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Abstract
Oxytocin is a neuropeptide hormone that plays an important role in social bonding and behavior. Recent studies indicate 
that oxytocin could be involved in the regulation of neurological disorders. However, its role in modulating cognition in 
Alzheimer’s disease (AD) has never been explored. Hence, the present study aims to investigate the potential of chronic 
intranasal oxytocin in halting memory impairment & AD pathology in aluminum chloride-induced AD in female rats. Mor-
ris water maze was used to assess cognitive dysfunction in two-time points throughout the treatment period. In addition, 
neuroprotective effects of oxytocin were examined by assessing hippocampal acetylcholinesterase activity, β-amyloid 1–42 
protein, and Tau levels. In addition, ERK1/2, GSK3β, and caspase-3 levels were assessed as chief neurobiochemical media-
tors in AD. Hippocampi histopathological changes were also evaluated. These findings were compared to the standard drug 
galantamine alone and combined with oxytocin. Results showed that oxytocin restored cognitive functions and improved 
animals’ behavior in the Morris test. This was accompanied by a significant decline in acetylcholinesterase activity, 1–42 
β-amyloid and Tau proteins levels. Hippocampal ERK1/2 and GSK3β were also reduced, exceeding galantamine effects, thus 
attenuating AD pathological hallmarks formation. Determination of caspase-3 revealed low cytoplasmic positivity, indicating 
the ceasing of neuronal death. Histopathological examination confirmed these findings, showing restored hippocampal cells 
structure. Combined galantamine and oxytocin treatment showed even better biochemical and histopathological profiles. It 
can be thus concluded that oxytocin possesses promising neuroprotective potential in AD mediated via restoring cognition 
and suppressing β-amyloid, Tau accumulation, and neuronal death.
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Introduction

Alzheimer’s disease (AD) is the most common neurodegen-
erative disease and the leading cause of all types of dementia 
[1]. AD cases increased steeply with more than doubling 

incidence in the last 20 years and are expected to reach 
more than 132 million people by 2050 [2]. Pathologically, 
the chief pathological hallmarks of AD are extracellular 
β-amyloid protein and intracellular neurofibrillary tangles 
precipitation [1]. The increase in disease burden requires 
innovative therapeutic options as all available medications 
slow the disease development rather than provide a cure [3].

Oxytocin (OX) is a neuropeptide that has a fundamental 
role in inducing uterine contractions and lactation [4]. In 
the brain, OX can act as a neuromodulator and a neuro-
transmitter [5]. Its role in the CNS became an attractive 
field of research, where preclinical and clinical studies 
indicate that OX neurotransmission could be involved in 
the regulation of various neurological disorders including 
schizophrenia [6], depression [7], autism [8], anxiety [9], 
and some forms of dementia [10]. The nasal application 
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had been previously reported as a successful route to 
bypass the blood–brain barrier and deliver therapeutics 
in adequate amounts to the brain [11]. More specifically, 
intranasal OX administration was found to deliver relevant 
concentrations of OX to the brain, through channels sur-
rounding trigeminal and olfactory nerve fibers. Follow-
ing intranasal application, oxytocin accumulates in brain 
regions highly expressing OX receptors, including the hip-
pocampus, in both humans and rats [12, 13].

Previous studies had shown promising outcomes of oxy-
tocin treatment in neuroinflammatory and neurodegenera-
tive models. Erbas et al. [14] reported that OX rescued 
neurons from apoptotic death fate in a rotenone rat model. 
Moreover, OX exerted an anti-inflammatory effect and 
attenuated microglial activity in the lipopolysaccharide-
induced inflammatory model [15]. In an Experimental 
Stroke Model, treatment with OX had shown a neuropro-
tective potential via suppression of apoptotic signaling 
hallmarks [16]. The potential effect of OX on cognition 
functions was tested in rats subjected to stress and showed 
enhanced hippocampal plasticity following single or triple 
intranasal oxytocin dose [17, 18]. However, the possible 
effect of OX on AD-induced memory impairment and 
pathology has never been elucidated.

Aluminum is a profuse metal, highly existing in human 
surroundings, getting into the human body through food, 
water, drugs, and utensils. The ability of aluminum to 
accumulate in sensitive areas of the brain like the hip-
pocampus and frontal cortex made it a possible main con-
tributing factor in the pathogenesis of neurodegenerative 
disorders [19, 20]. Aluminium-mediated neurodegenera-
tion has been well established as an experimental model 
of AD [21, 22], associated with elevated β-amyloid depo-
sition [23], diminished cholinergic transmission, overex-
pression of phosphorylated Tau [24], and neuronal death 
[25]. Such a cascade of events in the brain results in cogni-
tive dysfunction resembling AD patients [26].

Taking into account the aforementioned findings, this 
study investigated, for the first time, the possible effect of 
chronic intranasal oxytocin treatment on cognitive impair-
ment in an aluminum chloride-induced AD in female rats. 
Restoration of memory functions was tested using Morris 
water maze at two-time intervals of treatment. The neu-
roprotective potential of OX was examined by assessing 
acetylcholinesterase enzyme activity, as well as β-amyloid 
and Tau deposition. In addition, ERK1/2, GSK3β, and cas-
pase-3 levels were assessed as neurobiochemical media-
tors in AD. A histopathological examination of rats’ hip-
pocampi was performed. Those effects were compared to 
the standard drug, galantamine. In addition, the possible 
synergistic potential when combining both oxytocin and 
galantamine was also addressed.

Experimental Procedures

Chemicals

Both oxytocin and galantamine were purchased from 
Sigma Aldrich (St. Louis, USA). Aluminum chloride 
 (AlCl3) was purchased from El-Gomhouria chemicals 
(Alexandria, Egypt).

Animals and Ethical Considerations

Female Sprague Dawley rats (180–210 g); 8–9 weeks of 
age; were obtained from the Animal House Unit facility 
at the Faculty of Pharmacy, Pharos University in Alex-
andria (Alexandria, Egypt). Animals were kept under 
controlled conditions of room temperature (25 ± 2 °C), 
humidity (60 ± 10%) and maintained on a 12-h light/dark 
cycle. Animals were kept 5 per cage with free access 
to food and water, using a standard laboratory diet. All 
experimental animals were approved by the Institutional 
“Research Ethics Approval Committee” of the Faculty of 
Pharmacy, Pharos University in Alexandria, Egypt (PUA 
01202101033019) and comply with ARRIVE guidelines 
and the National Research Council’s Guide for the Care 
and Use of Laboratory Animals.

Experimental Design

Rats were randomly divided into five groups (n = 8) and 
treated daily for 8 consecutive weeks as follows: (1) NR: 
normal control group, receiving a daily oral dose of water, 
(2) AL: AD-model group, in which rats were receiving a 
daily oral dose of aluminum chloride (100 mg/kg), (3) OX: 
OX-treated group, in which rats received an oral dose of alu-
minum chloride (100 mg/kg) and intranasal dose of oxytocin 
(1.25 IU/kg) [27] (4) GL: GL-treated group, received oral 
doses of aluminum chloride (100 mg/kg) and galantamine 
(3 mg/kg), (5) OX + GL: OX-GL-treated group, received an 
oral dose of aluminum chloride (100 mg/kg), oral galan-
tamine (3 mg/kg) and intranasal dose of oxytocin (0.25 IU/
kg) (Fig. 1).

Female rats were used to establish the Aluminium medi-
ated Alzheimer’s model, as the female sex are more vulnera-
ble to developing AD, deposition of plague, and progression 
of disease pathology [28]. Moreover, OX affects multiple 
pathways in the female brain [29], nominating them as can-
didate sex for screening of anti-Alzheimer potential. The 
aluminum chloride dose was selected according to previous 
reports despite being higher than the human dose. However, 
this dose mimics molecular, behavioral, biochemical, and 
neuronal discrepancies similar to AD in humans [23, 25].



2347Neurochemical Research (2022) 47:2345–2356 

1 3

All treatments were administered 60 min apart from alu-
minum chloride dosing [30, 31]. Intranasal OX dose was 
selected with reference to previous works, showing that this 
dose accumulates sufficiently in rat brain regions including 
the hippocampus, with minimal peripheral concentration 
[13, 27], without toxicological manifestations [32]. Under 
light ether anesthesia, oxytocin was administered via the 
intranasal route (20 µl per 200 g rat), in one nostril using 
a micropipette. After intranasal application, rats were held 
in an upright position for 10 s to allow the flow of solution 
with normal inhalation.

Morris water maze test was conducted on days 26–30, 
as well as at the end of the experiment on days 56–60, as 
described in Fig. 1. At the end of the experiment, rats were 
euthanatized using an overdose of phenobarbital, brains 
were harvested and divided into halves. The first half was 
fixed in formol/saline (10%) while the hippocampus was dis-
sected from the other brain half and stored at − 80 °C for 
further biochemical analysis.

Morris Water Maze

Morris water maze was used to test spatial learning and 
memory, at two-time points; day 30 (mid-treatment) and 
day 60 (end-treatment). A dark circular tank divided into 
four equal quadrants was used and a platform was placed in 
the target quadrant submerged 1 cm below the water surface. 
During the acquisition phase, rats were trained for 4 con-
secutive days, 30 min after drug dosing. Rats were allowed 
to swim until locating the platform and allowed to stay on 
it for 10 s. When a rat failed to locate the platform during 
120-s trials, it was gently guided to it and left there for 10-s. 
Each rat was subjected to three daily training sessions with 
5-min inter-trial intervals. The same conditions were applied 

during the first (days 26–29) and the second (days 56–59) 
acquisition phases.

Escape latency, defined as the average total time taken 
in each daily trial of the acquisition phase, was calculated. 
During the probe test, the platform was removed and rats 
were released from the opposite position for 60 s. The index 
of retrieval, which is the time the rat spent swimming within 
the target quadrant searching for the platform, was recorded. 
In addition, the time spent to enter the target quadrant, i.e. 
entrance latency, and the frequency of passing through the 
target quadrant during the retention phase were recorded 
[33].

Neurobiochemical Parameters

Quantitative determination of the following parameters was 
performed in hippocampi homogenates using rat-specific 
ELISA kits according to the manufacturer’s instructions; 
acetylcholinesterase (AChE) activity (Sigma-Aldrich, 
USA), fibrillar β-amyloid 1–42 level, and tau (Novusbio, 
USA) as well as ERK1/2 and GSK3β levels (MyBiosource, 
USA). Acetylcholinesterase (AChE) activity was expressed 
as µmole/min/mg protein, β-amyloid 1–42 level, and Tau 
were expressed as pg/mg protein, while ERK1/2 and GSK3β 
were expressed as ng/mg protein. Protein content in each 
sample was quantified using the biuret method [34]. Both 
the right and left hippocampus were used for the protein 
determination.

Histopathological & Immunohistochemistry 
Examination

From all experimental groups, the left side of the brain was 
excised and washed with cold phosphate-buffered saline 

Fig. 1  Experimental timeline showing different treatments and Morris water maze time points
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followed by fixation using 10% formalin. Paraffin-embedded 
blocks were prepared and sectioned. Sections were stained 
with Haematoxylin and Eosin (H&E) and examined using a 
light microscope. Under the light microscope, the brain was 
examined for any histopathological changes with empha-
sis on the hippocampus (CA1 & CA3) and cerebral cortex 
regions.

For immunohistochemical examination, sections at the 
level of the hippocampus on coated slides were obtained 
from the prepared paraffin blocks. Sections were first depar-
affinized using xylene, and descending concentrations of 
ethanol (100%, 95%, and 70%) for 3 min at each step. After 
deparaffinization, antigen retrieval was carried out. Then 
slides were washed with 1% BSA with gentle agitation. The 
sections were then blocked in 10% normal serum with 1% 
BSA in TBS and incubated for 2 h for room temperature. 
Sections were then incubated in primary antibody; anti-rat 
Caspase 3 (a marker of apoptosis), clone 9H19L2, mono-
clonal antibody (1:50) in TBS with 1% BSA overnight at 
4 °C. After washing with TBS containing 0.025% triton 
100× with gentle agitation the sections were incubated with 
anti-mouse HRP IgG conjugated antibody (1:40,000) in TBS 
with 1% BSA for 2 h at room temperature. Immunoreactiv-
ity was visualized after incubation with DAB for 10 min 
at room temperature followed by hematoxylin staining for 
10 min and dehydration in the alcohol series using an Olym-
pus microscope at high magnification. The percent of posi-
tively stained cells were counted using computer-assisted 
image analysis software (Leica Application Suite v4.12.0; 
Leica Microsystems, Switzerland). Immunohistochemically 
stained sections were scored according to the intensity of 
staining (0 = negative, 1 = mild, 2 = moderate, 3 = intense 
positivity) [35].

Statistical Analysis

Data obtained were presented as mean ± S.E.M (n = 8). 
Results were analyzed using one-way ANOVA followed by 
Student–Newman–Keuls multiple comparison test. Entrance 
latency was subjected to two-way ANOVA followed by the 
Bonferroni test, where the two factors considered were treat-
ment and time. Statistical analysis was performed using 
GraphPad Prism software (version 5.0). For all the statistical 
tests, the level of significance was fixed at p < 0.05.

Results

Oxytocin Effect on Memory Retention in Morris 
Water Maze

In the Morris water maze test, escape latency of the AL 
group showed a slow declining rate starting at day 3 

compared to normal rats at first acquisition, reflecting defects 
in spatial learning capabilities. At the second acquisition, 
AL-treated rats exhibited a plateauing performance denoting 
progressive loss of spatial learning over time, (Fig. 2A, B). 
On the other hand, rats treated with OX, GL, and OX + GL 
showed a rapid decline in escape latency at the two acquisi-
tions, noting that OX & GL groups surpassed their combined 
treatments (Fig. 2A, B). Two-way ANOVA analysis revealed 
a significant effect of time (F = 48.97 p < 0.0001, F = 23.48 
p < 0.0001), treatment (F = 5.95 p = 0.0003, F = 5.96 
p = 0.001) and interaction (F = 8.28 p = 0.0034, F = 10.26 
p = 0.029) in the two acquisition trials, respectively.

Concerning the probe test, the AL group exhibited a 
significantly longer time entering the target quadrant com-
pared to NR, i.e., higher entrance latency at day 30 (F 
(4,35) = 8.16, p < 0.0001) and day 60 test (F (4,35) = 8.3, 
p < 0.0001). OX treatment showed the lowest significant 
latency to enter the target quadrant compared to other treat-
ments at day 30, reflecting its superior effect on memory 
regain. However, at the day 60 probe trial, GL-treated rats 
surpassed OX-treated rats, as they entered the target quad-
rant more rapidly than other treatments. Results are pre-
sented in (Fig. 2C, D).

Regarding retention time, NR had the longest stay period 
in the right quadrant across all groups, while the AL group 
showed the shortest retention time compared to normal rats 
(Fig. 2E, F). On day 30, nearly equal retention time was 
noted among all treatments except for GL-treated rats which 
showed an even shorter time of retention when compared 
to the AL group, (F (4,35) = 13.8, p < 0.0001) (Fig. 2E). 
At day 60 probe trial, OX-treated rats exhibited the highest 
significant retention time compared to other treatments (F 
(4,35) = 9.19, p < 0.0001), nearly equal to NR rats (Fig. 2F).

Also, the AL group showed the lowest number of cross-
ings over the non-existing platform compared to normal rats. 
A number of crossings of all other treatments were nearly 
equal to the AL group except for OX and OX + GL group 
showing a slight insignificant increase in crossing frequency 
at day 30, (Fig. 2G), while the OX + GL group has shown the 
highest number of crossings over the non-existing platform 
at day 60 (Fig. 2H).

Oxytocin Decreased Acetylcholinesterase 
and β‑Amyloid 1–42 Production in  AlCl3 Induced AD 
Model

AL induced AD group showed markedly increased AChE 
activity as well as β-amyloid 1–42 level in rats’ hippocampi 
(F (4,35) = 1775, p < 0.0001). OX treatment induced a sig-
nificant decline in both AChE activity, and β-amyloid 1–42 
levels compared to the AL group (Fig. 3A, B). Moreover, GL 
treatment showed a substantial decline in AChE activity and 
β-amyloid 1–42 level compared to both AL and OX groups 
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Fig. 2  Effect of oxytocin, galantamine, and combined treatment on 
Morris water maze parameters in aluminium-induced AD model: 
A, B Escape latency, C, D Entrance latency (Day 30), E, F Reten-
tion time, G, H Number of crossings. Statistical analysis was done 
using one-way ANOVA followed by Student–Newman–Keuls mul-
tiple comparison test. Two-way ANOVA was used to test the effect 

of treatment and time in escape latency followed by Bonferroni test. 
Data are presented as mean ± S.E.M (n = 8); *p < 0.05 vs. control, 
#p < 0.05 vs  AlCl3 group, $p < 0.05 vs. OX group and @p < 0.05 vs. 
GL group. NR normal; AL aluminum chloride; OX oxytocin; GL gal-
antamine
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(F (4,35) = 1612, p < 0.0001). Similar results were obtained in 
OX + GL treated group with no significant difference concern-
ing GL-treated rats.

Oxytocin Reduced ERK1/2, GSK3B, and Tau Levels 
in  AlCl3 Induced AD Model

As shown in Fig. 4A ERK1/2 level was prominently increased 
in the AL group compared to normal rats. While OX as well 
as GL-treated rats exhibited a significant decline in hippocam-
pal ERK1/2 level compared to the AL group. However, the 
OX + AL group showed the highest decline compared to all 
other groups (F (4,35) = 418, p < 0.0001).

Similarly, AL induced a considerable rise of GSK3β lev-
els with respect to normal rats (F (4,35) = 383.6, p < 0.0001). 
While OX or GL treatment revealed a decrease in GSK3β 
levels compared to the AL group. The combined treatment 
of OX + GL showed the least GSK3β content compared to all 
other groups, as presented in (Fig. 4B).

Tau levels were significantly increased in the AL group 
compared to the NR group (F (4,35) = 770.4, p < 0.0001), 
as shown in Fig. 4C. Both OX and OX + GL treated groups 
showed reduced Tau content compared to the AL group and 
GL treated group. However, OX + GL showed a near-normal 
Tau content surpassing all other groups.

Oxytocin Reverted Histopathological Insults 
and Suppressed Caspase‑3 Activity

Morphological changes were evaluated in rats’ hippocam-
pal tissue to detect any damage to neurons. In the control 
group, the hippocampal pyramidal layers showed average 
thickness in which cells were arranged in parallel layers, 
showing vesicular nuclei (Fig. 5I A). In AL-treated rats, 
hippocampal pyramidal cells showed severe neuronal 
degeneration with marked shrunken dark basophilic neu-
rons in the polymorphic and pyramidal layers especially 
in Cornu Ammonis 1 (CA1). There was a remarkable 
decrease in the width of the pyramidal cell layer with the 
disorderly cellular arrangement, (Fig. 5I B). In groups 
receiving either GL or OX, the hippocampal pyramidal 
cells were orderly arranged, cell morphology was sig-
nificantly improved presenting a reduced number of cells 
with pyknotic nuclei. Some cells showed cell edema, and 
the pyramidal cell layer thickness was nearly normal, as 
shown in (Fig. 5I C, D respectively). In OX + GL rats, 
the hippocampal damage was almost totally reversed 
and pyramidal cells were neatly arranged. Nearly all the 
pyramidal cell nuclei were vesicular with rare pyknotic 
nuclei, and the pyramidal cell layer was of an average 
thickness (Fig. 5I E).

Fig. 3  Effect of oxytocin, galantamine, and combined treatment on 
aluminum chloride-induced changes in A Acetylcholinesterase activ-
ity, B β-amyloid 1–42 levels. Quantitative determination was per-
formed in hippocampi homogenates using rat-specific ELISA kits. 
Statistical analysis was done using one-way ANOVA followed by Stu-

dent–Newman–Keuls multiple comparison test. Data are presented as 
mean ± S.E.M (n = 8); *p < 0.05 vs. control, #p < 0.05 vs  AlCl3 group, 
$p < 0.05 vs. OX group and @p < 0.05 vs. GL group. NR normal; AL 
aluminum chloride; OX oxytocin; GL galantamine



2351Neurochemical Research (2022) 47:2345–2356 

1 3

Regarding caspase-3 immunohistochemically stained 
sections of the normal group, hippocampi revealed negative 
staining. On the other hand, sections of the AL group showed 
cytoplasmic positivity in a large number of the pyramidal 
cells (Fig. 5II B), indicating accelerated neuronal death. Gen-
erally, GL or OX treatments revealed cytoplasmic positivity 
in a few cells in the hippocampal pyramidal layer (Fig. 5II 
C, D). In the OX + GL group very low number of positively 
stained pyramidal cells was observed (Fig. 5II E). Quantita-
tively, caspase-3 immunopositivity was significantly higher 

in the AL group compared to the control. In the OX group, 
the level of caspase-3 was prominently halted compared to 
the AL group or GL group, (F (4,35) = 404.1, p < 0.0001). 
The OX + GL group showed an even lower level of caspase-3, 
as shown in Fig. 5I F. While the GL group showed mod-
erate to low caspase-3 immunopositivity (F (4,35) = 81.6, 
p < 0.0001). The OX and OX + GL group showed nearly 
equal immunopositivity, exhibiting overall lower scores than 
AL and GL groups (Fig. 5I).

Fig. 4  Effect of oxytocin, galantamine, and combined treatment on 
aluminum chloride-induced changes in; A ERK1/2 level, B GSK3β 
level, C Tau protein content. Quantitative determination was per-
formed in hippocampi homogenates using rat-specific ELISA kits. 
Statistical analysis was done using one-way ANOVA followed by Stu-

dent–Newman–Keuls multiple comparison test. Data are presented as 
mean ± S.E.M (n = 8); *p < 0.05 vs. control, #p < 0.05 vs  AlCl3 group, 
$p < 0.05 vs. OX group and @p < 0.05 vs. GL group. NR normal; AL 
aluminum chloride; OX oxytocin; GL galantamine
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Discussion

Morris water maze is a benchmark behavioral test in assess-
ing AD-associated memory impairment and its possible 
amendment by potential neurocognitive treatments [36]. 
In the current work, the AL group showed reproducibility 
when it comes to deteriorated learning and spatial memory 
capabilities shown in a slow decline of escape latency and 
diminished retention time, respectively. Such finding was 
previously reported in former studies [23, 30]. OX-treated 
rats revealed dominance over other treatments in restoring 
spatial memory capabilities, yet showing progressive effect 
over time only in retention ability. It is worth noting that the 
role of OX in long-term memory establishment has been 
previously reported during motherhood, with articulate 
involvement of the MAP kinase pathway [29]. Also, OX has 

been involved in inducing neurogenesis, which is reported 
to be impaired in AD models [37]. Combined OX and GL 
treatment showed slight memory restoration in the water 
maze test, manifested only in increased crossings and short 
entrance latency to the target quadrant.

As low ACh levels in the brain have been associated 
with memory decline in AD [38], inhibition of AChE and 
enhancement of the cholinergic transmission is considered 
the most promising therapeutic approach [39]. Treatment of 
AD rats with GL in the current study successfully reduced 
AChE activity, an effect that has been previously docu-
mented [40, 41]. Interestingly, the administration of OX also 
succeeded to decrease the activity of AChE compared to the 
AL group. Kocyigit et al. [42] have shown the ability of OX 
to decrease AChE activity in rats ‘liver and kidney, an effect 
that was antagonized by atosiban, the specific OX receptor 

Fig. 5  I Photomicrographs of 
rats’ hippocampi (H&E, ×400) 
and II Caspase-3 immunohis-
tochemically stained section of 
rats’ hippocampi (anti caspase-3 
antibody, ×400); (A) normal 
group, (B)  ALCl3 group, (C) 
oxytocin-treated group, (D) 
galantamine-treated group, 
(E) combined galantamine 
and oxytocin-treated group. 
Black arrow; neuronal degen-
eration, red arrow; pyknotic 
nuclei, dashed arrow; positive 
cytoplasmic staining. Statisti-
cal analysis was done using 
one-way ANOVA followed 
by Student–Newman–Keuls 
multiple comparison test. Data 
are presented as mean ± S.E.M 
(n = 8); *p < 0.05 vs. control, 
#p < 0.05 vs  AlCl3 group, 
$p < 0.05 vs. OX group and 
@p < 0.05 vs. GL group. NR 
normal; AL aluminum chloride; 
OX oxytocin; GL galantamine
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antagonist. To our knowledge, no earlier studies investigated 
the effect of OX on AChE in the brain.

The most abundant type of β-amyloid in AD pathology 
is the β-amyloid 1–42, which is characteristic of cognitive 
impairment and considered a reliable biomarker of the AD 
[43, 44]. For the first time, we show here a promising effect 
of OX in decreasing β-amyloid 1–42 in rats’ hippocampi, 
an effect that has been potentiated when combined with 
GL. Recently, a study by Takahashi et al. [45] has shown 
the ability of OX to reverse the β-amyloid 25–35 induced 
impairment of synaptic plasticity in hippocampal slices 
of the mouse brain. Earlier, the oxytocin pathway has 
been reported as one of the protective mechanisms against 
β-amyloid toxicity, where atosiban administration enhanced 
the β-amyloid toxicity in SH-SY5Y cell line neurons [46].

The extracellular signal-regulated kinase1/2 (ERK1/2) 
pathway is known to be implicated in many neurodegenera-
tive diseases including AD [47]. Sustained amplification of 
ERK1/2 plays an important role in neuronal death via cas-
pase and non-caspase-dependent pathways [48]. Moreover, 
important crosstalk exists between ERK1/2 and the major 
pathological hallmarks of AD: β-amyloid and Tau phospho-
rylation, contributing to memory deficits [47]. Activation of 
this kinase promotes the phosphorylation of amyloid precur-
sor protein enhancing β-secretase proteolysis and β-amyloid 
peptide accumulation [49]. Simultaneously, increased 
amyloid production further activates the ERK1/2 pathway 
promoting the neuronal death [50]. In this work,  AlCl3 
treated rats showed an upsurge in ERK1/2 levels parallel 
to β-amyloid accumulation, a finding that was previously 
documented [51]. Treatment with OX induced a significant 
decline in hippocampi ERK1/2 levels. While it is reported 
to induce ERK activation via its receptor stimulation [51], 
oxytocin previously inhibited ERK1/2 in LPS-induced neu-
roinflammation model [15] and autistic mice amygdala [52]. 
This differential effect could be in part referred to as oxy-
tocin receptor localization within scaffolds proteins. It was 
reported that oxytocin could potentiate ERK activation when 
its receptor is localized inside caveolin-1-enriched microdo-
mains, but reduced ERK1/2 when localized outside those 
microdomains [53]. Suppression of ERK1/2 levels in the 
current work adds to oxytocin’s potential to reverse neuronal 
death and memory impairment.

Glycogen synthase kinase 3 beta (GSK3β) is an important 
kinase in the pathogenesis of AD, contributing to amyloid 
deposition and neurofibrillary tangles formation [54]. Its 
role was highlighted with the development of GSK3 trans-
genic mice showing prominent degeneration in the dentate 
gyrus. Double transgenic mice (GSK3, Tau) also presented 
with severe memory impairment and neuronal degeneration 
[55]. In the current work,  AlCl3 treated rats showed a sub-
stantial rise in hippocampi GSK3β levels, as was previously 
reported [23, 25]. Such increase is a causal consequence 

of amyloid deposition. GSK3β enhances the β-secretase 
enzyme, responsible for amyloid precursor protein cleavage 
during the amyloidogenic process [56]. In turn, increased 
amyloid deposition activates GSK3β pathway [57], inducing 
a vicious cycle of insulting mediators. Treatment with OX 
significantly attenuated hippocampal GSK3β rise. Such inhi-
bition has been formerly implicated as a successful strategy 
to treat memory impairment and neurodegeneration in AD 
[58]. To our knowledge, this is the first study to report the 
suppressive effect of oxytocin on the brain’s GSK3β level. 
This finding could be referred to as the reported stimula-
tory effect of oxytocin on the AKT/PI3K pathway observed 
in many contexts [59, 60]. In AD brains, activated AKT is 
known to suppress GSK3β and its subsequent phosphoryla-
tion of Tau, thus providing a protective effect against neu-
rodegeneration [61].

Given the upsurge of ERK1/2 and GSK3 levels in the 
adopted model, it can be deduced that the Tau protein 
level might subsequently increase. Hippocampi Tau levels 
exhibited a substantial rise following  AlCl3 administration. 
Increased microtubule-associated Tau levels had been previ-
ously reported in the CSF, hippocampi, and cerebral cortices 
of AD models, correlating with neuronal death and cognitive 
impairment [62, 63]. Clinically, increased total Tau levels in 
patients CSF reflects disease intensity and progression [64]. 
Among various mediators, ERK1/2 & GSK3β are reported 
to promote Tau phosphorylation and to enhance neurofibril-
lary tangles formation [65]. Regarding its suppressive effect 
on both ERK1/2 and GSK3β levels, oxytocin treated group 
disclosed a substantial reduction in hippocampal Tau con-
tent. Earlier, it was shown that oxytocin upsurge induces 
an interplay of neuronal plasticity affecting microtubule-
associated proteins including Tau [66].

Apoptosis is a major pathway activated during the pro-
gression of AD, leading to neuronal death [67]. Activated 
caspase-3, a chief executioner of caspase in the apoptotic 
process, has been reported in post mortem AD patient’s 
brain [68] as well as in AD animal models [69]. In the cur-
rent model,  AlCl3-induced an upsurge in caspase-3 activa-
tion in rats’ hippocampi, similar to findings of previous 
studies. Park et al. [70] had recently shown that localized 
caspase activation enhanced amyloid precursor protein 
cleavage leading to the accumulation of cytotoxic peptides 
and synaptic damage. In addition, caspase-3 is correlated 
with cleavage and truncation of Tau, facilitating tangles 
formation [71]. Oxytocin treatment suppressed caspase-3 
activation, an effect that was similarly reported in other neu-
rodegenerative disorders [14]. These findings were parallel 
to the histopathological findings revealing restored pyrami-
dal layer arrangement and thickness in OX, GL as well as 
combined treated group.

Interestingly, combined oxytocin and galantamine treat-
ment showed better biochemical & histopathological profiles 
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when compared to each drug alone. A synergetic effect was 
observed on the decline in ERK1/2, GSK3β, and caspase-3 
levels as well as both amyloid protein and Tau content. This 
could be attributed to the superior effect of each drug alone 
on a specific set of markers, thus culminating in the com-
bined treatment group into synergistic outcomes. However, 
this was not clearly translated into the behavioral testing. An 
effect that could be attributed to additional unveiled mecha-
nisms of OX in enhancing cognition in the AD model.

Conclusion

This experimental work elucidated for the first time, the 
potential therapeutic effect of intranasal oxytocin on AD-
induced in rats. This was manifested as improved cognitive 
behavior in the Morris water maze, accompanied by suppres-
sion of acetylcholinesterase activity, hippocampal β-amyloid 
deposition, and Tau levels. Oxytocin as well halted ERK1/2 
and GSK3β kinases involved in the activation of patho-
logical hallmarks of AD (Fig. 6). This was associated with 
diminished neuronal death and a restored histopathological 
profile. All previous findings support the novelty of the cur-
rent work and encourage future studies to disclose the full 
mechanisms of oxytocin in reversing memory dysfunction 
and AD pathology.

Funding Open access funding provided by The Science, Technology 
& Innovation Funding Authority (STDF) in cooperation with The 

Egyptian Knowledge Bank (EKB). Otherwise, experimental research 
did not receive any specific grant from funding agencies in the public, 
commercial, or not-for-profit sectors.

Data availability Enquiries about data availability should be directed 
to the authors.

Declarations 

Conflict of interest The authors declare that they have no conflict of 
interest.

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:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Kumar A, Singh A (2015) A review on Alzheimer’s disease 
pathophysiology and its management: an update. Pharmacol Rep 
67:195–203

 2. Nichols E, Szoeke CE, Vollset SE, Abbasi N, Abd-Allah F, Abdela 
J, Aichour MTE, Akinyemi RO, Alahdab F, Asgedom SW (2019) 
Global, regional, and national burden of Alzheimer’s disease and 

Fig. 6  Possible protective 
mechanisms of oxytocin in AD 
hippocampus

http://creativecommons.org/licenses/by/4.0/


2355Neurochemical Research (2022) 47:2345–2356 

1 3

other dementias, 1990–2016: a systematic analysis for the Global 
Burden of Disease Study 2016. Lancet Neurol 18:88–106

 3. Panza F, Lozupone M, Logroscino G, Imbimbo BP (2019) A 
critical appraisal of amyloid-β-targeting therapies for Alzheimer 
disease. Nat Rev Neurol 15:73–88

 4. Gimpl G, Fahrenholz F (2001) The oxytocin receptor system: 
structure, function, and regulation. Physiol Rev 81:629–683

 5. Heinrichs M, Meinlschmidt G, Wippich W, Ehlert U, Hellham-
mer DH (2004) Selective amnesic effects of oxytocin on human 
memory. Physiol Behav 83:31–38

 6. Guastella AJ, Ward PB, Hickie IB, Shahrestani S, Hodge MAR, 
Scott EM, Langdon R (2015) A single dose of oxytocin nasal 
spray improves higher-order social cognition in schizophrenia. 
Schizophr Res 168:628–633

 7. Padurariu M, Prepelita R, Ciobica A, Dobrin R, Timofte D, Stefa-
nescu C, Chirita R (2016) Concept of suicide: neurophysiological/
genetic theories and possible oxytocin relevance. Neurophysiol-
ogy 48:312–321

 8. Guastella AJ, Hickie IB (2016) Oxytocin treatment, circuitry, 
and autism: a critical review of the literature placing oxytocin 
into the autism context. Biol Psychiatry 79:234–242

 9. Ciobica A, Balmus IM, Padurariu M (2016) Is oxytocin relevant 
for the affective disorders? Acta Endocrinol (Bucharest) 12:65

 10. Tampi RR, Maksimowski M, Ahmed M, Tampi DJ (2017) Oxy-
tocin for frontotemporal dementia: a systematic review. Ther 
Adv Psychopharmacol 7:48–53

 11. El-Ganainy SO, Gowayed MA, Agami M, Mohamed P, Belal 
M, Farid RM, Hanafy AS (2021) Galantamine nanoparticles 
outperform oral galantamine in an Alzheimer’s rat model: 
pharmacokinetics and pharmacodynamics. Nanomedicine 
16:1281–1296

 12. Quintana DS, Lischke A, Grace S, Scheele D, Ma Y, Becker B 
(2021) Advances in the field of intranasal oxytocin research: 
lessons learned and future directions for clinical research. Mol 
Psychiatry 26:80–91

 13. Yeomans DC, Hanson LR, Carson DS, Tunstall BJ, Lee MR, 
Tzabazis AZ, Jacobs D, Frey WH (2021) Nasal oxytocin for the 
treatment of psychiatric disorders and pain: achieving meaning-
ful brain concentrations. Transl Psychiatry 11:1–10

 14. Erbaş O, Oltulu F, Taşkiran D (2012) Amelioration of rotenone-
induced dopaminergic cell death in the striatum by oxytocin 
treatment. Peptides 38:312–317

 15. Yuan L, Liu S, Bai X, Gao Y, Liu G, Wang X, Liu D, Li T, Hao 
A, Wang Z (2016) Oxytocin inhibits lipopolysaccharide-induced 
inflammation in microglial cells and attenuates microglial acti-
vation in lipopolysaccharide-treated mice. J Neuroinflamm 
13:1–17

 16. Moghadam SE, Tameh AA, Vahidinia Z, Atlasi MA, Bafrani HH, 
Naderian H (2018) Neuroprotective effects of oxytocin hormone 
after an experimental stroke model and the possible role of cal-
pain-1. J Stroke Cerebrovasc Dis 27:724–732

 17. Park S-H, Kim Y-J, Park J-C, Han J-S, Choi S-Y (2017) Intranasal 
oxytocin following uncontrollable stress blocks impairments in 
hippocampal plasticity and recognition memory in stressed rats. 
Int J Neuropsychopharmacol 20:861–866

 18. Lee S-Y, Park S-H, Chung C, Kim JJ, Choi S-Y, Han J-S (2015) 
Oxytocin protects hippocampal memory and plasticity from 
uncontrollable stress. Sci Rep 5:1–9

 19. Exley C (2017) Aluminum should now be considered a primary 
etiological factor in Alzheimer’s disease. J Alzheimers Dis Rep 
1:23–25

 20. Klotz K, Weistenhöfer W, Neff F, Hartwig A, van Thriel C, Drex-
ler H (2017) The health effects of aluminum exposure. Dtsch 
Arztebl Int 114:653

 21. Nampoothiri M, John J, Kumar N, Mudgal J, Nampurath GK, 
Chamallamudi MR (2015) Modulatory role of simvastatin against 

aluminium chloride-induced behavioural and biochemical changes 
in rats. Behav Neurol. https:// doi. org/ 10. 1155/ 2015/ 210169

 22. Campbell A (2002) The potential role of aluminium in Alzhei-
mer’s disease. Nephrol Dial Transplant 17:17–20

 23. Prema A, Thenmozhi AJ, Manivasagam T, Essa MM, Akbar MD, 
Akbar M (2016) Fenugreek seed powder nullified aluminium 
chloride induced memory loss, biochemical changes, Aβ burden 
and apoptosis via regulating Akt/GSK3β signaling pathway. PLoS 
ONE 11:e0165955

 24. Ji D, Wu X, Li D, Liu P, Zhang S, Gao D, Gao F, Zhang M, Xiao 
Y (2020) Protective effects of chondroitin sulphate nano-selenium 
on a mouse model of Alzheimer’s disease. Int J Biol Macromol 
154:233–245

 25. Yang X, Du W, Zhang Y, Wang H, He M (2020) Neuroprotective 
effects of higenamine against the Alzheimer’s disease via amelio-
ration of cognitive impairment, A β burden, apoptosis and regula-
tion of Akt/GSK3β signaling pathway. Dose Response. https:// doi. 
org/ 10. 1177/ 15593 25820 972205

 26. Pogue A, Lukiw W (2016) Aluminum, the genetic apparatus of 
the human CNS and Alzheimer’s disease (AD). Morphologie 
100:56–64

 27. Vinogradova E, Zhukov D (2018) The effects of intranasal admin-
istration of oxytocin on the behavior of rats with different behav-
ioral strategies subjected to chronic mild stress. Neurosci Behav 
Physiol 48:333–336

 28. Congdon EE (2018) Sex differences in autophagy contribute 
to female vulnerability in Alzheimer’s disease. Front Neurosci 
12:372

 29. Tomizawa K, Iga N, Lu Y-F, Moriwaki A, Matsushita M, Li S-T, 
Miyamoto O, Itano T, Matsui H (2003) Oxytocin improves long-
lasting spatial memory during motherhood through MAP kinase 
cascade. Nat Neurosci 6:384–390

 30. Bazzari FH, Abdallah DM, El-Abhar HS (2019) Chenodeoxy-
cholic acid ameliorates  AlCl3-induced Alzheimer’s disease neuro-
toxicity and cognitive deterioration via enhanced insulin signaling 
in rats. Molecules 24:1992

 31. Justin Thenmozhi A, Dhivyabharathi M, William Raja TR, 
Manivasagam T, Essa MM (2016) Tannoid principles of Emblica 
officinalis renovate cognitive deficits and attenuate amyloid 
pathologies against aluminum chloride induced rat model of Alz-
heimer’s disease. Nutr Neurosci 19:269–278

 32. Namekawa J, Matsumoto E, Kaneko H, Shimomoto T, Okamura 
T, Oshikata T, Renne RA, Miura D (2019) A 6-week repeated 
intranasal dose toxicity study of TTA-121, a novel oxytocin nasal 
spray, in rats. Fundam Toxicol Sci 6:259–268

 33. Kamel AS, Abdelkader NF, Abd El-Rahman SS, Emara M, Zaki 
HF, Khattab MM (2018) Stimulation of ACE2/ANG (1–7)/
Mas axis by diminazene ameliorates Alzheimer’s disease in the 
d-galactose-ovariectomized rat model: role of PI3K/Akt pathway. 
Mol Neurobiol 55:8188–8202

 34. Inchiosa MA (1964) Direct biuret determination of total protein 
in tissue homogenates. J Lab Clin Med 63:319–324

 35. Huang J-S, Yang C-M, Wang J-S, Liou H-H, Hsieh I-C, Li G-C, 
Huang S-J, Shu C-W, Fu T-Y, Lin Y-C (2017) Caspase-3 expres-
sion in tumorigenesis and prognosis of buccal mucosa squamous 
cell carcinoma. Oncotarget 8:84237

 36. D’Hooge R, De Deyn PP (2001) Applications of the Morris 
water maze in the study of learning and memory. Brain Res Rev 
36:60–90

 37. Scopa C, Marrocco F, Latina V, Ruggeri F, Corvaglia V, La 
Regina F, Ammassari-Teule M, Middei S, Amadoro G, Meli G 
(2020) Impaired adult neurogenesis is an early event in Alzhei-
mer’s disease neurodegeneration, mediated by intracellular Aβ 
oligomers. Cell Death Differ 27:934–948

 38. Hampel H, Mesulam M-M, Cuello AC, Farlow MR, Giacobini E, 
Grossberg GT, Khachaturian AS, Vergallo A, Cavedo E, Snyder 

https://doi.org/10.1155/2015/210169
https://doi.org/10.1177/1559325820972205
https://doi.org/10.1177/1559325820972205


2356 Neurochemical Research (2022) 47:2345–2356

1 3

PJ (2018) The cholinergic system in the pathophysiology and 
treatment of Alzheimer’s disease. Brain 141:1917–1933

 39. Bortolami M, Rocco D, Messore A, Di Santo R, Costi R, Madia 
VN, Scipione L, Pandolfi F (2021) Acetylcholinesterase inhibi-
tors for the treatment of Alzheimer’s disease—a patent review 
(2016-present). Expert Opin Ther Pat. https:// doi. org/ 10. 1080/ 
13543 776. 2021. 18743 44

 40. Lin Y-T, Chou M-C, Wu S-J, Yang Y-H (2019) Galantamine 
plasma concentration and cognitive response in Alzheimer’s dis-
ease. PeerJ 7:e6887

 41. Li D-D, Zhang Y-H, Zhang W, Zhao P (2019) Meta-analysis of 
randomized controlled trials on the efficacy and safety of done-
pezil, galantamine, rivastigmine, and memantine for the treatment 
of Alzheimer’s disease. Front Neurosci 13:472

 42. Kocyigit UM, Taşkıran AŞ, Taslimi P, Yokuş A, Temel Y, Gulçin 
İ (2017) Inhibitory effects of oxytocin and oxytocin receptor 
antagonist atosiban on the activities of carbonic anhydrase and 
acetylcholinesterase enzymes in the liver and kidney tissues of 
rats. J Biochem Mol Toxicol 31:e21972

 43. Harrison JR, Owen MJ (2016) Alzheimer’s disease: the amyloid 
hypothesis on trial. Br J Psychiatry 208:1–3

 44. Mroczko B, Groblewska M, Litman-Zawadzka A, Kornhuber J, 
Lewczuk P (2018) Amyloid β oligomers (AβOs) in Alzheimer’s 
disease. J Neural Transm 125:177–191

 45. Takahashi J, Yamada D, Ueta Y, Iwai T, Koga E, Tanabe M, Oka 
J-I, Saitoh A (2020) Oxytocin reverses Aβ-induced impairment 
of hippocampal synaptic plasticity in mice. Biochem Biophys Res 
Commun 528:174–178

 46. Chilumuri A, Milton NG (2013) The role of neurotransmitters in 
protection against amyloid-β toxicity by KiSS-1 overexpression in 
SH-SY5Y neurons. Int Sch Res Notices. https:// doi. org/ 10. 1155/ 
2013/ 253210

 47. Sun J, Nan G (2017) The extracellular signal-regulated kinase 1/2 
pathway in neurological diseases: a potential therapeutic target. 
Int J Mol Med 39:1338–1346

 48. Subramaniam S, Unsicker K (2010) ERK and cell death: ERK1/2 
in neuronal death. FEBS J 277:22–29

 49. Liu F, Su Y, Li B, Ni B (2003) Regulation of amyloid precur-
sor protein expression and secretion via activation of ERK1/2 
by hepatocyte growth factor in HEK293 cells transfected with 
APP751. Exp Cell Res 287:387–396

 50. Kirouac L, Rajic AJ, Cribbs DH, Padmanabhan J (2017) Activa-
tion of Ras-ERK signaling and GSK-3 by amyloid precursor pro-
tein and amyloid beta facilitates neurodegeneration in Alzheimer’s 
disease. eNeuro. https:// doi. org/ 10. 1523/ ENEURO. 0149- 16. 2017

 51. Jurek B, Neumann ID (2018) The oxytocin receptor: from intracel-
lular signaling to behavior. Physiol Rev 98:1805–1908

 52. Wang Y, Zhao S, Wu Z, Feng Y, Zhao C, Zhang C (2015) Oxy-
tocin in the regulation of social behaviours in medial amygdala-
lesioned mice via the inhibition of the extracellular signal-reg-
ulated kinase signalling pathway. Clin Exp Pharmacol Physiol 
42:465–474

 53. Rimoldi V, Reversi A, Taverna E, Rosa P, Francolini M, Cassoni 
P, Parenti M, Chini B (2003) Oxytocin receptor elicits different 
EGFR/MAPK activation patterns depending on its localization in 
caveolin-1 enriched domains. Oncogene 22:6054–6060

 54. Llorens-Marítin M, Jurado J, Hernández F, Ávila J (2014) 
GSK-3β, a pivotal kinase in Alzheimer disease. Front Mol Neu-
rosci 7:46

 55. Engel T, Lucas JJ, Gómez-Ramos P, Moran MA, Ávila J, Hernán-
dez F (2006) Cooexpression of FTDP-17 tau and GSK-3β in trans-
genic mice induce tau polymerization and neurodegeneration. 
Neurobiol Aging 27:1258–1268

 56. Ly PT, Wu Y, Zou H, Wang R, Zhou W, Kinoshita A, Zhang M, 
Yang Y, Cai F, Woodgett J (2012) Inhibition of GSK3β-mediated 

BACE1 expression reduces Alzheimer-associated phenotypes. J 
Clin Investig. https:// doi. org/ 10. 1172/ JCI64 516

 57. Terwel D, Muyllaert D, Dewachter I, Borghgraef P, Croes S, 
Devijver H, Van Leuven F (2008) Amyloid activates GSK-3β 
to aggravate neuronal tauopathy in bigenic mice. Am J Pathol 
172:786–798

 58. Jankowska A, Satała G, Bojarski AJ, Pawłowski M, Chłoń-Rzepa 
G (2020) multifunctional ligands with glycogen synthase kinase 
3 inhibitory activity as a new direction in drug research for Alz-
heimer’s disease. Curr Med Chem. https:// doi. org/ 10. 2174/ 09298 
67327 66620 04271 00453

 59. Ge B, Liu H, Liang Q, Shang L, Wang T, Ge S (2019) Oxytocin 
facilitates the proliferation, migration and osteogenic differen-
tiation of human periodontal stem cells in vitro. Arch Oral Biol 
99:126–133

 60. Dou D, Liang J, Zhai X, Li G, Wang H, Han L, Lin L, Ren Y, Liu 
S, Liu C (2021) Oxytocin signalling in dendritic cells regulates 
immune tolerance in the intestine and alleviates DSS-induced 
colitis. Clin Sci 135:597–611

 61. Kitagishi Y, Nakanishi A, Ogura Y, Matsuda S (2014) Dietary 
regulation of PI3K/AKT/GSK-3β pathway in Alzheimer’s disease. 
Alzheimers Res Ther 6:1–7

 62. Joy T, Rao MS, Madhyastha S (2018) N-acetyl cysteine supple-
ment minimize tau expression and neuronal loss in animal model 
of Alzheimer’s disease. Brain Sci 8:185

 63. Khatoon S, Chalbot S, Bolognin S, Puoliväli J, Iqbal K (2015) Ele-
vated tau level in aged rat cerebrospinal fluid reduced by treatment 
with a neurotrophic compound. J Alzheimers Dis 47:557–564

 64. Sämgård K, Zetterberg H, Blennow K, Hansson O, Minthon L, 
Londos E (2010) Cerebrospinal fluid total tau as a marker of Alz-
heimer’s disease intensity. Int J Geriatr Psychiatry 25:403–410

 65. Ferrer I, Blanco R, Carmona M, Ribera R, Goutan E, Puig B, 
Rey M, Cardozo A, Vinals F, Ribalta T (2001) Phosphorylated 
map kinase (ERK1, ERK2) expression is associated with early 
tau deposition in neurones and glial cells, but not with increased 
nuclear DNA vulnerability and cell death, in Alzheimer disease, 
Pick’s disease, progressive supranuclear palsy and corticobasal 
degeneration. Brain Pathol 11:144–158

 66. Muñoz-Mayorga D, Guerra-Araiza C, Torner L, Morales T (2018) 
Tau phosphorylation in female neurodegeneration: role of estro-
gens, progesterone, and prolactin. Front Endocrinol 9:133

 67. Płóciennik A, Prendecki M, Zuba E, Siudzinski M, Dorszewska J 
(2015) Activated caspase-3 and neurodegeneration and synaptic 
plasticity in Alzheimer’s disease. Adv Alzheimers Dis 4:63

 68. Su JH, Zhao M, Anderson AJ, Srinivasan A, Cotman CW (2001) 
Activated caspase-3 expression in Alzheimer’s and aged con-
trol brain: correlation with Alzheimer pathology. Brain Res 
898:350–357

 69. Attia H, Albuhayri S, Alaraidh S, Alotaibi A, Yacoub H, 
Mohamad R, Al-Amin M (2020) Biotin, coenzyme Q10, and their 
combination ameliorate aluminium chloride-induced Alzheimer’s 
disease via attenuating neuroinflammation and improving brain 
insulin signaling. J Biochem Mol Toxicol 34:e22519

 70. Park G, Nhan HS, Tyan S-H, Kawakatsu Y, Zhang C, Navarro M, 
Koo EH (2020) Caspase activation and caspase-mediated cleavage 
of APP is associated with amyloid β-protein-induced synapse loss 
in Alzheimer’s disease. Cell Rep 31:107839

 71. Rohn TT, Head E (2009) Caspases as therapeutic targets in Alz-
heimer’s disease: is it time to “cut” to the chase? Int J Clin Exp 
Pathol 2:108

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

https://doi.org/10.1080/13543776.2021.1874344
https://doi.org/10.1080/13543776.2021.1874344
https://doi.org/10.1155/2013/253210
https://doi.org/10.1155/2013/253210
https://doi.org/10.1523/ENEURO.0149-16.2017
https://doi.org/10.1172/JCI64516
https://doi.org/10.2174/0929867327666200427100453
https://doi.org/10.2174/0929867327666200427100453

	Intranasal Oxytocin Attenuates Cognitive Impairment, β-Amyloid Burden and Tau Deposition in Female Rats with Alzheimer’s Disease: Interplay of ERK12GSK3βCaspase-3
	Abstract
	Introduction
	Experimental Procedures
	Chemicals
	Animals and Ethical Considerations
	Experimental Design
	Morris Water Maze
	Neurobiochemical Parameters
	Histopathological & Immunohistochemistry Examination
	Statistical Analysis

	Results
	Oxytocin Effect on Memory Retention in Morris Water Maze
	Oxytocin Decreased Acetylcholinesterase and β-Amyloid 1–42 Production in AlCl3 Induced AD Model
	Oxytocin Reduced ERK12, GSK3B, and Tau Levels in AlCl3 Induced AD Model
	Oxytocin Reverted Histopathological Insults and Suppressed Caspase-3 Activity

	Discussion
	Conclusion
	References




