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ABSTRACT

Alzheimer’s disease (AD) is an advanced neurodegenerative disorder greatly accompanied by acetylcholin-
esterase (AChE) activation and amyloid plaque deposition. Tetrahydrodeoxycorticosterone (THDOC) is an en-
dogenous neurosteroid that is reduced in AD patient according to previous results. It has neuroprotective ef-
fects and plays important role in neurological diseases. By considering AChE role in AD, this study investigated
THDOC effects on catalytic and non-catalytic functions of the enzyme. Inhibitory effect of THDOC on hydrolytic
activity of AChE was confirmed by in vitro assay (IC,, = 5.68 uM). Molecular docking analysis revealed THDOC
bound tightly to the catalytic site of enzyme and inhibited substrate binding. According to in vivo experiments,
neurosteroid administration causes inhibition of hyper-activated AChE in hippocampus related to rat model of
AD. Staining of hippocampus tissue by plaque specific dye approved THDOC reduced plaque numbers and
size in AD rats. Histological and immunoblotting experiments showed neurosteroid administration improved
neurodegeneration and neuronal damages in AD rats that lead to improved spatial learning ability. Overall this
study suggests, THDOC is an endogenous regulator for AChE. By considering pathophysiological and molecular
similarities between AD and animal model, our results highlight THDOC as a potential therapeutic strategy in
patients suffering from AD or similar cognitive disorders (Fig. 6, Ref. 28). Text in PDF www.elis.sk.
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Introduction

Alzheimer’s disease (AD) is a progressive dementia that is
characterized by memory loss and cognitive dysfunction (1).
Hallmarks of AD are amyloid plaque deposition and acetylcho-
line (ACh) reduction as a result of acetylcholinesterase (AChE)
hyper-activation (2, 3). Cumulative evidences suggest AChE plays
important role in incidence and progress of AD in patients and
animal models (2). Therefore AChE inhibitors are considered as
an effective group of medications in AD therapy such as donepe-
zil, galantamine, and rivastigmine (2). AChE which is a member
of a/B-hydrolase fold family could degrade ACh in the synaptic
cleft very fast and attenuates cholinergic impulse in nerves (4).
This multifunctional enzyme contributes in multiple biological
processes in addition to catalytic activity such as cell differen-
tiation, dendrite and axon formation, cell adhesion and neuro-

"Department of Physiology, Payam Noor University of Iran, Iran, and
*Department of Animal Biology, Faculty of Natural Science, University
of Tabriz, Tabriz, Iran

Address for correspondence: L. Sadeghi, Subdivision of Biochemistry,
Department of Animal Biology, Faculty of Natural Science, University of
Tabriz, Tabriz, Iran, P.O. Box 5166616471, Tabriz, Iran.

Phone: +9841.33392688, Fax: +9841.33356027

degeneration in central nervous system (CNS) (5). Previously
approved AChE plays undeniable role in AP plaque deposition
as a molecular chaperon (3). Structure of this protein has two
ligand interacting sites that mediate catalytic and non-catalytic
functions: an active (hydrolytic) site at the bottom of a deep and
narrow gorge contains catalytic residues and a peripheral anionic
site (PAS) that consists of negatively charged and hydrophobic
residues surrounding the entrance of the gorge (2, 6). Both of the
sites could interact with natural and synthetic small compounds by
mediating aromatic and hydrophobic residues (2). Previous results
confirmed neurosteroids affect ACh content in CNS by unknown
mechanisms (7) that could be done by mediating AChE enzyme.
Neurosteroids are steroid molecules that are synthesized or me-
tabolized within the brain and influence the development and func-
tion of the CNS and modulate neuronal excitability and viability
(8). Some steroid hormones that reach to the brain by circulation
serve as precursors for the synthesis of secondary neurosteroids,
but strong evidences confirmed local and de novo production
of neurosteroids in the hippocampus and other brain structures
(9). Tetrahydrodeoxycorticosterone (THDOC) is an endogenous
neurosteroid synthesized from deoxycorticosterone by the action
of two enzymes, Sa-reductase and 3a-hydroxysteroid dehydroge-
nase, and is reduced in some neurological disease such as epilepsy
and depression (10). THDOC is a potent positive allosteric modu-
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lator of the GABA receptor, and has sedative, anxiolytic and anti-
convulsant effects (11). Previous studies showed THDOC could
pass through blood brain barrier (BBB) and reach to the neurons
and affect inflammation, excitation and apoptosis (12), therefore
possibly improve neurodegeneration in Parkinson and Alzheimer
disease also. This study aimed to investigate THDOC effects
on AChE activity. The best binding site of goal neurosteroid on
AChE were investigated by molecular docking analysis. Finally
potential of THDOC to improve pathophysiological sings of AD
was evaluated by behavioral analysis, immunoblotting assessment
and histological studies on Nucleus basalis of Meynert lesioned
(NBML) rats as approved animal model of AD (13). As previous
results have shown, hippocampal tissue plays an important role in
hippocampal-dependent learning, memory and cognitive disorders
and also is a good source of AChE (14), so we used hippocampal
tissue as target in all of the experiments.

Material and methods

Chemicals

Tetrahydrodeoxycorticosterone was obtained from Sigma—
Aldrich, USA. Anti-beta amyloid 1-42 antibody (ab10148), rat
specific anti-amyloid precursor protein (APP) antibody (ab2072)
prepared from Abcam Company. Rat specific monoclonal Anti-
Glial Fibrillary Acidic Protein (GFAP) antibody (G3893) pur-
chased from Sigma Aldrich Company.

Neurostroid effects on hippocampal AChE activity

We used adult rat hippocampus homogenate in cold buffer
phosphate, 28 mM (pH 7.8) containing Triton X100 as AChE
source (15). Enzyme assay was done according to previously es-
tablished method (15), which is based on the formation of yellow
5-thio-2-nitrobenzoate anion produced in the reaction between
5,5'-Dithiobis (2-nitrobenzoic acid) (DTNB) and thiocholine that
was produced by AChE by hydrolyzing ACh as substrate. The final
concentrations of DTNB and substrate were 0.33 mM and 1.56
mM, respectively, in the assay medium. Absorbance of the solution
was measured at 430 nm using a spectrophotometer. The activity
was calculated as nanomole of ATCh hydrolyzed per minute per
milligram protein in the presence and absence of THDOC. Pro-
tein concentration was evaluated according to Bradford method
in the homogenate (16).

Molecular docking analysis

Auto Dock software (version 4.2) was used to simulate the
binding process of THDOC molecules to AChE protein in molecu-
lar docking method (17). The crystal structure of AChE (PDB ID:
1DX6) was obtained from the Protein Data Bank (https://www.
resb.org/). Since different subunits of the protein are completely
similar to each other and have same structure, the chain A was
selected to perform docking analysis accurately. Polar hydrogen
atoms were added into the target protein (AChE) and Kollman
charges were calculated. The 3D molecular structure of THDOC
was obtained from the PubChem website (https://pubchem.ncbi.
nlm.nih.gov/compound/101771) (PubChem CID for THDOC:

CID_101771). The structural conformation was minimized by
Gaussian 03 programs based on theoretical level of B3LYP with
6-31 G basis set. In addition, the rotation of ligand molecule was
defined and rotatable bonds were detected. Lamarckian genetic
algorithm (LGA) search method was used for docking calcula-
tion to find the best binding site of THDOC on AChE protein. All
other calculation parameters were set on default. Chimera 1.10.1
program was used to visualize the obtained THDOC-AChE com-
plex structure (18).

In vivo experimental design

In vivo study was conducted on experimental animals using
4.5-6 months adult male Wistar rats weighing 250-300 g obtained
from the animal house. Testing was carried out at 20-25 °C (12
hours light and 12 hours dark). Municipal tap water was used as
drinking water and compressed food as nutrition. NBM lesioned
rats were prepared as AD model as follow: Rats were anesthetized
with ketamine (125 mg/kg, i.p) and xylazine (10 mg/kg, i.p) and
then placed in a Stoelting stereotaxic apparatus. The midline of
clean scalp was notched and a burr hole was drilled through the
skull and ibotenic acid was injected at NBM nucleus with coor-
dination as follow: AP=1.2, ML =+3.2, DV = 7.5 mm from sur-
face skull (19). Each side of NBM was injected by 1 pl of 5 pg/pl
ibotenic acid solution with microinjection pump at the speed of
120 pl/h. After recovery (7 days) animals were divided randomly
into four groups as follows:

1) Control: rats were submitted to surgery and injected by 1
ul saline (as equivalent shock obtained by surgery and local in-
jection) and were orally administrated by saline after recovery
during 25 days.

2) Rat model of AD: NBM lesioned rats (NBML) in which
both NBM nucleus were bilaterally destroyed by ibotenic acid
during surgery. These rats received saline orally after recovery
for 25 days.

3) AD rats treated by neurosteroid: NBM nuclei were bilater-
ally destroyed by ibotenic acid and after recovery AD rats were
treated orally by 30 mg/kg THDOC during 25 days. Dose of
THDOC and experimental time duration were selected according
to previous studies and in vitro enzyme assay results (20).

Behavioral assessment by Morris water maze

The Morris water maze (MWM) is a spatial learning test for
rodents; navigation from start locations around the perimeter of
an open swimming field to an escape platform according to dis-
tal marks. The swim maze is a circular bath (diameter 140 cm)
and its temperature controlled at 25 °C, the apparatus is similar
to that described by Morris (21). The test room was ventilated at
a constant temperature of 25 °C. A platform was placed at a con-
stant position within the bath at 1 cm below the water level (30
cm depth). Before testing, all the rats were trained for 60 s without
the platform. Each rat passed one test session on each of 3 fol-
lowing days after experimental duration. After training, rats were
presented 5 tests in each three consecutive days. During the test,
the rat was located in the water at the same point in the pool and
allowed to swim around to reach to the platform and escape from
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the water. The rat was allowed to remain on the platform for 30 s
before the next test. If a rat failed to reach the platform within 65
s, it was removed from the water and located on the platform for a
30 s pause. Rats were dried and kept warm immediately after each
test, then they were returned to their home cage. Time in which
the rat reached the platform was recorded and was presented as
mean =+ standard deviation (SD).

Western blotting analysis

Elevated content of AR and APP proteins are important hall-
marks of AD and GFAP is a main biomarker of neural activation
and damages that were assessed by using specific antibody in
NBML rats and AD rats that received THDOC. According to a
standard protocol (22), the proteins have been transferred onto
PVDF membrane under 140 V for 1.5-2 h in the transfer buffer
after SDS-PAGE. Membrane was probed with the primary and
secondary specific antibodies after blocking, and was washed
four times in TBST (50 mM Tris, pH 7.5, 150 mM NacCl, 0.05 %
Tween 20). Bands containing specific proteins were visualized by
ECL detection kit according to the manual. Anti $-actin (1:1,000)
(Cell Signaling Technology) was used as a housekeeping protein
to control protein concentration.

Histological studies

For histological analysis rats were sacrificed in deep ketamine
and xylazine anesthesia, perfused with 0.3 % sodium sulphide in
0.1 M phosphate buffer and fixed with 4 % formaldehyde. The
separated brains were stored in 30 % sucrose for cryoprotection,
and sectioned on a freezing microtome at 8 um. Tissue sections
were stained by hematoxilin—eosin (23) and were studied by light
microscope. Abnormalities and tissue damages were detected and
confirmed by a pathologist. Tissue sections were also stained with
Thioflavin T, a general marker for amyloid deposits staining. For
this purpose, tissue sections were incubated with freshly filtered
0.05 % Thioflavin T solution in PBS for 8 min at room tempera-
ture (24). Resulting tissue sections were mounted and studied by
fluorescent microscope.
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Fig. 1. In vitro assay of AChE enzyme that was extracted from hip-
pocampal tissue in the presence of THDOC (0-15 pM). ACh hydrolyz-
ing activity decreased in the presence of THDOC in a concentration
dependent manner. The data are expressed as mean £ S.E.M. of three
independent experiments and asterisk (*) symbol indicates significant
changes versus enzymatic activity without neurosteroid.

Statistical analysis

Data analysis was done by SPSS10 software and in order to
identify the difference between experimental groups and control,
t-test was performed. Difference in the level p < 0.05 was con-
sidered significant.

Results

THDOC binds to the active site gorge and relatively inhibits
AChE catalytic activity

A hallmark of AChE is ACh hydrolyzing activity that could
be assessed by Ellman method as a sensitive, rapid, and capable
to detect very low amounts of catalytic activity (15). According
to our previous experiment (15), we used hippocampal tissue
homogenate as enzyme source to investigate the possible effects
of different concentration of THDOC on catalytic activity of the

Fig. 2. THDOC molecule in the AChE active site gorge. (A) Surface view of the active site gorge of the crystal structure of AChE with THDOC
bound inside in two resolutions. (B) Interaction of THDOC with helix and ribbon related to catalytic site of AChE protein.
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Fig. 3. THDOC and ACh located in the AChE active site. (A) Hydrophobic surface model showed THDOC placed in dipper of the active site
gorge exactly such as ACh (substrate) that was suppressed to proper placement in active site. (B) The carton form of one subunit of AChE
shows substrate binding residues interact with THDOC (pink molecule) especially with His 447 as a catalytic residue in comparison with ACh

was visualized as a yellow molecule in AChE active site.

AChE. Results showed enzyme activity was reduced in the pres-
ence of neurosteroid in a concentration dependent manner (Fig.
1). Maximum inhibition of enzyme activity took place in 15 pM
of THDOC and IC50 was calculated as 5.68 uM.

Molecular docking simulation revealed THDOC is capable
to bind to the active site gorge of AChE and the corresponding
calculated binding energy is —9.78 kcal/mol. Crystal structure
of human AChE revealed active site gorge consists of catalytic
residues (Ser 203, His 447 and Glu 334) that are located at deep
of the gorge and some anionic and hydrophobic amino acids that
surrounded entrance of the gorge (Tyr 286, Trp 286, Phe 338, Val
294 and Leu 289) known as PAS site (3, 6, 25). Figure 2 shows
the best binding site of THDOC molecule on AChE protein and
its position in active site gorge. By considering inhibitory effects
of neurosteroid and docking results, THDOC competes with ACh
molecule and inhibits substrate binding to catalytic triad, specially

His 447 (3, 25) (Fig. 3). Analyzing the docking results with Dis-
covery studio software revealed THDOC binds to the His 447 by
hydrophobic bond it could also bind to Trp 86, Tyr 124, Tyr 337
and Phe 338 by hydrophobic interactions and also binds to Asn
87 by hydrogen bond.

THDOC improved special learning ability in NBM lesioned rats

Morris water maze task (MWM) is supposed to measure spa-
tial memory, movement control, and cognitive mapping that evalu-
ated hippocampal-dependent learning ability and long-term spatial
memory in animal models of cognitive disorders such as Alzheimer
disease (21). As expected, control rats quickly learned to swim
directly to the platform. NBM lesioned rats that received saline
during 25 days reached the platform in significantly more time
compared to control rats (p < 0.05) (Fig. 2). Treatment of AD rats
with neurosteroid significantly decreased the time delay to reach
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Fig. 4. (A) Spatial learning evaluation by Morris water maze test. Latency of rats in reaching the platform increased in NBM lesioned rats in
comparison with control in 3 consecutive test days. 30 mg/kg of THDOC significantly decreased latency time of AD rats in reach to the platform.
Treatment with 10 mg/kg dose improved spatial navigation in NBM lesioned rats slightly but not significantly. Each data indicates the mean +
S.E.M. The stares indicate significant differences (p < 0.05) according to Duncan’s multiple range test. (B) Western blotting analysis reveelad
higher expression of GFAP, APP and Ap proteins in AD rats that was reduced by THDOC treatment significantly.
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Fig. 5. Thioflavin staining of hippocampus tissue sections. Results
showed healthy condition in control rats that confirmed by absence
of amyloid deposits. Hippocampal sections related to AD rats showed
high amounts of deposited plaques. Amyloid deposits amounts and
size are reduced in rats that received THDOC.

the platform, especially treatment with high dose of THDOC that
reduced latency time more than 3 fold. As is shown in Figure 4,
treatment of AD rats with 10 mg/kg of neurosteroids doesn’t have
significant improving effect (p < 0.05) in same time duration.

THDOC treatment attenuated hydrolytic activity of hippocampal
AChE that was induced by NBM lesion

The pathogenesis of AD has been linked to AChE activa-
tion that was also accompanied by B-amyloid deposition (1, 25).
Therefore to investigate whether NBM lesion and oral adminis-
tration of neurosteroid supplement affected AChE activity in rat
hippocampus, we evaluated enzyme activity in tissue homogenate
related to all groups after experimental duration. In agreement
with our previous study (14), results showed AChE activity sig-
nificantly increased in NBM lesioned rats up to 3012.21 £ 183.76
nmol/min.mg protein, while enzyme activity in control hippo-
campus was 521.36 + 82.23 nmol/min.mg protein. The rats that
administrated by NBM lesion and treated by 10 mg/kg THDOC
during 25 days showed reduced AChE activity (2372.37 £ 167.23
nmol/min.mg protein). 30 mg/kg THDOC administration reduced
ACHKE activity in AD rats more than the lower dose and returned
ACh hydrolytic activity near to the control, 638.15 £ 92.12 nmol/
min.mg protein.

THDOC improved abnormal expression of GFAP, APP and A
GFAP is one of the main important biomarkers in neuronal
damages that is increased in CNS tissue related to AD patient
and models (26). Western blotting analysis confirmed increased
expression of GFAP in hippocampus tissue as a result of NBM
lesion. GFAP content of hippocampus tissue was reduced in rats
that were treated by neurosteroid, especially in rats that daily re-
ceived 30 mg/kg dose (Fig. 4). Blotting results also confirmed
amyloid precursor protein (APP) level enhanced in hippocampus
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tissue in AD rats. Treatment of AD rats with neurosteroid during
25 days significantly reduced APP expression. Figure 4 revealed
AP protein content increased in AD rats (more than 10 fold) in
agreement with other studies (1) but neurosteroid receiving AD
rats showed less amount of AP in hippocampus tissue. Decrease
of hippocampal A content in the presence of neurosteroid is dose
dependent but it did not reach to the control. Control rats that re-
ceived the same dose of neurosteroid in similar time duration did
not show significant changes in GFAP, APP and A content of
hippocampus (data not showed).

THDOC relatively improved histopathological abnormalities in-
duced by NBM lesion

By considering biological importance of any changes which
are found in tissue sections, this study used histological studies
as biochemical results confirmation. Thioflavin staining demon-
strated a clear abundance of amyloid plaques in the hippocampus
tissue section of NBM lesioned rats whereas deposits were absent
in control rats (Fig. 5). Deposited plaque numbers were reduced in
hippocampus of neurosteroid-supplemented NBML rats compared
to AD rats. In addition to plaque quantity, THDOC treatment re-
duced plaque size effectively, especially when administrated in
high dose (Fig. 5). Hippocampal tissue sections were stained by
hematoxylin/eosin method and the results confirmed abnormal ap-
pearance in hippocampus tissue related to NBM lesioned group
in comparison with control. Tissue appearance revealed extensive
degeneration and pyknosis in hippocampus related to AD rats
such as in previous study (14) (Fig. 6). Figure 6 shows condensed
apoptotic cells in NBM lesioned hippocampus that are reduced
significantly by oral administration of 10 and 30 mg/kg THDOC
(Fig. 6). Presence of the small amounts of necrotic and apoptotic
cells in THDOC treated tissue sections confirmed administration
of both doses has equal and significant improving effects on AD
rat hippocampus.

T v . - L $ o bl - faz

10 mg/kg THDOC 30 mg/kg THDOC
Fig. 6. Hematoxylin/eosin staining of hippocampus sections revealed
presence of the apoptotic and necrotic cells in NBM lesioned rat hip-
pocampus. Result showed oral administration of THDOC (10 and 30
mg/kg) significantly improved neurodegeneration in NBM lesioned
rat hippocampus.
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Discussion

Neurosteroids are endogenous steroid molecules synthetized
in CNS from cholesterol or steroid hormone precursors and have
regulatory effects on neuronal functions (9). There are many
types of neurosteroids in the brain such as pregnane, androstane
and estrogen classes (9, 10). The most important neurosteroid in
the brain that play essential role in development, function and
disease is THDOC (11). THDOC is synthesized from the adrenal
hormone deoxycorticosterone as precursor by the action of two
enzymes, So-reductase and 3a-hydroxysteroid dehydrogenase in
CNS (10). It’s a potent positive allosteric modulator of the GAB-
A, receptor, so could be used as sedative, anxiolytic and anticon-
vulsant (11). Neurosteroids could be used in oral administration
for therapeutic purposes due to highly lipophilic properties that
let them to easily penetrate through the BBB (12). Improving ef-
fects of THDOC and other neurosteroids has been investigated in
many neurological disorders (27) but its role in AD has not been
investigated previously. Our results revealed THDOC significant-
ly inhibited AChE as a therapeutic target that is hyper-activated in
AD patients and related animal models. This study aimed to as-
sess possible effects of THDOC, as a main neurosteroid in CNS,
on pathophysiological signs of AD in rat model. We used NBM
lesioned rats as prevalent model of AD that mimics pathophysio-
logical and behavioral signs of AD (19). In this model, local injec-
tion of ibotenic acid destroyed ACh producing cells in NBM nu-
cleus of rats (13). We investigated oral administration of THDOC
(10 and 30 mg/kg dose) effects on AD rats by immunoblotting,
biochemical, behavioral and histological assessments. One of the
main pathological alterations in AD is hyper-activation of AChE
enzyme (1) that our results confirmed. THDOC could bind to the
active site gorge and inhibit substrate binding to the catalytic site.
According to molecular docking results, THDOC could penetrate
deep to the gorge and bind to the His 447, Ser 203 and Glu 345
(triad catalytic) and so significantly inhibit hydrolytic activity of
ACHhE that is assessed by biochemical analysis. Figure 1 shows
THDOC significantly inhibited ACh hydrolyzing activity dose
dependently and the calculated IC, was 5.68 uM. Administra-
tion of THDOC to AD rats by effectively reduced AChE activity
in hippocampus tissue that was confirmed by in vitro results. In
comparison with AD rats, neurosteroid treatment does not have
significant effects in AChE activity and expression level in control
rats (data not shown).

In addition to catalytic activity, AChE has some non-catalytic
functions by mediating PAS site such as chaperone role in aggre-
gation of the AP proteins that lead to plaque formation (3). Our
results showed deposited plaques decreased in AD rats treated
by THDOC. Interestingly, results confirmed low dose of neuros-
teroid causes decreased size of AP plaques and high dose de-
creased plaque numbers also (Fig. 5). Therefore THDOC inhibits
non-catalytic function of enzyme in addition to catalytic activity.
Thus our results suggest a new possible role for neurosteroids in
CNS as AChE regulation. Of course decrease in size and number
of deposited plaques may be caused by reduced AP level that is
measured by blotting method, or regulation of other unknown bio-

logical process. Previously approved A plaques induce apoptosis
in CNS so Alzheimer is considered a neurodegenerative disease
(1). Our histological results also revealed degeneration in hippo-
campal tissue slice in AD rats. Increased expression of GFAP in
AD hippocampus also confirmed harsh neuronal damage; GFAP is
main biomarker of neuronal damage that is enhanced in neurode-
generative disease (26). AD rats that undergone harsh hippocam-
pal alterations showed neurobehavioral abnormalities also, spatial
memory and learning ability decreased significantly as is shown
Fig 4. Interestingly THDOC treatment improved tissue appearance
in AD rats and also improved spatial memory that was assessed
by MWM test. These and previous results confirmed ACh plays
an important role in learning and memory and hippocampus is the
main tissue in spatial memory and though ability that undergone
harsh alterations in AD (15, 28). Decreased level of the GFAP pro-
tein in hippocampus tissue related to AD rats that were treated by
THDOC represents an improvement of the degeneration condition.
Previous studies suggested AChE is a multifunctional protein that
possibly has a role in gene regulation as a non-catalytic function
(5). Simultaneity of AChE inhibition and decreased expression
of GFAP, APP, AP and other proteins that were not assessed here
suggests possible role of AChE in regulation of gene expression
that need further investigation. We used two different doses of
treatment and the results approved 30 mg/kg THDOC improved
AD biochemical and pathophysiological signs more significantly
than the lower dose. Regulation of the ACh content in synapses
plays an important role in inhibitory and excitatory impulses so
our results are in line with previously recognized role of THDOC
as GABA activator (11, 28). By considering similarity between
NBM lesion model and AD in molecular and physiological levels,
THDOC could be used as a therapeutic adjuvant in patients suf-
fering from AD or other related cognitive disorders.
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