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Abstract: This study aimed to investigate in vivo and ex-vivo the effects of tacrine dimers 
(TD1, TD2, TD3 and TD4) in mice with Alzheimer’s disease (AD) induced by amyloid peptide 
(Aβ42) and, respectively, evaluated in behavioral tests of cognition, oxidative stress and 
neuroinflammation. All dimers reduced the cognitive deficit caused by Aβ42, oxidative 
stress and neuroinflammation, especially the compound TD4. By ADMET analysis 
(SwissADME and pkCSM 2.10 platforms), TD4 exhibited favorable pharmacokinetic 
properties with the control drug. The results suggest a therapeutic potential for AD 
for these compounds, given their distinct cognitive and neuroprotective effects in AD 
models induced by Aβ42.

Key words: Tacrine Dimers, Amyloid-β (Aβ42), Cognitive Disturbance, Oxidative Stress, 
Neuroprotection.

INTRODUCTION
Unquestionably, Alzheimer’s disease (AD) is 
the main cause of dementia worldwide, posing 
a significant public health concern for the 
aged in the twenty-first century. Alzheimer’s 
disease is defined by a steady deterioration in 
cognitive functions, which is accompanied by 
behavioral symptoms. In the preclinical phase 
of AD, known as the cellular phase, interactions 
among neurons, microglia, and astroglia 
contribute to the gradual progression of the 
disease before cognitive symptoms manifest. 
Neuroinflammation, vascular changes, aging, and 
glymphatic system dysfunction all contribute to 
the accumulation of amyloid β in this condition. 
Amyloid β promotes the spread of tau disease, 
resulting in necroptosis markers in neurons 

with granulovacuolar degeneration (Scheltens 
et al. 2016). Oxidative stress is associated with 
AD progression by promoting Aβ deposition, tau 
hyperphosphorylation, and the subsequent loss 
of synapses and neurons (Cioffi et al. 2021).

The G8’s most economically developed 
countries announced that dementia had become 
a global priority, requesting, and emphasizing the 
availability of a satisfactory cure or medication 
by 2025 (Scheltens et al. 2016). Currently, 
there are few medications available for the 
treatment of Alzheimer’s disease that merely 
treat symptoms and do not modify the disease’s 
progression (Breijyeh & Karaman 2020). These 
therapies include acetylcholinesterase (AChEI) 
inhibitors donepezil, galantamine, rivastigmine, 
and an NMDA receptor antagonist memantine 
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(Khan et al. 2020). Overall, the efficacy of the 
three ChE-Is on the market is similar, and the 
advantage of administering these compounds is 
minimal and may not be clinically meaningful. 
Efforts in medicinal chemistry and drug 
delivery research have aimed to enhance 
the pharmacological efficacy of ChE-Is while 
minimizing gastrointestinal side effects. Despite 
their limited efficacy and the need for more 
effective techniques, ChE-Is remain a valuable 
pharmacotherapeutic resource for the treatment 
of Alzheimer’s disease (Marucci et al. 2021). 

Tacrine (TAC) was the first anticholinesterase 
medication licensed by the FDA for the treatment 
of Alzheimer’s disease, but it was withdrawn from 
the market due to hepatotoxicity (Wu et al. 2017). 
Several molecular modification procedures 
have been used to improve its pharmacological 
profile, including dimerization of TAC with 
various linkers (de Aquino et al. 2013). In 
contrast to standard therapeutics, the creation 
of tacrine dimers capable of binding to various 
pharmacological targets is currently of significant 
interest in AD, since it can decrease disease 
progression beyond symptoms (Hamulakova et 
al. 2021, Mohamed et al 2016, Roldan-Pena et al. 
2017). In addiction, multifunctional compounds 
like tacrine dimers offer the advantage of 
targeting multiple pathological pathways 
simultaneously, potentially yielding synergistic 
effects that address both cognitive deficits and 
neuroinflammation in AD models.

As part of our larger research interest in 
the synthesis and biological evaluation of 
heterocyclic compounds (Botteselle et al. 2021, 
Burker et al. 2023, dos Santo et al. 2021, 2022, 
Fermiano et al. 2024, Franco et al. 2021, Frizon et 
al. 2020, Moraes et al. 2023, Pedroso et al. 2023, 
Rafique et al. 2020, Scheide et al. 2020, Veloso 
et al. 2021), this study explores four tacrine 
dimer derivatives (TD1, TD2, TD3, and TD4)  to 
evaluate their neuroprotective potential in an 

AD mouse model and  their biological features. 
Previously, fifteen novel tacrine dimers were 
produced, which demonstrated mixed inhibition 
against cholinesterase enzymes in vitro (de 
Aquino et al. 2013). This report evaluates the 
neuropharmacological effects of four promising 
new tacrine dimers (Figure 1) in mice with AD 
induced by the Aβ42 peptide. This study centers 
on assessing the cognitive, oxidative, and 
neuroinflammatory outcomes of tacrine dimers 
in AD models, highlighting these compounds as 
promising multifaceted therapeutic candidates 
for AD.

MATERIALS AND METHODS
Tacrine dimers
All four tacrine dimer molecules (TD1, TD2, TD3, 
and TD4), were synthesized previously in our 
laboratories (de Aquino et al. 2013). 

Ethics statement
All animal-related procedures adhered to 
international norms and ethical animal welfare 
recommendations. The Institutional Ethics 
Committee on the Use of Animals at UNIVALI 
(Itajaí, SC, Brazil) authorized this study’s 
experimental procedures by approval certificate 
11/16.

Animals
The tests used Swiss male mice that were 10 
to 12 weeks old and weighed 25 to 35 grams, 
obtained from UNIVALI’s central laboratory. 
The housing conditions were maintained to 
maintain an ambient temperature of 22 ± 2 °C, 
humidity at 60%, a 12-hour light/dark cycle, and 
constant access to food and water. Following 
the completion of the behavioral investigations, 
euthanasia was performed, and the encephalon 
was removed for biochemical examination. 
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Groups and treatments 
In the pharmacological component of this study, 
the mice were divided into eight groups with 
eight mice each, as follows: 

•	 Group I, Naïve: This group did not receive 
therapy or intracerebroventricular 
(i.c.v) injection, establishing behavioral 
baselines to compare with rats exposed 
to β-amyloid peptide.

•	 Group II, Sham: This group received the 
vehicle (saline, 3 μL, i.c.v) used to dissolve 
the β-amyloid peptide, to ensure that the 
i.c.v. administration does not produce 

hippocampus injury, which could alter 
behavioral and biochemical outcomes.

•	 Group III, Control: This group was given 
an intravenous injection of Aβ42 peptide 
(3 μL, 400 pmol/animal) to induce 
Alzheimer’s disease. They were given the 
vehicle used to solubilize the dimers (2% 
DMSO in distilled water) orally for 15 days.

•	 Group IV, Positive Control (TAC): This 
group was treated identically to Group 
III but received oral tacrine (50 μmol/
kg, dissolved in water) for 15 days. Prior 
investigations have shown that oral TAC at 
10 mg/kg (equal to 50 μmol/kg) improves 

Figure 1. Tacrine dimers TD1, TD2, TD3 and TD4.
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behavioral outcomes in mice (Baral et al. 
2015).

•	 Groups V–VIII, Tacrine Dimers (TD1, TD2, 
TD3, TD4): Each group received both an 
intravenous injection of Aβ42 peptide 
(3 μl, 400 pmol/animal) and a 15-day 
oral treatment with the tacrine dimer 
compounds (TD1, TD2, TD3, TD4). The 
oral treatments were given at a molar 
dose equivalent to the normal TAC dose 
(50 μmol/kg), dissolved in 2% DMSO in 
distilled water.

Induction of Alzheimer’s through adminis-
tration of intracerebroventricular β-amyloid 
peptide (Aβ42) 
Accord ing  to  one-way  ANOVA ,  the 
intracerebroventricular (i.c.v.) administration 
of the β-amyloid peptide (Aβ42) reduced the 
locomotor activity. For this administration, mice 
were suitably anesthetized with a combination 
of xylazine and ketamine (10 and 100 mg/
kg, respectively, i.p.). After assessing postural 
reflexes, a local anesthetic with a vasoconstrictor 
(2% xylestesin, s.c.) was administered to the 
upper head area. This was followed by an 
incision to remove the skin and reveal the skull 
cap. After surgery, the animals were placed 
in a heated, lit recovery box (40W) to prevent 
anesthesia-induced hypothermia until they 
recovered completely. The following day, 3 μL of 
Aβ42 (400 pmol/mouse) was given following the 
manufacturer’s instructions (Amoah et al. 2015, 
Cazarin et al. 2021, Prediger et al. 2007).

Behavioral evaluation of animals
The sequence of conducting the behavioral tests 
can be visualized in Figure S1.

Open Field Test (OFT)

The Open Field Test (OFT) was used to determine 
whether the chemicals altered the animals’ 

motor systems, which could change the results 
of their behavioral performance in studies. This 
test used a wooden box of 40 x 60 x 50 cm, as 
previously described (Gonçalves et al. 2012). 
The box’s flooring was divided into nine equal 
quadrants. Animals were placed in a box 60 
minutes after receiving the β-amyloid peptide 
intravenously seven days later. We followed and 
documented their travels across the quadrants 
for 6 minutes, counting instances of exploratory 
behaviors such as rearing, in which the animal 
stands on its hind legs to explore its surroundings. 
Observations of decreased locomotor and 
exploratory activity during this test suggest 
depressed effects, which may alter the animals’ 
motor systems (Gonçalves et al. 2012). Following 
the initial observations, the animals were given 
more than 15 minutes to explore the box freely, 
ensuring proper habituation before moving on 
to the next trials.

Novel Object Recognition Test (NOR) 

The process followed the methodology 
established by Izquierdo et al. (1998) and was 
later adopted into our studies (Gonçalves 
et al. 2021). On the seventh day after i.c.v. 
administration of the β-amyloid peptide, the 
animals were placed in an open field with no 
objects for a 15-minute acclimation period. The 
next day, the same animals were presented to 
the apparatus again, but this time with object 
A, for a 10-minute training session. On the ninth 
day, the animals were subjected to another 
10-minute exposure to the device with two 
objects: the familiar object A and a new object 
B. A recognition index (RI) greater than 0.5, 
showing that B was investigated more than A, 
was considered evidence of satisfactory memory 
recognition.
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Inhibitory Avoidance Test (IA) 
The animals underwent an inhibitory avoidance 
test based on the protocol outlined by (Izquierdo 
et al. 2016), with specific modifications (Gonçalves 
et al. 2021). Each animal was gently positioned 
on a platform measuring 2.5 cm in height, 7.0 cm 
in depth, and 25.0 cm in width, on the left side 
of an apparatus measuring 50 x 25 x 25 cm. The 
apparatus floor consisted of parallel stainless-
steel bars, each with a diameter of 0.1 cm and 
spaced 1 cm apart. A 15W lamp illuminated the 
apparatus, and the surrounding room remained 
dark. During the training session, the time 
taken for the animal to place all four legs onto 
the grid was recorded as the descent latency. 
Subsequently, upon full contact with the grid, 
the animal’s legs were immediately subjected to 
a mild electrical shock of 0.4 mA for 2.0 seconds.

In the subsequent test session, which took 
place 24 hours after the training session, the 
procedure mirrored that of the training session, 
except for the omission of the electrical shock. 
The descent latency was again recorded, with a 
maximum observation period of 180 seconds.

Morris Water Maze (MWM) 

For this experiment, we employed an aquatic 
maze like the one detailed by Morris et al. 
(1982). The aquatic maze comprised a circular 
polyethylene tank, measuring 100 cm in 
diameter and 50 cm in height, filled with water 
maintained at a temperature of 25±1 °C. The maze 
was partitioned into four imaginary quadrants. 
Positioned 1.5 cm below the water surface in the 
center of one quadrant was a circular platform 
measuring 12 cm in diameter and 25 cm in 
height, which served as the target location for 
the animals to locate. Visual cues were affixed 
to the walls to aid spatial navigation.

A video camera was mounted above the 
water maze to record the experiment for 
subsequent analysis using ANY-Maze software 

(Stoelting Co.). Training commenced on the 10th 
day post i.c.v. administration of the β-amyloid 
peptide and spanned five consecutive days. 
Each daily training session involved placing 
the animal in the center of a quadrant, facing 
away from the maze’s center, and allowing it to 
swim for a maximum of 60 seconds to locate 
the platform.  When the animal arrived at the 
platform, it remained in place for 15 seconds; 
if unsuccessful, it was physically placed on the 
platform and permitted to stay for 30 seconds. 
After each session, the animals returned to 
their separate housing boxes to prepare for the 
training on the next day.

Escape latency, the time each animal took 
to locate the platform during each attempt, 
was recorded via image capture for subsequent 
analysis. It is anticipated that a reduction in 
escape latency over successive trials indicates 
spatial learning.

On the sixth day, a Probe trial was conducted, 
during which the platform was removed from the 
maze, and the animals were given 60 seconds 
of unrestricted swimming. The time spent in 
each quadrant during this trial was recorded 
for analysis. The accuracy of spatial learning 
was evaluated based on the time spent in the 
quadrant where the platform had been located 
during the training sessions. This analysis 
indicates the animal’s utilization of spatial 
orientation strategies based on environmental 
cues (Barnhart et al. 2015).

Prediction of the brain penetration 
The prediction of brain penetration was 
assessed using a parallel artificial membrane 
permeation assay for the blood-brain barrier 
(PAMPA-BBB), following established protocols 
(Herrera-Arozamena et al. 2020a, b, 2022, 
Valencia et al. 2018). Pipetting was conducted 
using a semi-automatic pipettor (CyBi®-
SELMA), and UV readings were obtained using 
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a microplate spectrophotometer (Multiskan 
Spectrum, Thermo Electron Co.). Commercial 
drugs, phosphate-buffered saline solution at 
pH 7.4 (PBS), and dodecane were procured from 
Sigma-Aldrich, Acros, and Fluka. Millex filter 
units with PVDF membranes (diameter 25 mm, 
pore size 0.45 μm) were sourced from Millipore, 
while porcine brain lipid (PBL) was obtained 
from Avanti Polar Lipids.

The donor microplate used was a 96-well 
filter plate with PVDF membranes (pore size 0.45 
μm), and the acceptor microplate was a 96-well 
plate with indented wells, both from Millipore. 
The acceptor microplate was filled with 200 μL 
of PBS: ethanol (70:30), while the filter surface 
of the donor microplate was coated with 5 μL of 
porcine brain lipid (PBL) in dodecane (20 mg/mL).

Compounds, dissolved in PBS: ethanol 
(70:30) at a concentration of 100 μg/mL, were 
filtered through Millex filters and added to the 
donor wells (200 μL each). The donor filter plate 
was then carefully placed onto the acceptor 
plate to create a sandwich configuration, which 
remained undisturbed for 120 minutes at 25 °C.

After the incubation period, the donor 
plate was removed and the concentration of 
chemicals in the acceptor wells was measured 
using UV-visible spectroscopy. Each sample 
was evaluated at five wavelengths in four wells, 
and the experiment was performed in at least 
three separate runs. The results are shown 
as means ± standard deviation. In addition, 
each experiment contained 11 quality control 
standards with known BBB permeability to 
confirm and normalize the data set.

Biochemical analysis

Preparation of the samples for evaluation of 
the cerebral antioxidant system 

After completing the behavioral tests, the 
animals were euthanized via guillotine, and their 

brains were swiftly removed. The hippocampus 
was dissected, weighed, and homogenized in 
200 mM potassium phosphate buffer (pH 6.5) 
at a ratio of six times the volume relative to the 
weight of each tissue.

The resulting homogenate was promptly 
utilized for quantifying the levels of reduced 
glutathione (GSH) and lipid hydroperoxides 
(LOOH). Subsequently, the homogenate was 
centrifuged for 20 minutes at 11,000 rpm at 4 °C 
using a microcentrifuge. The supernatant was 
utilized to measure the activity of superoxide 
dismutase (SOD), while the precipitate was used 
to determine the activity of myeloperoxidase 
(MPO).

All procedures to obtain homogenates and 
subsequent biochemical assays were conducted 
at 4°C to maintain sample integrity and prevent 
degradation.

Quantification of reduced glutathione (GSH) 
levels

The GSH levels in the brain and hippocampus 
were measured using the method reported by 
Sedlak & Lindsay (1968). In each tube, 50 μL of 
the homogenate was mixed with 40 μL of 12% 
trichloroacetic acid. The mixture was centrifuged 
at 4000 rpm for 15 minutes at 4°C.

Next, transfer 20 μL of the supernatant 
to a 96-well plate. Add 280 μL of 0.4M TRIS 
buffer (pH 8.9) and 5 μL of a 3.96 mg/mL 
solution of 5,5’-dithiobis-2-nitrobenzoic acid 
in methanol. After 15 minutes of incubation, 
spectrophotometric values were taken at 
405 nm.  Individual sample results were then 
interpolated using a standard curve of GSH 
ranging from 0.05 to 0.21 μg and expressed as μg 
GSH per gram of tissue.
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Determination of superoxide dismutase (SOD) 
activity

The SOD activity was measured by Marklund & 
Marklund (1974). In each tube, 442.5 μL of TRIS 
HCl-EDTA buffer (pH 8.5) and 20 μL of sample 
supernatant were added. The mixture was 
combined with 25 μL of 1 mM pyrogallol. The 
sample was incubated at 25 °C for 20 minutes. 
After stopping the reaction with 12.5 μL of 1N 
HCl, the tubes were centrifuged at 14,000 
rpm for 4 minutes. The supernatant (300 μL) 
was transferred to a 96-well microplate and 
measured at 440 nm using a spectrophotometer. 
The SOD activity was measured and represented 
as U/mg protein.

Determination of lipid hydroperoxides (LOOH)

The LOOH measurement in the cortex and 
hippocampus was performed using the 
methods reported by Jiang et al. (1992). In each 
microcentrifuge tube, 10 μL of methanol and 100 
μL of homogenate were mixed. The tubes were 
then centrifuged at 11,000 rpm for 20 minutes 
at 4°C. Transfer 30 μL of the supernatant to a 
96-well plate, then add 140 μL of the reaction 
medium (100 mM orange Xylenol, 250 mM Iron 
II, and 4 mM butylated solubilized in methanol). 
The mixture was then incubated for 30 minutes 
at 25°C in the dark. After incubation, the 
absorbance was measured at 560 nm with a 
spectrophotometer. 

Quantification of myeloperoxidase (MPO) 
activity 

The resulting homogenate was centrifuged 
at 10,000 rpm for 20 minutes. The precipitate 
was resuspended in 500 μL of 80 mM 
potassium phosphate buffer with 0.5% 
h exa d e c y l t r i m e t hy la m m o n i u m .  A f te r 
homogenization, the samples were centrifuged 
at 11,000 rpm for 20 minutes at 4°C in a chilled 

microcentrifuge. Duplicate aliquots of 30 μL of 
each sample’s supernatant were added to 200 
μL of a reaction solution consisting of 100 μL 
of 80 mM phosphate buffer, 85 μL of 22 mM 
phosphate buffer, and 15 μL of 0.017% H2O2 in 
a 96-well plate. To start the reaction, 20 μL of 
tetramethylbenzidine was added to each well. 
After 3 minutes of incubation at 37°C, each well 
was treated with 30 μL of 1.46 M sodium acetate 
(pH 3.0) to end the reaction. The absorbance was 
measured at 620 nm with a spectrophotometer. 
The findings were presented as milli optical 
density units (mOD) per milligram of protein.

Protein Dosage

To calculate SOD and MPO activity, protein 
concentrations were determined using the 
Bradford assay, with bovine serum albumin as 
the standard (range from 1.0 to 0.025 μg/μL) 
(Bradford 1976). In a 96-well plate, combine 5 
μL of the sample supernatant with 200 μL of 
Bradford reagent. The plate was then examined 
in a spectrophotometer at 560 nm.

Statistical analysis

The collected results were subjected to analysis 
of variance (ANOVA) for statistical purposes. 
When applicable, we used GraphPad Prism 
8® software to perform Tukey’s multiple post 
hoc comparison test. Results are reported as 
means ± standard deviation (SD), with statistical 
significance as p<0.05. 

Computational Studies

Molecular Docking 

For the molecular docking, the Hermes GOLD 
software (Genetic Optimization for Ligand 
Docking; version 1.10.5) was employed, following 
the methodology described by Verdonk et al. 
(2005). This software utilizes a genetic-type 
algorithm for ligand-receptor interaction. 
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Protein preparation was conducted using the 
APBS Biomolecular tool at pH 8.0 (Jurrus et al. 
2018). ChemSketch 2021.1.1 software was used for 
the dimers design, in which the SMILES codes 
were created to generate the three-dimensional 
structure in Avogadro 1.2.0 (Hanwell et al. 
2012). In Avogadro 1.2.0, a pre-optimization was 
performed using the Ghemical force field, until 
ΔE < 10-3 kJ/mol. The configuration of the ligands 
was performed in MarvinSketch 22.11 (Csizmadia 
1999), using the microspecies/pKa distribution 
tool and setting the physiological pH to 8.0.

The human acetylcholinesterase receptor 
(PDB 4M0E) (Cheung et al. 2013) was handled 
as rigid, with flexibility allowing for rotatable 
bonds in the ligands, which were treated 
as fully flexible. Only chain A of both the 
receptor and the ligands was employed in the 
analysis. Crystallographic water molecules were 
removed, and the binding site was defined as 
encompassing all receptor atoms within a 6 Å 
radius of the reference crystallographic inhibitor. 
The top-scoring conformations were chosen for 
further analysis, with all other settings kept at 
their default values.

Quantum studies 

Pre-optimization was conducted using Avogadro 
(version 1.2.0) (Hanwell et al. 2012) with the 
Chemical Force Field until the energy difference 
was less than 1 × 10-3 kJ/mol. Density functional 
theory (DFT) calculations were performed to 
estimate energy values in the vacuum phase. 
The highest occupied molecular orbital (HOMO) 
and lowest unoccupied molecular orbital 
(LUMO), as well as the energy gap (LUMO-
HOMO), were computed using ORCA 5.0.2 (Neese 
2012) with the B3LYP (Lee et al. 1988) functional 
and def2-TZVPP (Weigend & Ahlrichs 2005) basis 
sets. Molecular orbitals were generated using 
Chemcraft 1.8 (Zhurko & Zhurko 2005).

ADMET profiles

The ADMET analyses for the compounds were 
conducted using SwissADME (SwissADME 
tool) and pkSCM 2.10.2 (pkSCM tool). The 
SwissADME tool was employed to predict 
the pharmacokinetic properties, such as 
water solubility, intestinal absorption, Caco-
2 permeability, and skin permeability, as well 
as to assess the potential of the compounds 
as P-glycoprotein (P-gp) substrates and 
inhibitors, and their interactions with various 
cytochrome P450 enzymes. Additionally, pkSCM 
2.10.2 was used to calculate parameters related 
to drug absorption, distribution, metabolism, 
and excretion, providing insights into the 
compounds’ overall pharmacokinetic profiles.

RESULTS
Evaluation of the effects of compounds on the 
mice’s behavioral

Effect of treatments on locomotor activity. 

One-way ANOVA established a significant 
decrease in locomotor activity (number of 
crossings) of animals treated with TAC and TD4 
compared to the control group (F7.56 = 3.233, p < 
0.01), as well as the group treated with TD4 had 
a significant reduction (Table SI). Furthermore, 
this significant reduction in locomotor activity 
is not observed when compared to the naïve 
or sham group. No notable differences were 
established in the number of creations between 
the groups (F7.56 = 1.640, p = 0.1434).

Effect of treatments on recognition memory 
through the Novel Object Recognition test.

In the test that evaluates recognition memory, 
the animals of the control group, which received 
only Aβ42, presented cognitive impairment 
compared to the Naïve group (F7.56 = 8.144, p 
< 0.001, Figure 2). This cognitive impairment 
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animals. The results are shown in Figure 3. As 
expected, the i.c.v. administration of Aβ42 in 
mice resulted in a 56 % decline in cognitive 
function, as demonstrated by the decrease in 
latency of descent in the test session of the 
control group compared to normal animals 
(naïve) (F7,56 = 16.75, p < 0.001). The treatment 
with TAC and the tacrine dimers reversed the 
cognitive impairment compared to the control 
group.

caused by Aβ42 was reversed in the tacrine-
treated group and the tacrine dimers-treated 
groups significantly increasing the recognition 
index of the familiar object compared to the 
control group. Interestingly, the TD4 compound 
was the one that best promoted an increase 
in the recognition index of the familiar object 
compared to the control group.

Evaluation of aversive memory of animals in 
the Inhibitory Avoidance test.

In the Inhibitory Avoidance test, the descent 
latency parameter was used to evaluate tacrine 
dimers’ effects on the aversive memory of the 

Figure 2. Panel a: schematic representation of the experimental protocol. Panel b: Means ± SD of recognition index 
of familiar object of mice submitted to the Novel Object Recognition test, calculated by dividing the amount 
of exploration of the novel object by the total amount of object exploration. n = 8 per group. One-way ANOVA, 
Tukey’s post hoc test: ** p < 0.01 and *** p < 0.001 compared to the Control group (vehicle-treated mice).
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Evaluation of spatial memory of animals 
through the Morris Water Maze test.

Figure 4 shows the Probe trial results, which is 
how long each group remained in the target 
quadrant during the 60 seconds of the trial 
session after 5 days of daily training. Compared 
with the group of normal animals (Naïve), the 
control group remained for less time in the 
target quadrant (F7,56 = 13.37, p < 0.001), suggesting 
a deficit in spatial cognition. The TAC group and 
tacrine-dimers group were significantly better 
than the control group (p < 0.001) and, again, 
the treatment of the animals with TD4 was the 
one that best promoted the improvement of the 

cognition of the animals, reversing the effects of 
the amyloid peptide.

Prediction of the CNS-Permeation.
Brain penetration was predicted using the in vitro 
PAMPA-BBB assay modified by a part of us for 
testing molecules with limited water solubility 
(Herrera-Arozamena et al. 2020a, b, 2022, Valencia 
et al. 2018). The compound permeability value 
(Pe) through a lipid extract of the porcine brain 
was determined using PBS: ethanol (70:30) as a 
solvent for 2h at room temperature, and results 
are gathered in Table SII. In the same assay, 11 
commercial drugs of known CNS penetration 
were also tested, and their permeability 

Figure 3. Panel a: schematic representation of the experimental protocol. Panel b: Mean ±SD of time spent on 
target quadrant (s) during the probe trail after 5 days of daily training. n = 8 per group. One-way ANOVA, Tukey’s 
post hoc test: *** p < 0.001 compared to the Control group (vehicle-treated mice).
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values were compared and normalized to the 
reported data. Tacrine and galantamine were 
also evaluated for comparative purposes. 
Compounds TD1, TD2, and TD3 were insoluble in 
the assay medium, therefore no data from these 
are shown. According to the patterns previously 
established in the bibliography (Di et al. 2003), 
compounds with Pe exceeding 4·10-6 cm/s 
would be able to cross the blood-brain barrier, 
whereas those displaying Pe less than 2·10-6 cm/
s- would not reach the CNS. Tested compounds 
(TD4, TAC, and GAL) showed permeability values 
above 4·10-6 cm/s in this in vitro BBB model 
(Table SII), it is expected they could enter the 

CNS by passive diffusion and interact with their 
biological targets.

Evaluation of the effects of compounds in the 
mice hippocampus.
Table SIII shows the results of the effects of 
treatments on the levels of GSH, LOOH, and 
activities of SOD, and MPO in the hippocampus of 
animals. The Control and TAC groups presented a 
significant decrease in the GSH levels compared 
to the Naïve group (F7,56 = 32.6, p < 0.001), and 
treatments with tacrine dimers (TD1, TD2, TD3, 
and TD4) increased GSH levels compared to the 
TAC group. The results demonstrate that the 
hippocampus of the Control, TAC, and TD1 groups 

Figure 4. Panel a: schematic representation of the experimental protocol. Panel b: Latency of descent (s) of mice 
submitted in Inhibitory Avoidance test 24h after training. n = 8 per group. One-way ANOVA, Tukey’s post hoc test: 
** p < 0.01 and *** p < 0.001 compared to the Control group (vehicle-treated mice).
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had an increase in the SOD activity compared to 
the naïve group. The TD2, TD3, and TD4 treated 
groups showed a significant decrease in the SOD 
activity compared to the TAC group (F7,56 = 33.74, 
p < 0.001). 

Control, TAC, TD1, TD2, and TD3 groups 
increased the LOOH levels compared to the naïve 
group. In contrast, TD4 presented lower levels 
than TAC (F7,56 = 33.4, p < 0.001). Aldo, the Control 
and TAC groups show increased MPO activity 
compared to the naïve group. While the tacrine 
dimers (TD1, TD2, TD3, and TD4) decreased MPO 
activity concerning the TAC group (F7,56 = 12.8, p 
< 0.001).

DISCUSSION
With the increasing advances in modern 
medicine, human life expectancy increases 
every day, and for this reason, the prevalence 
of diseases whose risk factor is old age has also 
increased, including Alzheimer’s disease (AD) 
(Lopez & Kuller 2019).

As previously reported (Cioffi et al. 2021, 
Breijyeh & Karaman 2020, Scheltens et al. 
2016), AD is a neurodegenerative disease 
whose neurodegeneration process begins in 
the hippocampus (which plays an important 
role in recent memory functions) and expands 
throughout the CNS (Pluta et al. 2021). The 
expansion of the disease to extrahippocampal 
areas results in other dysfunctions, in addition to 
memory disorders, leading to symptoms strictly 
related to dementia, as well as neuropsychiatric 
manifestations, such as depression and anxiety 
(Martín-Sánchez et al. 2021, Pentkowski et al. 
2021, Pluta et al. 2021). AD appears to be caused 
by genetics and specific protein dysfunctions 
related to TAU protein and amyloid precursor 
protein (APP), which result in the formation of 
histopathological findings characteristic of the 
disease: neurofibrillary tangles and amyloid 

plaques, as well as cytotoxicity, oxidative stress 
and neuroinflammation (Scheltens et al. 2016). 
It is not known which of the events listed 
above initiates the neurodegenerative process. 
Most drugs approved for the treatment of AD 
are acetylcholinesterase inhibitors (AChEIs), 
such as tacrine, rivastigmine, donepezil, and 
galantamine (Khan et al. 2020, Moss & Perez 
2021). However, these medications have limited 
palliative therapy because they only improve 
memory deficits in the early stage of the disease 
but do not stop the neurodegenerative process 
(Kaushik et al. 2018, Marucci et al. 2021).

Because AD has a complicated etiology 
and complex pathophysiology, there are 
currently no medications that can treat all 
pathophysiological components of the disease. 
As a result, developing suitable treatments 
has proven difficult (Yu et al. 2015). The search 
for multifunctional compounds capable of 
interacting with diverse biological targets 
linked to the disease, known as Multi-Targeted 
Ligands (MTDLs), is a promising therapeutic 
method (Simoni et al. 2017, Waly et al. 2022). 
Hybridization of tacrine in the form of dimers, 
for example, produces MTDLs capable of 
operating as bivalent AChEIs while providing 
considerable neuroprotection against oxidative 
stress and neuroinflammation (Nepovimova et 
al. 2021, Qian et al. 2014, Spilovska et al. 2017, 
Balducci & Forloni 2014). Our laboratories 
synthesized and studied the dimers TD1, TD2, 
TD3 and TD4, which showed that these types of 
dimerization ligands modulate the electronic 
properties of the studied tacrine (TAC) dimers 
with an improvement in their cholinesterase 
inhibition activity (de Aquino et al. 2013), and 
this gave us led to continue in vivo studies with 
these compounds.

Central administration of the Aβ42 peptide 
in laboratory animals is a valuable model for 
studying AD and potential neuroprotective 
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therapies (Balducci & Forloni 2014). It is reported 
in the literature that this model imitates one 
of the initial stages of disease manifestations, 
the formation of amyloid plaques and its 
pathophysiological consequences with glial 
activation (Nakai et al. 2021). Compared to 
others, this animal model is considered one of 
the most specific for the study of AD, and the 
alteration or prevention of the effects resulting 
from the injection of the Aβ42 peptide into the 
brain of rodents, mainly cognitive deficits, is 
an important factor in the study of potential 
therapeutic targets for the disease (Esquerda-
Canals et al. 2017). Our results corroborate and 
complement previous studies, which show 
that Aβ42 causes damage to different types of 
memory, decline in endogenous antioxidant 
functions, increased lipoperoxidation and 
neuroinflammation (Chang et al. 2014, Chen et 
al. 2015, Delgado-Peraza et al. 2021, Fu et al. 2014, 
Jiang et al. 2016, Mishra et al. 2013, Shen et al. 
2016, Yu et al. 2015).

This study aimed to evaluate the impact of 
tacrine dimers on different types of memory in 
mice with Aβ42-induced AD. Memory disorders 
can occur in both neuropsychiatric and 
neurodegenerative diseases. In AD especially, the 
process of neurodegeneration can impair some 
types of memory, leaving others intact (Au et al. 
2016, Shrestha & Klann 2016). Spatial memory 
impairments are reported in the early stages of 
AD, and spatial memory loss is linked to right 
hippocampal neurodegeneration (Parizkova et 
al. 2018). As the condition progresses, it becomes 
more difficult to consolidate new declarative 
memories, and those that have been preserved 
throughout the patient’s life are gradually lost, 
causing the patient to lose their own identity. 
Therefore, animal memory tests are essential for 
the study of substances with anti-Alzheimer’s 
potential.

In the present study, three different types 
of tests were used. The New Object Recognition 
Test (NOR) provides an experimental basis for 
investigating cognitive and neuropsychological 
processes in rats and mice. This recognition 
uses episodic declarative memory, subject to 
modifications and rapid loss (Lueptow 2017). 
We demonstrated that treatment with TAC 
and the dimers reversed the amnesic effect 
caused by Aβ42. Although episodic memory 
was quickly erased, retaining only episode-
specific information, the animals preserved a 
statistically significant recognition rate after 24 
hours of exposure.

Aversive memory deficits,  whether 
procedural or declarative, also occur in AD (Fotuhi 
et al. 2020). Aversive memories are processed 
in the hippocampus, but there are important 
neural circuits in the amygdala (Chaaya et al. 
2018, Terranova et al. 2022). This type of memory 
has been studied in different animals, whether 
vertebrates or invertebrates (Azambuja et 
al. 2018, Perathoner et al. 2016). In this study, 
we used an inhibitory avoidance (IA) test to 
evaluate the effects of compounds on aversive 
memory deficits induced by the Aβ42 peptide. 
The IA assesses memory related to the aversive 
stimulus, which involves fear conditioning 
mechanisms (Crystal 2016, Izquierdo & Medina 
1997). As previously described, the Aβ42 peptide 
causes cognitive impairment assessed in IA 
(Cazarin et al. 2021, Shen et al. 2016), and studies 
show that AChEIs have positive effects reversing 
the deficits caused by the Aβ42 peptide 
(Gonçalves et al. 2021, Jafari et al. 2006).

The third memory test we used was Morris 
Water Maze (MWM). In rodents, maze tests such 
as the MWM are used to explore both working 
memory and reference memory, which are 
embedded in the context of spatial memories 
(Barnhart et al. 2015, Tian et al. 2019). After 
five days of consecutive daily training using 
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extra-maze distal cues, animals should be 
able to locate a submerged platform according 
to the methodology. In this study, the time 
spent measuring the target quadrant shows 
that the tested compounds have a promising 
therapeutic effect on this type of memory. The 
data presented reflect the beneficial effects 
of the treatment in terms of parameters such 
as the distance covered, swimming speed and 
the performance of the animals throughout 
the training days. Thus, together, our results 
demonstrated that animals subjected to the 
Alzheimer’s model with Aβ42 treated with tacrine 
dimers and evaluated in different animal tests 
for different types of memory showed reversal 
of the cognitive deficits induced by Aβ42.

It has been demonstrated that the Aβ42 
peptide causes intracellular oxidative stress by 
interacting with neuron lipid bilayers, releasing 
free radicals, and disrupting brain homeostasis 
(Sharma & Goyal 2020, Söllvander et al. 2016). 
This study found that mice treated with Aβ42 
showed different results than normal animals 
(Naïve), supporting previous research on the 
peptide’s effects on oxidative stress. GSH plays 
an important role in the reactive oxygen species 
(ROS) detoxification and in turn in the modulation 
of intracellular redox state (Raza et al. 2022). 
Several in vivo and in vitro investigations have 
demonstrated the protective role of GSH against 
various types of oxidative stress (Charisis et 
al. 2021). Aβ42 neurotoxicity in neurons and 
astrocytes may be related to GSH depletion, 
supporting the concept that AD pathogenesis is 
associated with GSH abnormalities. Additionally, 
the presence of this enzyme is neuroprotective 
and reduces oxidation induced by the peptide 
(Islam 2017, Raza et al. 2022). In this study, tacrine 
therapy did not affect the antioxidant defense 
process. However, tacrine dimers dramatically 
increased GSH levels in the presence of Aβ42 

and lowered GSH in the hippocampus of mice 
that received Aβ42.

Another key antioxidant enzyme, SOD, 
catalyzes the conversion of superoxide radicals 
to hydrogen peroxide. There is considerable 
evidence linking SOD with AD (Hassanzadeh et 
al. 2015, Islam 2017, Mota et al. 2015, Persichilli et 
al. 2015, Zhang et al. 2015). In our trials, animals 
treated with Aβ42 had higher SOD activity than 
those treated with TD2, TD3, and TD4, which were 
identical to normal animals. The increased SOD 
can be explained by the high concentration 
of superoxide radicals, which necessitates 
increased enzymatic activity. Glutathione 
peroxidase (GPx) consumes more GSH to remove 
ROS as the conversion of superoxide anion 
increases. To better understand how tacrine 
dimers work, the antioxidant system will need to 
be evaluated further by dosing GPx and catalase.

The increase of free radicals causes 
oxidation of the lipid bilayer initiated by a self-
perpetuating chain reaction, amplifying the 
initial oxidative event. In AD the lipoperoxidation 
of neurons is evident in all phases of the 
disease (Bradley-Whitman & Lovell 2015, 
Gaschler & Stockwell 2017). What we observed 
in our experiments is that the control group 
showed an increase in lipid hydroperoxides 
(LOOH), corroborating with the findings of 
Aguirre-Rueda et al. (2015), who demonstrated 
that the Aβ42 peptide decreases cell viability, 
and increases LOOH and apoptosis of neurons. 
Our results also showed increased levels of 
LOOH in TAC, TD1, TD2, and TD3 groups. However, 
the TD4 group showed levels of LOOH as low 
as normal animals (naïve). The mechanism by 
which only TD4 has been protected has not yet 
been elucidated, therefore further experiments 
must be performed to identify it.

To complement the investigation of the 
neuroprotective effect of the compounds under 
study, we evaluated the activity of MPO, which 
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is widely associated with inflammatory events, 
when released by migrating neutrophils, and 
in the brain by microglia (Gellhaar et al. 2017). 
Currently, MPO is related to neurodegenerative 
diseases and linked to the pathogenesis of 
inflammatory processes, oxidative stress and 
apoptosis (Fang et al. 2022, Ray & Katyal 2016). 
Furthermore, there is data in the literature 
demonstrating that there is co-localization of 
MPO with β-amyloid plaques around pyramidal 
granule neurons and the hippocampus in the 
brains of AD patients, indicating their possible 
contribution to the pathology of the disease 
(Gellhaar et al. 2017, Green et al. 2004). Our 
results showed that the Aβ42 peptide triggers 
neuroinflammation with increased MPO 
activity, and tacrine did not alter this process. 
Interestingly, the dimers under study, however, 
led to a decrease in MPO activity, which could 
indirectly reflect their possible anti-inflammatory 
activity. The mechanism is still uncertain, but 
there are indications that they may be acting 
directly on microglia, or this decrease may be 
a consequence of reduced oxidative stress, as 
happens with other representatives of this class 
of compounds (Zhang et al. 2021).

Interestingly, all compounds used in these 
studies showed anti-Alzheimer potential. 
However, compound TD4 was the most 
promising, with the highest efficacy compared 
to the other compounds in the series. In the 
previous cholinesterase inhibition in vitro 
study of the tacrine dimers, TD2 and TD3 were 
among the most potent inhibitors of human 
acetylcholinesterase, whereas TD4 was like 
TAC (Aquino et al. 2013). These trends in AChE 
inhibition did not translate to behavioral and 
biochemical improvements in this in vivo study, 
in which TD4 was significantly better than other 
dimers, shown more pronouncedly in the lower 
levels of LOOH in TD4-treated animals. Relating 
these differences among the series with 

structural differences of these compounds, the 
TD4 possesses the smallest distance among the 
tetrahydro acridine motifs and the least degree 
of conformational freedom. It is also possible to 
infer, that the mechanisms by which the studied 
compounds operate are more than simple 
cholinesterase inhibition. Another point of 
comparison between TAC and TD4 is the PAMPA 
assay for prediction of BBB permeation, in which 
TD4 presented almost double the Pe value of 
TAC, thus more lipophilic. That is possible due to 
increased symmetry in TD4 leading to a decrease 
in the dipole moment in the overall structure, 
provided by the 1,4-phenylene linker.

Computational studies

Molecular docking

To support the study of this article, molecular 
docking studies were performed to describe the 
mode of inhibition of dimers and the structure 
of human AChE (PDB ID 4M0E). Redocking 
with the Goldscore function was performed to 
validate the method, returning an RMSD of 0.336 
Å as shown in Figure 5, confirming a high degree 
of alignment and low deviation. Tacrine was 
used as a reference standard for the studied 
dimers.  In tacrine docking, the primary amine 
group forms a hydrogen bond with Asp74, but 
an unfavorable donor-donor interaction with 
Tyr124. Pi-alkyl interactions were observed for 
the side chains of Tyr337 and Phe338, and pi-
pi stack interactions with Trp286 and Tyr341, 
according to Figure 6.

TD1 docking shows a hydrogen bond with 
Ser293 residue, and an unfavorable bump with 
Tyr124 and Tyr337, and this part of the structure 
may sterically interfere with the ligand-
receptor docking. However, Tyr337 also has a 
pi-pi T-shaped interaction with the aromatic 
ring, as does Tyr341. Trp86 performs pi-pi stack 
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Figure 5. Redocking of the Dihydrotanshinone (1YL) ligand at the human acetylcholinesterase binding site (PDB 
ID 4M0E; peripheral anionic site). In green: is the best pose of the crystallized ligand generated by the GoldScore 
function; in blue: is crystallographic conformation. The figure was generated by the Biovia Discovery Studio 
Visualizer software (v21.1.0.20298, BIOVIA, San Diego, CA, USA).

Figure 6. The 3D (left) and 2D (right) diagrams show the interactions of tacrine at the catalytic site of human 
acetylcholinesterase (PD ID 4M0E). The figure was generated by the Biovia Discovery Studio Visualizer software 
(v21.1.0.20298, BIOVIA, San Diego, CA, USA).
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interaction with TD1, however, it also interacts 
via pi-sigma and pi-alkyl, as shown in to Figure 7.

For TD2, Tyr124 demonstrated a pi-lone 
pair interaction between the tacrine-derived 

aromatic heterocycle and the lone pair of 
the hydroxyl oxygen atom of the residue. 
Furthermore, Tyr 124 also makes pi-alkyl type 
interaction with the saturated cycle, as well as 

Figure 7. The 3D (left) and 2D (right) diagrams show the interactions of TD1 at the catalytic site of human 
acetylcholinesterase (PD ID 4M0E). The figure was generated by the Biovia Discovery Studio Visualizer software 
(v21.1.0.20298, BIOVIA, San Diego, CA, USA).

Figure 8. The 3D (left) and 2D (right) diagrams show the interactions of TD2 at the binding site of human 
acetylcholinesterase (PD ID 4M0E). The figure was generated by the Biovia Discovery Studio Visualizer software 
(v21.1.0.20298, BIOVIA, San Diego, CA, USA).
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Phe297. A steric bump with the Tyr337 residue 
happens, in addition to pi-pi stack interactions 
with Tyr341 and pi-pi T-shaped interactions with 
Trp87. Trp287 has a pi-pi stack interaction with the 
top center ring and a pi-pi T-shaped interaction 
with the bottom center ring (Figure 8). 

In TD3, the lone pairs of the hydroxyl oxygen 
atoms of Tyr124 and Tyr337 performed a pi-lone 
pair interaction with the ligand. Phe338, Phe297 
and His447 showed pi-alkyl type interactions 
and Tyr341 showed a pi-pi stack type interaction 
with the upper central aromatic ring, and Trp286 
performed a pi-pi T-shaped interaction with the 
lower central aromatic ring, according to Figure 9.

TD4 shows a hydrogen bond with Tyr337, 
in addition to the pi-pi T-shaped interactions 
performed with the aromatic rings. Tyr124 also 
performs a pi-pi T-shaped interaction with 
the same rings, in addition to a pi-lone pair 
between the residue oxygen and the aromatic 
heterocycle. Trp286 and Tyr341 perform pi-pi 
stack interactions, and Tyr341 also performs 

pi-pi T-shaped interactions with the ligand. 
Trp86 and Leu76 make pi-alkyl-type interactions 
(Figure 10).

All the compounds interact with Tyr337 
and Tyr341, important residues concerning 
the steric effect of the ligand produced in the 
binding site. The highest scores presented for 
each compound are shown in Table I. Higher 
scores represent greater interaction affinity. 
All synthesized dimers obtained higher scorers 
than tacrine and the co-crystallized ligand 1YL 
(Dihydrotanshinone).

Figure 9. The 3D (left) and 2D (right) diagrams show the interactions of TD3 at the binding site of human 
acetylcholinesterase (PD ID 4M0E). The figure was generated by the Biovia Discovery Studio Visualizer software 
(v21.1.0.20298, BIOVIA, San Diego, CA, USA).

Table I. Molecular docking punctuation with Gold score 
function for the best poses.

Compound Gold score Punctuation
Tacrine 58.64

1YL 50.76
TD1 68.36
TD2 72.01
TD3 71.94
TD4 74.39
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Quantum studies

HOMO and LUMO energy orbitals can be used for 
characterization in charger transfer complexes 
(Kumar et al. 2021). While HOMO energy measures 
the electron-donate capacity, LUMO energy 
measures the electron-acceptor character of 
a compound  (Miar et al. 2021). It is possible 
to analyze the main collaborations of atomic 
orbitals, on the surfaces of the HOMO and LUMO 
molecular orbitals, according to Figure 11. 

For tacrine, the main atomic orbitals that 
collaborate in HOMO are Py of atom C3, Pz in N9, 
C15, and N1, and S on atom C4. LUMO shows Px of 
atom C2, Py on atom C3 Pz on C4 and C7, and S on 
C12 and C14 atoms as main collaborations. 

TD1 presented the main collaborations with 
S on the C27 atom, Pz on the N25 and C39 atoms, 
and Py on the C26 atom in HOMO. However, in 
LUMO the main atomic orbitals are S on the C15, 
C37, C24, C43, C23, and C35 atoms and Px on the 
C13 atom. In TD2, the main atomic orbitals are Py 
on the C26 atom and S on the C27, C12, C18, C23, 
and C5 atoms for HOMO, and in LUMO S on the C15 

and C4 atoms and Py on the C43, C13, C11, and C8. 
For TD3, Py on the C27 atom, Pz on the C12 atom, 
and S on the C42, C11, C15, C28, and C24 atoms 
are the principal atomic orbitals for HOMO, and 
S on the C15, C17, C16, C20, and C24 atoms, and Px 
on the C15, C17, C16, C20, and C24 atoms. atoms 
C13 and C26 for LUMO. TD4 presented S on atoms 
C36, C11, C21, and C7, Py on atom C12 and Pz on 
atoms C12 and C18 for HOMO, and S on atoms 
C18, C15, C17, C28 C16, and C29 and Px on atom 
C33 for LUMO as main collaborations.

TD1, TD2, TD3, and TD4 showed higher 
HOMO probability density in the centre of the 
structure, while LUMO probability density was 
predominantly present in the tacrine-derived 
parts. The energy values of HOMO, LUMO, and 
gap are presented in Table II.

Generally, as EHOMO, which is correlated with 
ionization energy increases, so does the ability 
to donate electrons. In the same way, when ELUMO 
decreases is related to electron affinity, and 
receiving electrons becomes easier (Honório 
& Da Silva 2003). All the dimers have a better 

Figure 10. The 3D (left) and 2D (right) diagrams show the interactions of TD4 at the binding site of human 
acetylcholinesterase (PD ID 4M0E). The figure was generated by the Biovia Discovery Studio Visualizer software 
(v21.1.0.20298, BIOVIA, San Diego, CA, USA).
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electron donor and electron acceptor capacity 
than the tacrine standard. Furthermore, the 

gaps between the dimers are close, differing 
from tacrine by approximately 0.5 eV.

Quantum studies

The analysed compound, TD1, presents several 
advantageous ADMET properties that highlight 
its potential as a drug candidate. Despite 
its high molecular weight (574.77 g/mol) and 
lipophilicity (LogP 9.81), TD1 exhibits excellent 
intestinal absorption (91.73%), indicating 
efficient uptake in the gastrointestinal tract. Its 
role as a P-glycoprotein substrate and inhibitor 

Figure 11. Surfaces of HOMO and LUMO to tacrine, TD1, TD2, TD3, and TD4 were obtained through the DFT method 
using the def2-TZVPP set of basic functions and B3LYP functional. In red are the positive phases and in blue are 
the negative phases of the orbitals.

Table II. HOMO, LUMO, and Gap (eV) energy values for 
the studied compounds.

Compound HOMO (eV) LUMO (eV) Gap (eV)

Tacrine -5.668 -1.150 4.518

TD1 -5.472 -1.483 3.989

TD2 -5.487 -1.552 3.935

TD3 -5.257 -1.506 3.751

TD4 -5.269 -1.525 3.744
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could be leveraged for targeted modulation of 
drug transport pathways, which may enhance 
bioavailability or therapeutic efficacy in specific 
contexts. Additionally, its low skin permeability 
(logKp = -2.73) reduces the likelihood of 
unintended systemic exposure through dermal 
routes, aligning with safety considerations.

In terms of metabolic behavior, TD1 shows a 
selective inhibition profile, targeting CYP1A2 while 
avoiding inhibition of key enzymes such as CYP2C19, 
CYP2C9, and CYP2D6, reducing the risk of widespread 
metabolic interactions. It is also a substrate for 
CYP2D6 and CYP3A4, two critical enzymes for drug 
metabolism, suggesting predictable metabolic 
pathways. Importantly, the compound avoids AMES 
toxicity and hERG I inhibition, indicating a reduced 
risk of genotoxicity and severe cardiotoxicity, 
respectively. Furthermore, its fraction unbound 
(0.34) supports adequate free drug availability 
for pharmacological activity, and the absence of 
renal OCT2 substrate activity minimizes the risk of 
nephrotoxicity.

Toxicological evaluations add to TD1’s 
promising profile. The compound demonstrates 
acceptable safety margins in acute oral toxicity 
(LD50 = 3.06 mol/kg) and chronic toxicity 
(LOAEL = 0.91 log mg/kg_bw/day), along with 
no skin sensitization risk. It also exhibits 
manageable environmental toxicity, with low 
impact in ecological systems. These beneficial 
characteristics make TD1 an attractive scaffold 
for further optimization, focusing on refining 
solubility and lipophilicity to enhance its overall 
therapeutic potential while maintaining its 
favourable ADMET profile.

The compound TD4 showcases a promising 
pharmacokinetic and ADMET profile, supporting 
its potential as a therapeutic candidate. Despite 
its high lipophilicity (LogP 8.03) and substantial 
molecular weight (470.62 g/mol), TD4 demonstrates 
excellent intestinal absorption (92.63%) and 
robust Caco-2 permeability, indicating efficient 

absorption through the gastrointestinal tract. 
Additionally, its interaction with P-glycoprotein as 
both a substrate and inhibitor suggest potential 
modulation of efflux mechanisms, which may 
enhance its bioavailability and distribution. 
While its overall GI absorption is predicted to be 
low, targeted formulation strategies could help 
overcome this limitation.

Metabolically, TD4 is a substrate for the 
CYP2D6 and CYP3A4 enzymes, while selectively 
inhibiting CYP1A2 and CYP2C19, which minimizes 
the likelihood of broad-spectrum drug-drug 
interactions. The compound’s safety profile is 
notable, being non-mutagenic (AMES negative) 
and lacking inhibition of hERG I channels, thus 
reducing the risk of genotoxicity and severe 
cardiotoxicity. Furthermore, its chronic toxicity 
(LOAEL = 1.309 log mg/kg_bw/day) and acute 
oral toxicity (LD50 = 2.458 mol/kg) fall within 
acceptable ranges, supporting its viability for 
further preclinical evaluations.

Distribution properties, such as moderate 
protein binding (fraction unbound = 0.28) and 
restricted blood-brain barrier permeability 
(log BB = -0.278), suggest TD4’s potential as a 
peripheral agent with reduced CNS-related 
side effects. Its low skin permeability (log 
Kp = -2.73) and lack of skin sensitization risks 
further emphasize its favourable safety profile. 
Overall, TD4’s strengths lie in its balanced 
pharmacokinetic characteristics, selective 
metabolic pathways, and manageable toxicity, 
making it an attractive lead for further 
optimization and drug development.

Comparing the profiles of TD4 and the 
previous compound, both demonstrate favourable 
pharmacokinetic and ADMET characteristics, 
with TD4 standing out for its higher intestinal 
absorption and selective metabolic interactions, 
while the first compound exhibits broader tissue 
distribution and slightly lower predicted toxicity, 
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highlighting their complementary potential for 
further therapeutic exploration.

CONCLUSIONS
The results obtained in this study provide relevant 
contributions regarding investigations into future 
drug design strategies or clinical implications in 
the treatment of AD. The current data obtained 
not only confirm the anticholinesterase activity 
of the compounds under study, also in vivo, but 
also demonstrate that they have a very promising 
neuroprotective effect, which is of fundamental 
importance as target molecules for the treatment 
of neurodegenerative disorders. Furthermore, 
the pharmacokinetic profiles of the compounds, 
particularly TD4 and the previously studied 
molecule, exhibit favorable characteristics, 
with TD4 showing higher intestinal absorption 
and selective metabolic interactions, while the 
first compound demonstrates broader tissue 
distribution and slightly lower predicted toxicity. 
However, further studies are needed to elucidate 
the mechanism of action involved in these 
responses. These findings corroborate data in the 
literature and pave the way for the development 
of new and promising hybrids of tacrine and/
or MTDLs that may aid in the treatment of 
Alzheimer’s disease.
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