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Abstract
Alzheimer’s disease (AD), a neurodegenerative condition previously known to affect the older population, is also now seen in 
younger individuals. AD is often associated with cognitive decline and neuroinflammation elevation primarily due to amyloid 
β (Aβ) accumulation. Multiple pathological complications in AD call for therapies with a wide range of neuroprotection. Our 
study aims to evaluate the effect of N-acetyl-L-tryptophan (NAT) in ameliorating the cognitive decline and neuroinflamma-
tion induced by Aβ 1-42 oligomers and to determine the therapeutic concentration of NAT in the brain. We administered Aβ 
1-42 oligomers in rats via intracerebroventricular (i.c.v.) injection to induce AD-like conditions. The NAT-treated animals 
lowered the cognitive decline in the Morris water maze characterized by shorter escape latency and increased path efficiency 
and platform entries. Interestingly, the hippocampus and frontal cortex showed downregulation of tumor necrosis factor, 
interleukin-6, and substance P levels. NAT treatment also reduced acetylcholinesterase activity and total and phosphoryl-
ated nuclear factor kappa B and Tau levels. Lastly, we observed upregulation of cAMP response element-binding protein 1 
(CREB1) signaling. Surprisingly, our HPLC method was not sensitive enough to detect the therapeutic levels of NAT in the 
brain, possibly due to NAT concentrations being below the lowest limit of quantification of our validated method. To sum-
marize, the administration of NAT significantly lowered cognitive decline, neuroinflammatory pathways, and Tau protein 
and triggered the upregulation of CREB1 signaling, suggesting its neuroprotective role in AD-like conditions.
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Introduction

In normal physiology, the central nervous system (CNS) 
efficiently regulates cellular and molecular processes in the 
body. However, certain endogenous or exogenous stimuli 
arising due to multifaceted conditions in the CNS can dis-
rupt its normal regulation owing to the development of 
complex pathophysiology, ultimately progressing to neuro-
degeneration. One such neurodegenerative diseases include 
Alzheimer’s disease (AD). AD is a highly prevalent type of 
dementia, affecting nearly 8.8 million individuals in India 
as of now [1]. Enormous efforts are made to understand 
the pathophysiology of AD. Among the several hypotheses 
involved in AD [2, 3], the Aβ cascade, Tau, cholinergic, 
and inflammation hypotheses grab our attention. The Aβ 
cascade hypothesis involves the mechanisms of β-secretase 
and γ-secretase-mediated formation and accumulation of 
Aβ from amyloid precursor protein (APP) [4], including 
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the η-secretases as well [5]. The Tau hypothesis underpins 
the stages involved in the excessive phosphorylation of a 
microtubule-associated protein called Tau that destabilizes 
microtubules [6]. The cholinergic hypothesis focuses on 
the effects of reduced acetylcholine (ACh) neurotransmis-
sion in memory decline associated with AD conditions 
[7]. Finally, the inflammation hypothesis puts the reactive 
microglia, astrocytes, and the associated neuroinflammatory 
mechanisms in the center stage to describe their potential 
role in AD progression. Therefore, these hypotheses call for 
effective therapies having multiple targets to overcome such 
diverse effects of AD.

Considering these hypotheses, we aimed to explore the 
role of a tryptophan derivative, N-acetyl tryptophan (NAT), 
in the conditions representing AD, developed through 
intracerebroventricular (i.c.v.) injection of Aβ 1-42 in rats. 
The Aβ 1-42 is highly toxic to the CNS. This could be due 
to its structured C terminus and β-hairpin formed by the 
residues 31-34 and 38-41. As a result, the flexibility in the 
C terminus is lowered, thus enhancing its conversion into 
toxic oligomers [8]. Various solvents, incubation time, and 
temperatures influence the preparation of Aβ oligomers and 
fibrils [9–12]. The Aβ primarily exists as oligomers and 
fibrils, out of which the oligomeric Aβ assembled with a 
size range of 8–15 nm are the most toxic [13, 14]. These 
morphologies are mainly characterized using atomic force 
microscopy [15–17].

The i.c.v. administration of Aβ 1-42 in rodents is widely 
utilized in modeling AD [14, 18–21]. Interestingly, the Aβ 
affects cognition in the younger population much more than 
the elderly population, where the brain atrophy overweighs 
the cognitive decline effects of Aβ [22]. The regions of the 
hippocampus and frontal cortex are associated with cog-
nitive abilities. AD conditions primarily influence spatial 
memory [23, 24]. In vivo evaluations employ the Morris 
water maze (MWM) to evaluate spatial memory in rodents 
[25–29]. To briefly put forth, diverse pathomechanisms 
could exert their actions on cognition in AD. High levels 
of nuclear factor kappa B (NFκB p65) and elevated BACE1 
mediate Aβ production from APP [30, 31]. Impaired cAMP 
response element-binding protein (CREB) dysregulation 
alters cognition in AD [32]. In neuroblastoma cells, Aβ 
triggers acetylcholinesterase (AChE) activity [33]. The lev-
els of phosphorylated Tau (p-Tau), especially p-Tau-Ser396, 
increased in rat hippocampal cultures [34] and human AD 
brains [35]. Profound upregulation in various neuroinflam-
matory markers like tumor necrosis factor α (TNF-α) and 
interleukin-6 (IL-6) is also evident in AD [36]. Another neu-
romodulator, substance P (SP), marks its presence in the area 
of neuroinflammation and cognition. In the CNS, the SP 
exerts a bidirectional role with neurotoxic and neuroprotec-
tive effects [37, 38], encouraging us to explore the role of 
NAT in the Aβ 1-42 rat model. Therefore, it is essential to 

understand these pathomechanisms collectively to aid better 
therapies for AD.

Therefore, therapies that target the multiple role players 
of AD can prove to be beneficial in AD therapeutics. One 
such peptide, NAT, has grabbed our attention. Very sparse 
literature exists on the neuroprotective actions of NAT in 
CNS. Previously, NAT has demonstrated neuroprotective 
roles in amyotrophic lateral sclerosis [37, 38], Parkinson’s 
disease [39], traumatic brain injury [40, 41], stroke [42], and 
radioprotection in CNS [43]. Previously, in our laboratory, 
NAT demonstrated neuroprotective effects on aluminum 
chloride-induced dementia in rats [44]. However, NAT has 
not been evaluated in vivo for its effects in AD-like condi-
tions. Owing to the multiple neuroprotective effects of NAT 
in other neurodegenerative conditions mentioned previously, 
we suspect that NAT may also extrapolate similar effects in 
AD. This forms the rationale for choosing NAT in our study. 
Thus, we believe that, for the first time, we report the effect 
of NAT in the conditions of AD induced by i.c.v. administra-
tion of Aβ 1-42 oligomers in Wistar rats. Our study aimed to 
evaluate the actions of NAT on cognitive decline and neuro-
inflammation mediated by alterations in NFκB, CREB, Tau, 
and neuroinflammatory signaling in AD. We also attempted 
to investigate the levels of NAT in the rat brain, responsi-
ble for exerting neuroprotective actions in AD, using high-
performance liquid chromatography (HPLC).

Materials and Methods

Animals

Male Wistar rats (4 months, 250–300 g) were used for the 
study. The Central Animal Research Facility (CARF) at 
Manipal Academy of Higher Education, India, provided 
the animals. The experimental techniques followed the 
guidelines of the Committee for Control and Supervision 
of Experiments on Animals (CCSEA). The experimental 
protocol bearing registration number IAEC/KMC/129/2019 
was approved by the Institutional Animal Ethics Committee 
(IAEC). Two animals were housed per cage made of poly-
propylene. The animals were maintained at a temperature of 
24 ± 2 °C with a relative humidity of 51% and a 12-h light/
dark cycle. Food and water were provided ad libitum. One 
week before experimentation, the animals were handled to 
reduce experimenter-induced stress.

Chemicals and Reagents

All the chemicals and reagents used in the study were of ana-
lytical research grade. Amyloid beta peptide, protease and 
phosphatase inhibitor cocktail, bicinchoninic acid (BCA) 
protein assay kit, and enhanced chemiluminescent substrate 
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(ECL) were obtained from Thermo Fisher Scientific (MA, 
USA). N-Acetyl-L-tryptophan (NAT) and 1,1,1,3,3,3-hex-
afluoroisopropanol (HFIP) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Phospho-nuclear factor 
kappa B p65 (P-NFκB p65), total NFκB (T-NFκB) p65, 
phospho-cyclic AMP-responsive element-binding protein 1 
(P-CREB1), total CREB1 (T-CREB1), phospho-Tau (P-Tau), 
total Tau (T-Tau) primary antibodies, and goat anti-rabbit 
IgG(H+L)(peroxidase/HRP conjugated) secondary antibody 
were obtained from Elabscience (TX, USA). Precision plus 
protein dual color standards and sodium dodecyl sulfate 
were obtained from Bio-Rad (CA, USA). The Amersham 
Hybond poly(vinylidene fluoride) (PVDF) membrane was 
procured from General Electric Healthcare (UK). Bovine 
serum albumin (BSA) and anhydrous dimethyl sulfoxide 
(DMSO) were obtained from Sisco Research Laboratories 
(Mumbai, India). HPLC-grade methanol was obtained from 
Rankem, India.

Preparation of Aβ 1‑42 Oligomers

The Aβ 1-42 oligomers were prepared per previous litera-
ture with slight modifications [11, 12]. The Aβ 1-42 peptide 
(1 mg) was dissolved with 0.222 ml of HFIP to produce 
1 mM Aβ-HFIP solution. HFIP was allowed to evaporate 
overnight. Then, 2 μl of anhydrous DMSO was added to dis-
solve the thin film of Aβ 1-42 obtained along the walls of the 
tubes. This 5-mM Aβ-DMSO solution was vortexed for 30 s 
and sonicated for 10 min in a bath sonicator. To this, 98 μl of 
cold 1× PBS pH 7.4 was added to produce a concentration 
of 100-μM Aβ1-42 solution. This solution was incubated at 
4 °C for 72 h to facilitate oligomerization. Finally, a 30-μM 
Aβ1-42 oligomer solution was prepared and injected into 
the animals.

Atomic Force Microscopy

The formation of Aβ 1-42 oligomers was imaged using 
Innova SPM Atomic Force Microscope (Bruker, USA) 

in tapping mode [17]. A 10-μl sample of 30 μM Aβ 1-42 
was placed on a clean glass coverslip and air-dried at room 
temperature. A silicon probe (Tap300AI-G, Budget Sen-
sors, Bulgaria) with a resonance frequency of 300 kHz and 
a force constant of 40 N/m was used. Images were devel-
oped with a scan rate of 1 Hz and a scan range of 5 μm 
× 5 μm. The raw images of the Aβ 1-42 oligomers were 
obtained using NanoScope analysis software (Bruker, USA). 
Further, image processing and oligomer size analysis were 
done using Gwyddion 2.63 software [45], as stated in the 
previous literature [46].

Study Design

Before the start of the study, the animals were randomized 
using MWM, as shown in Fig. 1. The animals with escape 
latency of less than 20 s and similar average swim speeds 
were selected for further study to rule out cognitive altera-
tions by birth and locomotor defects, if any. The animals (n 
= 7) were grouped into sham group (PBS), amyloid beta (30 
μM Aβ 1-42), amyloid beta + NAT 30 mg/kg, and amyloid 
beta + NAT 50 mg/kg.

Administration of Aβ 1‑42 Oligomers

The animals were anesthetized using ketamine (80 mg/kg) 
and xylazine (10 mg/kg). All the animals received respec-
tive solutions using a Hamilton Neuros syringe (Hamilton 
Company, USA); bilateral injections (5 μl/ventricle) were 
injected 0.8 mm posterior to bregma, 1.5 mm lateral to the 
sagittal suture, and 3.6 mm below the brain surface [47–49], 
at the rate of 6 μl/min using Quintessential Stereotaxic Injec-
tor with Digital reader (Stoelting Co.). The syringe was 
guided by StereoDrive (Neurostar, Germany). Two minutes 
after the injection, the needle was withdrawn. The sham con-
trol received PBS, while the disease and treatment groups 
received 30 μM Aβ 1-42 oligomers. The dose of Aβ 1-42 
oligomers was selected based on previous standardization 
in our lab. The holes were covered using dental cement, 

Fig. 1  Study design
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and the skin was sutured. A povidone-iodine (10%) solution 
was applied to the incised skin during the recovery period 
of 7 days.

Administration of NAT

Both the doses, NAT 30 mg/kg and NAT 50 mg/kg, were 
prepared using 0.25% carboxymethylcellulose (CMC) as the 
suspending agent. The sham control received only 0.25% 
CMC, while the treatment groups received NAT 30 mg/kg 
and NAT 50 mg/kg intraperitoneally, daily, for 14 days.

Morris Water Maze (MWM)

The MWM apparatus comprised a circular pool 150 cm in 
diameter, which was virtually partitioned into four equal 
quadrants (A, B, C, D), and a hidden platform of diameter 
14 cm was placed in any of the quadrants (D in this case), 
about 1–2 cm below the water surface. Near the platform, 
a cue was placed along the inner wall of the pool, and the 
animals were trained to locate the platform with the aid of 
that cue. The animals were trained thrice daily with differ-
ent starting positions in each trial for 4 consecutive days. 
The inter-trial interval was 30 s. On day 5, the platform was 
removed, and a retention trial was taken to evaluate the spa-
tial memory [26, 28, 29, 50]. The data was recorded using 
Any-maze software (Stoelting Co.) through a PC connected 
to a video camera. After the induction of AD and treatment 
with NAT, as depicted in Fig. 1, a retention trial on day 14 
was taken. The escape latency, path efficiency, number of 
platform crossings, and swim speed were noted.

Tissue Preparation for Acetylcholinesterase Activity, 
Enzyme‑Linked Immunosorbent Assay, and Western 
Blotting

The animals were euthanized, and the hippocampus and 
frontal cortex were isolated on an ice pack. Immediately, the 
tissues were homogenized. For ELISA and AChE activity, 
the tissues were homogenized with cold 1× PBS pH 7.4 in 
ice-cold conditions and centrifuged in a cooling centrifuge 
at 10,000 RPM for 12 min to collect a clear supernatant 
used for the analysis. For western blotting, the tissues were 
homogenized using RIPA buffer containing protease and 
phosphatase inhibitor cocktail at 10,000 RPM for 10 min 
and centrifuged in a cooling centrifuge at 16,000 RPM for 
20 min to obtain a clear supernatant. The estimation of total 
protein was done using a BCA protein assay kit.

Acetylcholinesterase Activity

The acetylcholinesterase activity in the hippocampus and 
frontal cortex was determined using Ellman’s technique. A 

unit of activity (U) corresponds to the enzyme level capable 
of hydrolyzing 1 μmol of a substrate in a minute [51]. In a 
96-well plate, phosphate buffer was added, followed by sam-
ples and 5,5′-dithiobis-2-nitrobenzoic acid (DTNB). Then, 
acetylthiocholine iodide was added, and the resultant yellow 
color was immediately measured spectrophotometrically at 
412 nm for 5 min at an interval of 1 min using the kinetic 
method. The results are expressed as μM of acetylcholine 
iodide hydrolyzed/min/mg of protein (U/mg of protein).

Estimation of Cytokines

The rat TNF-α enzyme-linked immunosorbent assay 
(ELISA) kit (BMS622) and rat IL-6 ELISA kit (BMS625) 
obtained from Thermo Fisher Scientific (MA, USA) were 
used to quantify the cytokine levels in the hippocampus and 
frontal cortex. The analysis was done as per the manufac-
turer’s instructions. The standard curve was generated, and 
the unknown concentrations were extrapolated.

Estimation of Substance P

Substance P levels of the hippocampus and frontal cortex 
were measured using an SP ELISA kit (KGE007) from R&D 
Systems, Inc. (MN, USA). The standard curve was gener-
ated, and the unknown concentrations were extrapolated.

Western Blotting

A protein of 30 μg was run using 12% SDS–PAGE (sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis) gel. The 
proteins were then transferred onto a methanol-activated 
PVDF membrane. A solution of 5% BSA was used to block 
the membranes for 2 h at room temperature (RT), followed 
by incubation with primary antibodies like rabbit anti-P-
NFκB p65 (1:1000), rabbit anti-NFκB p65 (1:1000), rab-
bit anti-P-CREB1 (1:1000), rabbit anti-T-CREB1 (1:1000), 
rabbit anti-P-Tau (1:1000), and rabbit anti-T-Tau (1:1000) at 
4 °C overnight. The rabbit anti-alpha-tubulin (1:1000) was 
used as a control. The membranes were washed using tris-
buffered saline (TBST) and incubated with anti-rabbit IgG 
secondary antibody (1:10,000) for 2 h at RT. The protein 
bands were visualized using an ECL reagent in a G:BOX 
gel documentation system (Syngene, UK). Densitometric 
analysis of the bands was performed using ImageJ software 
(National Institutes of Health, USA).

Quantification of NAT in Brain Homogenate

A prominence HPLC system (Shimadzu Corporation, 
Kyoto, Japan) containing an LC-20AD pump, SIL-20AC 
HT auto-injector, and SPD-M20A photodiode array 
detector was used for the determination of NAT in brain 
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homogenate samples. Chromatographic separation of 
NAT was performed using the kinetex  C18 column (250 
× 4.6 mm, 5 μm). We used isocratic elution mode for 
brain homogenate samples with the mobile phase ratio of 
43:57% v/v of methanol and 25 mM phosphate buffer (pH 
3.5) with 0.1% TEA. Both the mobile phases were passed 
through a 0.22-μm PTFE filter (Whatman, Inc., UK) and 
sonicated for 20 min in a bath sonicator (Microclean-101, 
Oscar ultrasonic, India) before use. The flow rate was 
adjusted to 1 ml/min with 40-μl injection volume at a 
wavelength of 280 nm. The protein precipitation extrac-
tion technique was employed to extract NAT in brain 
samples using an identical amount of chilled acetoni-
trile. Raloxifene HCl served as an internal standard. The 
bioanalytical method for brain homogenate was validated 
following the USFDA protocol.

Simulation of Plasma NAT Levels Using GastroPlus™

To predict the plasma levels of NAT in rats, we employed 
GastroPlus™ simulation software (version 9.7, Simula-
tion Plus Inc., USA). The structure of NAT was imported, 
and with the aid of the ADMET predictor module, the 
software generated the physicochemical properties of 
NAT. These parameters were used to predict the plasma 
concentration of NAT suspension via oral and i.v routes. 
These values were extrapolated to levels of NAT obtained 
in the in vivo rat brain samples.

Statistical Analysis

GraphPad Prism 8.0.2 was employed for statistical analysis 
(Graph Pad Software Inc., San Diego, CA, USA). The results 
were presented as mean ± standard error of the mean (SEM). 
One-way analysis of variance (ANOVA) was used to com-
pare the groups, followed by Tukey’s multiple comparison 
test. Results were significant if p<0.05, p<0.01, p<0.001 
and p<0.0001.

Results

Visualization of the Aβ 1‑42 Oligomers Using Atomic 
Force Microscopy

The incubation of Aβ 1-42 peptide with 1× PBS for 72 h at 
4 °C facilitated the formation of Aβ 1-42 oligomers. They 
appeared as globular-shaped particles, as seen in Fig. 2a. 
The Aβ 1-42 oligomer size distribution analyses revealed 
that these oligomers ranged from 14 to 40 nm in size with 
an average size of 23.51 nm, as shown in Fig. 2b.

The Protective Action of NAT on Spatial Memory 
in Aβ 1‑42‑Induced Cognitive Decline in the MWM

We investigated the effect of NAT 30 mg/kg and NAT 
50 mg/kg in Aβ 1-42-treated rats in MWM, as shown in 
Fig. 3a–d. We observed that the Aβ 1-42 treatment in the 
amyloid beta group caused a significant elevation in escape 
latency (50.16 ± 3.766 vs. 8.143 ± 1.518, p < 0.0001), a 

Fig. 2  AFM imaging of Aβ 1-42 oligomers. The Aβ 1-42 oligomers 
were placed on a clean glass coverslip and were subjected to AFM 
analysis. a The AFM image of Aβ 1-42 oligomers. The image was 

obtained in a scan range of 5 μm × 5 μm with a Z range of 50 nm. b 
The size distribution and mean size of oligomers
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significant reduction in path efficiency (0.07157 ± 0.02655 
vs. 0.5856 ± 0.1032, p < 0.0001), and platform entries 
(0.8571 ± 0.3401 vs. 3.429 ± 0.2020, p < 0.001) as com-
pared to the sham-treated animals. We then compared the 
results of the treatment groups with the amyloid beta group 
to understand the effect of the NAT 30 mg/kg and 50 mg/kg 
in diseased conditions. The escape latency in amyloid beta 
+ NAT 30 mg/kg (9.257 ± 1.459 vs. 50.16 ± 3.766, p < 
0.0001) and amyloid beta + NAT 50 mg/kg (15.44 ± 2.179 

vs. 50.16 ± 3.766, p < 0.0001, F (3, 24) = 67.56) showed a 
profound reduction as compared to the amyloid beta group. 
Similarly, a marked increase in the platform entries was 
observed in amyloid beta + NAT 30 mg/kg (2.571 ± 0.4286 
vs. 0.8571 ± 0.3401, p < 0.05) and amyloid beta + NAT 50 
mg/kg (2.714 ± 0.4206 vs. 0.8571 ± 0.3401, p < 0.01, F (3, 
24) = 9.197) in comparison to amyloid beta group. Interest-
ingly, only amyloid beta + NAT 30 mg/kg showed a signifi-
cant rise in path efficiency (0.5787 ± 0.07567 vs. 0.07157 

Fig. 3  Effect of NAT on the 
spatial memory in rats with Aβ 
1-42-induced cognitive decline. 
The animals were subjected to 
a probe trial on the fifth day in 
MWM. Parameters like escape 
latency (a), path efficiency (b), 
platform entries (c), and swim 
speed (d) were assessed. Data 
was analyzed using one-way 
ANOVA followed by Tukey’s 
multiple comparison test. 
###p <0.001, ####p < 0.0001 
vs. sham group; *p < 0.05, 
**p < 0.01,  ***p < 0.001, 
****p < 0.0001 vs. amyloid beta 
group
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± 0.02655, p < 0.001, F (3, 24) = 13.19) in comparison to 
the amyloid beta group. There were no significant changes 
in the swim speed in the NAT treatment groups, suggesting 
that none of the interventions affected the locomotion of 
the animals.

Treatment with NAT Mediates the Downregulation 
of TNF‑α, IL‑6, and SP in the Hippocampus 
and Frontal Cortex of Aβ 1‑42‑Treated Animals

The TNF-α is known to hamper the retrieving and consoli-
dation of the spatial and contextual fear memories regu-
lated by the hippocampus [52]. Our results revealed that 
the hippocampal region of the amyloid beta group (510.7 ± 
66.55 vs. 278.2 ± 21.91, p < 0.05) expressed higher levels 
of TNF-α than the sham group. Interestingly, the amyloid 
beta + NAT 30 mg/kg (243.1 ± 46.52 vs. 510.7 ± 66.55, p 
< 0.01) and amyloid beta + NAT 50 mg/kg (127.2 ± 24.56 
vs. 510.7 ± 66.55, p < 0.001, F (3, 12) = 13.47) significantly 
reduced the TNF-α levels in comparison to the amyloid beta  
group as shown in Fig. 4a.

Similarly, in the frontal cortex, there was a profound 
increase in TNF-α in the amyloid beta group (451.6 ± 
23.35 vs. 233.1 ± 29.38, p < 0.001) compared to the sham 
group. The treatment groups, amyloid beta + NAT 30 mg/
kg (330.9 ± 22.81 vs. 451.6 ± 23.35, p < 0.05) and amyloid 
beta + NAT 50 mg/kg (250.4 ± 26.87 vs. 451.6 ± 23.35, p 
< 0.001, F (3, 12) = 14.98), showed a marked reduction in 
the TNF-α levels as shown in Fig. 4b. This could indicate 
that, upon exposure to Aβ 1-42, there could be an elevation 

in the TNF-α levels in the hippocampus and frontal cortex 
regions due to an increase in neuroinflammation. This was 
seen to be reversed by the NAT treatments.

Another vital role player in neuroinflammation is the 
IL-6 [53]. The activation of the IL-6 pathway in the CNS 
has been linked with cognitive imbalance in AD [54]. In 
this context, we analyzed the levels of IL-6. It was seen 
that, in the hippocampus, the levels of IL-6 in the amyloid 
beta group (1412 ± 78.45 vs. 511.1 ± 107.9, p < 0.0001) 
showed a significant elevation in comparison to the sham 
group. Surprisingly, the amyloid beta + NAT 30 mg/kg did 
not significantly affect IL-6 levels. Nevertheless, the amy-
loid beta + NAT 50 mg/kg group (855.4 ± 33.06 vs. 1412 
± 78.45, p < 0.001, F (3, 12) = 28.67) showed a significant 
reduction in IL-6 levels in comparison to the amyloid beta 
group, as shown in Fig. 5a.

Similarly, in the frontal cortex, a profound elevation in 
IL-6 levels was observed in the amyloid beta group (1268 
± 99.03 vs. 854.5 ± 48.81, p < 0.01) compared to the sham 
group. Interestingly, a marked reduction in IL-6 levels was 
noted in the amyloid beta + NAT 50 mg/kg group (705.3 
± 56.22 vs. 1268 ± 99.03, p < 0.001, F (3, 12) = 13.75) in 
comparison to the amyloid beta group as shown in Fig. 5b.

Our results demonstrated that the hippocampal region of 
the amyloid beta group (20.30 ± 0.6438 vs. 7.346 ± 3.200, 
p < 0.05) had significantly elevated SP levels compared to 
the sham group. On the contrary, the amyloid beta + NAT 
50 mg/kg (8.536 ± 2.460 vs. 20.30 ± 0.6438, p < 0.05, F 
(3, 8) = 6.826) was markedly able to reduce these levels in 
comparison to the amyloid beta group as shown in Fig. 6a.

Fig. 4  Effect of NAT treat-
ment on the levels of TNF-α. 
The hippocampal and frontal 
cortex samples were analyzed 
for expression of TNF-α. The 
representative figures depict a 
TNF-α levels in the hippocam-
pus and b TNF-α levels in the 
frontal cortex. Data was ana-
lyzed using one-way ANOVA 
followed by Tukey’s multiple 
comparison test. #p < 0.05, 
###p < 0.001 vs. sham group; 
*p  < 0.05, **p < 0.01, ***p < 
0.001 vs. amyloid beta group. 
Legend—TNF-α, tumor necro-
sis factor; HC, hippocampus; 
FC, frontal cortex
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Similarly, in the frontal cortex, the hippocampus of the 
amyloid beta group (17.33 ± 1.170 vs. 7.783 ± 1.804, p < 
0.05) demonstrated higher SP levels than the sham. Even 
though there were no significant changes in the amyloid beta 
+ NAT 30 mg/kg group, interestingly, the amyloid beta + 
NAT 50 mg/kg group (7.651 ± 1.634 vs. 17.33 ± 1.170, p < 
0.05, F (3, 8) = 6.922) showed a profound reduction in SP 
levels as shown in Fig. 6b.

These findings suggest the involvement of SP in the dis-
eased states, possibly via the NK1R axis. These findings 
also suggest that treatment with NAT could exert protective 
actions in neurodegenerative diseases like AD.

Administration of NAT Regulates the Expression 
of NFκB p65, CREB1, and Tau Proteins

To investigate the effect of NAT treatments on neuroinflam-
mation induced by Aβ 1-42 oligomers, we analyzed T-NFκB 
p65 and P-NFκB p65 in both hippocampal and frontal cortex 

samples. All the values were expressed as the relative den-
sity of the target proteins, normalized to α-tubulin densities. 
Efficient bidirectional communication between hippocam-
pal formation and the prefrontal cortex is instrumental in 
regulating various processes related to cognition and emo-
tions [24]. The NFκB is known to be a central regulator 
of inflammation in the conditions of AD [55]. It stimulates 
pro-inflammatory mediators and downregulates neuroprotec-
tive components in the CNS [56]. In the hippocampus, the 
relative expression of T-NFκB p65 (0.7334 ± 0.02352 vs. 
0.5073 ± 0.01961, p < 0.001) and P-NFκB p65 (0.4846 ± 
0.02994 vs. 0.3860 ± 0.02418, p < 0.05) in the amyloid beta 
group was significantly higher in comparison to the sham 
group as shown in Fig. 7a and b. Interestingly, the amyloid 
beta + NAT 50 mg/kg group showed a significant reduction 
in the expression of T-NFκB p65 (0.5410 ± 0.02405 vs. 
0.7334 ± 0.02352, p < 0.001, F (3, 8) = 35.74) as compared 
to the amyloid beta group. However, the levels of P-NFκB 
p65 showed a marked reduction in both amyloid beta + NAT 

Fig. 5  Effect of NAT treatment on the levels of IL-6. The hippocam-
pal and frontal cortex samples were analyzed for expression of IL-6. 
Representative figures depict a the levels of IL-6 in the hippocam-
pus and b the levels of IL-6 in the frontal cortex. Data was analyzed 

using one-way ANOVA followed by Tukey’s multiple comparison 
test. ####p < 0.0001, ##p < 0.01 vs. sham group; ***p < 0.001 vs. 
amyloid beta group. Legend—IL-6, interleukin-6; HC, hippocampus; 
FC, frontal cortex
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30 mg/kg (0.3670 ± 0.009652 vs. 0.4846 ± 0.02994, p < 
0.05) and amyloid beta + NAT 50 mg/kg groups (0.2174 
± 0.005163 vs. 0.4846 ± 0.02994, p<0.0001, F (3, 8) = 
30.41).

In the frontal cortex, the amyloid beta group showed sig-
nificantly upregulated expression of T-NFκB p65 (1.353 ± 
0.04876 vs. 0.7158 ± 0.03443, p<0.05) and P-NFκB p65 
(0.9341± 0.01475 vs. 0.6610± 0.02689, p < 0.05) in com-
parison to the sham group as shown in Fig. 8a and b. The 
amyloid beta + NAT 30 mg/kg group was significantly able 
to reduce the expression of only P-NFκB p65 (0.8329 ± 
0.01842 vs. 0.9341± 0.01475, p < 0.05) in comparison to 
the amyloid beta group. Interestingly, the amyloid beta + 
NAT 50 mg/kg group showed a marked reduction in both 
T-NFκB p65 (0.6769 ± 0.02020 vs. 1.353 ± 0.04876, p < 
0.05, F (3, 8) = 117.4) and P-NFκB p65 (0.4948 ± 0.01114 
vs. 0.9341± 0.01475, p < 0.05, F (3, 8) = 106.7) in com-
parison to the amyloid beta group.

This could suggest the upregulation of NFκB p65 in the 
diseased conditions and the concurrent role of NAT in their 
reduction in Aβ pathologies.

The CREB1 is a crucial transcription factor in regulat-
ing neuronal growth and its differentiation/ proliferation, 
accelerating synaptic plasticity, and influencing spatial 
memory formation and long-term memory [57]. Our evalu-
ation revealed that, in the hippocampus, T-CREB1 (0.1871 
± 0.01285 vs. 0.3551 ± 0.006253, p<0.001) and P-CREB1 
(0.3352 ± 0.01972 vs. 0.6691 ± 0.01491, p<0.001) expres-
sion in the amyloid beta group was significantly reduced in 
comparison to the sham group as shown in Fig. 7c and d. In 
the amyloid beta + NAT 30 mg/kg, both T-CREB1 (0.2828 

± 0.01128 vs. 0.1871 ± 0.01285, p<0.001) and P-CREB1 
levels (0.6019 ± 0.009036 vs. 0.3352 ± 0.01972, p<0.001) 
were significantly elevated as compared to the amyloid beta 
group. The amyloid beta + NAT 50 mg/kg showed simi-
lar results in T-CREB1 (0.5555 ± 0.01052 vs. 0.1871 ± 
0.01285, p<0.001, F (3, 8) = 220.8) and P-CREB1 (0.8835 
± 0.02348 vs. 0.01285, p<0.001, F (3, 8) = 164.2) levels 
as compared to the expression in the amyloid beta group.

Upon analysis of the CREB1 levels in the frontal cortex 
of the amyloid beta group, we observed a profound reduc-
tion of T-CREB1 (0.4447 ± 0.02166 vs. 0.7029 ± 0.01827, 
p<0.001) and P-CREB1 (0.3678 ± 0.01290 vs. 0.4997 ± 
0.01772, p<0.01) in comparison to the sham group as shown 
in Fig. 8c and d. On the contrary, a significant rise in the lev-
els of T-CREB1 (0.5823 ± 0.009780 vs. 0.4447 ± 0.02166, 
p<0.01) and P-CREB1 (0.7928 ± 0.01647 vs. 0.3678 ± 
0.01290, p<0.0001) levels was observed in the amyloid beta 
+ NAT 30 mg/kg group on comparing with the amyloid 
beta group. As expected, these results were also consistent 
in the amyloid beta + NAT 50 mg/kg group, which simi-
larly showed significant elevation of T-CREB1 (0.5479 ± 
0.01868 vs. 0.4447 ± 0.02166, p<0.05, F (3, 8) = 36.36) 
and P-CREB1 (0.7640 ± 0.01618 vs. 0.3678 ± 0.01290, 
p<0.0001, F (3, 8) = 168.3) levels against the levels in the 
amyloid beta group.

The Tau protein is a microtubule-associated protein that 
provides structural stability to microtubules. However, in 
AD conditions, it undergoes abnormal hyperphosphoryla-
tion, leading to the disruption of microtubules and the for-
mation of NFTs, further worsened by Aβ [58]. It was seen 
that, in the hippocampus, the relative expression of T-Tau 
levels (0.5542 ± 0.01046 vs. 0.2601± 0.007827, p<0.0001) 
and P-Tau levels (1.145 ± 0.03038 vs. 0.9109 ± 0.05021, p 
< 0.001) expressed in the amyloid beta group was markedly 
increased as compared to the sham group as seen in Fig. 7e 
and f. It was pretty interesting to discover that the amyloid 
beta + NAT 30 mg/kg group significantly reduced the lev-
els of T-Tau (0.2698 ± 0.006129, p < 0.0001 vs. 0.5542 
± 0.01046) and P-Tau (0.7813 ± 0.009415 vs. 1.145 ± 
0.03038, p<0.001) in comparison to the amyloid beta group. 
Similarly, the amyloid beta + NAT 50 mg/kg group demon-
strated a reduction in the T-Tau levels (0.3079 ± 0.005680 
vs. 0.5542 ± 0.01046, p<0.0001, F (3, 8) = 321.4) and P-Tau 
levels (0.9085 ± 0.01240 vs. 1.145 ± 0.03038, p<0.01, F (3, 
8) = 25.02) in comparison to amyloid beta groups.

The relative densities of T-Tau (1.280 ± 0.03107 vs. 
1.030 ± 0.04874, p <0.01) and P-Tau 0.7367 ±0.002717 
vs. 0.4913 ± 0.01274, p<0.0001, F (3, 8) = 70.07) in the 
frontal cortex of the amyloid beta group were signifi-
cantly higher in comparison to the sham group as shown 
in Fig. 8e and f. Surprisingly, the amyloid beta + NAT 
30 mg/kg showed no significant alterations. In contrast, 
the amyloid beta + NAT 50 mg/kg group was able to 

Fig. 6  Effect of NAT treatment on the levels of SP. The hippocam-
pal and frontal cortex samples were analyzed for expression of SP. 
The representative figures depict a SP levels in the hippocampus and 
b SP levels in the frontal cortex. Data was analyzed using one-way 
ANOVA followed by Tukey’s multiple comparison test. #p < 0.05 
vs. sham group; *p < 0.05 vs. amyloid beta group. Legend—SP, sub-
stance P; HC, hippocampus; FC, frontal cortex
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significantly reduce the expression of only T-Tau (0.9300 
± 0.03710 vs. 1.280 ± 0.03107, p<0.01, F (3, 8) = 14.40) 
as compared to the amyloid beta group.

These results could suggest that the AD conditions 
induced by the administration of Aβ 1-42 oligomers might 
have triggered the alterations in these proteins. Thus, the 
administration of NAT could have exerted protective 
effects, suggesting the neuroprotective role of NAT in AD 
conditions.

NAT Treatment Mediates the Downregulation 
of AChE Activity in the Hippocampus and Frontal 
Cortex

Acetylcholinesterase hydrolyzes Ach into choline and acetic 
acid and terminates synaptic transmission through acetyl-
choline. AChE inhibition could thus increase the levels of 
acetylcholine and provide protective effects against cogni-
tive decline seen in conditions like AD [59]. AChE activity 

Fig. 7  Effect of NAT on NFκB p65, CREB1, and Tau expression 
levels in the hippocampus of Aβ 1-42-treated rats. Western blotting 
technique was used to evaluate the relative expression of markers like 
NFκB p65, CREB1, and Tau in the hippocampus. The phosphoryl-
ated and unphosphorylated levels of NFκB p65, CREB1, and Tau 
were normalized to the corresponding α-tubulin values. (a–f) The 
relative expression of these proteins in the hippocampus. Data was 
analyzed using one-way ANOVA followed by Tukey’s multiple com-

parison test. ####p<0.0001, ###p<0.001, ##p<0.01, #p<0.05 vs. 
sham group; *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 
vs. amyloid beta group. Legend—T-NFκB, total nuclear factor kappa 
B; P-NFκB, phosphorylated nuclear factor kappa B; T-CREB1, total 
cyclic AMP response element-binding protein 1; P-CREB1, phospho-
rylated cyclic AMP response element-binding protein 1; T-Tau, total 
Tau; P-Tau, phosphorylated Tau; α-tubulin, alpha tubulin; HC, hip-
pocampus
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is lower in most AD brain regions but increases within and 
around amyloid plaques [60]. Our analysis was in line with 
the idea that the action of AChE was profoundly higher in 
the hippocampal region of the amyloid beta group (0.01196 
± 0.0002748 vs. 0.008180 ± 0.0002981, p< 0.01) in com-
parison to the levels estimated in the sham group. We fur-
ther wanted to assess the effect of NAT treatment on AChE 
activity. As expected, the amyloid beta + NAT 30 mg/
kg (0.006670 ± 0.0008817 vs. 0.01196± 0.0002748, p< 
0.0001) and amyloid beta + NAT 50 mg/kg group (0.009420 
± 0.0004594 vs. 0.01196± 0.0002748, p< 0.05, F (3, 12) 

= 17.40) showed a remarkable reduction in the levels of 
AChE in comparison to the amyloid beta group, as shown 
in Fig. 9a.

AChE activity extends to the hippocampus and the 
frontal cortex in neurodegenerative conditions like AD. 
We observed that, in the frontal cortex, AChE levels 
increased significantly in the amyloid beta group (0.009173 
± 0.0001497 vs. 0.007810 ± 0.0003695, p< 0.01) when 
correlated with the sham group levels, as shown in 
Fig. 9b. It was not surprising to see that the amyloid beta 
+ NAT 30 mg/kg (0.006410 ± 0.0001721 vs. 0.009173 ± 

Fig. 8  Effect of NAT on NFκB p65, CREB1, and Tau expression 
levels in the frontal cortex of Aβ 1-42-treated rats. Western blotting 
technique was used to evaluate the relative expression of markers like 
NFκB p65, CREB1, and Tau in the frontal cortex. The phosphoryl-
ated and unphosphorylated levels of NFκB p65, CREB1, and Tau 
were normalized to the corresponding α-tubulin values. (a–f) The 
relative expression of these proteins in the frontal cortex. Data was 
analyzed using one-way ANOVA followed by Tukey’s multiple com-

parison test. ####p<0.0001, ##p<0.001 vs. sham group; *p<0.05, 
**p<0.01, and ****p<0.0001 vs. amyloid beta group. Legend—T-
NFκB, total nuclear factor kappa B; P-NFκB, phosphorylated nuclear 
factor kappa B; T-CREB1, total cyclic AMP response element-bind-
ing protein 1; P-CREB1, phosphorylated cyclic AMP response ele-
ment-binding protein; T-Tau, total Tau; P-Tau, phosphorylated Tau; 
α-tubulin, alpha tubulin; FC, frontal cortex
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0.0001497, p<0.0001) and amyloid beta + NAT 50 mg/kg 
group (0.005985 ± 0.0001044 vs. 0.009173 ± 0.0001497, 
p<0.0001, F (3, 12) = 41.97) significantly reduced the levels 
of AChE as compared to the amyloid beta group, suggesting 
their neuroprotective role in the conditions of AD.

Quantification of NAT in the In Vivo Rat Brain

The HPLC method for detecting NAT in brain homogenate 
samples showed a retention time of 4.9 min, having linearity 
from 1000 to 3200 ng/ml (R2 = 0.9994). Raloxifene served 
as an internal standard, showing a retention of 19.367 min. 
The LLOQ chromatogram for the brain homogenate method 
is shown in Fig. 10.

Upon analysis of the concentrations of NAT in the brain, 
it is interesting that no peak was observed at the retention 
time of NAT, which implies the levels of NAT could be 

lesser than the lowest limit of quantification of our validated 
method.

GastroPlus Mediated Simulation of NAT levels in Rat 
Plasma

The NAT concentration in rat brains was undetected in our in 
vivo analysis, which may be attributed to the less sensitivity 
of the developed HPLC method having the lowest quan-
tification (LLOQ) limit of 1000 ng, as mentioned before. 
Therefore, using GastroPlus, we simulated the NAT levels in 
the rat plasma to correlate with values to the brain levels of 
NAT. The GastroPlus software predicted the plasma Cmax 
of NAT for oral suspension as 1.605 μg/ml and 2.101 μg/ml 
for i.v bolus, for a dose of 50 mg/kg administered orally/IV 
bolus, respectively, as shown in Fig. 11a and b. These values 
corroborate that NAT concentrations in the brain may be 
lower than 1 μg/ml.

Fig. 9  Effect of NAT treatment 
on the levels of AChE activity. 
The activity of AChE in the 
hippocampus and frontal cortex 
was evaluated to understand 
its alterations in the presence 
of Aβ 1-42. The representative 
figure shows AChE activity a in 
the hippocampus and b in the 
frontal cortex. Data was ana-
lyzed using one-way ANOVA 
followed by Tukey’s multiple 
comparison test. ##p<0.01 
vs. sham group; *p<0.05 and 
****p<0.0001 vs. amyloid beta 
group. Legend—AChE, acetyl-
cholinesterase; HC, hippocam-
pus; FC, frontal cortex

Fig. 10  HPLC chromatogram 
for lowest limit of quantifica-
tion of brain homogenate 
method. This figure describes 
the chromatogram obtained for 
the lowest limit of quantification 
for the method developed to 
evaluate NAT in the brain at a 
wavelength of 280 nm
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Discussion

The complexity of AD brings a whole lot of challenges in 
the development of effective therapeutics. The therapies 
offering symptomatic relief have been approved but have 
not successfully managed AD [61]. This can be attributed 
to the pathological complexity of AD. Therefore, treat-
ments that delay disease progression and offer a wide 
range of benefits in the multi-pathological conditions of 
AD are essential. Our study primarily focuses on evaluat-
ing the neuroprotective effect of a peptide, NAT, in ame-
liorating the neuroinflammation-induced cognitive decline 
in AD-like conditions. We attempted to develop AD-like 
conditions in Wistar rats by i.c.v. administration of Aβ 
1-42 oligomers. We noticed that oligomeric forms of Aβ 
1-42-induced neurotoxicity, causing hampered cognitive 
function, marked elevation in neuroinflammatory markers 
and upregulation of Tau, SP, and AChE signaling accom-
panied by a decline in CREB1 signaling. NAT treatments 
offered neuroprotection and improved cognition in rats, 
suggesting its neuroprotective role in AD-like conditions. 
We also attempted to estimate the concentration of NAT in 
the CNS, responsible for exerting such beneficial effects. 
However, NAT remained undetected in brain homogenates, 
possibly due to its levels being lesser than HPLC method 
detection limits.

The Aβ oligomers are essential to exert toxicity in the 
CNS [62]. Nevertheless, its morphological dimensions are 
crucial in exerting this toxicity [63]. In the tapping mode, 
the tip used to scan the sample oscillates vertically, lower-
ing the friction load exerted on the specimen and providing 
the morphological characteristic with lesser distortion [64]. 
This could be why the tapping mode is employed, as seen 
in previous Aβ characterization studies [64–67]. Similarly, 
our study employed tapping mode to visualize the Aβ 1-42 
oligomers. It is understood that Aβ 1-42 oligomers appear 
spherical, and the 8–15 nm size range is essential to exert 

toxicity [13, 14]. Similarly, our Aβ 1-42 oligomers also 
belonged to a similar size range.

In AD, as cognitive decline involves impairment in spatial 
memory, we intended to evaluate the same using MWM. 
Various parameters like escape latency, path efficiency, and 
number of platform entries were used to evaluate cognitive 
decline in MWM [68–70]. As previously reported, one way 
of the many ways in which Aβ 1-42 could hamper the hip-
pocampal region would be by disruption of neuronal net-
works in the region of CA1 and CA3, along with the dentate 
gyrus [71]. This is combined with the conditions of concur-
rent neuroinflammation. Therefore, the parameters assessed 
in MWM could reflect these conditions’ consequences. The 
escape latency measures the time the animal takes to navi-
gate to the platform [70]. The hippocampal damage has been 
correlated with increased escape latency [72]. The path effi-
ciency also serves as a valid indicator of memory impair-
ment that describes the animals’ ideal route to the platform. 
The path efficiency also helps to measure the thigmotaxis 
exhibited by the animals [29]. Additionally, the number of 
platform entries in the probe trial also serves as a measure 
of cognitive ability, where a reduced number of entries in 
the platform region indicates memory decline [73]. Corrobo-
rating our results with the parameters accessed in MWM, 
we believe that animals injected with Aβ 1-42 in our study 
demonstrated cognitive deficits, thus indicating hippocam-
pal damage. Concurrently, NAT treatment ameliorated the 
effects of Aβ 1-42-induced cognitive decline and provided 
neuroprotective effects. It is interesting to note that NAT 
30 mg/kg had profound effects on cognition than NAT 50 
mg/kg. The MWM measures the characteristics of spatial 
memory [50]. The improvement in spatial memory perfor-
mance is mainly regulated by the hippocampal region [74]. 
Interestingly, when we compared the effect of AChE activity 
between the two NAT doses (results not shown), we obtained 
a significant reduction in hippocampal AChE activity by 
NAT 30 mg/kg as compared to 50 mg/kg (p<0.05). This 

Fig. 11  Plasma concentration of 
NAT as predicted by GastroPlus 
software. The GastroPlus soft-
ware predicts the concentration 
of NAT in the plasma. a The 
predicted plasma concentrations 
of NAT upon administration of 
NAT 50 mg/kg dose to rat via 
oral route; b the plasma concen-
trations of NAT upon adminis-
tration of NAT 50 mg/kg dose 
to rat via intravenous route
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could be suggestive of improved cholinergic signaling by 
NAT 30 mg/kg in the hippocampus to promote spatial mem-
ory functions. The land- and water-based locomotory abilities 
in rodents differ, reducing the influence of locomotory effects 
in MWM [75]. However, the differences in the swim speed 
of animals may correlate to any swimming irregularities [76]. 
Our analysis of swim speed suggests that the alterations in 
cognition observed across the treatment groups could be due 
to spatial impairment and not any swimming abnormalities.

As AD is a progressive neurodegenerative disease involv-
ing multiple contributors, neuroinflammation is considered 
one of the prime contributors to the progression and worsen-
ing of the disease. A clinical study in women with AD sup-
ported the notion that levels of TNF-α and IL-6 are upregu-
lated in conditions of AD [77]. The administration of Aβ 
1-42 oligomers triggered the expression of inflammatory 
markers like TNF-α and IL-6 [36, 78]. This was consistent 
with our findings, which showed higher levels of TNF-α 
and IL-6 in the Aβ 1-42 oligomer-treated animals. Pieces of 
literature on clinical and animal studies suggested that IL-6 
was identified to be elevated in neurodegenerative conditions 
of CNS involving cognitive decline [54, 79]. Concurrently, 
Aβ oligomers affected the neurons and the microglia to 
upregulate TNF-α levels and lead to cognitive decline [80]. 
Thus, we intended to investigate the role of NAT in neuro-
inflammatory conditions triggered by Aβ 1-42. Our results 
demonstrated that NAT posed a dose-dependent reduction 
in the TNF-α and IL-6 in the hippocampus and frontal cor-
tex, suggesting that NAT could reduce the neuroinflamma-
tory conditions brought on by Aβ. However, the NAT 30 
mg/kg failed to reduce the IL-6 levels significantly in our 
study, which may be related to the high SP levels in animals 
treated with Aβ 1-42 and NAT 30 mg/kg dose, as depicted 
in this study. Nevertheless, these findings could support the 
notion that dose-dependent NAT treatment offered protec-
tion against Aβ 1-42-induced neuroinflammation and cog-
nitive decline, evaluated in MWM previously in our study.

Another neuromodulatory marker attaining immense sig-
nificance in neuroinflammation and cognition is SP. Under 
stressful conditions, SP levels were upregulated through 
NK1R activation [81]. The pathophysiology of AD, involv-
ing the accumulation of Aβ, is correlated with stressful 
conditions in the CNS [82]. Therefore, conditions of AD 
could elevate SP levels. In line with these indications, our 
study showed similar effects where the SP levels increased 
in animals treated with Aβ 1-42. This could suggest the acti-
vation of NK1R in neuroinflammation and neurodegenera-
tive conditions, as reported elsewhere [83–85]. Previously 
in our laboratory, in vivo, evaluations showed neuroprotec-
tive effects of NAT in aluminum chloride-induced spatial 
memory decline [44], and our in silico predictions suggested 
favorable binding of NAT with NK1R [86]. In this study, 
NAT showed a dose-dependent reduction in SP levels of the 

hippocampus and frontal cortex of Aβ 1-42-treated animals. 
Even though these investigations in our laboratory speculate 
the NAT-mediated NK1R antagonism, elucidating the exact 
mechanism is still underway.

Interestingly, SP provoked the upregulation of IL-6 levels 
[87]. It is worth noting that NAT 30 mg/kg dose failed to 
reduce the SP levels. Therefore, corroborating the results 
of IL-6 levels in our study, a link is likely to exist that cor-
relates IL-6 and SP levels in the amyloid beta + NAT 30 mg/
kg group mentioned above. Therefore, even though reports 
suggest neuroprotective actions of SP [88, 89], with caution, 
we believe that it may promote neurodegenerative actions 
under specific conditions and the influence of characteristic 
markers of neuroinflammation and neurodegeneration.

The conditions of AD are often implicated with the 
upregulation of NFκB signaling. Interestingly, such elevated 
NFκB signaling selectively triggers an inflammatory action 
in the dentate gyrus, hampering neuron survival and promot-
ing cognitive decline [90]. Similarly, the levels of NFκB p65 
were elevated in the frontal cortex of AD patients [30]. The 
Aβ activates the NFκB pathway by forming p65 and p50 
dimers [91]. The phosphorylation of NFκB p65 at serine 
276  (Ser276) is shown to mediate the transcriptional activ-
ity of p65 to induce neuroinflammation [92]. This could be 
why, we observed elevated levels of NFκB p65 and p-NFκB 
p65 in the animals treated with Aβ 1-42 oligomers. There-
fore, we evaluated the effect of NAT on the elevated levels 
of NFκB and p-NFκB-Ser276 using western blot analysis. It 
showed a dose-dependent reduction in the levels of NFκB 
and p-NFκB compared to the disease group in the hippocam-
pus (Fig. 7a and b) and frontal cortex (Fig. 8a and b). This 
could suggest the downregulation of the NFκB signaling by 
NAT, possibly through modulation of p65 phosphorylation 
at  Ser276, thus providing a neuroprotective effect.

Along with neuroinflammatory modulators, transcription 
factors also play a crucial role in AD, including the cAMP 
response element-binding protein (CREB) [93]. The CREB1 
regulates mechanisms that involve memory enhancement [94]. 
Downregulation of CREB1 signaling upon exposure of hip-
pocampal neurons to Aβ could worsen AD [95, 96]. Concur-
rently, an interesting study showed that in the prefrontal cortex 
of AD patients, there was significant downregulation of CREB1 
and p-CREB-Ser133 [97]. These findings align with our data 
suggesting that AD pathologies induced by Aβ 1-42 cause a 
significant reduction in CREB1 and p-CREB-Ser133 levels in 
both the hippocampus and frontal cortex. Our analysis revealed 
that NAT caused significant upregulation of CREB1 signaling 
in Aβ 1-42-induced animals. Protein kinase A (PKA) is primar-
ily involved in the phosphorylation of CREB-Ser133 [97–100]. 
These findings influence us to speculate whether NAT could 
also mediate the upregulation of CREB1 via these pathways.

The AD pathologies are not only characterized by Aβ 
deposition but also involve the presence of tauopathies. 



Molecular Neurobiology 

1 3

Specific tauopathies related to AD have been identified in 
the human AD brain [101]. The p-Tau-Ser396 forms the high-
est upregulated form of p-Tau species in the frontal cortex 
of AD patients associated with Aβ 1-42 [102]. This could 
explain why we saw upregulation of Tau and p-Tau-Ser396 in 
the hippocampus (Fig. 7e and f) and frontal cortex (Fig. 8e 
and f) of animals treated with Aβ 1-42. We investigated if 
NAT was able to reduce Tau and p-Tau-Ser396. It signifi-
cantly downregulated these levels in the hippocampus. Even 
though it also downregulated Tau levels in the frontal cortex, 
surprisingly, it failed to elicit any positive response on the 
p-Tau-Ser396 levels.

The cholinergic hypothesis is one of the oldest hypotheses 
formulated in AD. It states that loss of cognitive function 
is due to the impairment in the cholinergic system [103]. 
Since then, efforts have been made to improve cholinergic 
signaling and cognition in AD using acetylcholinesterase 
inhibitors [104, 105]. Treatment with Aβ 1-42 provoked 
upregulation of AChE activity in the hippocampus and fron-
tal cortex in rodents [106]. Similarly, our study observed 
a marked increase in AChE levels in Aβ 1-42-treated ani-
mals. We aimed to ascertain if NAT could reduce the activ-
ity of AChE. Interestingly, we observed that NAT treatment 
showed significant reductions in the AChE levels that could 
have led to increased Ach levels. Increases in acetylcholine 
levels are implicated in improved cognition [107, 108]. There-
fore, we believe that NAT could positively affect the cholin-
ergic system, which could be the reason, at least in part, for 
improved cognition, as seen in MWM previously in our study.

It is noteworthy that NAT 50 mg/kg dose showed pro-
found effects on TNF-α, IL6, SP, NFκB, and CREB1 
as compared to NAT 30 mg/kg dose. The NFκB directly 
or indirectly regulates the levels of TNF-α, IL6, SP, and 
CREB1 [109–111]. The inhibition of NFκB activation can 
occur through dose-dependent manner of drugs [112, 113]. 
As NAT 50 mg/kg was shown to effectively reduce NFκB 
activation in comparison to NAT 30 mg/kg in our results, we 
speculate that higher NAT concentrations were better capa-
ble of preventing transcription of genes that trigger NFKB. 
Consequently, these events could have a domino effect on 
the other markers like TNF-α, IL6, SP, and CREB1.

Therefore, corroborating our results, it is evident that 
markers like NFκB, CREB, Tau, SP, and AChE and inflam-
matory mediators like TNF-α and IL-6 are inter-connected, 
especially in the conditions of neurodegenerative conditions 
like AD. Modulation of TNF-α and IL-6 levels is depend-
ent on the NFκB activity [114, 115]. The NFκB signaling 
also promotes Tau-mediated toxicity [116]. Similarly, as 
mentioned before, the IL-6 triggers stimulation of SP lev-
els [87]. A decrease in AChE levels lowered the inflamma-
tory cytokines and promoted neuroprotective actions in AD 
[117]. The downregulation of NFκB, Tau, SP, and AChE 
suggests that NAT hampers neuroinflammatory signaling 

in AD. As a consequence of this, NAT is able to reinforce 
positive effects on cognitive abilities in neuroinflammation-
induced cognitive decline. Concurrently, the upregulation 
of CREB1 by NAT also elevates cognitive functions and 
promotes synaptic plasticity, which is affected in AD condi-
tions. Thus, the multi-dimensional effect of NAT on markers 
like NFκB, CREB, Tau, SP, AChE, TNF-α, and IL-6 could 
suggest its ability to ameliorate the neuroinflammation-
induced cognitive decline in AD.

The HPLC is a robust technique used to determine the 
brain concentrations of various substrates [118–120]. Amino 
acids like tryptophan have been identified in rat brains using 
the HPLC method [121]. We attempted to investigate the 
levels of NAT in the brains of diseased rats. Surprisingly, 
our HPLC bioanalytical method was not sensitive enough to 
detect NAT in rat brains. We suspect that the levels of NAT 
may lie below the LLOQ of our HPLC bioanalytical method. 
LLOQ is the lowest level of analyte concentrations that can 
be detected with 20% precision [122]. Therefore, NAT may 
be present in the brain in concentrations lesser than 1 μg/
ml. To support these findings, we performed simulations 
using GastroPlus. The GastroPlus can simulate drug absorp-
tion parameters through multiple administration routes and 
predict drug absorption, distribution, metabolism, and excre-
tion in humans and animals [123]. It has been employed in 
multiple studies to perform in vivo pharmacokinetic predic-
tions [124–126]. The Cmax of i.v bolus and oral suspension 
of NAT showed lower levels. If these predicted values are 
extrapolated to the brain concentrations, then NAT could 
be present in concentrations less than that in the plasma. 
As a result, NAT remained undetected in the brain samples 
using the HPLC mode of analysis. Another study reported 
that tryptophan, an amino acid having structural similar-
ity to NAT, showed lower than normal levels in the plasma 
and brain of obese patients after 24 h [127]. Further, the 
fact that NAT remained undetected in brain samples could 
be a possible rationale for the existence of few literature 
reports on the quantification of NAT in the brain using the 
HPLC method. Therefore, advanced sensitive techniques 
like LC-MS and LC-MS-MS could be an alternative method 
to quantify NAT at the nanogram level, specifically with the 
biological matrixes.

Conclusion

The neurodegeneration associated with AD involves multi-
spoked pathological complications, and combating all of 
which is still a challenge, yet every researcher’s dream. The 
magnitude of AD makes it necessary to develop efficient 
therapies with a broader range of actions. Our study dem-
onstrates that NAT withholds the potential to exert neu-
roprotective actions in AD conditions by ameliorating the 
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cognitive decline and neuroinflammation induced by Aβ 
1-42. Even though this encourages us to have optimistic 
speculations about its possible mechanism of action, further 
studies are warranted to uncover NAT’s underlying signaling 
that would eventually help target AD even better.

Acknowledgements The authors would like to acknowledge the 
Indian Council of Medical Research, New Delhi, for providing a Sen-
ior Research Fellowship to Mr. Sairaj Satarker. The authors thank the 
Manipal Academy of Higher Education (MAHE), Manipal-576104, 
India, for the Intramural fund.

Author Contribution SS and MN contributed to conceptualization and 
study design. Development of methodology, investigation, and original draft 
preparation were done by SS. PCG, AN, SM, RJAV and DLY assisted in 
experimental procedures. Manuscript review and editing was done by MN, 
JM, SL, and DA. All the authors read and approved the final manuscript.

Funding Open access funding provided by Manipal Academy of Higher 
Education, Manipal. This work was supported by Intramural Fund (MAHE/
DREG/PhD/IMF/2019) provided by Manipal Academy of Higher Educa-
tion to Sairaj Satarker (SS). SS also received contingency grant (2021-
13346/CMB-BMS) from Indian Council of Medical Research, New Delhi.

Data Availability The data that support the findings of this study are 
available from the corresponding author, upon reasonable request.

Declarations 

Ethical Approval All animal experimentation techniques followed the 
guidelines of the Committee for Control and Supervision of Experi-
ments on Animals (CCSEA). The study was approved by Institutional 
Animal Ethics Committee (IAEC/KMC/129/2019), Kasturba Medical 
College, Manipal Academy of Higher Education, Manipal.

Consent to Participate Not applicable

Consent to Publication Not applicable

Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Lee J, Meijer E, Langa KM et al (2023) Prevalence of dementia 
in India: national and state estimates from a nationwide study. 
Alzheimers Dement. https:// doi. org/ 10. 1002/ alz. 12928

 2. Du X, Wang X, Geng M (2018) Alzheimer’s disease hypothesis 
and related therapies. Transl Neurodegener 7:2

 3. Agarwal M, Alam MR, Haider MK et al (2021) Alzheimer’s 
disease: an overview of major hypotheses and therapeutic options 
in nanotechnology. Nanomaterials 11:1–18. https:// doi. org/ 10. 
3390/ nano1 10100 59

 4. Hardy JA (1979) Higgins GA (1992) Alzheimer’s disease: the 
amyloid cascade hypothesis. Science 256:184–185. https:// doi. 
org/ 10. 1126/ scien ce. 15660 67

 5. Willem M, Tahirovic S, Busche MA et al (2015) η-Secretase 
processing of APP inhibits neuronal activity in the hippocampus. 
Nature 526:443–447. https:// doi. org/ 10. 1038/ natur e14864

 6. Bejanin A, Schonhaut DR, La Joie R et al (2017) Tau pathol-
ogy and neurodegeneration contribute to cognitive impairment 
in Alzheimer’s disease. Brain 140:3286–3300. https:// doi. org/ 
10. 1093/ brain/ awx243

 7. Francis PT, Palmer AM, Snape M, Wilcock GK (1999) The 
cholinergic hypothesis of Alzheimer’s disease: a review of 
progress. J Neurol Neurosurg Psychiatry 66:137–147

 8. Yang M, Teplow DB (2008) Amyloid β-protein monomer fold-
ing: free-energy surfaces reveal alloform-specific differences. 
J Mol Biol 384:450–464. https:// doi. org/ 10. 1016/j. jmb. 2008. 
09. 039

 9. Fa M, Orozco IJ, Francis YI et al (2010) Preparation of oli-
gomeric β-amyloid1-42 and induction of synaptic plasticity 
impairment on hippocampal slices. J Vis Exp. https:// doi. org/ 
10. 3791/ 1884

 10. Caballero E, Calvo-Rodríguez M, Gonzalo-Ruiz A et al (2016) 
A new procedure for amyloid β oligomers preparation enables 
the unambiguous testing of their effects on cytosolic and mito-
chondrial Ca2+ entry and cell death in primary neurons. Neu-
rosci Lett 612:66–73. https:// doi. org/ 10. 1016/j. neulet. 2015. 11. 
041

 11. Stine WB, Jungbauer L, Yu C, Ladu MJ (2011) Preparing syn-
thetic Aβ in different aggregation states. Methods Mol Biol 
670:13–32. https:// doi. org/ 10. 1007/ 978-1- 60761- 744-0_2

 12. Stine WB, Dahlgren KN, Krafft GA, LaDu MJ (2003) In vitro 
characterization of conditions for amyloid-β peptide oligomeriza-
tion and fibrillogenesis. J Biol Chem 278:11612–11622. https:// 
doi. org/ 10. 1074/ jbc. M2102 07200

 13. Noguchi A, Matsumura S, Dezawa M et al (2009) Isolation and 
characterization of patient-derived, toxic, high mass amyloid 
β-protein (Aβ) assembly from Alzheimer disease brains. J Biol 
Chem 284:32895–32905. https:// doi. org/ 10. 1074/ jbc. M109. 
000208

 14. Kasza Á, Penke B, Frank Z et al (2017) Studies for improving a 
rat model of Alzheimer’s disease: ICV administration of well-
characterized β-amyloid 1-42 oligomers induce dysfunction in 
spatial memory. Molecules 22. https:// doi. org/ 10. 3390/ molec 
ules2 21120 07

 15. Watanabe-Nakayama T, Ono K, Itami M et al (2016) High-speed 
atomic force microscopy reveals structural dynamics of amyloid 
β1-42 aggregates. Proc Natl Acad Sci U S A 113:5835–5840. 
https:// doi. org/ 10. 1073/ pnas. 15248 07113

 16. Nirmalraj PN, List J, Battacharya S et al (2020) Complete aggre-
gation pathway of amyloid β (1-40) and (1-42) resolved on an 
atomically clean interface. Sci Adv 6. https:// doi. org/ 10. 1126/ 
sciadv. aaz60 14

 17. Maity S, Lyubchenko YL (2020) AFM Probing of Amyloid-Beta 
42 Dimers and Trimers. Front Mol Biosci 7. https:// doi. org/ 10. 
3389/ fmolb. 2020. 00069

 18. Karapetyan G, Fereshetyan K, Harutyunyan H, Yenkoyan K 
(2022) The synergy of β amyloid 1-42 and oxidative stress in 
the development of Alzheimer’s disease-like neurodegenera-
tion of hippocampal cells. Sci Rep 12. https:// doi. org/ 10. 1038/ 
s41598- 022- 22761-5

 19. Kim JE, Shrestha AC, Kim HS et al (2019) WS-5 extract of 
Curcuma longa, Chaenomeles sinensis, and Zingiber officinale 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/alz.12928
https://doi.org/10.3390/nano11010059
https://doi.org/10.3390/nano11010059
https://doi.org/10.1126/science.1566067
https://doi.org/10.1126/science.1566067
https://doi.org/10.1038/nature14864
https://doi.org/10.1093/brain/awx243
https://doi.org/10.1093/brain/awx243
https://doi.org/10.1016/j.jmb.2008.09.039
https://doi.org/10.1016/j.jmb.2008.09.039
https://doi.org/10.3791/1884
https://doi.org/10.3791/1884
https://doi.org/10.1016/j.neulet.2015.11.041
https://doi.org/10.1016/j.neulet.2015.11.041
https://doi.org/10.1007/978-1-60761-744-0_2
https://doi.org/10.1074/jbc.M210207200
https://doi.org/10.1074/jbc.M210207200
https://doi.org/10.1074/jbc.M109.000208
https://doi.org/10.1074/jbc.M109.000208
https://doi.org/10.3390/molecules22112007
https://doi.org/10.3390/molecules22112007
https://doi.org/10.1073/pnas.1524807113
https://doi.org/10.1126/sciadv.aaz6014
https://doi.org/10.1126/sciadv.aaz6014
https://doi.org/10.3389/fmolb.2020.00069
https://doi.org/10.3389/fmolb.2020.00069
https://doi.org/10.1038/s41598-022-22761-5
https://doi.org/10.1038/s41598-022-22761-5


Molecular Neurobiology 

1 3

contains anti-AChE compounds and improves β-amyloid-induced 
memory impairment in mice. Evid Based Complement Alternat 
Med 2019. https:// doi. org/ 10. 1155/ 2019/ 51602 93

 20. Christensen R, Marcussen AB, Wörtwein G et al (2008) Aβ(1-42) 
injection causes memory impairment, lowered cortical and serum 
BDNF levels, and decreased hippocampal 5-HT2A levels. Exp 
Neurol 210:164–171. https:// doi. org/ 10. 1016/j. expne urol. 2007. 
10. 009

 21. McLarnon JG, Ryu JK (2008) Relevance of abeta1-42 intrahip-
pocampal injection as an animal model of inflamed Alzheimer’s 
disease brain. Curr Alzheimer Res 5(5):475–480. https:// doi. org/ 
10. 2174/ 15672 05087 85908 874

 22. Svenningsson AL, Stomrud E, Insel PS et al (2019) β-amyloid 
pathology and hippocampal atrophy are independently associated 
with memory function in cognitively healthy elderly. Sci Rep 
9:11180. https:// doi. org/ 10. 1038/ s41598- 019- 47638-y

 23. Preston AR, Eichenbaum H (2013) Interplay of hippocampus 
and prefrontal cortex in memory. Curr Biol. 23(17):R764–R773. 
https:// doi. org/ 10. 1016/j. cub. 2013. 05. 041

 24. Sampath D, Sathyanesan M, Newton SS (2017) Cognitive dys-
function in major depression and Alzheimer’s disease is associ-
ated with hippocampal–prefrontal cortex dysconnectivity. Neu-
ropsychiatr Dis Treat 13:1509–1519

 25. Barnhart CD, Yang D, Lein PJ (2015) Using the Morris water 
maze to assess spatial learning and memory in weanling mice. 
PLoS One 10. https:// doi. org/ 10. 1371/ journ al. pone. 01245 21

 26. Vorhees CV, Williams MT (2006) Morris water maze: procedures 
for assessing spatial and related forms of learning and memory. 
Nat Protoc 1:848–858. https:// doi. org/ 10. 1038/ nprot. 2006. 116

 27. Brandeis R, Brandys Y, Yehuda S (1989) The use of the Morris 
water maze in the study of memory and learning. Int J Neurosci 
48:29–69. https:// doi. org/ 10. 3109/ 00207 45890 90021 51

 28. Morris R (1984) Developments of a water-maze procedure for 
studying spatial learning in the rat. J Neurosci Methods 11:47–
60. https:// doi. org/ 10. 1016/ 0165- 0270(84) 90007-4

 29. Othman MZ, Hassan Z, Has ATC (2022) Morris water maze: 
a versatile and pertinent tool for assessing spatial learning and 
memory. Exp Anim 71:264–280

 30. Chen CH, Zhou W, Liu S et al (2012) Increased NF-κB signal-
ling up-regulates BACE1 expression and its therapeutic potential 
in Alzheimer’s disease. Int J Neuropsychopharmacol 15:77–90. 
https:// doi. org/ 10. 1017/ S1461 14571 10001 49

 31. Chami L, Buggia-Prévot V, Duplan E et  al (2012) Nuclear 
factor-κB regulates βAPP and β- and γ-secretases differently at 
physiological and supraphysiological Aβ concentrations. J Biol 
Chem 287:24573–24584. https:// doi. org/ 10. 1074/ jbc. M111. 
333054

 32. Bartolotti N, Lazarov O (2019) CREB signals as PBMC-based 
biomarkers of cognitive dysfunction: a novel perspective of the 
brain-immune axis. Brain Behav Immun 78:9–20

 33. Hu W, Gray NW, Brimijoin S (2003) Amyloid-beta increases 
acetylcholinesterase expression in neuroblastoma cells by reduc-
ing enzyme degradation. J Neurochem 86:470–478. https:// doi. 
org/ 10. 1046/j. 1471- 4159. 2003. 01855.x

 34. Johansson S, Jämsä A, Vasänge M et al (2006) Increased tau 
phosphorylation at the Ser396 epitope after amyloid beta-expo-
sure in organotypic cultures. Neuroreport 17:907–911. https:// 
doi. org/ 10. 1097/ 01. wnr. 00002 21844. 35502. 29

 35. Mondragón-Rodríguez S, Perry G, Luna-Muñoz J et al (2014) 
Phosphorylation of tau protein at sites Ser396-404 is one of the 
earliest events in Alzheimer’s disease and Down syndrome. Neu-
ropathol Appl Neurobiol 40:121–135. https:// doi. org/ 10. 1111/ 
nan. 12084

 36. Park JS, Kam TI, Lee S et al (2021) Blocking microglial acti-
vation of reactive astrocytes is neuroprotective in models of 

Alzheimer’s disease. Acta Neuropathol Commun 9. https:// doi. 
org/ 10. 1186/ s40478- 021- 01180-z

 37. Sirianni AC, Jiang J, Zeng J et al (2015) N-acetyl-L-tryptophan, 
but not N-acetyl-D-tryptophan, rescues neuronal cell death in 
models of amyotrophic lateral sclerosis. J Neurochem 134:956–
968. https:// doi. org/ 10. 1111/ jnc. 13190

 38. Li W, Fotinos A, Wu Q et al (2015) N-acetyl-l-tryptophan delays 
disease onset and extends survival in an amyotrophic lateral scle-
rosis transgenic mouse model. Neurobiol Dis 80:93–103. https:// 
doi. org/ 10. 1016/j. nbd. 2015. 05. 002

 39. Thornton E, Vink R (2012) Treatment with a substance p receptor 
antagonist is neuroprotective in the intrastriatal 6-hydroxydo-
pamine model of early Parkinson’s disease. PLoS One 7:1–8. 
https:// doi. org/ 10. 1371/ journ al. pone. 00341 38

 40. Vink R, Donkin JJ, Cruz MI et al (2004) A substance P antago-
nist increases brain intracellular free magnesium concentra-
tion after diffuse traumatic brain injury in rats. J Am Coll Nutr 
23:538S–540S. https:// doi. org/ 10. 1080/ 07315 724. 2004. 10719 
398

 41. Donkin JJ, Nimmo AJ, Cernak I et al (2009) Substance P is 
associated with the development of brain edema and functional 
deficits after traumatic brain injury. J Cereb Blood Flow Metab 
29:1388–1398. https:// doi. org/ 10. 1038/ jcbfm. 2009. 63

 42. Turner RJ, Blumbergs PC, Vink R (2005) A substance P antag-
onist improves outcome following reversible middle cerebral 
artery occlusion in rats. J Cereb Blood Flow Metab 25:S32–S32. 
https:// doi. org/ 10. 1038/ sj. jcbfm. 95915 24. 0032

 43. Kumar R, Kumari P, Pandey S et al (2022) Amelioration of 
radiation-induced cell death in Neuro2a cells by neutralizing 
oxidative stress and reducing mitochondrial dysfunction using 
N-acetyl-L-tryptophan. Oxid Med Cell Longev 2022. https:// doi. 
org/ 10. 1155/ 2022/ 91243 65

 44. Fernandes J, Mudgal J, Rao CM et al (2018) N-acetyl-L-tryp-
tophan, a substance-P receptor antagonist attenuates aluminum-
induced spatial memory deficit in rats. Toxicol Mech Methods 
28:328–334. https:// doi. org/ 10. 1080/ 15376 516. 2017. 14114 12

 45. Nečas D, Klapetek P (2012) Gwyddion: an open-source software 
for SPM data analysis. Open Physics 10. https:// doi. org/ 10. 2478/ 
s11534- 011- 0096-2

 46. Mrdenovic D, Lipkowski J, Pieta P (2022) Analyzing morpholog-
ical properties of early-stage toxic amyloid β oligomers by atomic 
force microscopy. Methods Mol Biol 2402:227–241. https:// doi. 
org/ 10. 1007/ 978-1- 0716- 1843-1_ 18

 47. Wang R, Xu Z, Li Y et al (2021) Lycopene can modulate the 
LRP1 and RAGE transporters expression at the choroid plexus 
in Alzheimer’s disease rat. J Funct Foods 85. https:// doi. org/ 10. 
1016/j. jff. 2021. 104644

 48. Xu Z, Liu C, Wang R et al (2021) A combination of lycopene and 
human amniotic epithelial cells can ameliorate cognitive deficits 
and suppress neuroinflammatory signaling by choroid plexus in 
Alzheimer’s disease rat. J Nutr Biochem 88. https:// doi. org/ 10. 
1016/j. jnutb io. 2020. 108558

 49. Guo XD, Sun GL, Zhou TT et al (2017) LX2343 alleviates cogni-
tive impairments in AD model rats by inhibiting oxidative stress-
induced neuronal apoptosis and tauopathy. Acta Pharmacol Sin 
38:1104–1119. https:// doi. org/ 10. 1038/ aps. 2016. 128

 50. Nampoothiri M, Kumar N, Venkata Ramalingayya G et al (2017) 
Effect of insulin on spatial memory in aluminum chloride-
induced dementia in rats. Neuroreport 28:540–544. https:// doi. 
org/ 10. 1097/ WNR. 00000 00000 000799

 51. Assis CRD, Castro PF, Amaral IPG et al (2010) Characterization 
of acetylcholinesterase from the brain of the Amazonian tam-
baqui (Colossoma macropomum) and in vitro effect of organo-
phosphorus and carbamate pesticides. Environ Toxicol Chem 
29:2243–2248. https:// doi. org/ 10. 1002/ etc. 272

https://doi.org/10.1155/2019/5160293
https://doi.org/10.1016/j.expneurol.2007.10.009
https://doi.org/10.1016/j.expneurol.2007.10.009
https://doi.org/10.2174/156720508785908874
https://doi.org/10.2174/156720508785908874
https://doi.org/10.1038/s41598-019-47638-y
https://doi.org/10.1016/j.cub.2013.05.041
https://doi.org/10.1371/journal.pone.0124521
https://doi.org/10.1038/nprot.2006.116
https://doi.org/10.3109/00207458909002151
https://doi.org/10.1016/0165-0270(84)90007-4
https://doi.org/10.1017/S1461145711000149
https://doi.org/10.1074/jbc.M111.333054
https://doi.org/10.1074/jbc.M111.333054
https://doi.org/10.1046/j.1471-4159.2003.01855.x
https://doi.org/10.1046/j.1471-4159.2003.01855.x
https://doi.org/10.1097/01.wnr.0000221844.35502.29
https://doi.org/10.1097/01.wnr.0000221844.35502.29
https://doi.org/10.1111/nan.12084
https://doi.org/10.1111/nan.12084
https://doi.org/10.1186/s40478-021-01180-z
https://doi.org/10.1186/s40478-021-01180-z
https://doi.org/10.1111/jnc.13190
https://doi.org/10.1016/j.nbd.2015.05.002
https://doi.org/10.1016/j.nbd.2015.05.002
https://doi.org/10.1371/journal.pone.0034138
https://doi.org/10.1080/07315724.2004.10719398
https://doi.org/10.1080/07315724.2004.10719398
https://doi.org/10.1038/jcbfm.2009.63
https://doi.org/10.1038/sj.jcbfm.9591524.0032
https://doi.org/10.1155/2022/9124365
https://doi.org/10.1155/2022/9124365
https://doi.org/10.1080/15376516.2017.1411412
https://doi.org/10.2478/s11534-011-0096-2
https://doi.org/10.2478/s11534-011-0096-2
https://doi.org/10.1007/978-1-0716-1843-1_18
https://doi.org/10.1007/978-1-0716-1843-1_18
https://doi.org/10.1016/j.jff.2021.104644
https://doi.org/10.1016/j.jff.2021.104644
https://doi.org/10.1016/j.jnutbio.2020.108558
https://doi.org/10.1016/j.jnutbio.2020.108558
https://doi.org/10.1038/aps.2016.128
https://doi.org/10.1097/WNR.0000000000000799
https://doi.org/10.1097/WNR.0000000000000799
https://doi.org/10.1002/etc.272


 Molecular Neurobiology

1 3

 52. Takahashi S, Fukushima H, Yu Z et al (2021) Tumor necrosis 
factor α negatively regulates the retrieval and reconsolidation of 
hippocampus-dependent memory. Brain Behav Immun 94:79–88. 
https:// doi. org/ 10. 1016/j. bbi. 2021. 02. 033

 53. Basu Mallik S, Mudgal J, Hall S et al (2022) Remedial effects of 
caffeine against depressive-like behaviour in mice by modulation 
of neuroinflammation and BDNF. Nutr Neurosci 25:1836–1844. 
https:// doi. org/ 10. 1080/ 10284 15X. 2021. 19063 93

 54. Silva NM LE, Gonçalves RA, Pascoal TA et al (2021) Pro-
inflammatory interleukin-6 signaling links cognitive impair-
ments and peripheral metabolic alterations in Alzheimer’s 
disease. Transl Psychiatry 11. https:// doi. org/ 10. 1038/ 
s41398- 021- 01349-z

 55. Sun E, Motolani A, Campos L, Lu T (2022) The pivotal role 
of NF-kB in the pathogenesis and therapeutics of Alzheimer’s 
disease. Int J Mol Sci. 23(16):8972. https:// doi. org/ 10. 3390/ ijms2 
31689 72

 56. Kinra M, Nampoothiri M, Arora D, Mudgal J (2022) Reviewing 
the importance of TLR-NLRP3-pyroptosis pathway and mecha-
nism of experimental NLRP3 inflammasome inhibitors. Scand J 
Immunol 95. https:// doi. org/ 10. 1111/ sji. 13124

 57. Sharma VK, Singh TG (2021) CREB: a multifaceted target for 
Alzheimer’s disease. Curr Alzheimer Res 17:1280–1293. https:// 
doi. org/ 10. 2174/ 15672 05018 66621 02181 52253

 58. Medeiros R, Baglietto-Vargas D, Laferla FM (2011) The role of 
Tau in Alzheimer’s disease and related disorders. CNS Neurosci 
Ther 17:514–524

 59. Aluko RE (2021) Food-derived acetylcholinesterase inhibitors 
as potential agents against Alzheimer’s disease. eFood 2:49–58

 60. Beach TG, Kuo YM, Spiegel K, Emmerling MR, Sue LI, Kok-
john K, Roher AE (2000) The cholinergic deficit coincides with 
Abeta deposition at the earliest histopathologic stages of Alzhei-
mer disease. J Neuropathol Exp Neurol. 59(4):308–313. https:// 
doi. org/ 10. 1093/ jnen/ 59.4. 308

 61. Athar T, Al Balushi K, Khan SA (2021) Recent advances on drug 
development and emerging therapeutic agents for Alzheimer’s 
disease. Mol Biol Rep 48:5629–5645

 62. Banchelli M, Cascella R, D’Andrea C et al (2021) Probing the 
structure of toxic amyloid-β oligomers with electron spin reso-
nance and molecular modeling. ACS Chem Neurosci 12:1150–
1161. https:// doi. org/ 10. 1021/ acsch emneu ro. 0c007 14

 63. Sengupta U, Nilson AN, Kayed R (2016) The role of amyloid-β 
oligomers in toxicity, propagation, and immunotherapy. EBio-
Medicine 6:42–49

 64. Winkler RG, Spatz JP, Sheiko S et al (1996) Imaging material 
properties by resonant tapping-force microscopy: a model inves-
tigation. Phys Rev B 54:8908–8912. https:// doi. org/ 10. 1103/ 
PhysR evB. 54. 8908

 65. Legleiter J, Kowalewski T (2004) Atomic force microscopy of 
beta-amyloid: static and dynamic studies of nanostructure and its 
formation. Methods Mol Biol 242:349–364. https:// doi. org/ 10. 
1385/1- 59259- 647-9: 349

 66. Yip CM, Darabie AA, McLaurin JA (2002) Aβ42-peptide assem-
bly on lipid bilayers. J Mol Biol 318:97–107. https:// doi. org/ 10. 
1016/ S0022- 2836(02) 00028-1

 67. Banerjee S, Sun Z, Hayden EY et al (2017) Nanoscale dynam-
ics of amyloid β-42 oligomers as revealed by high-speed atomic 
force microscopy. ACS Nano 11:12202–12209. https:// doi. org/ 
10. 1021/ acsna no. 7b054 34

 68. Moradpour F, Naghdi N, Fathollahi Y et al (2013) Pre-pubertal 
castration improves spatial learning during mid-adolescence in 
rats. Prog Neuropsychopharmacol Biol Psychiatry 46:105–112. 
https:// doi. org/ 10. 1016/j. pnpbp. 2013. 07. 005

 69. Barry DN, Commins S (2019) A novel control condition for 
spatial learning in the Morris water maze. J Neurosci Methods 
318:1–5. https:// doi. org/ 10. 1016/j. jneum eth. 2019. 02. 015

 70. Gehring TV, Luksys G, Sandi C, Vasilaki E (2015) Detailed clas-
sification of swimming paths in the Morris Water Maze: multiple 
strategies within one trial. Sci Rep 5. https:// doi. org/ 10. 1038/ 
srep1 4562

 71. Calvo-Flores Guzmán B, Elizabeth Chaffey T, Hansika Palpa-
gama T et al (2020) The interplay between beta-amyloid 1–42 
(Aβ1–42)-Induced hippocampal inflammatory response, p-tau, 
vascular pathology, and their synergistic contributions to neu-
ronal death and behavioral deficits. Front Mol Neurosci 13. 
https:// doi. org/ 10. 3389/ fnmol. 2020. 552073

 72. Peng D, Pan X, Cui J et al (2013) Hyperphosphorylation of tau 
protein in hippocampus of central insulin-resistant rats is associ-
ated with cognitive impairment. Cell Physiol Biochem 32:1417–
1425. https:// doi. org/ 10. 1159/ 00035 6579

 73. Frame AK, Lone A, Harris RA, Cumming RC (2019) Simple pro-
tocol for distinguishing drug-induced effects on spatial memory 
acquisition, consolidation and retrieval in mice using the Morris 
water maze. Bio Protoc 9. https:// doi. org/ 10. 21769/ BioPr otoc. 
3376

 74. Shrager Y, Bayley PJ, Bontempi B et al (2007) Spatial memory 
and the human hippocampus. Proc Natl Acad Sci 104:2961–
2966. https:// doi. org/ 10. 1073/ pnas. 06112 33104

 75. Fitzgerald LW, Dokla CP (1989) Morris water task impairment 
and hypoactivity following cysteamine-induced reductions of 
somatostatin-like immunoreactivity. Brain Res. 505(2):246–250. 
https:// doi. org/ 10. 1016/ 0006- 8993(89) 91450-9

 76. Xing Y, Qin Y, Jing W et al (2016) Exposure to Mozart music 
reduces cognitive impairment in pilocarpine-induced status epi-
lepticus rats. Cogn Neurodyn 10:23–30. https:// doi. org/ 10. 1007/ 
s11571- 015- 9361-1

 77. Baranowska-Bik A, Bik W, Wolinska-Witort E, Martynska L, 
Chmielowska M, Barcikowska M, Baranowska B (2008) Plasma 
beta amyloid and cytokine profile in women with Alzheimer’s 
disease. Neuro Endocrinol Lett 29(1):75–79

 78. Lue LF, Rydel R, Brigham EF, Yang LB, Hampel H, Murphy GM 
Jr, Brachova L, Yan SD, Walker DG, Shen Y, Rogers J (2001) 
Inflammatory repertoire of Alzheimer’s disease and nonde-
mented elderly microglia in vitro. Glia 35(1):72–79. https:// doi. 
org/ 10. 1002/ glia. 1072

 79. Gruol DL (2015) IL-6 regulation of synaptic function in the 
CNS. Neuropharmacology 96:42–54. https:// doi. org/ 10. 1016/j. 
neuro pharm. 2014. 10. 023

 80. Lourenco MV, Clarke JR, Frozza RL et al (2013) TNF-α medi-
ates PKR-dependent memory impairment and brain IRS-1 inhibi-
tion induced by Alzheimer’s β-amyloid oligomers in mice and 
monkeys. Cell Metab 18:831–843. https:// doi. org/ 10. 1016/j. 
cmet. 2013. 11. 002

 81. Singewald N, Chicchi GG, Thurner CC et al (2008) Modula-
tion of basal and stress-induced amygdaloid substance P release 
by the potent and selective NK1 receptor antagonist L-822429. 
J Neurochem 106:2476–2488. https:// doi. org/ 10. 1111/j. 1471- 
4159. 2008. 05596.x

 82. Dong H, Goico B, Martin M et al (2004) Modulation of hip-
pocampal cell proliferation, memory, and amyloid plaque depo-
sition in APPsw (Tg2576) mutant mice by isolation stress. Neu-
roscience 127:601–609. https:// doi. org/ 10. 1016/j. neuro scien ce. 
2004. 05. 040

 83. Johnson MB, Young AD, Marriott I (2017) The therapeutic 
potential of targeting substance P/NK-1R interactions in inflam-
matory CNS disorders. Front Cell Neurosci 10:1–24. https:// doi. 
org/ 10. 3389/ fncel. 2016. 00296

 84. Philipp M (2016) Substance P and antagonists of the neurok-
inin-1 receptor in neuroinflammation associated with infectious 
and neurodegenerative diseases of the central nervous system. J 
Neurol Neuromedicine 1:29–36. https:// doi. org/ 10. 29245/ 2572. 
942x/ 2016/2. 1020

https://doi.org/10.1016/j.bbi.2021.02.033
https://doi.org/10.1080/1028415X.2021.1906393
https://doi.org/10.1038/s41398-021-01349-z
https://doi.org/10.1038/s41398-021-01349-z
https://doi.org/10.3390/ijms23168972
https://doi.org/10.3390/ijms23168972
https://doi.org/10.1111/sji.13124
https://doi.org/10.2174/1567205018666210218152253
https://doi.org/10.2174/1567205018666210218152253
https://doi.org/10.1093/jnen/59.4.308
https://doi.org/10.1093/jnen/59.4.308
https://doi.org/10.1021/acschemneuro.0c00714
https://doi.org/10.1103/PhysRevB.54.8908
https://doi.org/10.1103/PhysRevB.54.8908
https://doi.org/10.1385/1-59259-647-9:349
https://doi.org/10.1385/1-59259-647-9:349
https://doi.org/10.1016/S0022-2836(02)00028-1
https://doi.org/10.1016/S0022-2836(02)00028-1
https://doi.org/10.1021/acsnano.7b05434
https://doi.org/10.1021/acsnano.7b05434
https://doi.org/10.1016/j.pnpbp.2013.07.005
https://doi.org/10.1016/j.jneumeth.2019.02.015
https://doi.org/10.1038/srep14562
https://doi.org/10.1038/srep14562
https://doi.org/10.3389/fnmol.2020.552073
https://doi.org/10.1159/000356579
https://doi.org/10.21769/BioProtoc.3376
https://doi.org/10.21769/BioProtoc.3376
https://doi.org/10.1073/pnas.0611233104
https://doi.org/10.1016/0006-8993(89)91450-9
https://doi.org/10.1007/s11571-015-9361-1
https://doi.org/10.1007/s11571-015-9361-1
https://doi.org/10.1002/glia.1072
https://doi.org/10.1002/glia.1072
https://doi.org/10.1016/j.neuropharm.2014.10.023
https://doi.org/10.1016/j.neuropharm.2014.10.023
https://doi.org/10.1016/j.cmet.2013.11.002
https://doi.org/10.1016/j.cmet.2013.11.002
https://doi.org/10.1111/j.1471-4159.2008.05596.x
https://doi.org/10.1111/j.1471-4159.2008.05596.x
https://doi.org/10.1016/j.neuroscience.2004.05.040
https://doi.org/10.1016/j.neuroscience.2004.05.040
https://doi.org/10.3389/fncel.2016.00296
https://doi.org/10.3389/fncel.2016.00296
https://doi.org/10.29245/2572.942x/2016/2.1020
https://doi.org/10.29245/2572.942x/2016/2.1020


Molecular Neurobiology 

1 3

 85. Eapen PM, Rao CM, Nampoothiri M (2019) Crosstalk between 
neurokinin receptor signaling and neuroinflammation in neuro-
logical disorders. Rev Neurosci 30:233–243. https:// doi. org/ 10. 
1515/ revne uro- 2018- 0021

 86. Satarker S, Maity S, Mudgal J, Nampoothiri M (2022) In silico 
screening of neurokinin receptor antagonists as a therapeutic 
strategy for neuroinflammation in Alzheimer’s disease. Mol 
Divers 26:443–466. https:// doi. org/ 10. 1007/ s11030- 021- 10276-6

 87. Lieb K, Schaller H, Bauer J et al (1998) Substance P and his-
tamine induce interleukin-6 expression in human astrocytoma 
cells by a mechanism involving protein kinase C and nuclear 
factor-IL-6. J Neurochem 70:1577–1583. https:// doi. org/ 10. 
1046/j. 1471- 4159. 1998. 70041 577.x

 88. Dasgupta A, Baby N, Krishna K et al (2017) Substance P 
induces plasticity and synaptic tagging/capture in rat hip-
pocampal area CA2. Proc Natl Acad Sci 114:E8741–E8749. 
https:// doi. org/ 10. 1073/ pnas. 17112 67114

 89. Yu Y, Zeng C, Shu S et al (2014) Similar effects of substance 
P on learning and memory function between hippocampus 
and striatal marginal division. Neural Regen Res 9:857–863. 
https:// doi. org/ 10. 4103/ 1673- 5374. 131603

 90. Maqbool A, Lattke M, Wirth T, Baumann B (2013) Sustained, 
neuron-specific IKK/NF-κB activation generates a selective 
neuroinflammatory response promoting local neurodegenera-
tion with aging. Mol Neurodegener 8. https:// doi. org/ 10. 1186/ 
1750- 1326-8- 40

 91. Valerio A, Boroni F, Benarese M et al (2006) NF-κB path-
way: a target for preventing β-amyloid (Aβ)-induced neuronal 
damage and Aβ42 production. Eur J Neurosci 23:1711–1720. 
https:// doi. org/ 10. 1111/j. 1460- 9568. 2006. 04722.x

 92. Okazaki T, Sakon S, Sasazuki T et al (2003) Phosphorylation 
of serine 276 is essential for p65 NF-κB subunit-dependent cel-
lular responses. Biochem Biophys Res Commun 300:807–812. 
https:// doi. org/ 10. 1016/ S0006- 291X(02) 02932-7

 93. Sakamoto K, Karelina K, Obrietan K (2011) CREB: a multi-
faceted regulator of neuronal plasticity and protection. J Neu-
rochem 116:1–9

 94. Saura CA, Valero J (2011) The role of CREB signaling in Alz-
heimer’s disease and other cognitive disorders. Rev Neurosci 
22:153–169. https:// doi. org/ 10. 1515/ RNS. 2011. 018

 95. Pugazhenthi S, Wang M, Pham S et al (2011) Downregulation 
of CREB expression in Alzheimer’s brain and in Aβ-treated rat 
hippocampal neurons. Mol Neurodegener 6. https:// doi. org/ 10. 
1186/ 1750- 1326-6- 60

 96. Vitolo OV, Sant’Angelo A, Costanzo V, Battaglia F, Arancio 
O, Shelanski M (2002) Amyloid beta -peptide inhibition of the 
PKA/CREB pathway and long-term potentiation: reversibility 
by drugs that enhance cAMP signaling. Proc Natl Acad Sci USA 
99(20):13217–13221. https:// doi. org/ 10. 1073/ pnas. 17250 4199

 97. Bartolotti N, Bennett DA, Lazarov O (2016) Reduced pCREB in 
Alzheimer’s disease prefrontal cortex is reflected in peripheral 
blood mononuclear cells. Mol Psychiatry 21:1158–1166. https:// 
doi. org/ 10. 1038/ mp. 2016. 111

 98. Delghandi MP, Johannessen M, Moens U (2005) The cAMP sig-
nalling pathway activates CREB through PKA, p38 and MSK1 
in NIH 3T3 cells. Cell Signal 17:1343–1351. https:// doi. org/ 10. 
1016/j. cells ig. 2005. 02. 003

 99. You M, Pan Y, Liu Y et al (2019) Royal jelly alleviates cog-
nitive deficits and β-amyloid accumulation in APP/PS1 mouse 
model via activation of the cAMP/PKA/CREB/BDNF pathway 
and inhibition of neuronal apoptosis. Front Aging Neurosci 11. 
https:// doi. org/ 10. 3389/ fnagi. 2018. 00428

 100. Liang Z, Liu F, Grundke-Iqbal I et al (2007) Down-regulation 
of cAMP-dependent protein kinase by over-activated calpain in 
Alzheimer disease brain. J Neurochem 103:2462–2470. https:// 
doi. org/ 10. 1111/j. 1471- 4159. 2007. 04942.x

 101. Gibbons GS, Banks RA, Kim B et al (2018) Detection of Alz-
heimer disease (AD)-specific tau pathology in AD and nonAD 
tauopathies by immunohistochemistry with novel conformation-
selective tau antibodies. J Neuropathol Exp Neurol 77:216–228. 
https:// doi. org/ 10. 1093/ jnen/ nly010

 102. Stathas SA, Alvarez VE, Xia W et al (2022) Tau phosphorylation 
sites serine202 and serine396 are differently altered in chronic 
traumatic encephalopathy and Alzheimer’s disease. Alzheimers 
Dement 18:1511–1522. https:// doi. org/ 10. 1002/ alz. 12502

 103. Bartus RT, Dean RL, Beer B (1979) Lippa AS (1982) The cho-
linergic hypothesis of geriatric memory dysfunction. Science 
217:408–414. https:// doi. org/ 10. 1126/ scien ce. 70460 51

 104. Howard R, McShane R, Lindesay J, Ritchie C, Baldwin A, 
Barber R, Burns A, Dening T, Findlay D, Holmes C, Hughes 
A, Jacoby R, Jones R, Jones R, McKeith I, Macharouthu A, 
O’Brien J, Passmore P, Sheehan B, Juszczak E, Katona C, 
Hills R, Knapp M, Ballard C, Brown R, Banerjee S, Onions 
C, Griffin M, Adams J, Gray R, Johnson T, Bentham P, Phil-
lips P (2012) Donepezil and memantine for moderate-to-severe 
Alzheimer’s disease. N Engl J Med 366(10):893–903. https:// 
doi. org/ 10. 1056/ NEJMo a1106 668

 105. Raina P, Santaguida P, Ismaila A, Patterson C, Cowan D, 
Levine M, Booker L, Oremus M (2008) Effectiveness of cho-
linesterase inhibitors and memantine for treating dementia: 
evidence review for a clinical practice guideline. Ann Intern 
Med 148(5):379–397. https:// doi. org/ 10. 7326/ 0003- 4819- 148-
5- 20080 3040- 00009

 106. Carvajal FJ, Inestrosa NC (2011) Interactions of AChE with 
A? Aggregates in Alzheimer?s brain: therapeutic relevance 
of IDN 5706. Front Mol Neurosci 4. https:// doi. org/ 10. 3389/ 
fnmol. 2011. 00019

 107. Haam J, Yakel JL (2017) Cholinergic modulation of the 
hippocampal region and memory function. J Neurochem 
142:111–121

 108. Huang Q, Liao C, Ge F et al (2022) Acetylcholine bidirec-
tionally regulates learning and memory. J Neurorestoratology 
10:100002. https:// doi. org/ 10. 1016/j. jnrt. 2022. 100002

 109. Ahmed A, Berg S, Alkass K et al (2019) NF-κB-associated 
pain-related neuropeptide expression in patients with degenera-
tive disc disease. Int J Mol Sci 20:658. https:// doi. org/ 10. 3390/ 
ijms2 00306 58

 110. Alberini CM (2009) Transcription factors in synaptic plastic-
ity and learning and memory. Encyclopedia of neuroscience. 
Elsevier, In, pp. 1081–1092

 111. Liu T, Zhang L, Joo D, Sun S-C (2017) NF-κB signaling in 
inflammation. Signal Transduct Target Ther 2:17023. https:// 
doi. org/ 10. 1038/ sigtr ans. 2017. 23

 112. Shukla S, Shankar E, Fu P et  al (2015) Suppression of 
NF-κB and NF-κB-Regulated Gene Expression by Apigenin 
through IκBα and IKK Pathway in TRAMP Mice. PLoS One 
10:e0138710. https:// doi. org/ 10. 1371/ journ al. pone. 01387 10

 113. Yang H, Qian H, Liu B et al (2021) Triptolide dose-depend-
ently improves LPS-induced alveolar hypercoagulation and 
fibrinolysis inhibition through NF-κB inactivation in ARDS 
mice. Biomed Pharmacother 139:111569. https:// doi. org/ 10. 
1016/j. biopha. 2021. 111569

 114. Tanabe K, Matsushima-Nishiwaki R, Yamaguchi S et al (2010) 
Mechanisms of tumor necrosis factor-α-induced interleukin-6 
synthesis in glioma cells. J Neuroinflammation 7:16. https:// 
doi. org/ 10. 1186/ 1742- 2094-7- 16

 115. Wang Y, Ye R, Fan L et al (2023) A TNF-α blocking pep-
tide that reduces NF-κB and MAPK activity for attenuating 
inflammation. Bioorg Med Chem 92:117420. https:// doi. org/ 
10. 1016/j. bmc. 2023. 117420

 116. Wang C, Fan L, Khawaja RR et al (2022) Microglial NF-κB 
drives Tau spreading and toxicity in a mouse model of 

https://doi.org/10.1515/revneuro-2018-0021
https://doi.org/10.1515/revneuro-2018-0021
https://doi.org/10.1007/s11030-021-10276-6
https://doi.org/10.1046/j.1471-4159.1998.70041577.x
https://doi.org/10.1046/j.1471-4159.1998.70041577.x
https://doi.org/10.1073/pnas.1711267114
https://doi.org/10.4103/1673-5374.131603
https://doi.org/10.1186/1750-1326-8-40
https://doi.org/10.1186/1750-1326-8-40
https://doi.org/10.1111/j.1460-9568.2006.04722.x
https://doi.org/10.1016/S0006-291X(02)02932-7
https://doi.org/10.1515/RNS.2011.018
https://doi.org/10.1186/1750-1326-6-60
https://doi.org/10.1186/1750-1326-6-60
https://doi.org/10.1073/pnas.172504199
https://doi.org/10.1038/mp.2016.111
https://doi.org/10.1038/mp.2016.111
https://doi.org/10.1016/j.cellsig.2005.02.003
https://doi.org/10.1016/j.cellsig.2005.02.003
https://doi.org/10.3389/fnagi.2018.00428
https://doi.org/10.1111/j.1471-4159.2007.04942.x
https://doi.org/10.1111/j.1471-4159.2007.04942.x
https://doi.org/10.1093/jnen/nly010
https://doi.org/10.1002/alz.12502
https://doi.org/10.1126/science.7046051
https://doi.org/10.1056/NEJMoa1106668
https://doi.org/10.1056/NEJMoa1106668
https://doi.org/10.7326/0003-4819-148-5-200803040-00009
https://doi.org/10.7326/0003-4819-148-5-200803040-00009
https://doi.org/10.3389/fnmol.2011.00019
https://doi.org/10.3389/fnmol.2011.00019
https://doi.org/10.1016/j.jnrt.2022.100002
https://doi.org/10.3390/ijms20030658
https://doi.org/10.3390/ijms20030658
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1371/journal.pone.0138710
https://doi.org/10.1016/j.biopha.2021.111569
https://doi.org/10.1016/j.biopha.2021.111569
https://doi.org/10.1186/1742-2094-7-16
https://doi.org/10.1186/1742-2094-7-16
https://doi.org/10.1016/j.bmc.2023.117420
https://doi.org/10.1016/j.bmc.2023.117420


 Molecular Neurobiology

1 3

tauopathy. Nat Commun 13:1969. https:// doi. org/ 10. 1038/ 
s41467- 022- 29552-6

 117. Reale M, Nicola M, Velluto L et al (2014) Selective acetyl- 
and butyrylcholinesterase inhibitors reduce amyloid-&#946; 
ex vivo activation of peripheral chemo-cytokines from Alzhei-
mer’s disease subjects: exploring the cholinergic anti-inflam-
matory pathway. Curr Alzheimer Res 11:608–622. https:// doi. 
org/ 10. 2174/ 15672 05010 66613 12121 13218

 118. Paulazo MA, Sodero AO (2020) Analysis of cholesterol in mouse 
brain by HPLC with UV detection. PLoS One 15. https:// doi. org/ 
10. 1371/ journ al. pone. 02281 70

 119. Thomas J, Khanam R, Vohora D (2015) A validated HPLC-
UV method and optimization of sample preparation technique 
for norepinephrine and serotonin in mouse brain. Pharm Biol 
53:1539–1544. https:// doi. org/ 10. 3109/ 13880 209. 2014. 991837

 120. Sun Z, Li Q, Bi K (2018) Rapid HPLC-ESI-MS/MS analysis 
of neurotransmitters in the brain tissue of alzheimer’s disease 
rats before and after oral administration of Xanthoceras sorbi-
folia Bunge. Molecules 23. https:// doi. org/ 10. 3390/ molec ules2 
31231 11

 121. Sultana N, Arayne MS, Khan MM et al (2012) Determination 
of tryptophan in raw materials, rat brain and human plasma by 
RP-HPLC technique. J Chromatogr Sci 50:531–537. https:// doi. 
org/ 10. 1093/ chrom sci/ bms045

 122. González O, Blanco ME, Iriarte G, Bartolomé L, Maguregui MI, 
Alonso RM (2014) Bioanalytical chromatographic method vali-
dation according to current regulations, with a special focus on 

the non-well defined parameters limit of quantification, robust-
ness and matrix effect. J Chromatogr A 1(1353):10–27. https:// 
doi. org/ 10. 1016/j. chroma. 2014. 03. 077

 123. Romero RM, Bolger MB, Morningstar-Kywi N, Haworth IS 
(2020) Teaching of biopharmaceutics in a drug design course: 
use of gastroplus as educational software. J Chem Educ 97:2212–
2220. https:// doi. org/ 10. 1021/ acs. jchem ed. 0c004 01

 124. Arafat M, Sarfraz M, Aburuz S (2021) Development and in vitro 
evaluation of controlled release viagra® containing polox-
amer-188 using  gastroplusTM pbpk modeling software for in vivo 
predictions and pharmacokinetic assessments. Pharmaceuticals 
14. https:// doi. org/ 10. 3390/ ph140 50479

 125. Zhang F, Bartels M, Clark A et al (2018) Performance evalu-
ation of the GastroPlusTM software tool for prediction of the 
toxicokinetic parameters of chemicals. SAR QSAR Environ Res 
29:875–893. https:// doi. org/ 10. 1080/ 10629 36X. 2018. 15189 28

 126. Silva DA, Cor MK, Lavasanifar A et al (2022) Using Gastro-
Plus to teach complex biopharmaceutical concepts. Pharm Educ 
22:336–347. https:// doi. org/ 10. 46542/ pe. 2022. 221. 336347

 127. Breum L, Rasmussen MH, Hilsted J, Fernstrom JD (2003) 
Twenty-four–hour plasma tryptophan concentrations and ratios 
are below normal in obese subjects and are not normalized by 
substantial weight reduction. Am J Clin Nutr 77:1112–1118. 
https:// doi. org/ 10. 1093/ ajcn/ 77.5. 1112

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/s41467-022-29552-6
https://doi.org/10.1038/s41467-022-29552-6
https://doi.org/10.2174/1567205010666131212113218
https://doi.org/10.2174/1567205010666131212113218
https://doi.org/10.1371/journal.pone.0228170
https://doi.org/10.1371/journal.pone.0228170
https://doi.org/10.3109/13880209.2014.991837
https://doi.org/10.3390/molecules23123111
https://doi.org/10.3390/molecules23123111
https://doi.org/10.1093/chromsci/bms045
https://doi.org/10.1093/chromsci/bms045
https://doi.org/10.1016/j.chroma.2014.03.077
https://doi.org/10.1016/j.chroma.2014.03.077
https://doi.org/10.1021/acs.jchemed.0c00401
https://doi.org/10.3390/ph14050479
https://doi.org/10.1080/1062936X.2018.1518928
https://doi.org/10.46542/pe.2022.221.336347
https://doi.org/10.1093/ajcn/77.5.1112

	Evaluating the Role of N-Acetyl-L-Tryptophan in the Aβ 1-42-Induced Neuroinflammation and Cognitive Decline in Alzheimer’s Disease
	Abstract
	Introduction
	Materials and Methods
	Animals
	Chemicals and Reagents
	Preparation of Aβ 1-42 Oligomers
	Atomic Force Microscopy
	Study Design
	Administration of Aβ 1-42 Oligomers
	Administration of NAT
	Morris Water Maze (MWM)
	Tissue Preparation for Acetylcholinesterase Activity, Enzyme-Linked Immunosorbent Assay, and Western Blotting
	Acetylcholinesterase Activity
	Estimation of Cytokines
	Estimation of Substance P
	Western Blotting
	Quantification of NAT in Brain Homogenate
	Simulation of Plasma NAT Levels Using GastroPlus™
	Statistical Analysis

	Results
	Visualization of the Aβ 1-42 Oligomers Using Atomic Force Microscopy
	The Protective Action of NAT on Spatial Memory in Aβ 1-42-Induced Cognitive Decline in the MWM
	Treatment with NAT Mediates the Downregulation of TNF-α, IL-6, and SP in the Hippocampus and Frontal Cortex of Aβ 1-42-Treated Animals
	Administration of NAT Regulates the Expression of NFκB p65, CREB1, and Tau Proteins
	NAT Treatment Mediates the Downregulation of AChE Activity in the Hippocampus and Frontal Cortex
	Quantification of NAT in the In Vivo Rat Brain
	GastroPlus Mediated Simulation of NAT levels in Rat Plasma

	Discussion
	Conclusion
	Acknowledgements 
	References


