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Abstract

Multiple pathogenic factors have been suggested in playing a role in the development of
Alzheimer’s disease (AD). The multifactorial nature of AD also suggests the potential use of
compounds with polypharmacology as effective disease-modifying agents. Recently, we have
developed a bivalent strategy to include cell membrane anchorage into the molecular design. Our
results demonstrated that the bivalent compounds exhibited multifunctional properties and potent
neuroprotection in a cellular AD model. Herein, we report the mechanistic exploration of one of
the representative bivalent compounds, 17MN, in MC65 cells. Our results established that MC65
cells die through a necroptotic mechanism upon the removal of tetracycline (TC). Furthermore, we
have shown that mitochondrial membrane potential (MMP) and cytosolic Ca2* levels are increased
upon removal of TC. Our bivalent compound 17MN can reverse such changes and protect MC65
cells from TC removal induced cytotoxicity. The results also suggest that 17MN may function
between the AP species and RIPK1 in producing its neuroprotection. Colocalization studies
employing a fluorescent analog of 17MN and confocal microscopy demonstrated the interactions
of 17MN with both mitochondria and endoplasmic reticulum (ER), thus suggesting that 17MN
exerts its neuroprotection via a multiple-site mechanism in MC65 cells. Collectively, these results
strongly support our original design rationale of bivalent compounds and encourage further
optimization of this bivalent strategy to develop more potent analogs as novel disease-modifying
agents for AD.
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INTRODUCTION

It is estimated that 5.2 million Americans of all ages and up to 30 million individuals
worldwide are affected by Alzheimer’s disease (AD), a devastating neurodegenerative
disorder and the most common cause of dementia.[1] Although significant advances have
been made in understanding the mechanisms leading to AD, the complexity of this disease
still remains since multiple pathogenic factors have been implicated in its development. This
includes amyloid-B (AB) aggregates, [2] soluble Af oligomers (ABOs), [3-5] dyshomeostasis
of biometals, oxidative stress, neuroinflammation, and mitochondrial dysfunction, among
others.[6-8] As a result, drug development efforts to provide effective disease-modifying
agents for AD still remain a challenging and unmet task since the traditional “one molecule,
one target” drug discovery approach may not fit the multifactorial nature of AD. To address
this challenge, the multifunctional strategy of small molecule design has recently attracted
extensive attention in surmounting the paucity of effective disease-modifying agents in the
pipeline of AD therapeutics.[9-11] However, rational design of small molecules with
therapeutic polypharmacology has always been a challenging task as it involves the selection
of suitable screening assays and the validation of engagement of multiple targets by the
designed molecules.

Recently, we developed a novel bivalent ligand strategy by linking a multifunctional “war
head” with a cell membrane/lipid raft anchor moiety and incorporated this approach into our
molecular design.[12, 13] Our results demonstrated that the bivalent compounds exhibit
significantly improved neuroprotection compared to the “war head” and the CM/LR anchor
alone, or the combination of these two. Furthermore, we have demonstrated that the spacer
length between the “war head” and the anchorage moiety is critical for neuroprotection.
However, the exact mechanism of action remains elusive. In the characterization of these
compounds, we employed MCB65 cells as our primary phenotypic screening assay to confirm
neuroprotective activity. MC65 cells are a human neuroblastoma cell line that conditionally
expresses C99, the C-terminus fragment of amyloid-f3 protein precursor (APP), using
tetracycline (TC) as a transgene suppressor.[14] Although limited mechanistic studies have
been conducted to show that intracellular A} aggregates, including small ABOs, along with
oxidative stress gradually lead to cell death, [14-16] the mechanism of cell death still
remains unknown. Therefore, further understanding of the pathway of cell death of MC65
cells, along with the detailed charaterization of the mechanisms of action of the designed
bivalent compounds, would greatly facilitate the application of this cellular AD model to AD
drug discovery and the development of more potent bivalent compunds. Herein, we report
the characterization of the mechanism of MC65 cell death upon withdrawal of TC, and the
related involvement of mitochondria, endoplasmic reticulum, and calcium mobilization. We
also investigated how our bivalent compounds affect these processes and the preliminary
mechanisms for their neuroprotective activity.

MATERIAL AND METHODS

Cell Lines and Reagents

MC&65 cells (kindly provided by Dr. George M. Martin at the University of Washington,
Seattle) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Life
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Technologies, Inc., Grand Island, NY) supplemented with 10% of heat-inactivated fetal
bovine serum (FBS) (Hyclone, Logan, UT), 1% Penicillin/Streptomycin (P/S) (Invitrogen),
1 pg/mL Tetracycline (TC) (Sigma Aldrich, St. Louis, MO), and 0.2 mg/mL G418
(Invitrogen). SH-SYS5Y cells (ATCC) were cultured in DMEM supplemented with 10% FBS
and 1% P/S. All cells were maintained at 37 °C in a fully humidified atmosphere containing
5% CO,.

MCG65 Apoptosis assay

MCB65 cells were collected and washed twice with PBS, resuspended in Opti-MEM, seeded
in 6-well plates (1.6x108 cells/well), and incubated with compounds at 37 °C under -TC
conditions for 48 h. Cells were harvested and washed twice with cold PBS, and then
suspended in 1x binding buffer (10 mM HEPES [N-2-hydroxyethylpiperazine-N’-2-
ethanesulfonic acid] (pH 7.4), 140 mM NaOH, 2.5 mM CaCly). Annexin V-fluorescein
isothiocyanate (FITC) (BD PharMingen, San Diego, CA) and 5 pg/mL propidium iodide
(PI) were then added, and the cells were incubated in dark for 15 min at room temperature
per the manufacturer’s instructions. Samples were analyzed by flow cytometry using a
Millipore Guava easyCyte flow cytometer.

Caspase 3 Western blot

MCB65 cells (4x10° cells/mL) were treated under indicated conditions for 48 h, and then
collected in cold PBS, lysed by sonication in a Tricine buffer solution, and boiled for 5 min.
Protein samples were collected from the supernatant after centrifugation at 12,800x g for 5
min, and the concentrations were quantified using the Bradford method. Equal amounts of
protein (20.0 pg) were separated by SDS-PAGE on a gel (Bio-Rad) and transferred onto a
PVDF membrane (Bio-Rad). The blots were blocked with 5% milk in a TBS-0.1% Tween
20 (TBS-T) solution at room temperature for 1 h and then probed with the caspase 3
antibody (Cell Signaling Technology, Danvers, MA) overnight at 4 °C. The blots were
washed twice in TBS-T for 15 min, and then incubated with a 1:1000 dilution of horseradish
peroxidase-conjugated secondary antibody in a 5% milk/TBS-T solution at room
temperature for 1 h. After washing twice in TBS-T for 15 min, the proteins were visualized
by a Western Blot Chemiluminescence Reagent (Thermo Fischer Scientific, Waltham, MA).
The blots were also probed with antibodies against a-tubulin to ensure equal loading of
proteins.

MCG65 Neuroprotection assay

MCB65 cells were washed twice with PBS, resuspended in Opti-MEM, and seeded in 96-well
plates (4x10* cells/well). Indicated compounds were then added, and cells were incubated at
37°C under —TC conditions for 72 h. Then, 10 yL of MTT solution (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 5 mg/mL in PBS) were added and
the cells were incubated for another 4 h. Cell medium was then removed, and the remaining
formazan crystals produced by the cellular reduction of MTT were dissolved in 100 uL of
DMSO. Absorbance at 570 nm was immediately recorded using a FlexStation 3 plate reader
(Molecular Devices, CA). Values were expressed as a percentage relative to those obtained
in the +TC controls.
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Transmission Electron Microscopy

MCB5 cells were collected and washed twice with PBS. The cells were suspended in Opti-
MEM and incubated under —TC condition for 48 h. Cells were fixed with 2.5%
Glutaraldehyde in 0.1 M Sodium Cacodylate Buffer. After being embedded, the sample was
viewed with a Jeol JEM-1230 TEM (JEOL USA, MA).

U937 Necroptosis assay

ABao ELISA

U937 cells (2x10* cells) were pretreated with compound and pan caspase inhibitor zZVAD
for 1 h. TNF-a was then added and cells were incubated for 72 h. Afterward, 10 pL of MTT
solution was added and cells were incubated for an additional 4 h. Cell medium was then
removed, and the remaining formazan crystals produced by the cellular reduction of MTT
were dissolved in 100 UL of DMSO. Absorbance at 570 nm was immediately recorded using
a FlexStation 3 plate reader. Values were expressed as a percentage relative to those obtained
in untreated controls.

MCS65 cells were collected and washed twice with PBS, resuspended in Opti-MEM, seeded
in 6-well plates (1.6x10° cells/well), and incubated with compounds at 37 °C under -TC
conditions for 48 h. After centrifugation of the plates, 2 mL of medium were carefully
collected for analysis of AB4q in medium. Cell pellets were lysed by cell extraction buffer
(Life Technologies) following the manufacturer’s instructions and the total protein content
was quantified by the Bradford method. Samples were analyzed using the AB4g Human
ELISA Kit (Life Technologies) following the manufacturer’s instructions. The results were
normalized by total protein expressed as a percentage relative to those obtained in the -TC
control.

MC65 Mitochondrial membrane potential assay

MCS65 cells were collected and washed twice with PBS, resuspended in Opti-MEM, seeded
in 6-well plates (1.6x10° cells/well), and incubated with compounds at 37 °C under -TC
conditions for 48 h. Cells were then collected, washed twice with PBS, and then incubated
with 100 nM of tetramethylrhodamine methyl ester (TMRM) in PBS at room temperature
for 30 min. Fluorescence was analyzed by flow cytometry.

SH-SY5Y Mitochondrial membrane potential assay

SH-SYS5Y cells (4x10° cells) were plated in 12-well plates. After incubation for 24 h,
growth medium was removed and cells were treated in DMEM with indicated compounds
and MPP* (2.5 mM) for 24 h. TMRM was then added to a final concentration of 100 nM
and the cells were further incubated for 30 min. The medium was then collected. Cells were
detached by trypsinization, and the medium was then recombined with the cells and
centrifuged. After removing the supernatant, the cell pellet was suspended in PBS and the
mean fluorescent intensity was recorded by flow cytometry.
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Brain mitochondrial isolation and functional determination

The Institutional Animal Care and Use Committees (IACUC) of the McGuire VA Medical
Center and Virginia Commonwealth University approved this protocol. Brain cortex tissue
was collected from C57BL/6 mice after the mouse was anesthetized with sodium
pentobarbital (100 mg/kg i.p.) and the heart was removed. Harvested brain tissue was placed
into 5 mL MSM buffer (210 mM Mannitol, 70 mM Sucrose, 5.0 mM MOPS, 1.0 mm EDTA,
pH 7.4) at 4 °C, finely minced, and incubated with Subtilisin A (1 mg/g tissue) for 1 min.
Another 5 mL MSM buffer including 0.2% BSA was added to incubated tissue that was then
homogenized by one stroke using a Teflon pestle. The homogenate was centrifuged at 600x g
for 10 min at 4 °C. The supernatant was then centrifuged at 5000x g for 10 min at 4 °C to
spin down the mitochondria. The mitochondrial pellet was washed once with MSM buffer,
then resuspended in 100-200 pL of MSM buffer. Total protein concentration was measured
by the Lowry method using BSA as a standard. Oxygen consumption in mitochondria was
measured by a Clark-type oxygen electrode at 30 °C using glutamate + malate (complex |
substrates) and succinate + rotenone (complex Il substrates) in the presence or absence of
compound 17MN.[17]

MC65 Calcium level measurement

MCB65 cells were washed twice with PBS, resuspended in Opti-MEM, and seeded in 6-well
plates (1.6x108 cells/well). Indicated compounds were then added, and cells were incubated
at 37 °C under —TC conditions for 48 h. Cells were then harvested, suspended in PBS, and
incubated with Fluo-4AM (2 puM) in dark for 30 min. Cells were washed once and then
resuspended in PBS. Samples were analyzed by flow cytometry. Values were expressed as a
percentage relative to those obtained in —=TC controls.

Biometal complex assay

Compound 17MN (50 uM) and CaCl, (60 uM) in water (100 pL) were incubated at room
temperature for 10 min, then UV absorption was recorded from 300 nm to 600 nm using a
Flexstation 3 plate reader.

MCG65 Colocalization assay

MC&65 cells were grown for 48 h on cover slides coated with polylysine. Cells were treated
with the 17MN-NBD probe at 3 pM for 3.5 h. For mitochondrial visualization, Mitotracker
Red (300 nM) was added and incubated for 30 min. Cells were washed twice with PBS and
fixed with 4% formaldehyde for 30 min. After thrice washing with PBS, samples were
mounted and solidified overnight, then analyzed by LSM710 confocal microscopy. For ER
visualization, cells were rinsed once with HBSS buffer, and then ERtracker Red (1 pM) was
incubated with cells in HBSS buffer for 30 min. Following the manufacturer’s procedure,
the staining solution was removed and cells were fixed with 4% formaldehyde for 5 min.
Cells were then washed twice with HBSS buffer, mounted and solidified overnight, and then
analyzed by LSM710 confocal microscopy.
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Statistical analyses

RESULTS

The Student’s t-test was used for all statistical analysis. Data are presented as mean £ SEM.
The level of significance for all analysis testing was set at *P < 0.05.

MC65 cells die through necroptosis and bivalent compound 17MN engages targets
downstream of A aggregates and upstream of RIPK1

Studies have shown that, upon removal of TC, the aggregation of Ap leads to extensive
oxidative stress, and ultimately cell death in MC65 cells.[13, 15] But the exact mechanism
of cell death remains unknown. Therefore, we decided to characterize the mechanisms of
MCB65 cell death. Firstly, we studied whether MC65 cells die through an apoptotic
mechanism, as the literature has reported that AB can induce apoptosis in various cellular
models.[18-20] Interestingly, as shown in Figure 1A, no apoptotic cell death was observed
48 h after the removal of TC, as reflected by no change in the percentage of cell populations
on the lower and upper right quadrants, representing early and late apoptosis, respectively.
This was also confirmed by western blot analysis of caspase 3 activation (Figure 1B). In
order to compare these results with apoptotic cell death, we treated MC65 cells with CoCl,,
a known apoptosis inducer.[21] As shown in Supplementary Figure 1A, CoCl, induced
significant early apoptosis after 48 h of treatment, as reflected by the change of cell
population on the lower right quadrant (49.5% of CoCl,, treated versus 7.5% of vehicle
treated). Western blot analysis of caspase 3 activation also confirmed the induction of
apoptosis as reflected by the appearance of the cleaved caspase 3 band (Supplementary
Figure 1B). It has been reported that both extracellular and intracellular AB species can
induce neuronal apoptosis via multiple mechanisms.[22—-24] However, these current results
suggest that MC65 cells adopt a different cellular environment that avoids apoptotic cell
death upon accumulation of AB aggregates. Our recent studies have shown that, reactive
oxygen species (ROS), especially mitochondrial ROS (mitoROS), are involved in the cell
death of MCB65 cells.[13, 25] It has also been shown that ROS could be effectors for
necroptosis, a programmed cell necrosis.[26-28] Therefore, we set out to determine whether
MCB65 cells die through a necroptotic mechanism. To this end, we first tested whether
necrostatin-1 (Nec-1), a specific receptor interacting protein kinase-1 (RIPK1) and
necroptosis inhibitor, [29] could rescue MCB65 cells from TC removal induced cell death. As
shown in Figure 1C, Nec-1 dose-dependently protected MCB65 cells, which indicates that
necroptosis is involved in the cytotoxic effects of TC removal and consequent accumulation
of AP aggregates. Morphological studies by transmission electron microscopy (TEM) also
demonstrated a necroptotic mechanism of cell death (Figure 1D) as reflected by cell
membrane rupture and the release of cellular contents. Further morphological examination
also confirmed that Nec-1 can reverse the changes induced by the removal of TC back to a
normal state (Supplementary Figure 2A). To rule out the possibility that the observed
neuroprotective activities of Nec-1 could be due to its effects on the aggregation of AR upon
TC removal, we first examined the aggregation of Ap after 48 h of TC removal from MC65
cells pre-treated with Nec-1. As shown in Supplementary Figures 2B and 2C, surprisingly,
AP aggregation was significantly suppressed by treatment of Nec-1 at concentrations of 10,
30, and 100 uM. However, Nec-1 at 3 uM did not show significant inhibition. When
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compared with the neuroprotection results, Nec-1 at 3 UM significantly protected MC65
cells from TC removal induced cytotoxicity. This may suggest that the neuroprotective
activity is still mainly through RIPK1; however, inhibition of RIPK1 by Nec-1 at higher
concentrations may produce inhibitory effects on the aggregation of Ap, as well. To further
confirm this, we employed another experimental condition to test the engagement of RIPK1
by Nec-1 in exerting its neuroprotective activity. Our previous studies demonstrated that
MCB5 cells produce a significant amount of Af aggregates 27 h after TC removal.[12]
Therefore, we treated MC65 cell with Nec-1 at 27 h after TC removal and measured the
level of AP aggregates at 48 h after TC removal. As shown in Supplementary Figure 2D,
Nec-1 treatment did not exhibit interference on A aggregation under this experimental
condition. Further cell viability assay results demonstrated that Nec-1 significantly protected
MCS65 cells upon treatment at 27 h after TC removal. Collectively, the results suggest that
Nec-1 does not interfere with AP aggregation, and its neuroprotection is mainly through the
engagement of RIPK1.

Since our bivalent compound 17MN (Figure 2A) efficiently protected MC65 cells from TC
removal induced cytotoxicity, [13] we next wanted to investigate whether 17MN exerts its
neuroprotective effects through targets upstream or downstream of RIPK1. To this end, we
used the well-established U937 cell model of necroptosis induced by the presence of TNF-a
and a pan caspase inhibitor, zZVAD.[29, 30] As shown in Figure 2B, addition of TNF-a (50
ng/mL) and zVAD (10 uM) induced significant necroptotic cell death and Nec-1 protected
U937 cells by 90% at 10 pM. However, 17MN did not show any protection up to 3 uM. This
suggests that 17MN might interact with protein targets upstream of RIPK1 in MC65 cells
since both 17MN and Nec-1 protected MC65 cells, but only Nec-1 protected U937 cells
from TNF-a and zVAD induced necroptosis.

The accumulation of AP aggregates, including ABOs, in MC65 cells is a causative factor
leading to cell death.[14] It has also been reported that the AP species produced in MC65
cells is mainly ABo.[31] Therefore, to rule out the possibility that 17MN interferes with the
production of AB, we examined the total level of AB4g by ELISA assay. As shown in Figure
2C, 17MN (1 puM) slightly decreased the intracellular level of AB4q, but did not interfere
with the level of extracellular AB4g. Overall, 17MN did not significantly inhibit the total
production of AB4g, especially when comparing the reduction of intracellular AB4q with the
neuroprotective activity of 17MN at this concentration. Our previous studies demonstrated
that 17MN exhibits inhibitory effects on the aggregation of small AB oligomers, but with a
much weaker potency compared to its inhibition of MC65 cell death, thus suggesting that
the inhibition of AP aggregation might only contribute partially towards its overall
neuroprotective ability.[13] Taken together, the results from Figure 2, along with our
previous results, suggest that bivalent compound 17MN mainly exerts its neuroprotective
activities in MCB65 cells by interacting with target proteins downstream of A aggregates and
upstream of RIPK1.
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MCG65 cells exhibit increased mitochondrial membrane potential and bivalent compound
17MN can reverse this increase

Our previous results showed that production of mitoROS is a contributing factor in the cell
fate of MCB65 cells, thus indicating a role of mitochondria in this cell model.[25] AB has also
been shown to accumulate in mitochondria and affect their function.[32, 33] Furthermore,
mitochondrial dysfunction has been linked with necroptosis, as well.[28, 34, 35] Therefore,
we next examined the change of mitochondrial transmembrane potential (MMP, ATm) upon
the removal of TC. As shown in Figure 3A, interestingly, the ATm increased after 48 h of
TC removal. This is opposite to the reported results that exogenously applied AB decrease
the ATm.[36] Again, this highlights the fact that endogenously produced A aggregates in
MCS65 cells interact with mitochondria differently under the current model conditions.
Notably, 17MN suppressed the increase of A¥m at 0.1, 0.3, and 1 uM. This may indicate
that our bivalent compounds interact with mitochondrial proteins and subsequently disrupt
their potential interactions with ABOs. Since complex | of the electron transport chain is
associated with the production of mitoROS, [37] we further employed another neuronal
toxicity cell model, the SH-SY5Y cell line in the presence of MPP*, to examine the effects
of 17MN on ATm. As shown in Figure 3B, the neurotoxin MPP* induced significant ATm
dissipation; however, 17MN did not reverse this change under these experimental settings.
Since MPP™ specifically targets complex | of the mitochondrial electron transport chain,
these results might suggest that 17MN does not directly interact with the components of
complex I, but instead, with other mitochondrial proteins that influence A¥m and the
production of mitoROS. Next, we tested 17MN in isolated mouse brain mitochondria for its
effects on oxyphosphorylation. As shown in Figures 3C and 3D, 17MN did not exhibit any
significant effects on the oxidation of glutamate/malate and succinate, the substrates of
complex I and complex Il, respectively, in agreement with the results of SH-SY5Y assay.
Studies have shown that mitochondrial membrane permeability transition (MPT) is
associated with ATm.[38, 39] Interestingly, TRO19622, a MPT modulator, is structurally
similar to the cell membrane anchor moiety of 17MN.[40] Therefore, we examined whether
TRO19622 can modulate the increased A¥m upon TC removal. As shown in Figure 4A,
TRO19622 significantly suppressed the rise of AUm at 10 uM, thus suggesting that MPT is
associated with the ATm in MC65 cells. However, when we examined whether TRO19622
can rescue MC65 cell death, the results revealed no protection (Figure 4B). This might
indicate that the A¥m change in MC65 cells is a downstream event, rather than one of the
causative factors, to the ultimate cytotoxicity. Also, this does not rule out the possibility that
although TRO19622 can modulate A¥m, MPT is not associated with the cell death
mechanism of MC65 cells upon removal of TC.

Cytosolic Ca?* is increased upon TC removal in MC65 cells and 17MN can abolish this
change

Ca?* overload has been indicated in the induction of MPT, mitochondrial dysfunction, ROS
production, and necroptosis.[41-43] AP aggregates have also been shown to play a role in
the dyshomeostasis of Ca2*.[44, 45] Therefore, we investigated changes in Ca2* levels upon
removal of TC in MC65 cells and whether 17MN had any effect on this change. As shown in
Figure 5A, TC removal resulted in a significant rise of cytosolic Ca?* as measured by
Fluo-4AM, and interestingly, 17MN dose-dependently prevented this increase. Considering
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17MN has shown the potential to form complexes with biometals Cu, Zn, and Fe, [13] we
measured the complex formation between 17MN and Ca2* to rule out the possibility that
17MN is simply chelating Ca2* directly. As shown in Figure 5B, 17MN does not form a
complex with Ca?* as evidenced by no change in the absorption profile between 17MN
alone and co-administration with CaZ*. This suggests that 17MN reduces the increase of
Ca?* possibly through its interactions with target proteins. To further understand the origin
of the Ca?* rise, we employed various pharmacological inhibitors to study their effects in
MCB65 cells (Figure 6A). Depletion of extracellular Ca%* by ethylene glycol tetraacetic acid
(EGTA) did not prevent the intracellular rise, suggesting that the elevation is mediated
through intracellular organelles. Therefore, we turned our attention to the endoplasmic
reticulum (ER) and mitochondria, two main storage sites of Ca2* and integral organelles in
maintaining Ca2* homeostasis. Notably, 2-aminoethoxydiphenyl borate (2-APB), an inositol
1,4,5-triphosphate receptor (IP3R) channel inhibitor, completely reversed the TC removal
induced Ca2* increase, indicating that upon accumulation of Ap aggregates, Ca%* release
from the ER is potentiated through store-operated channels and the IP3R channel.[46, 47]
Interestingly, the mitochondrial CaZ* channel inhibitor, cyclosporine A, further increased the
elevation of Ca2* levels upon treatment of MC65 cells. It has been proposed that the transfer
of Ca?* between ER and mitochondria is mediated through the IP3R linked Ca2* channel
and the voltage-dependent anion-selective channel protein 1 (VDACL) on the mitochondria,
a component of the mitochondrial permeability transition pore structure.[48-50]
Considering this, our results might suggest that Ap aggregates can trigger the release of Ca2*
from the ER, causing a shuffle of stored Ca2* through mitochondria to balance intracellular
levels. Upon inhibition of the mitochondrial permeability transition pore by cyclosporine A,
Ca?* cannot be taken back up into the mitochondria, leading to the previously observed
elevation. To further understand whether the ATm change is associated with the change of
Ca?" level, we investigated the effects of 2-APB on A¥m. As shown in Figure 6B, treatment
of MC65 cells with 2-APB did not affect the TC removal induced MMP rise. Next, we tested
whether the antioxidant Trolox had any effect on Ca2* since we have shown that Trolox can
effectively protect MC65 cells.[12] Notably, as shown in Figure 6C, Trolox effectively
suppressed the Ca?* rise upon TC removal at 10 pM, a concentration at which significant
neuroprotection was observed in MCB65 cells. Taken together, these results may suggest that
the change in Ca?* levels is a downstream event of the interference with mitochondria,
especially the production of ROS, by the removal of TC and the accumulation of Ap
aggregates in MCB65 cells, and both events play some role in cell death. However, this does
not rule out the possibility that the effects of Trolox on Ca?* is through other mechanisms
rather than ROS. Further detailed studies are warranted to understand the involvement of
these two organelles in the death of MCB65 cells.

Bivalent compound 17MN can readily pass into MC65 cells and colocalize with
mitochondria and ER

Our results so far have suggested that 17MN may interact simultaneously with both
mitochondria and ER to exert its neuroprotection in MC65 cells. To examine whether 17MN
can localize at these organelles, a fluorescent analog of 17MN would be a helpful tool. Our
previous SAR study demonstrated that modification of one of the phenolic oxygens of the
curcumin moiety within the bivalent structure can maintain moderate neuroprotective
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activity.[13] Therefore, we attached a nitro-benzoxadiazole (NBD) fluorescent tag onto one
of the phenolic oxygens of the 17MN structure, yielding the designed probe 17MN-NBD
(Figure 7A). After chemical synthesis of this probe, we first evaluated its neuroprotective
activity in MCB65 cells. As shown in Figure 7B, the ECgy of 17MN-NBD is 1.04 UM, a less
than 5-fold decrease compared to the ECsq of 17MN (0.23 uM). The neuroprotective
potency of 17MN is slightly less than the previously reported value, probably due to the
employment of different batches of MC65 cells. More importantly, in the same cell
populations, 17MN-NBD and 17MN showed equal protection at 3 uM. Given these results
from the neuroprotective assay, we then examined the colocalization of 177MN-NBD in
MCB65 cells. To determine the subcellular destination of the probe, cells were co-stained with
known mitochondrial- or ER-specific fluorescent dyes, Mitotracker Red and ERtracker Red,
respectively. As shown in Figures 7C and 7D, 17MN-NBD is clearly able to penetrate the
cell membrane and localize at both mitochondria and ER, thus suggesting that the bivalent
compounds do indeed interact with these organelles to exhibit the observed effects on A¥m
and Ca?* mobilization.

DISCUSSION

Multiple pathogenic factors such as A, calcium dyshomeostasis, mitochondria dysfunction,
and inflammation have been suggested to contribute to the development of AD.
Consequently, the multifactorial nature of AD makes drug discovery and development
efforts for AD a challenging task. Recently, we have developed a bivalent strategy to
incorporate the cell membrane/lipid rafts anchorage into our molecular design and a series of
bivalent compounds have been developed. Biological characterization demonstrated that
these bivalent compounds exhibited superior neuroprotection compared to either the single
pharmacophore alone or the combination of both pharmacophores in a cellular model of AD.
[13] In this study, we explored the possible mechanisms of action for these bivalent
compounds using 17MN as a probe in MC65 cells.

Firstly, we demonstrated that MC65 cells die through a necroptotic mechanism under TC
removal conditions, as reflected by the fact that a specific RIPK1 inhibitor, Nec-1, can dose
dependently rescue MC65 cells from TC removal induced cytotoxicity. Although previous
reports have demonstrated the association of the production of ABOs with the cell death of
MCB65 cells, studies with selective y-secretase inhibitors would add more evidence to
completely exclude the possibility of C99 expression on the cytotoxicity and necroptosis of
MCB65 cells upon TC removal. Our results also suggest that bivalent compound 17MN may
protect MC65 cells by functioning between AP species and the RIPK1 as demonstrated by
the results from MC65 and U937 cell studies.

Mitochondria and Ca?* have been suggested to play some pathological roles in the
development of AD, and crosstalk between mitochondria and ER, two main organelles that
maintain the storage of Ca2*, has also been proposed.[41, 45, 50] In this study, we
established that AUm and Ca2* levels are increased upon the removal of TC in MC65 cells.
As discussed above, in order to rule out the possible effects of C99 on ATm and Ca?™ levels,
further studies are warranted by employing a selective y-secretase inhibitor under the same
experimental conditions. Notably, our bivalent compound 17MN can reverse both of these
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changes. Our studies also indicate that 17MN by itself does not induce significant change on
A¥m and Ca?* levels in MCB65 cells in the presence of TC (data not shown), thus supporting
the specific effects of 17MN on TC removal induced changes in MC65 cells. Further studies
suggested that the interaction of ApOs with mitochondria can induce overproduction of ROS
in a manner that is complex | independent. As a result of the oxidative stress from
mitochondria, Ca%* can be released from ER through an IP3R dependent mechanism, thus
leading to the rise of cytoplasmic Ca2* levels. Since bivalent compound 17MN interferes
with both events, we developed a fluorescent probe of 17MN to investigate the intracellular
destination of 17MN. Confocal microscopy studies employing the fluorescent analog
17MN-NBD demonstrated that this probe can localize into both mitochondria and ER,
consistent with the observed effects of 17MN on AUm and Ca2* levels.

In summary, our current studies along with previously reported results supported the notion
that 17MN may exert its neuroprotective activity by interactions at multiple sites within
MCB5 cells, including moderate inhibitory effects on AP oligomerization, and interference
with the interaction of ABOs with both mitochondria and ER.[13] These results suggest a
multiple-site mechanism for 17MN in MC65 cells, consistent with our original design
rationale and adding further evidence to support the development of effective disease-
modifying agents for AD by small molecules with therapeutic polypharmacology.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
MC65 cells die through necroptosis after TC removal. A) MC65 cells under +TC or =TC

conditions for 48 h were stained with Pl and Annexin V-FITC, and analyzed by flow
cytometry. B) MC65 cells were incubated under +TC or —TC conditions for 48 h. Lysates
from cultures were analyzed by Western blotting using a caspase 3 antibody. C) MC65 cells
were treated with Necrostatin-1 at indicated concentrations under —TC condition for 72 h.
Cell viability was assessed by MTT assay. (*p < 0.05, **p <0.01 compared to —TC). D)
TEM images of necrotic cell death induced under —TC conditions.
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Figure 2.
17MN functions upstream of RIPK1 in MC65 cells. A) Chemical structure of 17MN. B)

U937 cells were pretreated with 17MN (1 or 3 pM) or Necrostatin-1 (10 uM) and pan
caspase inhibitor zZVAD (10 uM) for 1 h, then TNF-a (50 ng/mL) was added and incubated
for 72 h. Cell viability was assessed by MTT assay. (**p < 0.01). C) MC65 cells were
treated with 17MN (1 uM) under —TC conditions for 48 h. Medium was collected for
analysis of extracellular AB4q. Cells were lysed and analyzed for intracellular AB4q. Total
A4 concentrations were normalized by total protein content of lysed cells. (*p < 0.05).
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The influence of 17MN on mitochondrial membrane potential. A) MC65 cells were treated
with 17MN at indicated concentrations under =TC condition for 48 h. Cells were then
incubated with TMRM (100 nM) for 30 min. Mean fluorescence intensity was measured by
flow cytometry. (*p < 0.05 compared to —TC). B) SH-SY5Y cells were treated with 17MN
(1 and 0.3 pM) and MPP* (2.5 mM) for 24 h. Cells were then incubated with TMRM (100
nM) for 30 min. Mean fluorescence intensity was measured by flow cytometry. C and D)
Oxygen consumption in mitochondria was measured using a Clark-type oxygen electrode at
30 °C using glutamate/malate (C) and using succinate/rotenone (D) in the presence or

absence of 17MN.
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Figure 4.
TRO19622 suppressed —TC induced A¥m increase, but didn’t show protection in MC65

cells. A) MC65 cells were treated with TRO19622 at indicated concentrations under —TC
conditions for 48 h. Cells were then incubated with TMRM (100 nM) for 30 min. Mean
fluorescence intensity was measured by flow cytometry. (*p < 0.05). B) MC65 cells were
treated with TRO19622 at indicated concentrations under —TC condition for 72 h. Cell
viability was assessed by MTT assay.
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Figure5.

17MN suppressed the cytosolic Ca2* rise in MC65 cells under —TC conditions. A) MC65
cells were treated with 17MN at indicated concentrations under —TC conditions for 48 h.
Cells were then incubated with Fluo-4AM (2 uM) for 30 min. Mean fluorescence intensity
was measured by flow cytometry. B) 17MN (50 uM) was incubated with CaCl, (60 uM) at
room temperature for 10 min, then the UV-vis spectrum was recorded from 300 nm to 600
nm.
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Figure 6.
Calcium mobilization from ER and MMP change of mitochondria are related in MCB65 cells

under —TC conditions. A) MC65 cells were treated with indicated compounds under —-TC
condition for 48 h. Cells were then incubated with Fluo-4AM (2 pM) for 30 min. Mean
fluorescence intensity was measured by flow cytometry. (*p < 0.05, **p < 0.01, ***p <
0.001). B) MC65 cells were treated with 2-APB (50 uM) under —TC condition for 48 h.
Cells were then incubated with TMRM (100 nM) for 30 min. Mean fluorescence intensity
was measured by flow cytometry. C) MCB65 cells were treated with Trolox (10 uM) under
—TC condition for 48 h. Cells were then incubated with Fluo-4AM (2 uM) for 30 min. Mean
fluorescence intensity was measured by flow cytometry (*p < 0.05).
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Figure7.
17MN-NBD localized to the mitochondria and ER of MCG65 cells. A) Chemical structure of

17MN-NBD. B) MC65 cells were treated with 17MN or 17MN-NBD at indicated
concentrations under —TC condition for 72 h. Cell viability was assessed by MTT assay. C
and D) MCB5 cells grown on cover slides were treated with 17MN-NBD (3 pM) and
Mitotracker Red (300 nM) (C) or ERtracker Red (1 uM) (D). Cells were fixed with 4%
formaldehyde and visualized by LSM710 confocal microscopy.
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