why Aβ precipitation into amyloid commences
in the synapse36,41.

The cause of the neuronal cell loss in AD might be
related to oxidative stress from excessive free-radical
generation29,30,38,42,43. We have proposed that the major
source of oxidative stress and free-radical production in
the brain in AD is the transition metals Cu and Fe29,43

when bound to Aβ.
There is a large body of evidence indicating that the

homeostasis of Zn, Cu and Fe, and their respective
binding proteins, are significantly altered in the AD
brain (reviewed in REF. 44). A microparticle-induced
X-ray emission analysis of the cortical and accessory
basal nuclei of the amygdala indicated that these metals
accumulate in the NEUROPILE of the AD brain in concen-
trations that are three- to fivefold increased compared
with age-matched controls37. Evidence for abnormal Cu
homeostasis in AD includes a 2.2-times increase in the
concentration of Cu in CSF45, and an accompanying
increase of plasma Cu in AD46. There is an extensive lit-
erature describing abnormal levels of Fe and Fe-binding
proteins in AD47. Notably, the Fe that is found within
the amyloid deposits of human brain and in amyloid-
bearing APP transgenic mice is redox-active38,48. Raman
spectroscopy studies have demonstrated that Zn2+ and
Cu2+ are coordinated to the histidine residues of the
deposited Aβ in the senile plaque cores from diseased
brain tissue and that the sulphur atom of methionine 35
of Aβ is oxidized, which is indicative of a pro-oxidant
environment49.

Toxic mechanism(s) of Aβ. Synthetic Aβ is toxic to cells
in the presence of Cu2+, but this toxicity is inhibited by
extracellular catalase, which implicates H2O2 in the toxic
pathway50,51. When Cu2+ or Fe3+ coordinate Aβ, exten-
sive redox chemical reactions take place that reduce the
oxidation state of both metals and produce H2O2 from
O2 in a catalytic manner51–54. The formal reduction
potential of Cu2+ to Cu+ by Aβ42 is highly positive
(approximately +500–550 mV versus Ag/AgCl) and
characteristic of strongly reducing cupro-proteins52.
The generation of H2O2 in the presence of the reduced
form of the metal creates conditions in which Fenton
chemistry occurs with the generation of highly toxic
OH• radicals53.

The toxicity of Aβ to neuronal cells is enhanced by
the presence of Cu, which is usually present in culture
media51. Aβ possesses histidine residues at positions 6,
13 and 14, which form a structural element that enables
Aβ to coordinate transition metal ions. A variety of
spectroscopic studies have confirmed that the histidine
residues constitute the principal site(s) of metal coordi-
nation. The interactions of synthetic Aβ with copper,

redox-shielded binding sites. As metal concentration
rises in the brain with age, the probability increases that
a redox-competent, low-affinity metal-binding site will
recruit a metal ion from the normally redox-silent cellular
pool. In this manner, proteins such as Aβ can harness
endogenous biometals to foster the release of inappro-
priate redox activity and ROS generation.

Metal ions and neurodegenerative diseases
The dominant risk factor associated with the neuro-
degenerative diseases is increasing age. Several studies in
mice have shown that one of the consequences of normal
aging is a rise in the levels of copper and iron in brain
tissue (FIG. 1)26–28. The brain is an organ that concentrates
metal ions and recent evidence suggests that a break-
down in metal homeostasis is a key factor in a variety of
age-related neurodegenerative diseases29,30.

Alzheimer’s disease. Genetic evidence from cases of
familial AD indicates that Aβ metabolism is linked to
the disease31,32. AD is characterized by the deposition
of AMYLOID plaques, the major constituent being the amy-
loid-β peptide (Aβ) that is cleaved from the membrane-
bound amyloid precursor protein (APP)33–35. Although
the function of APP is unknown, recent evidence suggests
it functions in maintaining copper homeostasis (BOX 2).

Interactions of Aβ and metals. Recent results have high-
lighted the importance of Zn2+ in amyloid plaque for-
mation; for example, age- and female-sex-related plaque
formation in Tg2576 transgenic mice was reduced by
genetic ablation of the zinc transporter 3 protein, which
is required for zinc transport into synaptic vesicles36.
The plaques could be described as metallic sinks
because remarkably high concentrations of Cu (400
µM), Zn (1 mM) and Fe (1 mM) have been found
within the amyloid deposits in AD-affected brains37,38.

AMYLOID

Protein/peptide deposited 
in diseased tissue, with high 
β-sheet structure.

NEUROPILE

The mass of closely packed nerve
cell processes comprising the
central part of a ganglion.
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Figure 1 | ROS generation by abnormal reaction of O2 with protein-bound Fe or Cu. One of
the consequences of normal aging is that the levels of the redox-active metals copper and iron
in the brain increase. This increase could lead to hypermetallation of proteins that normally bind
redox-active metals at shielded sites. Adventitial binding — for example; at a loading site — will
increase the likelihood that ROS are generated inappropriately as illustrated, leading to the
oxidative stress that is observed in neurodegenerative diseases. Aβ, amyloid-β; ROS, reactive
oxygen species; SOD, superoxide dismutase.
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Aβ	Reduces	Cu(�)
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3D	and	2D	docking	diagrams	showing	the	binding	mode	
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X-ray	crystal	structures	of	[Cu(SBPT)Cl2]	
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Bafilomycin’s effect
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Immunofluorescence	analysis	(DDQ)
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Principal	 component	analysis	

64https://logics-of-blue.com/principal-components-analysis/



Appendix

iPSC-Based	Compound	Screening
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Anti-Aβ Cocktail	of	BCroT (bromocriptine,	cromolyn,	topiramate )	


