
Multi-Target Neuroprotective Compound Exhibits EAAT2-
Modulating and Alzheimer’s Pathology−Attenuating Effects in In
Vitro and In Vivo Models
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Burak Çınar, Mehmet Ali Yörük, Ufuk Okkay, Mustafa Özkaraca, Orhan Ates,̧
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ABSTRACT: Alzheimer’s disease (AD) is a debilitating neuro-
degenerative disorder characterized by cognitive decline and
memory loss. Current treatments offer limited efficacy, necessitat-
ing the development of innovative multitarget therapeutic
strategies. Here, we present N3,N5-bis(2-(5-methoxy-1H-indol-3-
yl)ethyl)-2,6-dimethyl-4-(2-nitrophenyl)pyridine-3,5-dicarboxa-
mide (HCM-01), a novel compound developed to target multiple
neurodegenerative pathways implicated in AD. In vitro assays
included MTT-based cell viability analyses performed in two
complementary experimental settings: primary neuronal cultures
and astrocyte-based in vitro cell culture models exposed to
glutamate. In primary hippocampal neuronal cultures, glutamate
exposure induced a statistically significant reduction in cell viability
compared with vehicle-treated controls, consistent with glutamate-induced excitotoxicity. Under these conditions, HCM-01
treatment resulted in a statistically significant improvement in neuronal viability, showing a greater protective effect compared with
donepezil and memantine. In contrast, in astrocyte-based in vitro cultures, the applied glutamate concentration did not induce overt
cytotoxicity, in line with the intrinsic neuroprotective and glutamate-buffering role of astrocytes. Accordingly, astrocytic experiments
were designed to assess functional modulation of glutamate-handling mechanisms rather than cell survival. Western blot analysis in
C8-D1A astrocytic cells demonstrated increased expression of excitatory amino acid transporter 2 (EAAT2) following HCM-01
treatment compared with control and reference drug-treated groups, suggesting modulation of astrocyte-mediated glutamate
homeostasis. In parallel, redox analyses revealed that HCM-01 improved oxidative/antioxidative balance, as evidenced by increased
total antioxidant capacity (TAC) and reduced total oxidant status (TOS), supporting an indirect antioxidant contribution to its
functional effects. In vivo behavioral assessment of HCM-01 in a streptozotocin (STZ)-induced Alzheimer’s model in female
Sprague−Dawley rats demonstrated that administration of HCM-01 at doses of 50 mg/kg orally (oral, P.O. and intraperitoneal, I.P.)
and 100 mg/kg (P.O.), significantly improved cognitive and memory functions in the passive avoidance (PA), Morris water maze
(MWM), and locomotor activity tests. Moreover, histopathological and immunohistochemical analyses of different hippocampal
regions revealed reduced neuronal damage, attenuation of tau pathology, antiamyloidogenic effect, and restoration of cholinergic
function. Complementary in silico studies, including molecular docking, molecular dynamics simulations (MDS), and free energy
calculations, suggested potential interactions of HCM-01 with the allosteric site of EAAT2. Taken together, these findings suggest
that HCM-01 exerts neuroprotective effects against glutamate-induced excitotoxicity in primary hippocampal neurons while
additionally modulating glutamatergic homeostasis and redox balance through functional mechanisms in astrocyte-based models,
supporting its relevance as a multitarget preclinical candidate for early stage AD mechanisms.
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■ INTRODUCTION
Alzheimer’s disease (AD) is the leading cause of dementia,
accounting for 60−80% of all cases globally, with over 55 million
individuals affected worldwide as of 2022. This progressive
neurodegenerative disorder begins with mild cognitive impair-
ment and advances to severe dementia, profoundly affecting
daily activities, including basic functions such as swallowing and
drinking.1 Despite its prevalence, the precise mechanisms
underlying AD onset and progression remain elusive, with
several competing hypotheses offering insights into the complex
pathological alterations observed in the patients’ brains.2

One widely studied theory, the cholinergic hypothesis,
implicates the deficiency of acetylcholine, a primary neuro-
transmitter, and cholinergic neuron dysfunction as critical
contributors to AD-related learning deficits, memory loss, motor
impairments, and sleep disturbances. Consequently, acetylcho-
linesterase (AChE) inhibitors like donepezil, rivastigmine, and
galantamine have been developed, providing symptomatic relief
for AD patients (Figure 1a).3 However, these therapies do not
halt disease progression. (See Figure 2)
Another prominent theory, the tau hypothesis, attributes

neuronal death and cognitive decline to the accumulation and
spread of hyperphosphorylated tau protein, forming neuro-
fibrillary tangles (NFT). Although tau-directed monoclonal
antibodies such as ABBV-8E12 have been explored, clinical trials
have yet to demonstrate significant cognitive improvement.4,5

In addition, oxidative stress has been identified as a major
contributor to AD progression. Reactive oxygen species (ROS)
damage neurons, promote amyloid beta (Aβ) aggregation, and
facilitate NFT formation. Antioxidant-based interventions have
shown promise in preclinical models, representing another
potential therapeutic avenue.6,7

Central to many of these pathological alterations is the
excitatory neurotransmitter glutamate, which plays a pivotal role
in neuroplasticity and memory. A recent meta-analysis revealed
that elevated levels of glutamate and aspartate in the synaptic
cleft can lead to neuronal death through excitotoxicity, primarily
due to impaired glutamate reuptake.8 Among the therapeutic
strategies targeting glutamate toxicity, riluzole has shown
efficacy by enhancing glutamate reuptake through excitatory
amino acid transporter 2 (EAAT2/GLT-1), blocking α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-
methyl-D-aspartate (NMDA) receptors, and inhibiting voltage-
dependent sodium and calcium channels.9 It is important to
note that glutamate-mediated excitotoxicity does not necessarily
result in immediate neuronal cell death butmay initiallymanifest
as functional synaptic dysfunction, metabolic impairment, and
oxidative imbalance, particularly during early stages of neuro-
degenerative processes.10,11

In this context, astrocytes play a critical neuroprotective role
by maintaining extracellular glutamate homeostasis, primarily
through EAAT2-mediated clearance, thereby limiting excito-
toxic stress before irreversible neuronal loss occurs.12,13

Accordingly, experimental astrocyte-based in vitro cell culture
models that focus on functional glutamatergic stress and
astrocyte-mediated regulation, rather than acute cytotoxicity,
may provide valuable insights into early disease mechanisms and
therapeutic intervention strategies.14

The multifactorial nature of AD has spurred growing interest
in developing multifunctional therapeutic agents targeting
diverse pathological pathways.15−18 Researchers have explored
combining established pharmacophores to generate novel
compounds with enhanced efficacy.19−21

Melatonin, a naturally occurring hormone, exemplifies a
promising approach due to its broad neuroprotective properties.
Its indole core has demonstrated potent anti-Alzheimer’s effects,
including antioxidant activity,19,22 modulation of tau hyper-
phosphorylation, inhibition of cholinesterases, and regulation of
mitochondrial energy metabolism.23,24 Moreover, the indole
ring has proven its potential to exert anti-Alzheimer’s properties
by inhibiting protein aggregation and NFT formation through
modulation of key targets, such as protein kinase C alpha
(PKCα),25 protein kinase R-like endoplasmic reticulum kinase
(PERK),26 AMP-activated protein kinase (AMPK),27 and
monoamine oxidases B (MAO-B) enzymes.28

Furthermore, antihypertensive calcium channel blockers
(CCBs), such as isradipine29 and nitrendipine30 have estab-
lished anti-Alzheimer’s and neuroprotective properties31−33

through their antioxidants,34 anti-inflammatory,35 antiphospho-
lipase,36 antitau,37 and antiamyloid38 activities. Most CCBs
share a dihydropyridine (DHP) nucleus, which confers a wide
range of biological properties, especially for AD.30,39,40 Addi-
tionally, the pyridine aromatic ring has also demonstrated
diverse neuroprotective and anti-Alzheimer characteristics by
inhibiting AChE, as observed with compounds such as tacrine
and huperzine A,41−43 along with inhibition of β-site amyloid
precursor protein cleaving enzyme-1 (BACE1) enzyme44 and
dual leucine zipper kinase (DLK) Figure 1c.45

These findings highlight the potential of pyridine-based
scaffolds as multifunctional agents capable of modulating
multiple key pathways involved in AD. Based on this rationale,
we synthesized the hybrid molecule N3,N5-bis(2-(5-methoxy-
1H-indol-3-yl)ethyl)-2,6-dimethyl-4-(2-nitrophenyl)pyridine-
3,5-dicarboxamide (HCM-01), as described in previously filed
patents,46−50 which combines indole and pyridine pharmaco-
phores into a single scaffold to achieve a synergistic effect against
oxidative stress and glutamate-induced excitotoxicity.
To assess the neuroprotective efficacy of HCM-01 under AD-

like conditions, the intracerebroventricular (ICV) streptozoto-
cin (STZ)-induced rat model was employed to mimic the
metabolic and cognitive impairments associated with sporadic
AD. This model induces key pathological hallmarks of sporadic
AD including brain insulin resistance, oxidative stress, and
cholinergic dysfunction. However, it should be noted that while
the ICV-STZ model reproduces several key features of sporadic
AD, it does not fully recapitulate the complex and multifactorial
nature of the human disease, particularly amyloid and tau
pathologies.51

In this context, the study was designed to evaluate the
neuroprotective potential and underlying mechanisms of HCM-
01 through complementary in vitro, in vivo, and in silico
approaches. We hypothesized that integrating indole and
pyridine scaffolds within a single molecule could produce a
multitarget effect capable of mitigating oxidative stress and
excitotoxicity. This strategy aimed to provide preclinical
evidence supporting HCM-01 as a potential therapeutic
candidate for the treatment of sporadic AD.
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■ RESULTS AND DISCUSSION

Chemistry

The compound HCM-01 was designed by combining the CCB
nifedipine and the neurotransmitter melatonin into a single
molecular skeleton. DHP ring, the primary core of nifedipine,
was oxidized to a pyridine ring and subsequently subjected to
ester hydrolysis to obtain its carboxylic acid form (5). The
pyridine ring has been extensively studied for its wide range of
biological properties.52,53 Its presence significantly influences
the pharmacological profile of the entire molecule by enhancing
potency, permeability, metabolic stability, and ligand−protein
binding.41

In parallel, the indole moiety, derived from melatonin, was
incorporated due to its strong radical-scavenging and neuro-
protective properties, as well as its occurrence in neuro-
transmitters such as serotonin and several therapeutic agents.54

Previous studies have also demonstrated that indole-containing
structures can ameliorate neuroinflammation and inhibit
cholinesterase activity, both of which are critical in AD
pathogenesis.55 Hence, integrating the pyridine nucleus of
modified nifedipine,4,5 with the 5-methoxytryptamine fragment
obtained from melatonin deacetylation2 was hypothesized to
yield a multifunctional neuroprotective scaffold.
Experimentally,HCM-01was synthesized through a four-step

route (Scheme 1). Melatonin (1) was deacetylated under acidic
conditions (10% sulfuric acid), followed by basification, to yield
crude 5-methoxytryptamine (2) (Scheme 1, step 1). Sub-
sequently, the dihydropyridine ring of nifedipine (3) was
oxidized to a pyridine ring with phenyliodine bis-
(trifluoroacetate) (PIFA) in dichloromethane (DCM) at
room temperature, affording intermediate (4) (Scheme 1, step

2), which was further subjected to ester hydrolysis to generate
the carboxylic acid derivative (5) (Scheme 1, step 3). In the final
step, amine (2) and carboxylic acid (5) intermediates underwent
an amidation reaction in the presence of N,N′-dicyclohex-
ylcarbodiimide (DCC) and 1-hydroxybenzotriazole (HOBt) to
afford HCM-01 in a good yield. Spectroscopic analyses (1H, 13C
NMR, and HRMS) confirmed the proposed structure.
In Vitro Studies

Effects of HCM-01 on Glutamate-Induced Excitotox-
icity in Primary Neuronal Cultures. In vitro, neurotoxicity
can be experimentally induced through various well-established
stressors that mimic pathological changes observed in neuro-
degenerative diseases Agents such as glutamate,56 okadaic
acid,57 and hydrogen peroxide (H2O2)

58 have been shown to
induce excitotoxicity, mitochondrial dysfunction, and oxidative
stress in neuronal cultures. Among these, glutamate exposure is
widely employed to model excitotoxic mechanisms relevant to
AD, particularly in vulnerable neuronal populations.
Glutamate, a fundamental excitatory neurotransmitter in the

central nervous system (CNS), contributes to neurodegener-
ative processes by inducing excitotoxic neuronal injury,
oxidative stress, and synaptic dysfunction when extracellular
homeostasis is disrupted.59 Maintenance of glutamate homeo-
stasis is primarily mediated by astrocytic excitatory amino acid
transporter 2 (EAAT2/GLT-1),60 which clears excess glutamate
from the synaptic cleft and thereby limits overactivation of
ionotropic glutamate receptors, including NMDA, AMPA, and
kainate receptors (KARs).61,62

Given that AD predominantly impacts the hippocampal and
cortical areas, which play major roles in cognitive function and
neurogenesis within the brain,63 agents that selectively provide

Figure 1. Representative bioactive profiles for Alzheimer’s disease (AD).
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neuroprotection to these regions are considered valuable in
Alzheimer’s research. Moreover, growing evidence highlights
the involvement of the cerebellum in cognitive function, and its
impairment has been associated with cognitive deficits in AD.64

Primary neuronal cultures were exposed to glutamate (10
μM) to induce excitotoxic stress, and cell viability was assessed
using the MTT assay to evaluate the protective potential of
HCM-01. HCM-01 was tested at concentrations of 0.1, 1, 10,
100, and 1000 μM,while memantine and donepezil were used as
reference compounds at 10 μM.
In this study, cell cultures derived from the hippocampus,

cortex, and cerebellum were exposed to glutamate at a
concentration of 10−5 M to induce excitotoxicity to assess the
neuroprotective potential of HCM-01 against glutamate-

induced toxicity using the [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] (MTT) assay. The MTT assay
results revealed that glutamate exposure reduced cell viability to
69%, 70%, and 81% in hippocampal, cortical, and cerebellar
cultures, respectively (Figure 3a−c). Memantine moderately
improved cell viability in hippocampal and cortical cultures to
87% and 88%, respectively, while donepezil showed a mild
increase in viability to 89% and 91% in hippocampal and cortical
cultures, respectively (Figure 3a,b). The test compound HCM-
01 significantly improved cell viability at concentrations of 0.1
μM and 1 μM. Specifically, in hippocampal cells, HCM-01
demonstrated significant neuroprotective effects, increasing cell
viability to 107% and 125% at 0.1 μM and 1 μM concentrations,
respectively, representing a 14% and 50% increase compared to

Figure 2. General representation of HCM-01 skeleton.

Scheme 1. Synthesis Steps of Compound HCM-01a

aDCM: dichloromethane, PIFA: phenyliodine bis(trifluoroacetate); DCC: N,N′-dicyclohexylcarbodiimide; HOBt: 1-hydroxybenzotriazole, THF:
tetrahydrofurane.
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the glutamate-treated control (Figure 3a). In cortical cultures,
HCM-01 exhibited substantial neuroprotection, with cell
viability increasing to 115% at 10 μMconcentration (Figure 3b).
These results indicate that HCM-01 possesses superior

neuroprotective properties compared with both memantine
and donepezil in cortical cultures. In cerebellar cultures, HCM-
01 demonstrated moderate neuroprotective effects at concen-
trations of 0.1 μM, 1 μM, which were still superior to the effects
observed with memantine and donepezil (Figure 3c).
At higher concentrations (100 and 1000 μM), HCM-01

reduced cell viability across all neuronal cultures, indicating a
concentration-dependent cytotoxic effect.

Collectively, these results demonstrate that HCM-01 confers
significant neuroprotection against glutamate-induced excito-
toxicity in primary hippocampal neurons and region-dependent
functional protection in cortical and cerebellar cultures within a
defined concentration window.
Modulation of Astrocytic Viability and EAAT2 Ex-

pression in In Vitro Cell Culture Models. The intrinsic
glutamate-buffering system functions through astrocyte−neu-
ron interactions as part of the glutamate−glutamine cycle,
regulating glutamate uptake and preventing excitotoxicity via
EAAT2-mediated conversion of glutamate into glutamine
(Figure 4a). Cell viability analysis showed no significant
differences between the groups under the applied conditions.

Figure 3. Effects ofHCM-01 on glutamate-induced excitotoxic stress in primary culture.MTT-based cell viability analysis in primary neuronal cultures
derived from (a) hippocampus, (b) cortex, and (c) cerebellum following exposure to glutamate (10 μM) and treatment with HCM-01 or reference
compounds. Data are presented as mean ± SD of six independent experiments (n = 6). Statistical analysis was performed using Student’s t-test for
pairwise comparisons with the glutamate group. *p < 0.05, **p < 0.01, ***p < 0.001 compared with the glutamate group.

Figure 4. Modulation of astrocytic EAAT2 expression by HCM-01 under glutamate exposure. (Created with BioRender.com). (a) Schematic
representation for the glutamine−glutamate cycle between neurons and astrocytes. (b) Astrocyte cell viability following glutamate exposure and
cotreatment. (c) Representative immunoblot images of EAAT2 expression (d) Densitometric analysis of EAAT2 normalized to GAPDH and
expressed fold changes relative to control. Data are presented as mean ± SD of three independent experiments (n = 3). Statistical analysis was
performed using Student’s t-test for pairwise comparisons with the control group. *p < 0.05, ns: nonsignificant compared with the control group.
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Unlike primary neuronal cultures, glutamate exposure did not
cause notable cytotoxicity in astrocytes, consistent with their
intrinsic glutamate-buffering and neuroprotective role (Figure
4b). Western blot analysis showed that EAAT2 expression
increased only in the glutamate + HCM-01 cotreatment group.
Glutamate alone, vehicle, control, and Memantine did not
produce a significant change in EAAT2 levels (Figure 4c,d).
These findings indicate that HCM-01 enhances astrocytic
glutamate-handling capacity under excitotoxic conditions rather
than altering basal EAAT2 expression. While the in vitro results
mainly indicate increased EAAT2 expression, this effect may
partly reflect a glutamate-mediated adaptive compensatory
mechanism rather than direct transporter affinity.65 Therefore,
these findings may provide an initial indication of potential
biological relevance, warranting further validation through
affinity-based and uptake assays to confirm direct interactions
and clarify the underlying biological efficacy.
Modulation of Oxidative/Antioxidative Balance by

HCM-01. High extracellular glutamate levels are one of the
primary causes of oxidative stress and increased ROS within the
brain, which eventually leads to neurodegeneration. Diverse
reports have demonstrated the ability of antioxidants to restore
redox homeostasis and support neuronal function.66,67

To assess whether the neuroprotective effects of HCM-01 are
associated with modulation of oxidative stress, oxidative/
antioxidative changes were evaluated in primary hippocampal
neuronal cultures by measuring total antioxidant capacity
(TAC) and total oxidant status (TOS) levels under glutamate-
induced stress conditions (Table 1). The results indicated that at

a concentration of 10 μM, HCM-01 treatment increased
antioxidant levels compared to the control group. Although
TAC values declined at 1 μM and 10−1 μM concentrations of
HCM-01, they remained higher than those observed in the
glutamate-treated control. It was also observed that the oxidant
levels in HCM-01−treated samples were lower at 1 μM
compared to the glutamate control group. However, at 10−1

μM, oxidant levels increased slightly relative to the glutamate
control.
Consistent with these findings, TOS levels were significantly

reduced in HCM-01-treated groups across most concentrations
compared with the glutamate control. The most pronounced
reduction in oxidant status was observed at low micromolar
concentrations of HCM-01. At the lowest tested concentration
(10−1 μM), TOS levels showed a partial increase relative to
glutamate control, indicating a loss of antioxidant efficacy at
subthreshold concentrations.
Overall, treatment with HCM-01 enhanced TAC levels and

generally reduced TOS levels compared to the glutamate-
induced stress conditions, indicating improved oxidative/
antioxidative balance and suggesting potential indirect anti-
oxidant properties to its neuroprotective effects. These findings
are consistent with the observed improvements in neuronal
viability and astrocytic glutamate-handling capacity, suggesting
that redox modulation represents a complementary mechanism
underlying the functional effects of HCM-01. Further
investigations are warranted to evaluate specific oxidative
damage markers, such as lipid peroxidation and protein
carbonylation, and underlying mechanisms involved.

Table 1. Effect of HCM-01 on TAC and TOS Levelsa

group TAC ± SD (mmol Trolox E/L) TOS ± SD (mmol H2O2 E/L)

control 8,67 ± 0.75 4.65 ± 0.28
glutamate control 4.5 ± 0.45 9.59 ± 0.87
HCM-01 (104 μM) 9.63 ± 0.84** 3.96 ± 0.23**
HCM-01 (103 μM) 9.44 ± 0.77** 3.32 ± 0.28**
HCM-01 (102 μM) 9.65 ± 0.83** 3.41 ± 0.31**
HCM-01 (10 μM) 9.48 ± 0.67** 3.85 ± 0.27**
HCM-01 (1 μM) 7.32 ± 5.32* 5.77 ± 4.89**
HCM-01 (10−1 μM) 5.56 ± 0.61 8.66 ± 0.68

aData are presented as mean ± SD. Statistical analysis was performed using Student’s t-test for pairwise comparisons with the glutamate control
group. *p < 0.05, **p < 0.001 compared with the glutamate control group.

Figure 5. (A) The time of learning in seconds over 4 days after administration of 50mg (P.O.and I.P.), 100mg ofHCM-01 (P.O.), andmemantine (10
mg/kg). Each group (n = 8); (B) Statistical comparison of daily and 4 day averages of Morris water maze results # Indicates statistically significant
difference compared to the control group. * Indicates difference compared to the STZ group. (D: Day, AVG: Average, STZ: Streptozotocin, P.O.: Per
Os, I.P.: Intraperitoneal).

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.5c00873
ACS Chem. Neurosci. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acschemneuro.5c00873?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.5c00873?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.5c00873?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.5c00873?fig=fig5&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.5c00873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In Vivo Studies

In vivo models of neurotoxicity are commonly induced using
agents such as aluminum chloride (AlCl3),

68 kainic acid,69 and
STZ.70 In this study, we aimed to evaluate the neuroprotective
effects of HCM-01 in STZ-induced Alzheimer’s disease-like rat
model, where STZ (3 mg/kg) was bilaterally injected into the
lateral ventricles under stereotaxic guidance to induce brain
insulin resistance, oxidative stress, and cognitive impairment
characteristic of sporadic AD. The compound HCM-01 was
administered either orally (P.O.) at doses of 50 or 100mg/kg, or
intraperitoneally (I.P.) at a dose of 50 mg/kg, once daily for 24
days. For comparison, a memantine-treated group (10 mg/kg,
P.O.) was included as a reference control. The neuroprotective
effects were assessed through behavioral paradigms, including
the Morris Water Maze (MWM), passive avoidance (PA) and
locomotor activity assays.

Morris Water Maze (MWM) Results. The MWM is a
behavioral test that evaluate spatial learning in rodents. It relies
on distal visual cues to guide navigation from various start
locations around the perimeter of an open swimming arena
toward a submerged escape platform. Spatial learning is assessed
across repeated training trials, whereas reference memory is

determined by the animal’s preference for the former platform
location during probe trials in which the platform is removed.
According to the MWM results (Figure 5), the data from the

untreated sham-operated control and the untreated healthy
control groups were comparable. The negative control and
sham-operated groups collectively demonstrated the fastest
learning in theMWM test. Conversely, the STZ-treated (patient
control) group displayed impaired spatial learning, and in some
cases, failed to acquire the task. The HCM-01-treated group and
the memantine control group showed comparable results,
exhibiting a moderate level of improvement compared to the
patient control. However, their improvement in learning ability
did not reach the level observed in the negative control group,
which demonstrated superior spatial learning performance
overall.
Passive Avoidance Results. The PA task is a fear-

augmented test used to evaluate learning and memory in rodent
models of CNS disorders. In this task, nocturnal animals, which
are naturally more active at night and sleep during the day, are
introduced into a lighted chamber that they instinctively avoid
by entering a dark chamber. However, the dark chamber is
connected to a mild electric current, serving as an aversive
stimulus. With repeated exposure, healthy animals are expected
to develop a memory of the stimulus and adapt by remaining in
the lighted, electric-free chamber. In contrast, sporadic AD-like
model is unable to retain this memory and tend to re-enter the
dark chamber.
In this experiment, the time that animals spent in the electric-

free lighted chamber was recorded in seconds on days 19−20
and 40−41. For each group (Figure 6). Animals in the AD
model group (treated with STZ) displayed impaired learning
and memory, as evidenced by their shorter time spent in the
lighted chamber and frequent re-entries into the dark chamber.
In contrast, animals treated with HCM-01 demonstrated
significant improvement, with the duration in the lighted
chamber reaching up to 300 s on day 41. This result indicates
that HCM-01 facilitated memory development in the STZ-
induced Alzheimer-like pathology model. Similarly, animals
treated with memantine showed comparable improvements.
Notably, both the untreated negative control group and the
HCM-01-treated Alzheimer-induced group displayed similar

Figure 6. Time spent by rats in the electric-free compartment (s) on
days 19 and 41 of the experiment. * Indicates a significant difference
compared to the control group. # Indicates a significant difference
compared to the STZ group. (STZ: Streptozotocin, P.O.: Per Os, I.P.:
Intraperitoneal).

Figure 7. Locomotor activity results. (a) Total distance (cm) traveled, (b) mean speed (cm/s), and (c) resting time percentage (%) (p > 0.05).
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outcomes, suggesting that HCM-01 was effective in enhancing
memory retention under these conditions.

Locomotor Activity Results. To explicitly rule out the
possibility of motor confounds in the interpretation of cognitive
outcomes, spontaneous locomotion was quantified in infrared
beam−equipped open-field activity cages. Three end points
were prespecified: total distance (cm), mean speed (cm/s;
distance divided by session duration), and resting percentage
(immobility index). Across all experimental groups, no main
effect of group was detected for total distance, mean speed, or
resting percentage (all p > 0.05), and all Tukey contrasts were
nonsignificant. Visually, individual observations were found to
be clustered with substantial overlap between groups and similar
dispersion around the mean (Figure 7a−c; individual values
with mean ± SD), indicating the absence of systematic hypo- or
hyperactivity as well as comparable immobility across
conditions. Taken together, these findings demonstrate intact
and equivalent gross motor performance among the groups,
thereby supporting the conclusion that the memory effects
reported below are unlikely to be attributable to mobility
deficits.
These findings are consistent with the growing body of

evidence supporting EAAT2 induction as an effective neuro-
protective strategy. Previous studies have shown that EAAT2
activators, such as β-lactam antibiotics (e.g., ceftriaxone) and
translational modulators like LDN/OSU-0212320, enhance

EAAT2 expression in astrocytes and restore glutamate uptake in
rodent models and cultured cells.71 For instance, LDN/OSU-
0212320 has been shown to activate EAAT2 translation, leading
to an increase in functional glutamate uptake within hours and
providing neuroprotection against excitotoxic injury in
astrocyte−neuron cocultures.72 Similarly, ceftriaxone treatment
elevated EAAT2 expression up to 4-fold in rodent brains,
delayed motor neuron degeneration, and improved survival and
behavioral performance in Amyotrophic Lateral Sclerosis (ALS)
models.71,73

It has also been reported that alterations in the glutamatergic
system may develop in the STZ-induced diabetes model,
particularly that reduced glutamate uptake in the hippocampus
may facilitate synaptic glutamate accumulation, thereby
promoting NMDA/AMPA-mediated excitotoxicty.74 There-
fore, some of the neurological and histological changes observed
in our study may be explained through processes associated with
glutamate-mediated excitotoxic mechanisms.
Histopathological Examination. In addition to behavioral

assessments, histopathological analyses of the hippocampal
cornu Ammonis (CA1/CA2 and CA3) regions, along with
immunohistochemical evaluations of AChE, Tau, and β-
amyloid, were performed to investigate the mechanisms
underlying HCM-01-mediated neuroprotection.
Histopathological examination revealed statistically signifi-

cant differences among the experimental groups (Table 2;
Figures 8−10). In negative control and sham-operated groups,
the neuronal architecture of the CA1/CA2 and CA3 regions
appeared normal and well-preserved. In contrast, the treatment
groups displayed varying degrees of neuronal pyknosis and
degeneration within the CA1/CA2 and CA3 subfields.
In the STZ control group, mild neuronal degeneration was

observed in the CA1/CA2 region, whereas no histopathological
abnormalities were detected in the memantine (10 mg/kg),
HCM-01 (P.O. 50 mg/kg), HCM-01 (oral 100 mg/kg), and
HCM-01 (I.P. 50 mg/kg) groups. In the CA3 region of the
positive control group, severe neurodegeneration was observed.
In contrast, moderate neuronal degeneration was observed in
the memantine (10 mg/kg), HCM-01 (P.O. 50 mg/kg), HCM-

Table 2. Statistical Analysis of Degenerative Changes
Observed in Neurons

groups CA1/CA2 CA3

negative control 0.00 ± 0.00a 0.33 ± 0.51a

sham operation 0.16 ± 0.40a 0.16 ± 0.40a

STZ 0.83 ± 0.40b 2.66 ± 0.51b

memantine (10 mg/kg) 0.33 ± 0.51a 1.66 ± 0.51c

HCM-01 (P.O. 50 mg/kg) 0.16 ± 0.40a 1.83 ± 0.40c

HCM-01 (P.O. 100 mg/kg) 0.16 ± 0.40a 1.66 ± 0.51c

HCM-01 (I.P. 50 mg/kg) 0.16 ± 0.40a 1.66 ± 0.51c

Figure 8. Degenerative changes observed in hippocampal CA1/CA2 and CA3 regions.
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01 (P.O. 100 mg/kg), and HCM-01 (I.P. 50 mg/kg).
Microscopically, pyknosis, representing a stage of necrosis, was
characterized by neurons showing degenerative changes,
including dark, shrunken, and pyknotic nuclei.
Immunohistochemical Examinations. In immunohisto-

chemical staining for Tau, moderate immunopositivity was
observed in the CA1/2 region in the STZ, memantine (10 mg/
kg), and HCM-01 (P.O. 100 mg/kg) groups, whereas mild
immunopositivity was detected in HCM-01 (P.O. 50 mg/kg)
and HCM-01 (I.P. 50 mg/kg). In the CA3 region, very severe

immunopositivity was observed in the STZ group, indicating
pronounced Tau pathology consistent with neurodegeneration.
Severe immunopositivity in the HCM-01 (P.O. 100 mg/kg)
group, moderate immunopositivity in both the memantine (10
mg/kg) and HCM-01 (P.O. 50 mg/kg) groups, and mild
immunopositivity in the HCM-01 (I.P. 50 mg/kg) groups,
suggesting a dose- and route-dependent attenuation of Tau
pathology (Table 3; Figures 11-13).
In immunohistochemical staining for β-Amyloid, mild

immunopositivity was detected only in the STZ group within

Figure 9.Histopathological view of the CA1/2 region: (A) negative control group, (B) sham operated groups showing normal histological appearance,
(C) STZ group, mildly pyknotic neurons (arrow), (D) memantine group (10 mg/kg), (E) HCM-01 (P.O. 50 mg/kg) group, (F) HCM-01 (P.O. 100
mg/kg) group, (G) HCM-01 (I.P. 50 mg/kg) groups showing normal histological appearance, hippocampus, H−E stain. (40×).

Figure 10.Histopathological view of the CA3 region: (A) negative control group, (B) ShamOperated groups showing normal histological appearance,
(C) STZ group-Severely, (D) memantine (10 mg/kg) group-moderately, (E) HCM-01 (P.O. 50 mg/kg) group-moderately, (F) HCM-01 (P.O. 100
mg/kg) group-moderately, (G) HCM-01 (I.P. 50 mg/kg) Neurons with moderate pyknotic changes (arrow), hippocampus, H−E stain. (40×).
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the CA1/CA2 region, whereas no immunopositivity was
observed in any other group. In the CA3 region, severe
immunopositivity was observed in the STZ group, mild
immunopositivity in the memantine-treated group, and
complete absence of immunopositivity in all HCM-01−treated
groups (Table 4; Figures 14−16).
Given that higher β-amyloid immunopositivity interprets

greater plaque burden and neuronal toxicity, the absence of β-
amyloid immunopositivity indicates effective inhibition of Aβ
aggregation or enhanced clearance. In contrast, memantine
treatment resulted in only a partial reduction of β-amyloid
deposition, as evidenced by mild residual immunopositivity.
In immunohistochemical staining for AChE, no significant

immunopositivity was observed in the CA1/2 region across all
groups. In contrast, the CA3 region exhibited differential AChE
immunoreactivity: very severe in the STZ group, severe in the
memantine-treated group, moderate in the HCM-01 (P.O. 100
mg/kg) group, and mild in all remaining HCM-01−treated
groups (Table 5; Figures 17−19).
AChE is a critical enzyme responsible for acetylcholine

breakdown, and its overexpression is associated with cholinergic
dysfunction, cognitive deficits, and memory impairment in AD.
Themarked AChE immunopositivity in the STZ group confirms
cholinergic degradation consistent with Alzheimer-like pathol-

ogy. Notably, HCM-01 significantly decreased AChE immuno-
positivity, suggesting a restoration of cholinergic function and
supporting its neuroprotective potential.
Measurement of HCM01 in Brain Tissues after

Behavioral Assessment. Brain tissue samples were collected
from six rats that had received an oral dose of 50 mg/kg of
HCM-01, 60−75 min postadministration, based on preliminary
pharmacokinetic studies. The presence of HCM-01 in brain
tissue was confirmed by HRMS analysis. The characteristic ion
peaks ofHCM-01were detected at [M+H]+ = 661.28334, [M+
2H]+ = 662.28120, [M + 3H]+ = 663.28266, and [M + 4H]+ =
664.28638 (Table 6 and Figure 20), demonstrating its ability to
penetrate the blood−brain barrier.
In Silico Studies

Molecular Docking (MD). The molecular docking (MD)
was performed at the allosteric site of EAAT2 to explore the
possible interactions of HCM-01 in the designated molecular
environment. The allosteric site was identified based on
previously reported structural analyses of EAAT2.75,76 The
docking results indiacted that HCM-01 interacts directly with
key residues within the allosteric pocket, suggesting a favorable
and specific binding profile. The calculated binding free energy
further supported the hypothesis that HCM-01 acts as a
potential allosteric activator of EAAT2, potentially contributing
to reduced extracellular glutamate levels in the synaptic cleft.77

Both rigid and flexible MD analyses were performed using
Schrödinger software to comprehensively evaluate the inter-
action profile and docking scores of HCM-01. The binding
poses were analyzed and visualized using the Maestro interface
and compared with the known positive modulator GT949
(Figure 21).
The Induced-Fit Docking (IFD) analysis of HCM-01

produced a favorable docking score of −8.854 kcal/mol,
comparable to GT949 IFD docking score (−8.360 kcal/mol),
suggesting a strong potential binding affinity for the allosteric
site of the EAAT2 transporter. In contrast, the rigid docking

Table 3. Immunohistochemical Staining of Taua

groups CA1/CA2 CA3

negative control 0.83 ± 0.40a 1.16 ± 0.40a

sham operation 0.83 ± 0.40a 1.16 ± 0.40a

STZ 1.83 ± 0.40b 3.66 ± 0.51b

memantine (10 mg/kg) 1.66 ± 0.51b 1.83 ± 0.40c

HCM-01 (P.O. 50 mg/kg) 1.16 ± 0.40a 2.00 ± 0.00c

HCM-01 (P.O. 100 mg/kg) 1.66 ± 0.51b 2.83 ± 0.40d

HCM-01 (I.P. 50 mg/kg) 1.16 ± 0.40a 1.33 ± 0.51a
aa,b,c,d It indicates the difference between groups in the same column
(p < 0.05).

Figure 11. Immunohistochemical staining of Tau.
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analysis exhibited a better docking score for HCM-01 (−6.158
kcal/mol) compared to GT949 (−2.435 kcal/mol), further
supporting its superior interaction potential.
According to the 2D ligand interaction diagrams, the

interactions were facilitated by hydrogen bonding, hydrophobic
contacts, and π−π stacking interactions. In the rigid docking
model, a π-cation interaction was observed with ARG476, while
the IFD analysis revealed three π−π stacking interactions with
TRP472, along with π-cation and hydrogen bonding inter-
actions involving ARG476. Conversely, rigid docking of GT949

showed only two π-cation and salt bridge interactions with
ARG476 and ASP471, respectively. The IFD results for GT949,
however, revealed three π−π stacking interactions with TRP472
and one hydrogen bond with ARG476.
These findings confirm the stable and specific accommoda-

tion of HCM-01 within the EAAT2 allosteric site, emphasizing
its strong binding affinity and adaptability, particularly when
transporter conformational flexibility was considered.
Molecular Dynamics Simulation.A 200 ns (ns) molecular

dynamics simulation (MDS) was performed following the

Figure 12. Tau immunopositivity in the CA3 region: (A) negative control group, mild level, (B) sham operated group-mild level, (C) STZ group-very
severe level, (D)memantine (10mg/kg) group-moderate level (E)HCM-01 (P.O. 50mg/kg)moderate level, (F)HCM-01 (P.O. 100mg/kg) group-
severe level, (G) HCM01 (I.P. 50 mg/kg) group-mild level of immunopositivity (arrow). Hippocampus, IHC. (40×).

Figure 13. Tau immunopositivity in the CA1/2 region: (A) Negative control group-mild level, (B) ShamOperated group-mild level, (C) STZ group-
moderate level, (D) memantine (10 mg/kg) group-moderate level, (E) HCM-01 (P.O. 50 mg/kg) group-mild level, (F) HCM-01 (P.O. 100 mg/kg)-
moderate level, (G) HCM-01 (I.P. 50 mg/kg)-mild level of immunopositivity (arrow). Hippocampus, IHC. (40×).
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docking studies to evaluate the dynamic stability and conforma-
tional behavior of the EAAT2-HCM-01 complex. The
simulation incorporated a water environment and a cell
membrane model, encompassing all three EAAT2 transporter
chains. These thorough computational studies offer a multi-
dimensional understanding of the molecular interactions and
conformational dynamics of HCM-01 within the designated
binding environment.
The stability of a protein−ligand complex can be evaluated by

calculating the Root Mean Square Deviation (RMSD), which
quantifies the average deviation of atomic positions from the
initial conformation over the course of the simulation (Figure
22).
Initially, the RMSD values of the EAAT2-HCM-01 complex

fluctuated between 3 and 6 Å but eventually stabilized around 4
Å as favorable interactions were established. This stabilization
indicates that the ligand’s binding position remained relatively
stable, despite minor conformational fluctuations within the
protein’s binding pocket. The relatively high overall RMSD
values observed for the entire protein-ligand-membrane system
primarily reflect the mobility of extramembrane domains,
flexible loop regions, and protein adjustments to the lipid
bilayer environment. In contrast, the transmembrane core and
ligand-binding pocket remained structurally stable throughout

the simulation (as supported by RMSF and protein-ligand
contact analyses below).78

The “Lig fit Lig” plot, which illustrates the ligand’s intrinsic
RMSD in relation to its reference conformation, demonstrates
the ligand’s internal conformational stability. The consistently
low RMSD values throughout the trajectory confirm minimal
internal structural deviations, indicating that HCM-01 main-
tained a stable conformation within the binding site.
Root Mean Square Fluctuation (RMSF) analysis was

performed to evaluate the residue-level flexibility of EAAT2
side chains upon binding to HCM-01. RMSF values provide
insight into the dynamic behavior and mobility of individual
amino acid residues throughout the simulation.79 According to
the RMSF plot, HCM-01 interacted with EAAT2 residues
highlighted by green-colored vertical bars; these key residues
exhibited minimal fluctuations (<1.6 Å) (Figure 23). This
suggests that these residues maintained a relatively rigid and
stable conformation in the presence of HCM-01, supporting the
formation of stable protein−ligand interactions. In contrast,
loop regions of the transporter demonstrated higher RMSF
values, peaking in the range of 3−5 Å. These areas are located
apart from the binding pocket and are characterized by their
higher flexibility. In summary, the RMSF values support the
stability of the protein−ligand complex, as the majority of
protein residues displayed minimal fluctuations, while only
peripheral loop regions exhibited the expected flexibility.
In general, hydrogen bonds (H-bonds) are key interactions

that allow the ligand to anchor within specific protein sites. In
Figure 24, the green columns indicate the percentage of
hydrogen bonds the ligand establishes with specific residues
during the simulation. Certain residues, such as TRP472, show
significant interactions with the ligand as they create a large
percentage of hydrogen bonds. Hydrophobic interactions
(purple columns) were formed with hydrophobic amino acids
such as LEU, ILE, and VAL, which contributed to the
stabilization of HCM-01 within the protein’s hydrophobic
pockets. Ionic interactions involving ARG residues are also
evident (pink columns), facilitating binding through electro-

Table 4. Immunohistochemical Staining with β-Amyloida

groups CA1/CA2 CA3

negative control 0.33 ± 0.51a 0.16 ± 0.40a

sham operation 0.16 ± 0.40a 0.33 ± 0.51a

STZ 0.16 ± 0.40b 2.83 ± 0.40b

memantine 0.33 ± 0.51a 1.66 ± 0.51c

HCM-01 (P.O. 50 mg/kg) 0.33 ± 0.51a 0.16 ± 0.40a

HCM-01 (P.O. 100 mg/kg) 0.33 ± 0.51a 0.33 ± 0.51a

HCM-01 (I.P. 50 mg/kg) 0.16 ± 0.40a 0.16 ± 0.40a
aa,b,c,d It indicates the difference between groups in the same column
(p < 0.05).

Figure 14. Immunohistochemical staining with β-Amyloid.
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static attraction. Finally, water bridges (blue columns) were
detected, providing adaptive stabilization between the ligand
and the protein surface.
A time-based graph illustrating the frequency and the

persistence of these interactions over the period of the
simulation is shown in Figure 25, while detailed ligand−atom
interactions with the protein residues are presented in Figure 26.
The high interaction percentages displayed in the schematic are
consistent with the frequent interaction of residues like SER465,
ALA469, and TRP472. Specifically, SER465 exhibits an 84%

occupancy rate in hydrogen bonding, making a substantial
contribution to the ligand’s interaction with the cavity. TRP472
exhibits strong and diverse interactions with the ligand, showing
70% hydrogen bonding and 35% π−π stacking interactions. The
frequency of interactions throughout the simulation highlights
the stability of HCM-01 within the allosteric site.
In contrast to our findings, MDS analyses for compound AK-

968/15360623,80 revealed 20 protein−ligand interactions with
EAAT2 residues, none of which were located within the
allosteric pocket.

Figure 15. β-Amyloid immunopositivity in the CA1/2 region: (A) negative control group, (b) sham operated group-immunonegativity, (C) STZ
group-mild level of immunopositivity (arrow), (D)memantine (10mg/kg) group, (E)HCM-01 (P.O. 50mg/kg) group, (F)HCM-01 (P.O. 100mg/
kg) group, (G) HCM-01 (I.P. 50 mg/kg) group-immunonegativity. Hippocampus, IHC, (40×).

Figure 16. β-Amyloid immunopositivity in the CA3 region: (A) Negative control group, (B) Sham Operated group-immunonegativity, (C) STZ
group-severe level, (D)memantine group-mild level of immunopositivity (arrow), (E) HCM-01 (P.O. 50mg/kg) group, (F)HCM-01 (P.O. 100mg/
kg) group, (G) HCM-01 (I.P. 50 mg/kg) group-immunonegativity, hippocampus, IHC. (40×).
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Although HCM-01 has not yet been experimentally validated,
these findings suggest that HCM-01 has significant binding
properties because it interacts directly with key residues within
the allosteric pocket, indicating a favorable and specific
interaction profile. Therefore, future investigations will aim to
experimentally validating these molecular interactions and
elucidating the underlying structure−activity relationships.
MM-GBSA Energies. The binding free energy of the HCM-

01-EAAT2 complex was calculated using the Prime-MMGBSA
method to evaluate the binding efficacy across three
independent runs. In general, hydrophobic, hydrogen, electro-
static, and van derWaals contacts are the most common types of
interactions in typical drug−protein binding and collectively
influence the overall binding energy.81

In this study, favorable binding interactions, such as hydrogen
bonds (H-bond), lipophilic (Lipo), van der Waals (vdW), and
π−π packing (packing) interactions, were found to stabilize the
complex, indicating the formation of a strong and energetically
favorable association between HCM-01 and EAAT2. Con-
versely, Coulombic, covalent, and Generalized Born electro-
static solvation (Solv GB) energies contributed unfavorably to
the total binding energy, slightly weakening the overall
interaction. The total binding free energy (MMGBSA dG
Bind) of the HCM-01-EAAT2 complex was calculated to be
−60.97 kcal/mol (Table 7), signifying a highly favorable and
stable binding. This substantial negative energy value indicates
that HCM-01 possesses a strong affinity for EAAT2, supporting

the results obtained from molecular docking and dynamic
interaction analyses.

■ CONCLUSIONS
The compound HCM-01 has been designed and developed to
target multiple neurodegenerative pathways implicated in AD.
Its neuroprotective potential was systematically evaluated using
complementary in vitro, in vivo, and in silico approaches.
In vitro investigations demonstrated that HCM-01 confers

significant neuroprotection against glutamate-induced excito-
toxicity in primary hippocampal neuronal cultures, where
treatment resulted in a marked improvement in cell viability.
In cortical and cerebellar neuronal cultures, HCM-01 provided
region-dependent functional protection within a defined
concentration range. In contrast, glutamate exposure did not
induce cytotoxicity in astrocytic cultures, consistent with their
intrinsic neuroprotective role. Under these noncytotoxic
conditions, HCM-01 increased EAAT2 expression in astrocytes,
suggesting modulation of astrocyte-mediated glutamate-han-
dling capacity rather than direct effects on cell survival.
In parallel, TAC and TOS analyses performed in primary

hippocampal neurons revealed that HCM-01 improves
oxidative/antioxidative balance under glutamate-induced stress
conditions. Notably, the 1 μM concentration emerged as a
convergent effective dose across experimental paradigms,
coinciding with maximal neuronal viability, enhanced EAAT2
expression, and attenuation of oxidative burden. These findings
support redox modulation as a complementary mechanism
contributing to the neuroprotective profile of HCM-01.
In vivo behavioral assessment of HCM-01 in the STZ-

induced ADmodel indicated a trend toward improved cognitive
and memory functions. Histopathological and immunohisto-
chemical evaluations demonstrated the ability of HCM-01 to
ameliorate AD-related pathological changes by attenuating tau
formation, reducing amyloidogenic processing, and partially
restoring cholinergic neurotransmission, supporting the func-
tional relevance of the in vitro findings.
Complementary MD and MDS studies supported the

potential of HCM-01 to interact with the allosteric site of the

Table 5. Immunohistochemical Staining with AChEa

groups CA1/CA2 CA3

negative control 0.16 ± 0.40a 1.00 ± 0.00a

sham operation 0.16 ± 0.40a 1.00 ± 0.00a

STZ 0.16 ± 0.40a 3.66 ± 0.51b

memantine 0.16 ± 0.40a 2.83 ± 0.40c

HCM-01 (P.O. 50 mg/kg) 0.33 ± 0.51a 2.16 ± 0.40d

HCM-01 (P.O. 100 mg/kg) 0.16 ± 0.40a 1.33 ± 0.40a

HCM-01 (I.P. 50 mg/kg) 0.16 ± 0.40a 1.16 ± 0.40a
aa,b,c,d It indicates the difference between groups in the same column
(p < 0.05).

Figure 17. Immunohistochemical staining with AChE.
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EAAT2 transporter, which plays a central role in regulating the
neurotoxic glutamate neurotransmitter in the synaptic cleft.
However, direct transporter activity and uptake assays will be
required to validate this proposed interaction.
Taken together, in vitro and in vivo results, combined with

molecular modeling data, suggest that HCM-01 may exert
neuroprotective effects through attenuation of glutamate-
induced excitotoxicity, improvement of oxidative balance, and
modulation of astrocyte-mediated glutamate regulation. These
results support HCM-01 as a promising multitarget preclinical

candidate for further investigation in early stage and sporadic
AD models.

■ MATERIALS AND METHODS

Chemistry
Reagents (melatonin CAS: 73-31-4; and nifedipine CAS: 21829-25-4),
catalysts, and solvents were purchased from Sigma-Aldrich and BLD
Pharm and were used without further purification. Reactions were
monitored via LC−MS (Thermo Fisher TSQ Series, Athena C18-WP
column, Waltham, MA USA, water with 0.01% formic acid) or TLC

Figure 18. AChE immunonegativity in the CA1/2 region: (A) negative control group, (B) sham operated group, (C) STZ group, (D) memantine (10
mg/kg) group, (E) HCM-01 (P.O. 50 mg/kg) group, (F) HCM-01 (P.O. 100 mg/kg) group, (G) HCM-01 (I.P. 50 mg/kg) group, hippocampus,
IHC. (40×).

Figure 19. AChE immunopositivity in the CA3 region: (A) negative control group-mild level, (B) sham operated group-Mild level, (C) STZ group,
very severe level, (D) memantine (10 mg/kg) group-severe level, (E) HCM-01 (P.O. 50 mg/kg) group-moderate level, (F) HCM-01 (P.O. 100 mg/
kg) group-Mild level, (G) HCM-01 (I.P. 50 mg/kg) group-Mild level of immunopositivity (arrow). Hippocampus, IHC. (40×).

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.5c00873
ACS Chem. Neurosci. XXXX, XXX, XXX−XXX

O

https://pubs.acs.org/doi/10.1021/acschemneuro.5c00873?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.5c00873?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.5c00873?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.5c00873?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.5c00873?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.5c00873?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.5c00873?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.5c00873?fig=fig19&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.5c00873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(silica gel, Kieselgel 60, E. Merck, Germany). Proton NMR (1H NMR)
spectra were recorded on an Advance Bruker spectrometer (Bruker,
Billerica, MA, USA) at 500 MHz, while carbon-13 NMR (13C NMR)
spectra were recorded at 125 MHz in δ/ppm.

HCM-01 is prepared because of four synthesis steps. These steps are
given below.

Step 1: 2-(5-Methoxy-1H-indole-3-yl)ethan-1-amine (2)

Melatonin (1) was heated at 90 °C for 8 h in a solution of 1.0 g (4.3
mmol) of melatonin in 40 mL of 10%H2SO4. After cooling the reaction
mixture to room temperature, 20% NaOH was added until the medium
became alkaline. The mixture was then washed with ethyl acetate (3 ×
20 mL), and the organic phase was dried over Na2SO4. The solvent was
removed under vacuum to yield 550 mg (67%) of crude product (2).

Yellow solid; mp 122 °C; 1H NMR (500 MHz, DMSO-d6): δ 10.64
(s, 1H), 7.22 (d, J = 8.7 Hz, 1H), 7.08 (s, 1H), 6.99 (d, J = 2.4 Hz, 1H),
6.71 (dd, J = 8.7, 2.4 Hz, 1H), 3.76 (s, 3H), 2.81 (t, J = 7.1Hz, 2H), 2.72
(t, J = 7.1 Hz, 2H), 1.37 (s, 2H). 13C NMR (126 MHz, DMSO-d6): δ
152.9, 131.4, 127.7, 123.3, 112.4, 111.9, 110.9, 100.2, 55.3, 42.7, 29.6.
HRMS (ESI)m/z calcd for C11H15ON [M + H]+: 191.11789; found,
191.11752. The spectra are available in the Supporting Information
document (Figures S1−S3).

Step 2: Dimethyl
2,6-Dimethyl-4-(2-nitrophenyl)pyridine-3,5-dicarboxylate
(4)
Nifedipine (3) (1.0 g, 2.89 mmol) was dissolved in 25 mL CH2Cl2
(dichloromethane), and 1.37 g (3.18 mmol) PIFA ((bis-
(trifluoroacetoxy)iodo)benzene) was added. The mixture was stirred
at room temperature for 12 h. The crude product was washed with
water (3 × 20 mL), and the organic phase was dried over Na2SO4. The
solvent was removed under vacuum, and the oxidation product (4) was
crystallized from hexane, yielding 900 mg (90%).

Yellow solid; mp 96 °C; 1H NMR (500 MHz, DMSO-d6): δ 8.26 (d,
J = 8.0 Hz, 1H), 7.80 (t, J = 7.5 Hz, 1H), 7.72 (t, J = 7.9 Hz, 1H), 7.29
(d, J = 7.5 Hz, 1H), 3.44 (s, 6H), 2.55 (s, 6H). 13C NMR (126 MHz,
DMSO-d6): δ 166.6, 156.1, 146.9, 144.7, 133.9, 130.9, 130.6, 130.4,
124.5, 124.4, 52.3, 23.1. HRMS (ESI)m/z calcd for C17H17O6N2 [M +
H]+: 345.10811; found, 345.10757. The spectra are available in the
Supporting Information document (Figures S4−S6).
Step 3:
2,6-Dimethyl-4-(2-nitrophenyl)pyridine-3,5-dicarboxylic
acid (5)
Dimethyl 2,6-dimethyl-4-(2-nitrophenyl)pyridine-3,5-dicarboxylate
(4) (900 mg, 2.61 mmol) was dissolved in 15 mL ethanol and 15 mL
H2O, and 733mg (13.07mmol) KOHwas added. The reactionmixture
was boiled at 80 °C for 16 h. After cooling to room temperature, the
solvent was removed under vacuum, and the residue was dissolved in 30
mL of water. The pH was adjusted to 2 using 0.1 M HCl, and the
solution was kept at 2 °C for 12 h. The resulting crystals were filtered
and dried, yielding 50 mg (66%) of product (5).

Beige solid; mp 265.5 °C; 1H NMR (500 MHz, DMSO-d6): δ 13.27
(s, 2H), 8.24 (d, J = 8.2 Hz, 1H), 7.79 (t, J = 7.5 Hz, 1H), 7.69 (t, J = 7.8
Hz, 1H), 7.31 (d, J = 7.5 Hz, 1H), 2.55 (s, 6H). 13C NMR (126 MHz,
DMSO-d6): δ 168.0, 154.5, 147.1, 143.4, 133.7, 131.7, 131.1, 130.0,
125.8, 124.3, 23.1. HRMS (ESI)m/z calcd for C15H13O6N2 [M + H]+:
317.07681; found, 317.07626. The spectra are available in the
Supporting Information document (Figures S7−S9).
Step 4:
N3,N5-Bis(2-(5-methoxy-1H-indol-3-yl)-
ethyl)-2,6-dimethyl-4-(2-nitrophenyl)-
pyridine-3,5-dicarboxamide (HCM-01)
Mixture 1: After dissolving 2,6-dimethyl-4-(2-nitrophenyl)pyridine-
3,5-dicarboxylic acid (5) in 10 mL THF (tetrahydrofuran), 550 mg
(1.74 mmol), HOBt (1-hydroxybenzotriazole hydrate) 470 mg (3.488
mmol) are added and mixed for 10 min. Subsequently, 661 mg (3.48
mmol) DCC is added to the reaction mixture and stirred for 30 min.

Mixture 2: In another reaction balloon, after dissolving 661 mg (3.48
mmol) of 5-methoxytryptamine (2) in 10 mL THF, Et3N (triethyl-
amine) 485 μL (3.48 mmol) is added and the mixture is stirred for 30
min.

Table 6. HRMS Analysis Results of HCM-01

m/z z abund formula ion

647.26238 1 8041.2
661.28334 238935.27 (M + H)+

661.43074 15112.56
661.49624 1 26906.7
661.57080 18127.3
662.28120 1 221143.47 C37H37N6O6 (M + 2H)+

662.49773 1 12277.18
663.28266 1 57177.05 C37H37N6O6 (M + 3H)+

664.28638 1 8249.14 C37H37N6O6 (M + 4H)+

671.26101 1 81032.48
672.26480 1 54687.11
673.26764 1 15920.92
675.29118 1 8144.67
683.25846 1 26897.2
684.26054 1 10653.33
699.23032 1 7780.94
703.28779 1 7784.91

Figure 20. HRMS analysis results of HCM-01.
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The resulting mixture 2 is added to mixture 1 and stirred at room
temperature for 12 h. Afterward, the DCU formed is filtered through
filter paper, and the solvent is removed under vacuum. Crude product is
first washed with NaHCO3 (3 × 30 mL); then with 5% KHSO4 (3 × 30

mL) and finally with water (3 × 30 mL), and the organic phase is dried

over Na2SO4. The solvent of the organic phase is removed under

vacuum. The resulting crude product is purified through a silica gel

Figure 21. 2D interactions and docking scores of HCM-01 and GT949 with the EAAT2 transporter.

Figure 22. RMSD of the complex HCM-01-EAAT2, the ligand, and the backbone over the 200 ns at 300 K.
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column with MeOH/CH2Cl2 (5:95); and a 400 mg (35%) yellow solid
product HCM-01 is obtained.

Yellow solid; mp 224.3 °C; 1HNMR (500MHz, DMSO-d6): δ 10.58
(s, 2H), 7.99−7.95 (m, 3H), 7.70 (t, J = 7.6 Hz, 1H), 7.51 (t, J = 7.9 Hz,
1H), 7.37 (d, J = 7.4 Hz, 1H), 7.20 (d, J = 8.6 Hz, 2H), 6.94 (s, 2H),
6.84 (d, J = 2.4 Hz, 2H), 6.71 (dd, J = 8.7, 2.4 Hz, 2H), 3.77 (s, 6H),
3.22−3.15 (m, 4H), 2.44 (s, 7H), 2.35−2.22 (m, 5H). 13C NMR (126
MHz, DMSO-d6): δ 166.1, 152.9, 152.9, 147.3, 142.1, 132.8, 132.1,
131.3, 130.5, 129.5, 128.8, 127.3, 123.9, 123.0, 112.0, 111.0, 111.0,
100.0, 55.3, 24.5, 22.2. HRMS (ESI)m/z calcd for C37H37O6N6 [M +
H]+: 661.27691; found, 661.27661. LCMS-purity: 99.21%. The spectra
are available in the Supporting Information document (Figures S10−
S13).
In Vitro Assays
Cell Culture and Establishment of Glutamate Excitotoxicity.

Newborn Sprague−Dawley rat pups were used to obtain cortical,
hippocampal, and cerebellar neurons. The heads of the rats were
quickly decapitated, the skulls were opened, and the cortex and
hippocampus were removed and placed in HBSS solution. After
macrodigestion with a scalpel, these cell communities were taken into a
flask. Then trypsin/ethylenediamine tetra acetic acid (EDTA) (0.25%
trypsin- 0.02% EDTA) was added for microlysis and kept in an
incubator at 37 °C and 5% CO2 for 5 min. At the end of this time, the
cells were centrifuged at 1200 rpm for 5 min by pipetting well. Fresh

medium (88% NBM (Neurobasal medium, Gibco, USA), 10% FBS
(Fetal bovine serum, Gibco, USA), 2% B-27 (Supplement, Thermo-
Fisher, Germany), and 0.1% antibiotic (Penicillin- Streptomycin))
were added to the supernatant. They were then seeded on 96-well plates
and incubated at 37 °C and 5%CO2.

82,83 Primary neurons were allowed
to grow and develop branches in 96-well plates for 21 days. During this
process, the medium was refreshed every 5 days.

The primary neuron cultures were then exposed to neurotoxic
glutamate (10−5 M) for 5 min. Following this, the role of HCM-01 in
mitigating glutamate toxicity was assessed by applying various
concentrations of HCM-01 (0.1 μM, 1 μM, 10 μM, 100 μM, and
1000 μM) in separate wells and incubating for 24 h.

The C8-D1A (CRL-2541), an astrocyte-type cell line, was purchased
from the American Type Culture Collection (USA). The cells were
cultured in Dulbeco’s Modified Eagle Medium (DMEM) (11965092,
Gibco, ThermoFisher Scientific, Massachusetts, ABD) supplemented
with 10% Fetal Bovine Serum (FBS) (16140071, Gibco, ThermoFisher
Scientific, Massachusetts, ABD) 1% Penicillin−Streptomycin, and 1%
L-Glutamine. Cultures were maintained at 37 °C in a humidified
atmosphere containing 5% CO2.

C8-D1A cells were seeded at a density of 2× 104 cells/well in 96-well
plates for cell proliferation assay. And the following day, cells were
treated with 10−5 M glutamate and 1 μM of HCM-01 for 24 h.

Figure 23. RMSF of the complex HCM-01-EAAT2 over the 200 ns at 300 K. Protein residues that interact with HCM-01 are shown as green vertical
bars.

Figure 24. Protein−ligand contacts of HCM-01 during the simulation.
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Initially, astrocytes of mouse origin and neurons of mouse origin are
cultured separately in 25 cm2 or 75 cm2 cell culture flasks for
proliferation. The bottom of transwell systems was coated with poly-L-
lysine (1 mg/mL), and neurons are seeded into the bottom of wells in a
12-well or 6-well transwell system for coculture. After 24 to 48 h of
incubation to allow neuronal attachment, astrocytes/astroglial cells are
seeded into the upper wells. Cells are checked after 24 h, and images are
taken under a microscope using a 10× objective in bright-field mode.

L-Glutamic acid (G8415, Sigma-Aldrich) at defined concentrations
was then applied to the cultures for 24 h. Following the incubation, cells
are transferred to new well plates for the MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] assay, which was performed on
primary culture. And a cell proliferation assay was performed in the
same 96-well plate with toxicity treatment for astrocyte culture. For a 6-
well plate, 100 μL of MTT solution (475989, Sigma-Aldrich, Missouri,
USA) (5 mg/mL in PBS) was added to each well; for a 12-well plate, 25
μL was added, and 96-well plate, 10 μL was used. After 2 h of
incubation, the MTT solution was removed, and 1 mL (for 6-well
plates) or 250 μL (for 12-well plates) or 100 μL (for 96-well plates) of
DMSOwas added to dissolve the formazan crystals. Once the formazan
crystals were completely dissolved, absorbance wasmeasured at 570 nm
using a microplate spectrophotometer (Quant, Bad Friedrichshall,
Biotek, Germany and Agilent Technologies, BioTek, Epoch).84

Western Blot. C8-D1A cells were seeded at a density of 3 × 105
cells/well in 6-well plates. After 24 h, cells were treated with 10−5 M
glutamate and 1 μM of HCM-01. Following 24 h of treatment, cells
were washed once with PBS and lysed in 100 μL of Cell Lytic M
(Sigma-Aldrich, C2978) solution per well. Cell lysis was performed

using a cell scraper, and lysates were transferred to 1.5 mL
microcentrifuge tubes. The lysates were centrifuged at 12,000g for 20
min at 4 °C. The supernatants, containing the protein fractions, were
collected and stored at −80 °C until Western blot analysis.

The protein concentration of the samples was determined by the
BCA (Bicinchoninic Acid) protein assay (T9300A, Takara, Kusatsu,
Japan). Concentrations were equalized to 20 μg/μL and after mixing
with 4× Laemmli buffer containing β-mercaptoethanol, each sample
was denatured at 95 °C for 5min. And the proteins were loaded into 4−
20% Mini-PROTEAN TGX Stain-Free Protein Gels (4568094,
BioRad). Subsequently, the proteins were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE, Criterion Cell and
PowerPac Basic Power Supply, 1656019, BioRad) at 120 V, 400 A for
60 min. The proteins were transferred onto a 0.2 μm PVDF transfer
membrane (17001919, BioRad) using the Trans-Blot Turbo Transfer
System (1704150, BioRad). Membranes were blocked with 5% nonfat
dry milk in Tris Buffered Saline containing 0.2% Tween-20 (TBST) for
30 min at room temperature. Membranes were incubated with primary
antibodies, overnight at 4 °C with anti-EAAT2 (1:1000; E3P5K, Cell
Signaling, Massachusetts, USA) and then incubated for 1 h at room
temperature with anti-GAPDH (1:20.000; ab181602, Abcam, Cam-
bridge, UK) as a control. Goat antirabbit IgG H&L (1:2000; ab96899,
Abcam, Cambridge, UK) was used as a secondary antibody. Protein
bands were visualized using enhanced chemiluminescence (ECL,
1705061, BioRad) reagents and imaged with a ChemiDoc (Bio-Rad).
EAAT2 protein band intensities were quantified using ImageJ software
and normalized to GAPDH levels. The experiment was repeated three

Figure 25. A timeline representation of the interactions and contacts (H-bonds, hydrophobic, ionic, water bridges). The top panel shows the total
number of specific contacts between the protein and the ligand during the trajectory. The bottom panel shows which residues interact with the ligand in
each trajectory frame. On the scale to the right of the plot, a darker shade of orange indicates that some residuesmakemultiple distinct contacts with the
ligand.
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times independently, and data were presented as the mean ± standard
deviation (SD).
TAC and TOS. The presence of oxidative stress in primary

hippocampal neuronal cultures was detected by determining the level

of TAC, which inhibits the formation of the 2,2′-azinobis(3-
ethylbenzothiazoline-6-sulfonate (ABTS) radical cation through
antioxidants. These assays provide a general measure of the cellular
redox state. The analysis of total antioxidant levels was performed using
the TAC kit (E-BC-K801-M, Elabscience) on the lysate obtained from
the cells after drug exposure for 24 h. The results obtained were
analyzed using the SPSS program.

In Vivo Alzheimer’s Rat Model
A total of 56 female Sprague−Dawley rats were used for the STZ-
induced Alzheimer’s rat model, divided into 7 groups of 8 animals each.
Female Sprague−Dawley rats were used because AD shows a higher
prevalence and faster progression in women, making females a more
clinically relevant model for this pathology.85

The timeline for behavioral tests is represented in Table 8.

• Group 1: Control group. No surgical procedure or intra-
cerebroventricular injection was performed in this group.

• Group 2 (Sham operation): This group underwent the same
surgical procedure and received bilateral intracerebroventricular

Figure 26. Detailed ligand−atom interactions with the protein residues that take place for more than 3.0% of the simulation time in the selected
trajectory (0.00 to 200.0 ns) are displayed.

Table 7. Binding Free Energy (kcal mol−1) Calculated by the
MM-GBSA Method

energy component kcal mol−1

MMGBSA dG bind −60.97
MMGBSA dG bind Coulomb 3.83
MMGBSA dG bind covalent 3.5
MMGBSA dG bind H bond −0.25
MMGBSA dG bind Lipo −22.19
MMGBSA dG bind packing −7.04
MMGBSA dG bind SelfCont −0.01
MMGBSA dG bind Solv GB 17.9
MMGBSA dG bind vdW −56.71

Table 8. Timeline of Behavioral Studies

1 day 19−20 day 21 day 39 day 40−41 day 42−46 days 46 day

STZ
treatment

passive avoidance test
pretreatment measurement

drug treatment
started

locomotor
activity test

passive avoidance test
posttreatment measurement

Morris water
maze test

sacrifice, tissue and
were taken
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injections of a pH 4.5 citrate buffer (vehicle) but did not receive
streptozotocin.

• Group 3 (STZ): Streptozotocin group (disease group). This
group received bilateral ICV injections of streptozotocin on the
first day.

• Group 4 (STZ + MEM): Streptozotocin + memantine group.
Following streptozotocin injection, this group received mem-
antine treatment (10 mg/kg) for 24 days.86

• Group 5 (STZ + HCM-01): Streptozotocin + HCM group.
After streptozotocin injection, this group was treated with
HCM-01 (50 mg/kg) orally for 24 days.

• Group 6 (STZ + HCM-01): Streptozotocin + HCM group.
After streptozotocin injection, this group was treated with
HCM-01 (50 mg/kg) I.P. for 24 days.

• Group 7 (STZ + HCM-01): Streptozotocin + HCM group.
After streptozotocin injection, this group was treated with
HCM-01 (100 mg/kg) orally for 24 days.

The animals were divided into groups in a double-blind manner
based on the behavioral test results obtained on the 21st day. On day 0
of treatment, injections were administered intraperitoneally (I.P.) to
the control, STZ, STZ + MEM, and STZ + HCM groups.

The control group did not receive any treatment, while the sham-
operated group received a citrate buffer as the vehicle. The STZ +MEM
group received memantine orally at 10 mg/kg, and the STZ + HCM
groups received HCM-01 at doses of 50 and 100 mg/kg. Due to the
high concentration of the drug, it was administered only at 50 mg/kg
I.P. These injections continued for 24 days until the animals were
sacrificed on the 46th day. Two small holes were drilled in the skull,
large enough for the STZ injection needle to pass through and penetrate
the brain surface. Following the coordinatesmeasured from the bregma,
the lateral ventricles were reached: −0.8 mm on the anteroposterior
axis, ±1.4 mm on the mediolateral axis, and −3.6 mm on the
dorsoventral axis.87

The coordinates for ICV injections were determined using the rat
brain atlas. The coordinates for both ventricles were determined
bilaterally as follows: 0.8mm anteroposterior, 1.5 mmmediolateral, and
3.6 mm dorsoventral. On the first day of the experiment, after ensuring
that the rats were immobilized securely in the stereotaxic apparatus,
anesthesia was induced with a ketamine/xylazine (100/10mg/kg) dose
to prevent head movement. Following immobilization, the area where
the incision would be made was cleaned with a 10% povidone-iodine
solution. An incision was then made with a sterile scalpel blade at the
cleaned area. After the incision, the coordinates determined using the
rat brain atlas were marked on the cleaned area, and the marked regions
were gently drilled with a dental drill to avoid damaging the brain
surface.

The brain membranes in the drilled regions were lifted using a fine
needle, and a volume of 10 μL of STZ solution, prepared and filled into
a Hamilton syringe, was injected bilaterally into the ventricles at a dose
of 3 mg per kilogram.87

The pH 4.5 citrate buffer was injected into the sham-operated group
at the specified coordinates. After the procedures, the incision site was
sutured using a 4/0 thread. A waiting period of 21 days was allowed for
the development of the AD-like phenotype. On days 19−20 after STZ
induction and before randomization, pretreatment screening tests,
including the Passive Avoidance Test, were performed. Animals that did
not show a decline in memory performance (i.e., those in whom the
AD-like phenotype did not develop) were excluded from the study, and
the remaining animals were randomized under double-blind conditions
on day 21. Drug treatments were initiated on day 21 according to the
respective group protocols and continued for 24 days. Locomotor
activity tests were performed on day 39, and post-treatment Passive
Avoidance Tests were conducted on days 40−41. The Morris Water
Maze test was performed between days 42 and 46. Finally, on day 46,
the animals were sacrificed, and tissue samples were collected for
further analyses.
Passive Avoidance Test. A passive (step-through) avoidance

apparatus consisting of two adjoining compartments, a light chamber
and a dark chamber, was used (MAY two-compartment Passive

Avoidance; Commat Ltd.), Ankara, Turkey; internal dimensions per
chamber (25 × 25 × 25 cm). The compartments were separated by an
automated guillotine door. A top-mounted camera captured behavior,
and image acquisition/timing and latency extraction were performed in
EthoVision XT (Noldus Information Technology, Wageningen, The
Netherlands). The floor of the dark chamber consisted of parallel
stainless-steel grid rods (diameter [3 mm], spacing [10 mm])
connected to a constant-current shock generator.

On the first day of the experiment, each rat was placed in the light
chamber. Following a 10 s acclimatization period, the door opened
automatically. Upon full entry into the dark chamber (all four paws),
the door closed, and a single foot-shock (1.0 mA for 3 s) was delivered
via the dark-chamber grid floor. The rat was then removed and returned
to its home cage. This single, brief reinforcement (1.0 mA/3 s) was
selected a priori to secure robust long delay retention, while minimizing
exposure; shock output was verified before sessions, animals were
monitored post-trial, and independent open-field locomotor analyses
confirmed no group-wise motor impairment.88,89

The Passive Avoidance Test was performed as both a pretreatment
and post-treatment assessment. Retention was evaluated 24 ± 2 h after
the training session at each measurement period. During the retention
test, rats were placed in the light compartment, and the door was
opened as in the training session; no electrical shock was delivered. The
step-through latency (s) to enter the dark compartment was recorded
with a cutoff time of 300 s, and animals that did not enter the dark
chamber within this period were assigned a latency value of 300 s.

The first assessment was performed before treatment initiation (days
19−20), while the second assessment was conducted after 24 days of
treatment (days 40−41).

For graphical presentation, the results obtained on the first and
second retention days were used. All test sessions were carried out
during the light phase within a fixed time interval. The chambers were
cleaned with 70% ethanol and dried between trials to prevent odor
interference.

The Passive Avoidance Test evaluates aversive associative memory,
which represents a form of inhibitory avoidance learning. Higher step-
through latency values indicate better memory performance. Each
assessment consisted of one training session followed by one retention
session. The learning criterion was defined as reaching the maximum
latency of 300 s, and no animals were excluded based on latency values.
Data were presented as mean ± standard deviation.90,91

Morris Water Maze Test. The MWM in this study was used to
assess hippocampus-dependent spatial learning (acquisition), oper-
ationalized as a progressive reduction in escape latency across training
days. Spatial learning was assessed in a circular black pool (diameter 1.5
m, wall height 0.6 m) filled to a depth of approximately 42 cm. Water
temperature was maintained at 25 ± 1 °C and rendered opaque with a
nontoxic opacifier to prevent visibility of the submerged escape
platform (12.5× 12.5 cm, fixed location in a single target quadrant, 1−2
cm below the surface). An overhead camera linked to tracking software
recorded swim paths. Stable extra-maze visual cues (geometric shapes)
were mounted on the surrounding walls and remained constant
throughout acquisition; cardinal directions were defined within the
software (north, south, east, west).90

Acquisition training (multitrial/day design). Each rat completed four
trials per day for four consecutive days. Within each day, trials began
from the four distinct start positions (north, south, east, west) in
pseudorandom order; the platform location did not change across trials
or days. Maximum trial duration was 90 s. If the platform was not
located within this period, the rat was gently guided to the platform and
allowed a brief 20−30 s rest on it before the next trial. Escape latency (s)
was recorded for every trial. For statistical analyses and plotting, trial-
level data were averaged within day to yield one daily value per animal,
thereby capturing within-day learning while minimizing fatigue and
simplifying longitudinal comparisons across days. The primary
outcome was daily mean escape latency (s) across days 1−4, expressed
as the mean.90

Locomotor Activity Test. To preclude motor confounds in the
interpretation of memory outcomes, spontaneous locomotion was
quantified in computer-linked open-field activity cages equipped with
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intersecting infrared beams (MAY Act series; Commat Ltd., Ankara,
Turkey). Each rat was tested individually in a transparent, square acrylic
arena under constant illumination for a single 10 min session. Tests
were conducted during the light phase at a fixed time of day; animals
were habituated to the testing room for at least 30 min beforehand.
Between trials, arenas were cleaned with 70% ethanol and thoroughly
dried to minimize olfactory cues and carry-over effects. Data were
acquired using the manufacturer’s software at the native sampling
rate.90 The prespecified primary end points were total distance (cm)
and mean speed (cm/s; distance divided by session duration), with
resting percentage serving as the immobility index (caclulated
according to the manufacturer’s default immobility threshold). The
data were analyzed using one-way analysis of variance (ANOVA), with
separate analyses conducted for each end point, followed by Tukey’s
HSD pairwise comparisons.
Histopathological Examinations. The brain tissues of the rats

were fixed in a 10% neutral buffered formalin solution after necropsy.
Tissues were then processed through routine alcohol-xylene steps and
embedded in paraffin blocks. Sections of 4 μm thickness were cut onto
poly lysine-coated slides and stained with hematoxylin−eosin. The
observed pyknotic and degenerative changes in the neurons of the
cornu Ammonis (CA1/CA2, CA3) regions were semiquantitatively
evaluated as absent (−), mild (+, 1−2 pyknotic and degenerative cell),
moderate (++, 3−5 pyknotic and degenerative cells), and severe (+++,
6> pyknotic and degenerative cells), by examining six different areas
from six sections of each specimen.
Immunohistochemical Examinations. Sections of 4 μm thick-

ness, mounted on poly lysine-coated slides, were deparaffinized using a
xylene and alcohol series, followed by washing with PBS. Subsequently,
endogenous peroxidase activity was blocked by incubating the tissues in
3% H2O2 for 10 min. Antigen retrieval was performed by treating the
sections with antigen retrieval solution for two cycles of 5 min each at
500 W. Afterward, sections were incubated overnight at +4 °C with
primary antibodies against β-amyloid (Santa Cruz, Catalog no. sc-
28365, dilution 1/100), Tau (Santa Cruz, Catalog no. sc-390476,
dilution 1/2000), and AChE (Santa Cruz, Catalog no. sc-373901,
dilution 1/100). For secondary detection, the Large Volume Detection
System: anti-Polyvalent, HRP (ThermoFisher, Catalog no: TP-125-
HL) was applied according to the manufacturer’s recommendations.
AEC (3-Amino-9-Ethylcarbazole) was used as the chromogen.
Counterstaining was performed with Mayer’s Hematoxylin, and then
the sections were coverslipped with an aqueous-based mounting
medium for examination under a light microscope. Immunopositivity in
the cornu ammonis (CA1/CA2, CA3) regions was semiquantitatively
evaluated as absent (−), mild (+, <10% immunopositive area),
moderate (++, 11−20% immunopositive area), severe (+++, 21−30%
immunopositive area), and very severe (++++, 31>% immunopositive
area) by examining six different areas from six sections of each
specimen.
Measurement of HCM-01 in Brain Tissues. Brain tissues were

homogenized using a bead homogenizer to ensure uniform disruption.
The homogenates were centrifuged at 10,000 rpm to remove large
particles, and the supernatant was collected. Methanol was added to the
supernatant to precipitate residual proteins, followed by additional
centrifugation. The clarified samples were subjected to QTOF-HRMS
mass spectrometric analysis, and the obtained spectra were compared
with those of the standard reference group.

In Silico Studies
Molecular Docking (MD). The computational study was

performed on a computer system consisting of a DELL Intel(R)
Core (TM) i9-13900 HX CPU @ 2.20 GHz processor with 32.0 GB
RAM and a 64 bit operating system. The Schrödinger Small-Molecule
Drug Discovery Suite (2021-4, Schrödinger, LLC, New York, NY,
2021) was utilized. The Schrödinger software’s Ligprep module was
used to create the 3D coordinates for HCM-01. OPLS4 force field was
used to calculate tautomers, partial atomic charges, and ionization states
at pH 7.0.92

The crystal structure of EAAT2 (PDB ID: 7XR4)93 was downloaded
from the Protein Data Bank94 based on specific parameters such as

resolution (3.40 Å). The Protein PreparationWizard tool95 was used to
prepare the protein structure, which included adding hydrogen atoms,
filling in the empty loops using Prime, and removing water molecules
from the crystallographic structure. At a pH of 7.0, PROPKA was used
to evaluate the protonation status of ionizable protein groups. After
assigning charges to each atom, the structure underwent energy
minimization and refinement using the OPLS4 force field.

Glide96 and IFD97 modules were used for rigid and flexible docking,
respectively. One dependable and efficient docking method for
considering flexibility in both ligands and the binding pocket residues
of target transporters is the IFD module of the Maestro molecular
modeling package.97 Glide/SP (Standard Precision) was performed for
HCM-01 with both rigid and flexible docking.

The grid box for the allosteric site within the EAAT2 transporter was
identified based on literature refs 76 and 98 which indicated the
involvement of key residues including Lys299, Ala362, Asp471,
Trp472, Asp475, Arg476, Thr479, Leu295, and Asp485.
Molecular Dynamics Simulation (MDS). Following these

investigations, the Desmond module99 from the Schrödinger suite
was used to perform a 200 nsMDS. Given the presence of the 7XR4 cell
membrane protein, we incorporated aqueous environment modeling
alongside all three protein chains and the cell membranemodel. Prior to
simulation, the complexes underwent preprocessing, optimization, and
minimization steps. The OPLS3e force field was used during the
minimization process.100 To create the simulation system, the System
Builder Tool was employed. The transferable intermolecular potential
three-point (TIP3P) solvent model was added, and an orthorhombic
box with dimensions of 10 × 10 × 10 Å was employed. The cell
membrane was modeled using POPC parameters. The neutralization of
the model was conducted by the addition of counterions when needed.
Additionally, 0.15 M NaCl was included to mimic the physiological
state. The simulations were carried out under NPT (Isothermal−
Isobaric) ensemble conditions, with a pressure of 1 atm and a
temperature of 300 K. Before the initiation of the simulation, the
complex was allowed to relax. Trajectories were saved at intervals of 200
ps for subsequent analysis of the simulation results.
Free Energy Calculation by Prime-MM/GBSA. The free energy

of protein−ligand complexes was determined using molecular
mechanics force fields and implicit solvation, employing the Prime-
MM/GBSA module101 of Schrödinger Suite. Briefly, the protein−
ligand pose was energy minimized using the local optimization feature
of Prime, and binding free energies were calculated using the MM/
GBSA continuum solvent model encompassing the OPLS3e force
field,100 VSGB solvent model,102 and the rotamer search algorithm.103

Calculations and Statistical Analysis. Behavioral and biochem-
ical data were analyzed in GraphPad Prism v10.4 (GraphPad Software,
San Diego, CA, USA). For each variable, normality was assessed using
the Shapiro−Wilk test (with Q−Q plot inspection), and homogeneity
of variances using Levene’s test. Parametric data were analyzed using
one-way ANOVA. Tukey and LSD tests were then used for posthoc
comparisons between all pairs. End points exhibiting non-normality
were analyzed using the Kruskal−Wallis test with Mann−Whitney U
test. MWM escape latency data were analyzed using two-way repeated-
measures ANOVA (Group × Day).

The histopathological and immunohistochemical findings were
analyzed using SPSS 20.00 (IBM Corp., Armonk, NY, USA) software.
The difference between groups was assessed using nonparametric tests,
specifically the Kruskal−Wallis test for overall differences among
groups, followed by the Mann−Whitney U test to identify the specific
groups contributing to the differences (p < 0.05). Results are expressed
as mean ± SD.
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Burak Çınar − Department of Medical Pharmacology, Faculty
of Medicine, Atatürk University, 25240 Erzurum, Turkey

Mehmet Ali Yörük − Department of Medical Pharmacology,
Faculty of Medicine, Atatürk University, 25240 Erzurum,
Turkey

UfukOkkay −Department of Medical Pharmacology, Faculty of
Medicine, Atatürk University, 25240 Erzurum, Turkey;
orcid.org/0000-0002-2871-0712
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(56) Terzioğlu Bebiṫoğlu, B.; Oğuz, E.; Acet, G. Effect of Valproic Acid
on Oxidative Stress Parameters of Glutamate-Induced Excitotoxicity in
SH-SY5Y Cells. Exp. Ther. Med. 2020, 20 (2), 1321−1328.
(57) Kamat, P. K.; Rai, S.; Nath, C. Okadaic Acid-Induced
Neurotoxicity: An Emerging Tool to Study Alzheimer’s Disease
Pathology. Neurotoxicology 2013, 37, 163.
(58) López, V.; Nielsen, B.; Solas, M.; Ramírez, M. J.; Jäger, A. K.
Exploring Pharmacological Mechanisms of Lavender (Lavandula
angustifolia) Essential Oil on Central Nervous System Targets. Front.
Pharmacol. 2017, 8, 280.
(59) Conrad, M.; Sato, H. The Oxidative Stress-Inducible Cystine/
Glutamate Antiporter, System xc−: Cystine Supplier and Beyond.
Amino Acids 2012, 42, 231.
(60) Conway,M. E. Alzheimer’s Disease: Targeting the Glutamatergic
System. Biogerontology 2020, 21, 257.
(61) Jayanarayanan, S.; Smijin, S.; Peeyush, K. T.; Anju, T. R.; Paulose,
C. S. NMDA and AMPA Receptor-Mediated Excitotoxicity in Cerebral
Cortex of Streptozotocin-Induced Diabetic Rat: Ameliorating Effects of
Curcumin. Chem.-Biol. Interact. 2013, 201 (1−3), 39.
(62) Hansen, K. B.; Wollmuth, L. P.; Bowie, D.; Furukawa, H.;
Menniti, F. S.; Sobolevsky, A. I.; Swanson, G. T.; Swanger, S. A.; Greger,
I. H.; Nakagawa, T.; McBain, C. J.; Jayaraman, V.; Low, C. M.;

Dell’Acqua, M. L.; Diamond, J. S.; Camp, C. R.; Perszyk, R. E.; Yuan,
H.; Traynelis, S. F. Structure, Function, and Pharmacology of
Glutamate Receptor Ion Channels. Pharmacol. Rev. 2021, 73, 1469.
(63) Rao, Y. L.; Ganaraja, B.; Murlimanju, B. V.; Joy, T.;
Krishnamurthy, A.; Agrawal, A. Hippocampus and Its Involvement in
Alzheimer’s Disease: A Review. 3 Biotech 2022, 12, 55.
(64) Yang, C.; Liu, G.; Chen, X.; Le, W. Cerebellum in Alzheimer’s
Disease and Other Neurodegenerative Diseases: An Emerging
Research Frontier. MedComm 2024, 5 (7), No. e638.
(65) O’Donovan, S. M.; Sullivan, C. R.; McCullumsmith, R. E. The
Role of Glutamate Transporters in the Pathophysiology of Neuro-
psychiatric Disorders. NPJ. Schizophr 2017, 3 (1), 32.
(66) Bayram, C.; Hacimuftuoglu, A. Investigation of Antioxidant
Efficacy of Glycyrrhiza glabra L. Extract in Glutamate Toxicity-Induced
Primary Neuron Culture. Anatolian J. Biol. 2022, 3 (1), 18−24.
(67) Magdaleno Roman, J. Y.; Chapa González, C. Glutamate and
Excitotoxicity in Central Nervous System Disorders: Ionotropic
Glutamate Receptors as a Target for Neuroprotection. Neuroprotection
2024, 2 (2), 137−150.
(68) Singh, T.; Goel, R. K. Neuroprotective Effect of Allium cepa L. in
Aluminium Chloride-Induced Neurotoxicity.Neurotoxicology 2015, 49,
1.
(69) Hsieh, T. Y.; Chang, Y.; Wang, S. J. Piperine Provides
Neuroprotection against Kainic Acid-Induced Neurotoxicity via
Maintaining NGF Signalling Pathway. Molecules 2022, 27 (9), 2638.
(70) Kamat, P. K. Streptozotocin-Induced Alzheimer’s Disease-Like
Changes and the Underlying Neural Degeneration and Regeneration
Mechanisms. Neural Regen. Res. 2015, 10, 1050.
(71) Berry, J. D.; Shefner, J. M.; Conwit, R.; Schoenfeld, D.; Keroack,
M.; Felsenstein, D.; Krivickas, L.; David, W. S.; Vriesendorp, F.;
Pestronk, A.; Caress, J. B.; Katz, J.; Simpson, E.; Rosenfeld, J.; Pascuzzi,
R.; Glass, J.; Rezania, K.; Rothstein, J. D.; Greenblatt, D. J.; Cudkowicz,
M. E. Design and Initial Results of a Multi-Phase Randomized Trial of
Ceftriaxone in Amyotrophic Lateral Sclerosis. PLoS One 2013, 8 (4),
No. e61177.
(72) Kong, Q.; Chang, L. C.; Takahashi, K.; Liu, Q.; Schulte, D. A.;
Lai, L.; Ibabao, B.; Lin, Y.; Stouffer, N.; Mukhopadhyay, C. D.; Xing, X.;
Seyb, K. I.; Cuny, G. D.; Glicksman,M. A.; Lin, C. L. G. Small-Molecule
Activator of Glutamate Transporter EAAT2 Translation Provides
Neuroprotection. J. Clin. Invest. 2014, 124 (3), 1255.
(73) Rosenblum, L. T.; Trotti, D. EAAT2 and theMolecular Signature
of Amyotrophic Lateral Sclerosis. Adv. Neurobiol. 2017, 16, 117.
(74) Zanotto, C.; Hansen, F.; Galland, F.; Batassini, C.; Federhen, B.
C.; da Silva, V. F.; Leite, M. C.; Nardin, P.; Gonçalves, C. A.
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Hacımüftüoğlu, A.; Mardinoğlu, A. Assessment of the Neuroprotective
Potential of D-Cycloserine and L-Serine in Aluminum Chloride-
Induced Experimental Models of Alzheimer’s Disease: In Vivo and In
Vitro Studies. Front. Nutr. 2022, 9, 981889.
(85) Mielke, M. M.; Vemuri, P.; Rocca, W. A. Clinical Epidemiology
of Alzheimer’s Disease: Assessing Sex and Gender Differences. Clin.
Epidemiol. 2014, 37.
(86) Karimi Tari, P.; Parsons, C. G.; Collingridge, G. L.; Rammes, G.
Memantine: Updating a Rare Success Story in Pro-Cognitive
Therapeutics. Neuropharmacology 2024, 244, 109737.
(87) Moreira-Silva, D.; Vizin, R. C. L.; Martins, T. M. S.; Ferreira, T.
L.; Almeida, M. C.; Carrettiero, D. C. Intracerebral Injection of
Streptozotocin toModel Alzheimer Disease in Rats. Bio-Protoc. 2019, 9
(20), No. e3397.
(88) Heydari, F.; Nasiri, M.; Haroabadi, A.; Fahanik Babaei, J.;
Pestehei, S. K. Efficacy of Melatonin in Alleviating Disorders Arising
fromRepeated Exposure to Sevoflurane inMales and Females ofWistar
Rats during Preadolescence. Sci. Rep. 2024, 14 (1), 1−11.
(89) Rahimzadegan, M.; Soodi, M. Comparison of Memory
Impairment and Oxidative Stress Following Single or Repeated
Doses of Scopolamine in Rat Hippocampus. Basic Clin. Neurosci.
2018, 9 (1), 5.
(90) Yörük, M. A.; Okkay, U.; Budak Savas,̧ A.; Bayram, C.; Sezen, S.;
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