Molecular Neurobiology
https://doi.org/10.1007/512035-024-04351-w

RESEARCH q

Check for
updates

Synthesis and Neurobehavioral Evaluation of a Potent Multitargeted
Inhibitor for the Treatment of Alzheimer’s Disease

Mohd Shahnawaz Khan' - Zuber Khan? - Nasimudeen R. Jabir® - Sidharth Mehan? - Mohd Suhail*° -
Syed Kashif Zaidi® - Torki A. Zughaibi*® - Mohammad Abid’ - Shams Tabrez*>

Received: 12 March 2024 / Accepted: 3 July 2024
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract

Alzheimer’s disease (AD) poses a significant health challenge worldwide, affecting millions of individuals, and projected to
increase further as the global population ages. Current pharmacological interventions primarily target acetylcholine deficiency
and amyloid plaque formation, but offer limited efficacy and are often associated with adverse effects. Given the multifacto-
rial nature of AD, there is a critical need for novel therapeutic approaches that simultaneously target multiple pathological
pathways. Targeting key enzymes involved in AD pathophysiology, such as acetylcholinesterase, butyrylcholinesterase,
beta-site APP cleaving enzyme 1 (BACE1), and gamma-secretase, is a potential strategy to mitigate disease progression. To
this end, our research group has conducted comprehensive in silico screening to identify some lead compounds, including
1Q6 (SSZ), capable of simultaneously inhibiting the enzymes mentioned above. Building upon this foundation, we synthe-
sized SSZ, a novel multitargeted ligand/inhibitor to address various pathological mechanisms underlying AD. Chemically,
SSZ exhibits pharmacological properties conducive to AD treatment, featuring pyrrolopyridine and N-cyclohexyl groups.
Preclinical experimental evaluation of SSZ in AD rat model showed promising results, with notable improvements in behav-
ioral and cognitive parameters. Specifically, SSZ treatment enhanced locomotor activity, ameliorated gait abnormalities,
and improved cognitive function compared to untreated AD rats. Furthermore, brain morphological analysis demonstrated
the neuroprotective effects of SSZ, attenuating AP-induced neuronal damage and preserving brain morphology. Combined
treatment of SSZ and conventional drugs (DON and MEM) showed synergistic effects, suggesting a potential therapeutic
strategy for AD management. Overall, our study highlights the efficacy of multitargeted ligands like SSZ in combating AD
by addressing the complex etiology of the disease. Further research is needed to elucidate the full therapeutic potential of
SSZ and the exploration of similar compounds in clinical settings, offering hope for an effective AD treatment in the future.
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Introduction

Alzheimer’s disease (AD) is a progressive cognitive decline
that accounts for 70% of dementia cases and remains a sig-
nificant health concern, especially in the elderly population.
A recent report suggested that globally, around 50 million
people are affected with dementia, ranking as the sixth most
prevalent cause of mortality [1]. AD is expected to impact
around 152 million people by 2050 as the global population
ages. The likelihood of this disease is further exacerbated
by the rising incidence of various other risk factors, such
as depression, smoking, diabetes, obesity, and hypertension
[2, 3]. Instantaneous measures are required to prevent the
long-term epidemiological trends of AD, avoid the onset,
delay progression, or improve symptoms of AD.

Clinically, AD has been generally manifested as a pro-
gressive neuronal atrophy resulting in a memory decline,
problems with communication, space disorientation,
and many more [2, 4]. The etiology of AD is primarily
explained by disrupted neurotransmitter systems, atypical
B-amyloid and tau protein deposition, oxidative stress,
mitochondrial dysfunction, synaptic loss, and neuronal
cell death [5, 6]. Despite the great effort of contemporary
pharmacological management, the restoration of neu-
ronal degeneration in AD offers little success, which is
often associated with severe side effects, resulting in an
increased death risk [7-9]. Frequently cited reasons for
pursuing this treatment gap entail the disease’s complex-
ity and multifactorial non-specific etiologies [10, 11].

Currently, the treatments for AD mainly focus on
addressing the acetylcholine deficiency by targeting the
cholinesterase enzymes as a drug target. Cholinesterase
inhibitors (donepezil, galantamine, and rivastigmine) have
been accepted as the first-line symptomatic pharmacologic
treatment for patients with mild-to-moderate AD [12, 13].
Similarly, managing A plaques in the brain by inhibiting
the beta-site amyloid precursor protein cleaving (BACE-1)
enzyme also holds an effective strategy [14]. However, the
current approaches are inadequate, costly, and provide only
symptomatic treatment. Due to the involvement of different
mechanistic pathways, simultaneous blockage of multiple
targets should be the therapeutic strategy that might lead
to the desired outcome against AD [15-17].

We have pursued this approach for years to develop a
viable multitargeted medicament for treating AD. Our
research group completed a comprehensive in silico screen-
ing and reported several potential lead compounds that
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could target multiple enzymes, viz. acetylcholinesterase,
butyrylcholinesterase, glycogen synthase kinase 3, BACE-
1, and gamma-secretase, and possibly provide a success-
ful anti-AD drug [18-20]. From computational studies, we
obtained 48 ligands that showed absolute binding energy <
— 8 kcal/mol. Among those, 13 ligands (BRW, 6VK, 675,
SMH, X37, 55E, 65 A, 1Q6, 6VL, 6VM, FI1B, 672, and
GVP) were selected based on blood-brain barrier (BBB)
permeability, acceptable ADME properties as well as their
molecular interaction profiles with the target enzymes [20].
Out of those 13 ligands, eight ligands (55E, 6Z2, 6Z5, BRW,
F1B, GVP, 1Q6, and X37) showed the binding energies of <
— 8.0 kcal/mol towards BChE, BACE-1, gamma-secretase,
MAO-A, and MAO-B, and formed a stable complex with
target enzymes. The rationale behind selecting the lead
compound IQ6 was a comparative ease of synthesis, cost-
effectiveness, and it also contains both N-cyclohexyl and
pyrrolopyridine groups that have shown anti-AD effects in
previous studies [21-23]. It was also a matter of further
investigation to check the potential efficacy of our IQ6 com-
pound in animal models.

Chemically, 1Q6 is 6-chloro-N-cyclohexyl-
4-(1Hpyrollo[2,3-b] pyridin-3-yl] pyridin-2-amine with
viable pharmacological properties. Pyrrolopyridine scaf-
folds are often found in naturally occurring polyheterocy-
clic compounds that contain pyrrole and pyridine as active
pharmacophores and have been the focus of several drug
discoveries [24, 25]. Pyrrolopyridine-containing com-
pounds have a long history of pharmacological actions,
including antiviral, anticancer, and antimicrobial effects
[26-28]. Pyrrolo[2,3-b]pyridine found in the ligand 1Q6
is one of the six structural isomers of pyrrolopyridine,
a heterocyclic molecule having a five-membered pyrrole
ring fused to a six-membered pyridine ring [24]. This
compound derivative has also been reported as a struc-
tural moiety in multiple anti-AD drug targets, such as
phosphodiesterase and monoamine oxidase B [29, 30].
Similarly, N-cyclohexyl fragments are often applied as
constituents in synthetic and natural drugs, where they
can function as the primary structural element or as a side
chain. It has also been reported as a functional element for
inhibitory actions against multiple targets, such as BACEI
and butyrylcholinesterase [21]. In contrast to the previ-
ously published findings, the scaffolds presented here are
believed to have enhanced pharmacological properties,
significantly improving efficacy against AD.
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Material and Methods
Chemicals and Drugs

1Q6 (SSZ) was synthesized using the method reported
in the literature [31]. The chemical shift values of 'H
NMR were reported in parts per million (ppm) relative
to residual solvent (DMSO-dy, 6 2.50 ppm), and 3¢
NMR chemical shifts (§) of '*C NMR were reported in
ppm relative to (DMSO-dg, 6 39.52 ppm) and Hertz (Hz)
is the unit of coupling constants (J). Agilent G6530AA
(LC-HRMS-Q-TOF) spectrometer was used to record
mass spectra. Intraperitoneal administration of SSZ

took place after its dissolution in 1% dimethyl sulfoxide
(DMSO) following established protocols [32-34]. Neu-
rotoxin amyloid beta (Af) was procured from Sigma-
Aldrich (USA). On the other hand, memantine (MEM)
and donepezil (DON) were obtained from Sun Pharma,
New Delhi, India. These drugs were administered intra-
peritoneally (i.p.) after they dissolved in 1% DMSO as
per the previously described methods [35, 36]. It is criti-
cal to acknowledge that thorough preparation was con-
ducted before administering all the substances and medi-
cations during the experiment, thereby guaranteeing the
credibility and dependability of the study’s results.
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Fig. 1 Experimental protocol schedule
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Step 1: Synthesis of 3-(2,6-dichloropyridin-4-yl)-1-phenylsulfonyl)-1H-
pyrrolo[2,3-b] pyridine(3)

To a suspension of 1-(phenylsulfonyl)-3-(4,4 5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-1H-Pyrrolo 2.3-b]pyridine (1) (1.0 equiv) 2,6-dichloro-
4-iodopyridine (2) (1.2 eq) in 1,2-dimethoxyethane/ethanol/water (7:2:3)
was added sodium carbonate (2.5 eq) degassed with nitrogen balloon for
20-30  minutes. To the above  suspension was  added
Dichlorobis(triphenylphosphine palladium(Il) (0.1 eq), and finally
degassed and heated at 80°C overnight. The reaction mixture was cooled
and filtered, and the filtrate was diluted with ethyl acetate and washed with
water. The organic layers were washed with brine, dried over anhydrous
Na,SOy, filtered, and concentrated under a vacuum. The crude was purified
by column chromatography over 100-200 silica gel, and the product was

eluted with ethyl acetate-hexane (2:8) to yield the title compound (3).

Step I1: Synthesis of 3-(2,6-dichloropyridin-4-yl)-1H-pyrrolo[2.3-
bjpyridine (4)

To a solution of 3-(2,6-dichloropyridin-4-yl)-1-phenylsulfonyl)-1H-
pyrrolo[2,3-b]pyridine (1.0 eq) in ethanol/water (5/1) was added
powdered KOH (6.0 eq). The resulting solution was heated at 40 °C for 24
hours. After the reaction, most of the solvent was removed in vacuo, and
the residue was diluted with ethyl acetate and washed with water brine.
The organic layer was dried over anhydrous Na2SO4, filtered, and
concentrated. The crude was purified by column chromatography over
100-200 silica gel and eluted with ethyl acetate-hexane (3:7) to yield the

pure product compound (4).

Step III:  Synthesis of 6-chloro-N-cyclohexyl-4-(1H-pyrrolo[2,3-
b]pyridin-3-yl)pyridin-2-amine (6)

A mixture of 3-(2,6-dichloropyridin-4-yl)-1H-pyrrolo[2,3-b]pyridine(4)
(1.0 eq) and cyclohexylamine (5) (1.5 eq) in DMF (2mL/mmol) was
heated in a sealed tube at 150°C for 20 h. The reaction was cooled, poured
into ice-cold water, and extracted with ethyl acetate (3x20 mL). The
combined organic layer was washed with water and brine and dried over
anhydrous Na,SO4. The organic layer was concentrated, and the crude
residual oil was purified by flash chromatography on silica gel eluting
with 10-20% ethyl acetate in hexanes to provide the title compound (6) as
light brown solid.




Molecular Neurobiology

6-chloro-N-cyclohexyl-4-(1H-pyrrolo[2,3-b]
pyridin-3-yl) pyridin-2-amine

Brown solid; yield 78%; R;=0.32 (ethyl acetate: hexane);
FT-IR (cm™!): 3084, 3032, 9224, 2852, 2343, 2111, 1655,
1589, 1522, 1396, 1281, 1258, 1122; '"H NMR (400 MHz,
DMSO-dg) (6, ppm): 12.19 (s, 1H, N-H .. ), 8.34 (d,
J=7.99 Hz, 1H, Ar-H), 8.31 (d, /J=4.59 Hz, 1H, Ar-H),
8.19 (d, J=2.33 Hz, 1H, Ar-H), 7.92 (s, 1H, Ar-H),
7.22-7.18 (m, 1H, Ar-H), 6.96 (s, 1H, Ar-H), 6.82 (s,
1H, N-H), 3.63-3.56 (m, 1H, C-H_y |ohexyi ring)> 1.73-1.14
(m, 10H, C-H_yjonexyi ring): -C NMR (100 MHz, DMSO-
dg) (6, ppm): 160.42, 159.84, 149.41, 146.93, 143.76,
131.99, 128.31, 127.06, 117.15, 112.06, 107.74, 100.73,
46.72, 38.25, 32.80, 25.70, 24.94; HRMS (m/z) calcd. For
C,gH,oCIN,: 326.1298 Found: 327.1376 [M + H]*.

Animals

We used 56 adult Wistar rats, with an equal distribution of
28 males and 28 females, as experimental subjects. Rats
weighing 200-250 g were obtained from the ISF College
of Pharmacy’s Central Animal House in Moga, Punjab,
India. To maintain constant living conditions, we individu-
ally confined the animals in polyacrylic cages measuring
38 cmXx 32 cm X 16 cm. Each cage housed two rats and
provided comfortable bedding. The husbandry practices
adhered to established norms, giving ad libitum access to
water and food. Strict regulation of environmental param-
eters ensured a humidity of 55+ 10%, an average tem-
perature condition of 22.2 +2 °C, and automated lighting
that facilitated a 24-h cycle of the organism. Before the
initiation of experimental procedures, a 5-day acclimation
period was instituted to allow the rats to acclimatize to
their surroundings.

Animal Ethical Approval

Registration number 816/PO/ReBiBt/S/04/CPCSEA
indicates that the Institutional Animal Ethics Com-
mittee (IAEC) has approved the experimental protocol
in accordance with the regulations established by the
government of India. The IAEC meticulously reviewed
ISFCP/TAEC/CPCSEA/Meeting number 03/2022/Proto-
col number 21 to ensure adherence to the ethical stand-
ards and regulations of the Committee for the Purposes
of Control and Supervision of Experiments on Animals
(CPCSEA). The approval signifies adherence to estab-
lished regulatory frameworks and attests to the ethical
and methodological soundness of the proposed research
endeavor.

Experimental Animal Classification

The experimental design employed a randomized allocation
process to assign participants to seven distinct groups, as fol-
lows: group 1 received a sham control intervention; group 2
underwent a vehicle control treatment; group 3 was treated
with SSZ Perse at a dosage of 15 mg/kg administered intra-
peritoneally (i.p.); group 4 was exposed to AP (200 ng/5 uL)
through intracerebroventricular (ICV) administration; group 5
received a combined treatment of AP (200 ng/5 pL, ICV) and
SSZ (15 mg/kg, i.p.); group 6 was subjected to AP (200 ng/5
uL, ICV) along with SSZ 15 mg/kg., i.p. and DON at a dose
of 5 mg/kg, i.p.; and finally, group 7 was administered AP
(200 ng/5 pL, ICV) in conjunction with SSZ 15 mg/kg., i.p.,
and MEM at a dose of 10 mg/kg, i.p. This comprehensive
grouping strategy aimed to systematically investigate and com-
pare the effects of these various interventions on the experi-
mental outcomes.

Experimental Procedure Schedule

Experimental research spanned a total of 42 days, meticulously
designed to minimize the impact of circadian rhythms by con-
fining activities to the time frame of 9:00 a.m. to 2:00 p.m. AD
induction in experimental rats involved ICV administration of
AP from days 1 to 5. From the 6th to the 42nd day, we intra-
peritoneally administered SSZ at a 15 mg/kg dosage. To evalu-
ate the efficacy of SSZ treatment, concurrent intraperitoneal
administration of the acetylcholinesterase inhibitor donepezil
(DON) at a dose of 5 mg/kg and the NMDA receptor blocker
memantine (MEM) at 10 mg/kg was given between days 6
and 42. During the 42-day experiment, we used an actopho-
tometer to measure the rats’ LA, ran trials in the Morris water
maze (MWM), gave them the beam crossing task (BCT), and
checked their variation in body weight to look into the pheno-
typic manifestations of AD.

After completing the experimental regimen on day 42, we
anesthetized the animals and sacrificed them on day 43. We
extracted and meticulously preserved the intact brains in for-
malin. Biochemical analysis and gross pathological changes
examination were performed on these brain specimens in order
to identify any white matter fiber reductions within the brain.
Figure 1 presents an illustrative depiction of the experimental
approach, as referenced in the works of [32-34, 37].

Methods

Animal Model for AD Induced by Amyloid-f8
Administration

Before the experimentation study, the rodents adapted to
the laboratory’s environmental surroundings. Following
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this, we injected 75 mg/kg of ketamine intraperitoneally
to anesthetize the animals. Once the rodents were anes-
thetized, we carefully placed each rat on a warm pad
held within a stereotaxic apparatus (Stoelting Co., Wood
Dale, IL, USA) in order to immobilize their heads. We
cleansed the scalp with 70% ethanol, shaved it, and made
the incision through the mid-sagittal plane of the rodent
head. The exposed skull allowed for the identification of
the bregma and lambda, aiding in determining the coor-
dinates for ICV injection and controlling bleeding using
saline-soaked cotton swabs. The right lateral cerebral ven-
tricle was accessed by a drilled hole through the parietal
bone, with stereotaxic coordinates of VP-3.0 mm from
the skull surface, ML + 1.5 mm from the mid-sagittal
suture, and AP-0.92 mm from the bregma region [38, 39].
Through the small incision, a 2.5-cm cannula was placed
and sealed with the help of a plastic earpin. After secur-
ing the aperture with dental cement, a readily absorbable
surgical ligature was used to close the opening. Using a
10-pL Hamilton microliter syringe coupled to a hypoder-
mic needle (0.4 mm external diameter) at a rate of 5 pL/
min, we delivered 5 pL of AP (200 ng/body weight), dis-
solved in 0.1 M citrate buffer at pH 4.5, into the right
lateral cerebral ventricle on the first day [34, 40, 41]. The
micro-needle remained in place for 5 min after injection to
facilitate drug diffusion in the cerebrospinal fluid (CSF).
Forty-eight hours later, we repeated the administration of
AP in the remaining lateral ventricle.

Cannula Implantation

In the experimental protocol, all animals within the study’s
test groups underwent anesthesia using ketamine (80 mg/kg,
1.p.). We carefully performed a midline incision, measuring
1 cm, on the scalp, commencing midway between the eyes
and concluding behind the lambda. Next, we meticulously
cleared away the soft tissue covering the skull using a cot-
ton swab. A Hamilton syringe, mounted onto an injection
pump, was utilized to administer the intracerebroventricu-
lar injection (ICV) of amyloid peptide AP (1-42) at a dos-
age of 200 ng/5 pL unilaterally. The needle was arranged
strategically, precisely over the bregma, at coordinates
AP=0.92 mm, ML =1.5 mm, and VP=3.9 mm in relation
to the right side. Next, we drilled a small cranial burr hole
through the skull at the designated entry point. We care-
fully inserted 5 pL of amyloid peptide Ap (1-42) into the
Hamilton syringe, followed by injection at the specified
coordinates. After sealing the burr hole with dental cement,
the outer skin was sutured to ensure closure. To establish a
control group, we injected sham rats with an equivalent vol-
ume of saline, following established methodologies reported
earlier [32, 33, 42-44].
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Post-surgical Treatment

Operative individual rats were kept in warm cloth-lined poly-
acrylic cages with the husk removed. Until the rats regained
spontaneous movement, particular care was given for 2-3 h
after anesthesia [45—47]. Postoperative care involved providing
milk and glucose water in the cages for 2 to 3 days to mitigate
potential physical damage. We also administered gentamicin
(35 mg/kg intraperitoneal) to rodents three times daily for
3 days to proactively inhibit the onset of sepsis. Concurrently,
we applied Neosporin powder to prevent bacterial skin infec-
tions and employed lignocaine gel for pain management in the
sutured region. Routinely, we observed clinical indicators such
as general body condition and dehydration following surgery.
After 7 days, the rats resumed spontaneous movement and ate a
healthy meal and water, exhibiting signs of recovery [43, 48-50].

Neurobehavioral Experiments
Locomotor Activity

Using an actophotometer (Swastika, India), we measured
the rats’ LA. On days 1, 11, 21, 31, and 41 of the trial, we
recorded the mice’s spontaneous LA after placing every par-
ticipant in the exact middle of the cubicle. The automated
actophotometer methodically recorded the locomotor reac-
tions of the animals during 5-min sessions. We used the
counts per 5 min generated from these sessions as a quan-
titative metric of movement, which allowed a thorough
assessment of the animals’ natural locomotor behaviors at
the given intervals and shed light on their activity patterns
during the course of experiment [51].

Beam-Crossing Task (BCT)

The beam-crossing test, devised by the Inco Group of Com-
panies in Ambala, India, constitutes a systematic instrument
employed to quantitatively assess animals’ susceptibility to
elevated stress and its impact on their motor coordination. The
experimental chronology included thoroughly evaluating each
participant on days 1, 22, and 42. This evaluation included
tests of neuromuscular coordination, abnormal locomotion,
and foot slippage. The effect of height-induced stress on the
motor abilities of the rats was quantitatively evaluated by
keeping track of the number of foot slips shown by each rat at
2-min intervals during each session [38, 52, 53].

Body Weight

As any medical illness progresses, a loss in body mass is the pri-
mary clinical sign or diagnostic indicator. In this investigation,
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researchers used rats as model organisms and measured the par-
ticipants’ body weights on days 1, 7, 14, 21, 28, 35, and 41 to
track this physiological parameter [38, 54-56].

Spatial Navigation Task (SNT)

We employed the SNT as a methodological tool to assess the
cognitive abilities of experimental animals in terms of their
spatial memory and learning proficiency within novel envi-
ronments. This test was especially noteworthy because it cor-
related with hippocampal synaptic plasticity and cognitive
dysfunction. We carefully monitored rats’ escape latency time
(ELT) during several testing sessions as they were allowed
access to a swimming arena. During the memory consolida-
tion assessment conducted on the 42nd day, rodents had 120 s
to discern the location of a relocated platform. Furthermore,
we quantified the duration of occupancy within the designated
target quadrant (TSTQ) as a metric to gauge the extent of com-
parative memory consolidation [32, 38, 52].

Gross Pathological Analysis

Following the completion of treatment, the animals were
euthanized via intraperitoneal injection of 270 mg/mL
sodium phenobarbital. Subsequently, the brains were sensi-
bly extracted from the skulls and preserved in a saline solu-
tion that was normal to freezing temperatures. We utilized a
digital imaging device to capture video imagery of the entire
brain, including all coronal sections, to conduct a compre-
hensive macroscopic gross pathological examination.

The investigation focused on the grayish areas around
the coronal sections, and for each brain segment, the demy-
elinated volumes (measured in mm?®) were computed. The
demyelination volume of each coronal segment was deter-
mined by applying the formula (length X breadth X height)
to quantify the extent of white matter degeneration. It was
possible to evaluate the experimental results accurately
thanks to this systematic approach, which showed how the
protocol changed the patterns of demyelination in the brain
areas studied [38, 44, 52, 57].

Statistical Analysis

We performed a comprehensive statistical analysis on
recorded results from several trials using GraphPad Prism
8.0.1 (San Diego, CA, USA). To identify differences in
neurobehavioral assessments between treatment groups, we
conducted a post hoc Bonferroni test following a two-way
analysis of variance (ANOVA). TSTQ parameter was evalu-
ated using a one-way analysis of variance (ANOVA) with
repeated measures and Tukey’s post hoc test for multiple
comparisons. We visually represented the experimental data
as mean values and corresponding standard deviations (SD).

At the probability level of p <0.05, the significance criteria
were established for interpreting the data.

Results
Chemistry

Suzuki—Miyaura cross-coupling reaction was performed
using commercially available 1-(phenylsulfonyl)-3-(4,4
5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrrolo
2.3-b]pyridine (1) and 2,6-dichloro-4-iodopyridine (2) in
the presence of sodium carbonate and bis(triphenyl phos-
phene) Pd(II) chloride [(PPh;),Pd(I)Cl,] to get compound
3. Hydrolysis of sulfonamide (3) was carried out under
heating conditions using potassium hydroxide (KOH) in
ethanol-water mixture to afford compound 4. Substitution
reaction was done using cyclohexylamine (5) under sealed
tube condition at a slightly higher temperature (150 °C) in
anhydrous N,N-dimethyl formamide (DMF) throughout 24 h
to get the final compound 6. The spectral data for the synthe-
sized compound has also been provided as supplementary
file (1) (Scheme 1).

Effect of SSZ Compound on Behavioral
Dysfunctions in AB-Induced Alzheimer’s Rats

Effect of SSZ Compound on Locomotion

The actophotometer was used to measure spontaneous move-
ment at intervals of 10 days throughout the study. Initially,
no notable differences were observed among the groups.
However, by day 11, rats with AD induced by Ap showed
distinct movement patterns compared to the control groups.
By day 21, rats receiving SSZ 15 mg/kg displayed improved
locomotion compared to those induced with Af. Notably, on
days 31 and 41, a combination of SSZ 15 mg/kg with DON
5 mg/kg and MEM 10 mg/kg showed superior performance
over individual treatments (two-way ANOVA: F g 49,=3992,
p <0.05). Specifically, on day 31, SSZ 15 mg/kg combined
with DON 5 mg/kg demonstrated more significant activity
compared to SSZ 15 mg/kg alone. By day 41, the A, DON
5 mg/kg, and MEM 10 mg/kg groups exhibited increased
locomotor behavior, with MEM 10 mg/kg showing a notable
enhancement over DON 5 mg/kg alone (Fig. 2).

Effect of SSZ Compound on Neuromuscular
Coordination

Rats underwent walking trials on specified days (1, 22,
and 42) per the experiment’s design to evaluate their
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experimental group comprising eight Wistar rats. Statistical com-
parisons were made between groups: (a) versus sham control, vehicle
control, and SSZ15 perse; (b) versus Ap; (c) versus Ap and SSZ15;
and (d) versus AP, SSZ15, and DON5
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coordination and slip occurrences on a BCT surface. Ini-
tially, no discernible differences were observed among
the treatment groups. However, by day 22, when assessing
the impact of Ap, a notable increase in falls was noted
in AD rats treated with AP compared to the sham con-
trol, vehicle control, and SSZ perse-treated groups (two-
way ANOVA: F 4 49,=389.4, p <0.05). Throughout the
study, slip occurrences decreased on days 22 and 42 in
the treatment groups compared to the Af-treated group.
Specifically, on day 22, there was no significant reduction
in slip occurrences in the treatment group administered
SSZ15 along with the standard drug DONS compared to
the SSZ15 group. However, by day 42, the MEM 10 treat-
ment group exhibited significantly fewer slips than the
other groups (Fig. 3).

Effect of SSZ Compound on Body Weight Variations

Comparisons were made regarding the weight fluctuations
among seven distinct groups at specific intervals through-
out the investigation. Initially, no noteworthy variations in
weight were observed among these groups. However, by the
7th day, it became evident that rats treated with A displayed
a noticeable decrease in weight compared to rats in the sham
control, vehicle control, and SSZ-perse treated groups. Over
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Numbers of Slips Per 5 minutes
(During Beam Crossing Task)

the subsequent days (7, 14, and 21), the Ap-treated group
consistently exhibited a progressive decrease in body weight
relative to the sham, vehicle control, and SSZ Perse groups.
Yet, from day 28 onwards, the continuous intraperitoneal
administration of SSZ15, in addition to SSZ15 with DON5
and MEM10mg/kg standard drugs, notably and incremen-
tally increased body weight compared to Af-induced rats
(two-way ANOVA: F(6, 49)=987.9, p <0.05). Notably, the
group receiving DONS and MEM 10 experienced a more
significant weight increase than the Ap group. By day 41,
the rats treated with SSZ15mg/kg had effectively regained
body mass compared to Ap-treated rats. Additionally,
Ap-induced rats administered SSZ15 mg/kg in combination
with MEM10mg/kg recovered substantially more weight
than those treated with DON5Smg/kg (Fig. 4).

Effect of SSZ Compound on Memory

To evaluate the memory and cognition of experimental
rats, their escape latency time (ELT) and time spent in the
target quadrant (TSTQ) were measured from days 38 to
41. The rats’ time to find the escape route (ELT) and the
duration spent in the targeted quadrant (TSTQ) were meas-
ured between days 38 and 41 using the Morris water maze
test. An evident contrast in ELT was noticed between the
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Fig.3 Effect of SSZ compound on neuromuscular coordination in
AB-induced Alzheimer’s rats. The statistical assessment used a two-
way ANOVA and post hoc Bonferroni testing to analyze the data.
Results are represented as mean values with standard deviation

(p<0.05), with each experimental group comprising eight Wistar
rats. Statistical comparisons were made between groups: (a) versus
sham control, vehicle control, and SSZ15 perse; (b) versus Ap; (c)
versus AP and SSZ15; and (d) versus AP, SSZ15, and DONS5
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Fig.4 Effect of SSZ compound on body weight variations in
AB-induced Alzheimer’s rats. The statistical assessment used a two-
way ANOVA and post hoc Bonferroni testing to analyze the data.
Results are represented as mean values with standard deviation

Ap-induced group and the sham control, vehicle control,
and SSZ perse groups, indicating a significant increase in
the Ap-induced group. Moreover, the administration of
SSZ at 15 mg/kg illustrated a decrease in ELT compared to
Ap-induced rats. (Analysis revealed significant differences
via two-way ANOVA: F 4 49,=7623, p<0.05).) Further-
more, the MEM10 group displayed a notable reduction in
escape latency compared to the AP group. Observations
on day 41 revealed that rats treated with Ap, SSZ15, and
MEM10 exhibited marginally shorter escape latency com-
pared to those treated with AB, Ap, and DONS (Fig. 5).

Effect of SSZ Compound on TSTQ

On the 35th day of the investigation, we assessed the
duration spent by subjects in the designated quadrant to
measure memory consolidation post-treatment in rats. The
group induced with AP spent less time in this quadrant
than the sham control, vehicle control, and SSZ perse
groups. Administering SSZ at a dosage of 15 mg/kg via
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(p<0.05), with each experimental group comprising eight Wistar
rats. Statistical comparisons were made between groups: (a) versus
sham control, vehicle control, and SSZ15 perse; (b) versus Ap; (c)
versus AP and SSZ15; and (d) versus A, SSZ15, and DON5

intraperitoneal injection over an extended period notably
increased the time spent in the target quadrant compared to
the AB-induced group (one-way ANOVA: F g 49,=799.6,
p <0.05). Additionally, administering DON significantly
reduced the time spent in the quadrant in experimental
Alzheimer’s rats relative to the A rats. We introduced the
NMDA antagonist MEM at a dose of 10 mg/kg alongside
AB, SSZ15, and DONS to evaluate treatment efficacy. This
revealed increased time spent in the target quadrant com-
pared to the AP, AP, SSZ15, and DONS groups (Fig. 6).

Effect of SSZ Compound on Gross
Morphological Dysfunctions (Coronal
Sections) in AB-Induced Alzheimer’s Rats

Following the completion of the 42-day experimental pro-
tocol, adult Wistar rats were euthanized. Subsequently,
fresh, intact brains were carefully removed and dis-
sected. These fresh brains underwent coronal sectioning,
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Fig.5 Effect of SSZ compound on memory in AP-induced Alzhei-
mer’s rats. The statistical assessment used a two-way ANOVA and
post hoc Bonferroni testing to analyze the data. Results are repre-
sented as mean values with standard deviation (p <0.05), with each

isolating the cortex, striatum, and hippocampus. Within
the sham control group, normal cortical, hippocampal,
and striatal brain tissues were identified using green, red,
and blue markers, respectively. Similar tissue presenta-
tions were observed in both the vehicle control and SSZ
perse groups.

Conversely, the Ap-induced (D) group displayed evi-
dent tissue degradation and a reduced appearance in
the lower panel sections. However, with the continuous
administration of SSZ at 15 mg/kg for 21 days, normal
cortex, striatum, and hippocampus tissue morphology
was restored. Subsequent administration of AP alongside
SSZ15 and DONS (F) notably exacerbated the degrada-
tion of hippocampal and striatal brain tissues, as indicated
by marked yellow areas. Notably, treatment with SSZ at
15 mg/kg in combination with Ap and MEM at 10 mg/kg
showed improved tissue morphology and reduced tissue
destruction. This underscores the significant brain tissue
preservation and restoration attributed to SSZ at 15 mg/
kg, countering the damage induced by Ap and MEM10
(scale=5 mm) (Fig. 7).

experimental group comprising eight Wistar rats. Statistical com-
parisons were made between groups: (a) versus sham control, vehicle
control, and SSZ15 perse; (b) versus Ap; (¢) versus Af and SSZ15;
and (d) versus A, SSZ15, and DON5S

Effect of SSZ Compound on Gross
Morphological Dysfunctions (Midbrain
Sections) in AB-Induced Alzheimer’s Rats

Following a 42-day experimental protocol, all mature Wistar
rats were euthanized. Their entire brains, freshly isolated
and dissected, underwent the removal of coronal sections,
focusing on the midbrain region. In the sham control group,
normal midbrain tissue was marked with a black circle,
exhibiting characteristics consistent with the vehicle control
and SSZ perse groups. However, the Ap (D) group’s mid-
brain sections displayed noticeable reductions in white mat-
ter fibers, substantial damage, and a shrunken appearance.
The AP and SSZ (15 mg/kg) (E) group showed decreased
damage severity in marked midbrain sections. Conversely,
the AP, DONS, and SSZ (15 mg/kg) (F) groups exhibited a
dose-dependent reduction in Ap-induced damage. SSZ at
this dosage restored normal midbrain tissue morphology and
revived white matter fibers. Furthermore, in the A, MEM
(10 mg/kg), and SSZ (15 mg/kg) (G) groups, SSZ treatment
at 15 mg/kg demonstrated reduced tissue degradation and
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Fig.6 Effect of SSZ compound on TSTQ in Ap-induced Alzheimer’s
rats. The statistical assessment used a one-way ANOVA and post
hoc Tuckey’s testing to analyze the data. Results are represented as
mean values with standard deviation (p <0.05), with each experimen-

improved tissue structure. These findings illustrate that a
15 mg/kg dose of SSZ significantly mitigates brain tissue
destruction caused by Af induction, facilitating tissue recov-
ery (scale=5 mm) (Fig. 8).

Discussion

Alzheimer’s disease (AD) is a neurological condition char-
acterized by memory loss, communication challenges, and
spatial disorientation [4]. Due to the present treatment regi-
men’s limited success and high costs, targeting multiple
enzymes has been the research focus lately. The enzymes
that are being explored are acetylcholinesterase, butyrylcho-
linesterase, glycogen synthase kinase 3, BACE-1, gamma-
secretase, etc. [18-20, 58]. We have pursued this research for
years to develop a viable multitargeted medicament for treat-
ing AD. Our research group completed a comprehensive in
silico screening and reported some potential lead compounds
that could target multiple enzymes, viz. acetylcholinesterase,
butyrylcholinesterase, glycogen synthase kinase 3, BACE-1,
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SSZ15 Perse = AR

tal group comprising eight Wistar rats. Statistical comparisons were
made between groups: (a) versus sham control, vehicle control, and
SSZ15 perse; (b) versus Af; (c) versus AP and SSZ15; and (d) versus
AP, SSZ15, and DON5

and gamma-secretase, and possibly provide a successful
anti-AD drug [18-20]. We utilized a comprehensive com-
putational approach using various in silico methods to screen
and identify lead compounds targeting multiple enzymes
implicated in AD pathophysiology. By taking advantage of
molecular docking, we used virtual screening algorithms
to shift through large libraries of chemical compounds and
identified those with structural features likely to interact
favorably with the target enzymes. A total of 13 ligands
(BRW, 6VK, 675, SMH, X37, 55E, 65 A, 1Q6, 6VL, 6VM,
F1B, 672, and GVP) were selected based on blood—brain
barrier (BBB) permeability, acceptable ADME properties
as well as their molecular interaction profiles with the target
enzymes [20]. Among the 13 ligands, eight ligands (55E,
672,675, BRW, F1B, GVP, 1Q6, and X37) showed binding
energies of < — 8.0 kcal/mol towards BChE, BACE-1, and
gamma-secretase MAO-A and MAO-B and formed a stable
complex with target enzymes. After critical evaluation of
resources, ease of synthesis, cost-effectiveness, and inher-
ent pharmacophoric features of anti-AD drugs, we chose to
synthesize 1Q6 (SSZ).
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Fig.7 Effect of SSZ compound on gross morphological dysfunc-
tions (coronal sections) in AP-induced Alzheimer’s rats. (A) Sham
control. (B) Vehicle control. (C) SSZ perse. (D) Ap. (E) Ap+SSZ15.
(F) AB+SSZ15+DONS. (G) EB+SSZ15+MEM15. On the 43rd
day of the experiment, Wistar rats were euthanized for brain analy-
sis. Sections of the cortex, striatum, and hippocampus were carefully
extracted from fresh brain samples. The experimental groups, namely
sham control (A), vehicle control (B), and SSZ perse (C), exhib-
ited normal brain areas in the cortex, hippocampus, and striatum.

SSZ (IQ6) is a chemical molecule with the molecular
structure of 6-chloro-N-cyclohexyl-4-(1H-pyrrolo [2,3-b]
pyridin-3-yl) pyridin-2-amine. It contains pyrrolopyridine
and N-cyclohexyl groups and demonstrated significant
anti-Alzheimer properties [22]. Pyrrolopyridines have

However, the Ap group (D) displayed signs of tissue degeneration.
Notably, the degradation caused by AP decreased dose-dependently
following 21 days of continuous SSZ therapy. Moreover, AP in com-
bination with SSZ (15 mg/kg) (E) led to the destruction of cortical,
hippocampal, and striatal brain tissues. Conversely, the combination
of AP, DON (5 mg/kg), and SSZ (15 mg/kg) (F) improved tissue
structure and reduced damage. Additionally, the standard drug MEM
(10 mg/kg) dosage mitigated brain tissue degradation caused by Ap
and facilitated repair of the tissue layers affected by its impact

long-standing pharmacological activities, including anti-
viral, anticancer, and antibacterial properties. They also
serve as a structural moiety in anti-AD therapeutic tar-
gets like phosphodiesterase and monoamine oxidase B.
In addition, N-cyclohexyl fragments are commonly used
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Fig. 8 Effect of SSZ compound on gross morphological dysfunctions
(midbrain sections) in AP-induced Alzheimer’s rats. (A) Sham con-
trol. (B) Vehicle control. (C) SSZ perse. (D) Ap. (E) Ap+SSZ15.
(F) AB+SSZ15+DONS. (G) EB+SSZ15+MEM15. On the 43rd
day of the experiment, Wistar rats were euthanized for analysis. Their
brains were promptly extracted, with a distinction made between cor-
onal and midbrain sections. Among the experimental groups—sham
control (A), vehicle control (B), and SSZ perse (C) normal morpho-
logical features were observed. However, the AP (D) group displayed

in natural and manufactured medications as a side chain
or structural component and have been shown inhibitory
activities against targets like butyrylcholinesterase and
BACEI1 [21, 26-30]. Moreover, N-cyclohexyl group is
hydrophobic and attracts the protein’s hydrophobic region
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decreased white matter fibers, significant damage, and a contracted
appearance. Treatment with SSZ at a dosage of 15 mg/kg restored the
midbrain and white matter filaments to a normal state. Conversely,
AP, SSZ (15 mg/kg), and DONS5 (F) exacerbated tissue damage. Af,
MEM (10 mg/kg), and SSZ (15 mg/kg) (G) resulted in improved tis-
sue structure and decreased degeneration. Notably, SSZ (15 mg/kg)
demonstrated reduced brain tissue loss and remediation of damage
caused by Ap

and enhances hydrophobic interaction with the protein.
The lipophilicity of N-cyclohexyl facilitates crossing the
blood-brain barrier. It has conformational stability and
prevents the protein from adopting unstable conforma-
tion [59, 60].
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Earlier studies suggested the considerable involvement of
AP (1-42) in the development of AD [32, 34, 61]. The main
pathological characteristic of AD is the accumulation of Af
peptides in the hippocampus and frontal cortex, which affect
the production, clearance rate, and metabolic pathways [62].
In our study, we induced AD in rats by injecting ICV with
AP (1-42) and subsequently conducted different behavioral
tests, including LA, neuromuscular coordination, and spa-
tial learning and memory tests. Early studies demonstrated
that individuals with mild and severe AD exhibit impair-
ments in essential functional abilities, such as walking, turn-
ing, sitting, sitting to stand, response time, and cognitive
functions [63, 64]. In a preclinical study, the group of rats
with AD demonstrated decreased locomotor activity on the
actophotometer compared to the healthy group. Continued
treatment with medications like baicalein and memantine
led to significant progress in restoring locomotion [65, 66].
In the present work, LA decreased in AP (1-42)-treated
rats but improved after SSZ treatment. The transgenic mice
administered with AP exhibited deficits in their performance
on the balance beam compared to non-transgenic controls
[67]. Our work demonstrated that persistent delivery of Ap
(1-42) to rats resulted in gait abnormalities, which were
found to be significantly recovered in response to SSZ
treatment.

Recent studies demonstrated that the accumulation of
soluble and insoluble AP aggregates in the brain contrib-
utes to cognitive and memory decline in AD individuals
[68]. In a preclinical investigation, AD mice showed sig-
nificantly impaired cognitive function in the MWM test,
as evidenced by increased ELT and decreased TSTQ val-
ues [69]. We also found a significant memory loss, indi-
cated by increased ELT and reduced time in the TSTQ.
However, administering SSZ (15 mg/kg) enhanced
cognition and long-term memory, and decreased ELT
compared to the normal control group. The relationship
between more significant weight loss and deteriorating
neuroinflammation in Tg mice suggests that Af pathol-
ogy might contribute to adverse outcomes following a
systemic inflammatory challenge [70]. In our investi-
gation, rats consistently administered with Af (1-42)
exhibited decreased body weight compared to the sham,
control, and perse groups. Additionally, administering
SSZ in combination with conventional drugs, such as
DON and MEM, resulted in a notable increase in body
weight compared to rats receiving AP (1-42) only.

Clinical examination of 47 AD brains revealed A depos-
its in the neocortex, all cortical brain regions, striatum, dien-
cephalic nuclei, and basal forebrain. In phase 3, brainstem
nuclei get involved, and in phase 4, cerebellar Af deposits
are seen. According to Thal et al. [71], 17 AD patients with
clinical confirmation include Ap stages 3-5 [71]. Ap1-42

injection in rats leads to hippocampus neuronal loss and
apoptosis, resulting in cognitive impairment and elevated
levels of APP. The alterations are associated with T-cell
and glial-mediated neuroinflammation [72]. We analyzed
the morphological alterations in the coronal sections and
mid-brain areas of rats treated with Ap (1-42) and found
notable lesions. However, the continuous administration of
SSZ led to enhanced morphological improvements, decreas-
ing the lesion volume in coronal sections. The novel SSZ
compound protected oval neurons with spherical nuclei and
oligodendrocytes against Ap-induced damage. Rats admin-
istered with AP exhibited atypical morphology in distinct
brain regions [46, 52, 73, 74]. SSZ, DON, and MEM treat-
ment significantly improved these morphologies, showing
neuroprotective effects. Additional research is required to
comprehend the exact influence of AP on the deformation
of the coronal and midbrain regions.

The treatment of SSZ in AD rats significantly reduced the
impacts of AD on behavioral measures, including locomotor
activity, neuromuscular coordination, spatial memory, and
body weight alterations. SSZ also improved neuroprotection
in brain tissues, particularly coronal and midbrain slices, by
reducing tissue damage and maintaining neuronal and oli-
godendrocyte morphology. It was expected, considering the
possible mechanisms of action of a compound with a chemi-
cal structure that includes pyrrolopyridine and N-cyclohexyl
groups, which target specific pathways and enzymes associ-
ated with AD, such as neuroinflammation, synaptic dysfunc-
tion, and AP aggregation [21, 25, 28, 30]. Another important
aspect of the current study was the combination of SSZ with
conventional drugs like DON and MEM, which was found
to effectively mitigate cognitive impairments and morpho-
logical lesions induced by Ap (1-42) injection in rats. The
combination therapy also showed greater improvements in
memory consolidation and cognitive function compared
to individual treatments. The synergistic effects observed
in our study suggest that such combination treatments can
address the multifactorial nature of AD more effectively than
monotherapies.

Limitations

The focus of the current study was to synthesize a potent
ligand molecule previously predicted for its potential anti-
AD benefits through computational methods. However,
over the molecular synthesis of ligand SSZ, the scope of
the current study extends to its behavioral and cognitive
effects using the Wistar rats AD model. Experimental vali-
dation of changes in molecular markers associated with AD
mechanism after the treatment with SSZ is an additional
value for its applicability as a possible anti-AD drug. We
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have planned more systematic experimental evaluations
and deep mechanistic observations in our future experi-
mental work. Replicating the similar results in the human
system is essential to ascertain SSZ suitability as a viable
treatment option for AD. Future research should aim to
incorporate a variety of approaches, including clinical stud-
ies with human subjects, to provide a more comprehensive
understanding of the complex mechanism before consider-
ing this potent ligand from bench to bedside.

Conclusion

The current research presents compelling evidence for the
potential efficacy of the synthesized compound SSZ in
combating AD. The work underscores the necessity for
novel therapeutic approaches that target multiple patholog-
ical pathways simultaneously. The conclusion drawn from
the study indicates promising outcomes of SSZ treatment
in AD rat model, showcasing improvements in behavioral,
cognitive, and neuroprotective parameters. SSZ, synthe-
sized as a multitargeted ligand, demonstrated synergistic
effects when combined with conventional drugs, suggest-
ing a potential therapeutic strategy for AD management.
Furthermore, SSZ’s chemical structure incorporates phar-
macologically active pyrrolopyridine and N-cyclohexyl
groups known for their anti-AD effects, potentially
enhancing its therapeutic properties. Overall, the study
highlights the efficacy of multitargeted ligands like SSZ in
addressing the complex etiology of AD. Further research
is warranted to fully elucidate SSZ’s therapeutic potential
in clinical settings, offering hope for an effective AD treat-
ment. This research represents a significant step towards
developing a novel multitargeted therapeutic strategy for
combating AD, which is crucial considering the increasing
prevalence of the disease globally.
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