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Abstract

Alzheimer’s disease (AD) is a neurodegenerative pathology characterized by progressive impairment of memory, associated
with neurochemical alterations and limited therapy. The aim of this study was to evaluate the effects of inosine on memory,
neuroinflammatory cytokines, neurotrophic factors, expression of purinergic receptors, and morphological changes in the
hippocampus and cerebral cortex of the rats with AD induced by streptozotocin (STZ). Male rats were divided into four
groups: I, control; IT, STZ; III, STZ plus inosine (50 mg/kg); and IV, STZ plus inosine (100 mg/kg). The animals received
intracerebroventricular injections of STZ or buffer. Three days after the surgical procedure, animals were treated with inosine
(50 mg/kg or 100 mg/kg) for 25 days. Inosine was able to prevent memory deficits and decreased the immunoreactivity of
the brain A2A adenosine receptor induced by STZ. Inosine also increased the levels of brain anti-inflammatory cytokines
(IL-4 and IL-10) and the expression of brain-derived neurotrophic factor and its receptor. Changes induced by STZ in the
molecular layer of the hippocampus were attenuated by treatment with inosine. Inosine also protected against the reduction
of immunoreactivity for synaptophysin induced by STZ in CA3 hippocampus region. However, inosine did not prevent the
increase in GFAP in animals exposed to STZ. In conclusion, our findings suggest that inosine has therapeutic potential for
AD through the modulation of different brain mechanisms involved in neuroprotection.
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Introduction people, with advanced age as the main risk factor; there-

fore, AD is a public health problem due to increased life
Alzheimer’s disease (AD) is characterized by progressive  expectancy [1-3]. Several mechanisms have been proposed
impairment of memory and other cognitive skills. It is a  to explain AD pathogenesis. Evidences have demonstrated
neurodegenerative disease that predominantly affects elderly ~ that oxidative stress, dysfunction in cholesterol metabolism,
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neuroinflammation, low levels of brain-derived neurotrophic
factor (BDNF), and alterations in cholinergic and puriner-
gic signaling contribute to neurodegeneration and cognitive
deficits [4—11].

BDNF and its high affinity to tyrosine kinase receptors
(TrkB) play an important role in neuronal survival, cell dif-
ferentiation, synaptic plasticity, and neuronal maintenance
[11-13]. BDNF is a neurotrophin with the ability to increase
long-term potentiation (LTP) which is directly associated
with memory [14-16]. In fact, hippocampal and cortical post
mortem samples of AD patients revealed a decrease in both
BDNF and TrkB levels, indicating that deficits in BDNF
signaling contribute to neuronal damage in this pathological
condition [17-21].

AD is also associated with chronic inflammation in the
central nervous system (CNS), characterized by an increase
in the production of cytokines, chemokines, inflammatory
factors, and infiltration of immune cells followed by neu-
rodegeneration [2, 22]. The activation of microglia and
astrocytes, accompanied by an increase in the production
of pro-inflammatory cytokines, demonstrates a relationship
between pro-inflammatory cytokine production and cogni-
tive dysfunction [22]. Thus, astrogliosis and neuroinflam-
mation appear to be integral components of AD onset and
progression, which together with cholinergic neuronal loss
are common findings in autopsy brain tissues of AD patients
[2,7,23].

The participation of adenosine receptors in cognitive pro-
cesses has been recognized over the years. Adenosine recep-
tors such as Al and A2A are located mainly at synapses and
mediate the physiological actions of adenosine. The brain
density of these receptors is affected by AD [24-27]. Al
loss appears to be among the factors related to cell death
in the hippocampus, while an increase in A2A expression
has been associated with neurodegenerative processes and
memory deficits [28, 29]. On this note, the pharmacological
modulation of adenosine receptors is an important target to
be explored with the aim of preventing the action of signal-
ing pathways involved in neurodegeneration in AD [27, 28].

Inosine, an endogenous purine nucleoside, is formed by
deamination of adenosine by the enzyme adenosine deami-
nase and has been shown to have neuroprotective, anti-
inflammatory, and antioxidant properties [30, 31]. Studies
have suggested that the biological actions of inosine may be
mediated through adenosine receptors or by the production
of uric acid, an important peroxynitrite scavenger [32, 33].
Therefore, the aim of this study was to evaluate the effects of
inosine on short-term memory, neuroinflammatory param-
eters, BDNF signaling, and expression of adenosine recep-
tors in the hippocampus and cerebral cortex of rat model of
AD. Besides, morphological changes, immunoreactivity of
glial fibrillary acid protein (GFAP), and synaptophysin in
the hippocampus also were evaluated.
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Material and Methods
Chemicals

Inosine, streptozotocin (STZ), sodium citrate, butyrylcho-
line, hydrochloric acid, RIPA buffer, protease, and phos-
phatase inhibitors were purchased from Sigma Chemical
Co. (St. Louis, MO, USA). All other reagents used in the
detailed experiments were of analytical grade and the high-
est purity. TRIzol reagent and DNase I Amplification Grade
were purchased from Invitrogen™ (Carlsbad, USA).

Animals

Adult male Wistar rats (60 days, 300-350 g) were provided
by the Central Animal House of the Federal University of
Pelotas. The animals were kept in cages under standard tem-
perature (23 + 1 °C), relative humidity (45-55%), and light-
ing conditions (12 h light/dark cycle) and with free access
to standard rodent pelleted diet and water ad libitum. The
Committee of Ethics and Animal Experimentation of the
Federal University of Pelotas, Brazil, under protocol num-
ber CEEA 4808-2017, approved all animal procedures. The
use of animals was in accordance with the Brazilian Guide-
lines for the Care and Use of Animals in Scientific Research
Activities (DBCA), which is in agreement with the National
Council of Control of Animal Experimentation (CONCEA).

Intracerebroventricular Injection of Streptozotocin

The animals were anesthetized with ketamine (75 mg/kg)
and xylazine (10 mg/kg) for all surgical procedures. The
head was placed in position in the stereotaxic apparatus,
and a midline sagittal incision was made in the scalp in each
animal. The stereotaxic coordinates for the lateral ventricle
were measured accurately as anterio-posterior — 0.8 mm,
lateral 1.5 mm, and dorso-ventral —4.0 mm, relative to the
bregma and ventral from the dura with the tooth bar set at
0 mm [9, 34]. Through a skull hole, the piston of a 28-gauge
Hamilton® syringe of 10 pL attached to a stereotaxic appa-
ratus was lowered manually into each lateral ventricle. The
STZ groups received bilateral intracerebroventricular (ICV)
injection of STZ (3 mg/kg, body weight) dissolved in citrate
buffer (pH 4.4). The concentration was adjusted to deliver
5 pL/injection at the site. Animals in the control group
received ICV injection of the same volume of citrate buffer.

Inosine Treatment

The animals were divided into four experimental groups
(n=10 each): I, control (C); II, STZ; III, STZ + inosine
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50 mg/kg (STZ+Ino 50); and IV, STZ + inosine 100 mg/
kg (STZ +1Ino 100). The animals in groups II, III, and IV
received bilateral ICV injection of STZ, while animals in
group I received only citrate buffer. Three days after the
surgical procedure, the animals in groups III and IV were
treated with inosine (50 mg/kg or 100 mg/kg) and those in
groups I and II received saline intraperitoneally (i.p.), as
shown in Fig. 1. Inosine was dissolved in saline solution
and administered everyday for 25 days. The body weight of
the animals was evaluated weekly during the experimental
period. Inosine dose was chosen based on previous studies
indicating neuroprotection [35, 36].

Behavioral Procedure

Open-Field Test Locomotor behavior was evaluated using
an open-field apparatus after 27 days of STZ injection. The
open-field test was performed in an apparatus consisting
of a box with the floor of the arena divided into 16 equal
squares (18 x 18 cm), placed in a sound-free room. The
number of quadrants crossed over a period of 5 min was the
parameter used to evaluate locomotor activity. This test was
carried out to identify motor disabilities, which might influ-
ence memory behavioral tests. The apparatus was cleaned
with 40% ethanol and dried after each individual animal
session [9].

Object Recognition Twenty-four hours after the open-field
test, which was also used as habituation to the apparatus,
the animals underwent an object recognition test to evaluate
short-term memory. The task was performed on the 28th day
after STZ injection. The animals were placed individually in

EXPERIMENTAL PROTOCOL

Approval by the Ethics Committee

a box with two identical objects (objects A and B) for 5 min
for free exploration (training). After 2 hours, the animals
were put back in the box for 5 min, and one of the previous
objects (B) was replaced (object C). The time spent explor-
ing the new and familiar objects was recorded. The results
were calculated according to the recognition index=TC /
(TA+TC) [9]. After this test, the animals were euthanized
and each animal’s brain and blood were collected for analy-
sis. The brain tissues were prepared and protein determina-
tion was performed according to each specific technique.

Western Blot Analysis of A1 and A2A Receptor
Immunoreactivity

The Al and A2A receptor immunoreactivity in the hip-
pocampal and cortical membranes were evaluated by
western blot analysis. Samples of the hippocampus and
cerebral cortex were homogenized in ice-cold radioim-
munoprecipitation assay buffer (RIPA buffer) with 1 mM
protease and phosphatase inhibitors and centrifuged at
12.000 rpm at 4 °C for 10 min. The protein concentration
was determined using a BCA Protein Assay Kit (Sigma-
Aldrich, EUA). The diluted samples were separated by
sodium dodecyl sulfate (SDS) polyacrylamide gel elec-
trophoresis and transferred to nitrocellulose membranes
(Amersham Biosciences, UK). After blocking, the mem-
branes samples were incubated overnight at 4 °C with pri-
mary antibodies; Al (dilution 1:800, Santa Cruz Biotech-
nology, CA, USA) and A2A (dilution 1:800, Santa Cruz
Biotechnology, CA, USA) membranes were incubated with
anti-rabbit or anti-mouse secondary antibodies (dilution
1:10.000, Santa Cruz Biotechnology, CA, USA) for 90 min

29
| —»
1

* Tissue dissected

Object recognition
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Inosine (50 mg/kg/day or 100 mg/kg/day) or vehicle (i.p)
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Fig. 1 The induction of a rat model of AD induced by STZ (3 mg/kg) and intraperitoneal (i.p.) administration of inosine (50 or 100 mg/kg) for

25 days
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at room temperature. The membranes were incubated with
an enhanced chemifluorescent substrate (Amersham Bio-
sciences) and analyzed with Amersham Imager 600 (GE
Healthcare Life Sciences, EUA). The membranes were
reprobed and tested for B-actin immunoreactivity, as a
control for protein concentration.

RNA Extraction, cDNA Synthesis, and Quantitative
Real-Time Polymerase Chain Reaction of BDNF and TrkB

Total mRNA was extracted from 50 to 100 mg of the hip-
pocampus and cerebral cortex tissue, using TRIzol reagent
followed by DNase treatment with DNase I Amplification
Grade, to ensure minimum DNA contamination of the
samples. The total RNA isolated was quantified, and its
purity (260/280 and 260/230 ratios) was examined using
a NanoVue spectrophotometer (GE, Fairfield, CT, USA).
cDNA synthesis was performed using High-Capacity
cDNA Reverse Transcription kit (Applied Biosystems,
UK) according to the manufacturer’s protocol. For reverse
transcription, 1 pg of total RNA was used in a reaction
volume of 20 pL. The amplification was performed with
GoTag® qPCR Master Mix (Promega, Madison, WI) using
CFX96 Touch Real-Time PCR Detection System (Bio-Rad
Laboratories Inc., CA, USA). The sequences of the prim-
ers used are listed in Table 1. The qPCR conditions were
as follows: 10 min at 95 °C to activate the hot-start Taq
polymerase, followed by 35 cycles of denaturation for
15 seconds at 95 °C, primer annealing for 60 seconds at
60 °C, and extension for 30 seconds at 72 °C (fluorescence
signals were detected at the end of every cycle). Baseline
and threshold values were automatically set using the Bio-
Rad CFX Manager software. The number of PCR cycles
required to reach the fluorescence threshold in each sample
was defined as the Ct value, and each sample was ana-
lyzed in duplicate to obtain an average Ct. The 2 — AACT
method was used to normalize the fold change in gene
expression, using f-actin as a housekeeping gene.

Table 1 Primers used for quantitative real-time polymerase chain
reaction. Listed are the forward and reverse primer sequences used to
amplify each target gene as well as the GAPDH endogenous control

Primer name Sequence

BDNF forward
BDNEF reverse
TrkB forward
TrkB reverse

5! CAATCGAAGCTCAACCGAAGAG 3!
5/ AACCCGGTCTCATCAAAGCC 3!

5! CCAAGTTTGGCATGAAAGGTTTTG 3!
5  GCAACAGTAGTCCCAGGAGTT 3’

5! ACCCGCGAGTACAACCTTCT 3!
5'ATACCCACCATCACACCCTGG 3’

B-actin forward

B-actin reverse
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Quantification of Cytokines in the Brain

Hippocampus and cerebral cortex tissues were homogenized
in 10 mM Tris—HCI buffer (pH 7.4) on ice using a homog-
enizer. The homogenate was centrifuged at 14.000 X g for
30 min, and the supernatants were used for the analysis.
The cytokines IL-4 and IL-10 were detected by an enzyme-
linked immunosorbent assay (ELISA) using OptEIA kit
(Pharmingen, San Diego, CA, USA), according to the manu-
facturer’s instructions. Standard curves allowed determina-
tion of cytokine concentrations in pg/mL. The absorbance
was read at 450 nm using a Power Wave X microplate scan-
ning spectrophotometer (BioTek Instruments, Inc.).

Biochemical Analysis in the Serum

Butirilcholinesterase (BuChE) activity was determined using
a modification of the method of Ellman et al. (1961) and was
expressed in umol BuSCh/h/mg of protein [37]. The method
is based on the formation of 5,5-dithiobis-acid nitrobenzoic
measured at 412 nm, and the reaction was initiated by adding
0.8 mM butyrylthiocholine iodide (BuSCh). Serum choles-
terol levels were determined using commercially available
diagnostic kits supplied by Labtest® (Labtest, MG, Brazil).

Brain Morphological Parameters
Hematoxylin and Eosin (HE)

The brain specimens were fixed in 10% buffered formalin,
processed, and included in paraffin, and subjected to histo-
logical cut in a microtome set to a thickness of 4 pm. The
cuts placed on matte sheets were heated in an oven at 80 °C
for 1 hour, deparaffinized in xylol, rehydrated in ethyl alco-
hol staggered, and washed in distilled water. The slides were
placed in Harris hematoxylin dye for 5 min, washed in run-
ning water, differentiated in acid-alcohol for 1 min, washed
again in running water, and dipped in 1% lithium carbon-
ate. Subsequently, the slides were placed in eosin dye for
3 min, dehydrated in absolute alcohol, and placed in xylol
for assembly with Entellan-type resin.

Immunohistochemistry for Synaptophysin

The brains were fixed in 10% buffered formalin, processed,
and included in paraffin and subjected to histological sections
in a microtome regulated to a thickness of 5 pm and placed on
slides. The slides were heated in an oven at 75 °C for 2 hours,
deparaffinized in xylol, and rehydrated in ethyl alcohol and
then in distilled water for 5 min in PBS [38]. Antigen recovery
of synaptophysin was performed in a water bath for 20 min
at 95 °C in citrate buffer 20 mM (pH 6.0). Endogenous
peroxidase activity was blocked with a 5% solution of
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hydrogen peroxide in methanol for 30 min, in the dark. Protein
blocking for synaptophysin was performed with BSA diluted to
1% in PBS for 60 min. The sections were incubated overnight
in a refrigerator at 2—8 °C, with the primary anti-synaptophysin
antibody at dilution 1:6000 (Monoclonal Anti-Synaptophysin
antibody produced in mouse, Sigma-Aldrich S5768). After
this, HRP-labeled polymer conjugated (Envision + Dual Link
system-HRP kit, Dakoref: K4061) was added and incubated
for 30 min at room temperature. Diaminobenzidine (Liquid
DAB + Substrate Chromogen System, Dako ref: K3468) was
used to visualize the reactions staining. Diaminobenzidine
(Liquid DAB + Substrate Chromogen System, Dako ref:
K3468) was used to visualize the reactions staining, according
to the manufacturer’s recommendations.

Negative controls were obtained performing the same
protocol described above, with the omission of primary anti-
body, which was replaced by BSA. The slides were counter-
stained in Harris’ hematoxylin for 20 seconds and differenti-
ated in 2% ammoniacal water for 20 seconds. The sections
were dehydrated in absolute alcohol and placed in xylol for
the assembly of the slides in Entellan-type resin. The images
were obtained through a capture system using Leica DM6-B
vertical digital research microscope and the Leica LAS X
Life Science software. The quantification of synaptophysin
was performed through optical density (OD) analysis using
the software Image Pro Plus® 6.3 (Media 258 Cybernetics).
Images of each region were captured per section.

Immunohistochemistry for GFAP

The brains were fixed in 10% buffered formalin, included
in paraffin, and subjected to histological sections in a
microtome regulated to a thickness of 3 pm and placed
on slides. The slides were heated in an oven at 75 °C for
2 hours, deparaffinized in xylol, and rehydrated in ethyl alco-
hol and then in distilled water for 5 min in PBS. Antigenic
recovery was performed in a water bath for 20 min at 94 °C
in citrate buffer (pH 6.0). Endogenous peroxidase activity

Fig.2 Effects of treatment with
inosine (50 or 100 mg/kg) on
the body weight of rats injected
with STZ (3 mg/kg). **P <0.01
and ***P <0.001 when com-
pared with the control group.
#P<0.05 and P <0.01 when
compared with the STZ group
(n=10 per group)

400+

3504

3004

Body Weight (g)

was blocked with a 5% solution of hydrogen peroxide in
methanol for 20 min in the dark. Protein blocking was per-
formed with skimmed-milk powder diluted to 5% in PBS
for 20 min.

The cuts were incubated overnight in a refrigerator at
2-8 °C, with the primary anti-GFAP antibody in 1:200
dilution. After incubation, the secondary IgGk light chain
HRP antibody conjugated at 1:200 dilution was applied and
incubated for 1 hour and 30 min at room temperature, and
the reaction was visualized with Liquid Dab (Dako, K3468)
according to the manufacturer’s recommendations. After
visualization, the slides were counterstained in Harris’
hematoxylin for 20 seconds and differentiated in 2% ammo-
niacal water for 20 seconds. The cuts were dehydrated in
absolute alcohol and placed in xylol for the assembly of the
slides in Entellan-type resin. The quantification of GFAP
was performed through optical density (OD) analysis using
an Olympus® BX 257 40 microscope coupled to a computer
with the software Image Pro Plus® 6.3 (Media 258 Cyber-
netics). Images of each region were captured per section.

Statistical Analysis

Data were analyzed by one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test for comparison
of means using GraphPad Prism version 5.0 Program (Intui-
tive Software for Science, San Diego, CA, USA). P <0.05
was considered statistically significant in the analysis. All
data are expressed as mean + standard error (SEM).

Results
Effects in Body Weight of Animals
In Fig. 2, the animals treated only with STZ showed a reduc-

tion in body weight in relation to the control group during
all experimental periods (P <0.001). Inosine at 100 mg/

-o- Control

= STZ

—4+— STZ + Inosine 50 mg/kg
— STZ + Inosine 100 mg/kg

kekk

250-

25

Time (days)

@ Springer



846

Molecular Neurobiology (2022) 59:841-855

kg alone was able to increase the body weight of the rats
injected with STZ and not inosine at 50 mg/kg.

Inosine Prevents Memory Deficits Induced by STZ

In the object recognition task, the percentage of exploratory
preference of the new object in STZ group was significantly
lower than that of the control group (P <0.01), indicating
memory impairment. Treatment with inosine 100 mg/kg
increased the percentage of exploratory preference of the
new object when compared with the STZ group, demon-
strating that inosine is capable of restoring memory deficits
induced by this experimental model (Fig. 3). As shown in
Fig. 3, neither STZ nor STZ plus inosine treatment altered
locomotor activity in the open-field test.

Inosine Modulated the Brain Adenosine Receptors

Concerning the density of receptors in the hippocampus,
our results showed an increase in immunoreactivity of Al

Open Field

» 100
g
[7] 804
T T
2 604
©
°
< 40-
(=]
2 204
€
=
=z 0-

| STZ 3mglkg !

Object Recognition

g 80 ##
8 b
c 60_
[}
2 T
ua *%
5 40
2
8
© 20-
°
Q.
bed
w 0-

'_' L ]

c ' STZ 3mg/kg '

[ Inosine 50 mg/kg 3 Inosine 100 mg/kg

Fig. 3 Effects of treatment with inosine (50 or 100 mg/kg) in locomo-
tor activity (using the open-field apparatus) and short-time memory
(using the object recognition test) of rats injected with STZ (3 mg/
kg). **P<0.01 when compared with the control group. #P <0.01
when compared with the STZ group (n= 10 per group)
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and A2A receptors in the STZ group (P <0.05). Inosine
(100 mg/kg) increased the levels of Al, and both inosine
concentrations were effective in decreasing the immunoreac-
tivity of the A2A receptor when compared to the STZ group
(Fig. 4). In the cerebral cortex, only an increase in A2A
density was observed in the STZ group (P <0.05), which
was prevented by inosine (50 mg/kg). Inosine (100 mg/kg)
also increased the levels of Al in the cerebral cortex of the
rats (P <0.05) (Fig. 4).

Inosine Modulates Expression of BDNF and TrkB
Receptor

Expression levels of TrkB receptor was significantly
decreased in the hippocampus of the STZ group (P <0.01),
while a trend of decreased levels of BDNF mRNA was
observed in the hippocampus. Interestingly, inosine at both
doses was capable of increasing the mRNA levels of TrkB
and BDNF in the hippocampus (Fig. 5). No changes were
observed in the mRNA levels of receptor TrkB in the cere-
bral cortex (Fig. 5). Though STZ did not reduce the levels of
the BDNF mRNA in the cerebral cortex, inosine treatment
at 100 mg/kg increased BDNF levels (Fig. 5).

Inosine Prevent Alterations in Brain Levels
of Anti-inflammatory Cytokines and Serum
Biochemical Parameters

In Fig. 6, the results show that STZ reduced the levels of
IL-4 and IL-10 in both the hippocampus and cerebral cortex
of rats. In the hippocampus, treatment with inosine 100 mg/
kg alone was capable of preventing these alterations. On the
other hand, in the cerebral cortex only, the dose of inosine
50 mg/kg was effective in increasing the levels of both anti-
inflammatory cytokines (Fig. 6). In the serum, STZ caused
an increase in BuChE activity and total cholesterol levels
when compared to the control group (P <0.05) (Fig. 7). Ino-
sine treatment at both doses (50 and 100 mg/kg) prevented
these serum alterations (Fig. 7).

Effects of Inosine in Morphological in Immunoreactivity
for GFAP and Synaptophysin in Different Regions
of the Hippocampus

Figure 8 shows the histological changes using hematoxy-
lin and eosin staining in the CA1, CA3, and dentate gyrus
(DG) regions of the hippocampus. In STZ group, in the CA1
and DG regions, there is a change in the morphology of the
cells that make up the granular layer (see black arrows). In
the control group, the nuclei were rounded and large with a
lighter chromatin with visible nucleoli (see white arrows).
In the STZ group, the heterogeneity of the cells was smaller,
the cytoplasm was not apparent, and nuclei had elongated
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Fig.4 Effect of inosine

(50 and 100 mg/kg) on the
immunoreactivity (IR) of
purinergic receptors Al and
A2A in hippocampal (A,

C) and cortical membranes

(B, D) of rats injected with

STZ (3 mg/kg) evaluated by
western blotting. *P <0.05 and
*#%P <0.001 compared with the
control group. P <0.01 and
###p <0.001 when compared
with the STZ group (n=4-5 per
group)

Fig. 5 Effects of inosine treat-
ment (50 and 100 mg/kg) on

the mRNA levels of tyrosine
kinase receptor (TrkB) and
brain-derived neurotrophic
factor (BDNF) in the hippocam-
pus and cerebral cortex of rats
injected with STZ (3 mg/kg).
*#%P <(0.001 when com-

pared with the control group.
*P<0.05,#P<0.01, and

##P <0.001 when compared
with the STZ group (n=5-6 per
group)
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Fig.6 Effects of treatment with
inosine (50 or 100 mg/kg) on

Hippocampus

Cerebral Cortex

1500+ 2000+
IL-4 and IL-10 levels in the hip-
pocampus and cerebral cortex IL4 1500- IL 4
of rats injected with STZ (3 mg/ 10004
kg). *P<0.05, **P <0.01, and - ## 4 — #
*#*¥%P <(0.001 when com- % T <, 10004 T
pared with the control group. o *% & o
#P<0.05 and #P <0.01 when 5004 500-
compared with the STZ group
(n=4-5 animals per group) ﬁ 0
0-, 11 ) I i ¢ {
! vy ! STZ 3 mg/k
C STZ 3mg/kg & gre
2000+ 2500 IL10
IL10 2000
150{ T o i
15004
(=2 *kk
£ 1000- g
) =2
o * 2. 1000
500+ - 5004
0- L ] L ] 0- L ] L ]
v LB} L] L) L} L}
c STZ 3mgl/kg c STZ 3malkg

3 Inosine 50 mg/kg @@ Inosine 100 mg/kg

o
o
)

3 Inosine 50 mg/kg
[ Inosine 100 mg/kg

o
-
1

BUChE
(umol BuSCh/h/mg of protein)
o o
) IS
h 1

#

0.0- I
'_‘C I

STZ (3mglkg)

601
3 Inosine 50 mg/kg

*
3 Inosine 100 mg/kg
40-
T s
20+
I_-_L' =
o ]

¢ STZ3mikg

mg/dL

Cholesterol

Fig.7 Effects of treatment with inosine (50 or 100 mg/kg) on
butyrylcholinesterase (BuChE) activity and cholesterol levels in the
serum of rats injected with STZ (3 mg/kg). *P <0.05 when compared
with the control group. *P<0.05 and P <0.001 when compared
with the STZ group (n=4-5 per group)

or fusiform morphology (see white arrows). In addition,
the presence of “dark bodies” along the molecular layer,
which are characterized by cells with a more basophilic
nucleus, greater dyeing by hematoxylin, and an elongated
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morphology. These morphological changes in the molecu-
lar layer were attenuated by treatment with inosine 50 and
100 mg/kg in rats exposed to STZ.

Figure 9 shows the immunoreactivity for GFAP in the
hippocampus of rats treated with inosine (50 and 100 mg
/ kg) and submitted to a sporadic model of Alzheimer’s
type dementia (STZ 3 mg/kg). Image A shows the GFAP
immunoreactivity between the different groups in the CAl,
CA3, and DG regions. Image B shows a representation of the
locations chosen for the acquisition of images in the respec-
tive regions. There was an increase in immunoreactivity of
GFAP in CA1 (graph C), CA3 (graph D), and DG regions
(graph E) in rats exposed to STZ. Inosine did not restore the
increased GFAP immunoreactivity in AD rats.

Figure 10 shows the immunoreactivity for synaptophysin
protein in the hippocampus of AD rats treated with inosine
(50 and 100 mg/kg). Image A shows the synaptophysin
immunoreactivity between the different groups in the CAl,
CA3, and DG regions. Image B shows a representation of
the locations chosen for the acquisition of images in the
respective regions. In the CA1 and CA3 regions, we used
the molecular layer and DG region the hilum was selected.
Graph C shows that there was no significant difference in
optical density between the groups compared to the control
(P>0.05). Graph D showed a reduction in optical density
for synaptophysin in CA3 in the STZ group compared to the
control (P=0.006). Inosine at a dose of 100 mg/kg protected
against the reduction of immunoreactivity for synaptophysin
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Fig. 8 Histopathological
changes by hematoxylin and
eosin (H&E) staining in the
CAl, CA3, and dentate gyrus
(DG) regions of the hippocam-
pus of rats treated with inosine
(50 and 100 mg/kg, i.p.) and
injected with STZ (3 mg/kg)
(100 x magnification). The
square in the lower right field
represents a magnification of
400x

CA1

CONTROL

STZ

STZ+INO100 _STZ+INO50

induced by STZ. In the DG, an increase in the optical density
for synaptophysin was seen in the STZ groups treated with
inosine 50 and 100 mg/kg (P=0.0125).

Discussion

The STZ model is characterized by glucose hypometabolism
and brain insulin resistance and represents a sporadic non-
transgenic AD model. This model reproduced the molecu-
lar and behavioral characteristics of AD, such as memory
deficits, neuroinflammation, oxidative stress, cholinergic
alterations, and glia activation [39—42], and has been used
for preclinical testing of pharmacology therapy for AD [9,
36, 43-45].

Using the behavioral task of object recognition, our
results showed that the STZ group had less preference for
the new object, confirming the memory deficits. Inosine
100 mg/kg was capable of preventing short-time memory
dysfunctions induced by STZ. The effect of inosine in
improving memory can be associated with the modulation
of many neural pathways such as oxidative stress, ion pump

CA3

DG

activities, and cholinergic signaling [36]. In addition, in the
present study, we also demonstrated that inosine is capa-
ble of modulating other mechanisms involved in memory
deficits such as neuroinflammation, purinergic system, and
BDNF signaling.

There are no known receptors specific for inosine; how-
ever, studies have suggested that this nucleoside is capable of
interacting with adenosine receptors [46]. Adenosine recep-
tors have many roles in the brain, such as in presynaptic and
postsynaptic neuromodulatory activities and learning and
memory [27, 46, 47]. Due to the inhibitory effects of Al and
excitatory effects of A2A, in neurodegenerative conditions,
Al has been described to have a neuroprotective effect, while
A2A plays a crucial role in the neurodegeneration process
[47]. Although the mechanism of action of A2A to improve
the memory deficit it is not very clear, Pagnussat et al. [48]
showed that activation of A2A decrease short-term memory
in mice. In addition, treatment with A2A antagonist recovers
memory and synaptic deficits in transgenic mouse model of
DA [49]. On this note, an important finding of our study is
the reduction of A2A expression in the hippocampus and
cerebral cortex by inosine, which can be directly associated
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Fig.9 (A) Immunoreactivity

STZ STZ+INO50 STZ+INO100

of glial fibrillary acid protein
(GFAP, astrocyte marker) in
the CA1, CA3, and dentate
gyrus (DG) regions of the hip-
pocampus (B) of rats treated
with inosine (50 and 100 mg/
kg, i.p.) and injected with STZ
(3 mg/kg). Graphs represent the
mean + SEM of the cell density
(optical density) of GFAP
marked cells in the three ana-
lyzed regions: CA1 (C), CA3
(D), and DG (E). *P <0.05
when compared with the control
group.
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with memory improvement. Other studies have also demon-
strated that inosine prevents the positive regulation of A2A
in experimental models of autoimmune encephalomyelitis
[32] and Parkinson’s disease [50].

BDNF through the activation of its receptor (TrkB) plays
a crucial role in the nervous system by providing trophic
support to neurons and by regulating synaptic transmis-
sion and plasticity, such as long-term potentiation (LTP),
an important pathway associated with memory [51]. Evi-
dences have documented that adenosine receptors can modu-
late brain actions of BDNF. The activation of the receptor
A2A is required to trigger various TrkB-mediated BDNF
actions in the brain [52] to sustain the normal BDNF levels
and BDNF-induced potentiation of synaptic transmission
in the hippocampus [53]. In regard to this, the upregula-
tion in A2A expression in STZ group in the cerebral cortex
and hippocampus could explain, at least in part, the normal

@ Springer

STZ 3 mg/kg

levels observed in BDNF mRNA in this group. However, an
important result of this study was the increase in the levels
of BDNF and TrkB mRNA mainly in the hippocampus by
inosine. Our results corroborating with previous studies that
also showed that BDNF mRNA was increased 2 hours after
oral single inosine administration [54]. Considering that
inosine decreased the expression of A2A and increased the
expression of Al, we can suggest that this effect in BDNF
and TrkB mRNA may be associated with Al adenosine
receptors. This result correlates the observation by Muto
et al. [54] where A1 receptor antagonist partially inhibited
the inosine-induced increase of BDNF mRNA.

Previous studies also revealed that BDNF supplemen-
tation increased the expression of synaptophysin in the
cultured hippocampal slices [55]. Synaptophysin is a
protein associated with the regulation of synaptic vesicle
endocytosis and synapse formation [56-58]. In addition,
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Fig. 10 (A) Immunoreactivity A CONTROL

STZ STZ+INO50 STZ+INO100

of synaptophysin in the CA1,
CA3, and dentate gyrus (DG)
regions of the hippocampus
(B) of rats treated with inosine
(50 and 100 mg/kg, i.p.) and
injected with STZ (3 mg/

kg). Graphs represent the

mean =+ SEM of the cell density
(optical density) of GFAP
marked cells in the three ana-
lyzed regions: CA1 (C), CA3
(D), and DG (E). *P <0.05
and **P <0.001 when com- g7
pared with the control group. -
#P <0.05 when compared with
the STZ group.
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alterations in hippocampus synaptophysin has been an
important mechanism associated with memory decline
[59]. Corroborating with this evidences, here, we also
showed that STZ induced a memory decline and a decrease
in immunoreactivity in sinaptophysin in CA3 hippocam-
pus region. On the other hand, animals treated with inosine
improved memory and showed an increase in the immuno-
reactivity of synaptophysin in CA3 and DG hippocampus
regions. The CA3 region contributes to rapid encoding to
novel information, formation and storage of arbitrary asso-
ciations and short-term memory, while the DG has a key
role in hippocampal memory formation [60]. In this line,
considering that alterations in presynaptic proteins con-
tributed to cognitive dysfunction, the increase in immuno-
reactivity of synaptophysin induced by inosine may con-
tribute to enhanced synaptic plasticity leading to memory
improvement. In addition, the mechanism involved in the

synaptophysin increase by inosine can be possibly associ-
ated to BDNF signaling.

The association between the inflammatory markers and
cognitive decline has been documented in both animal
models and patients with AD [61]. Previous studies have
demonstrated a relationship between early cytokine produc-
tion and cognitive dysfunction and glial activation, which,
in turn, is accompanied by an increase in the production
of pro-inflammatory cytokines (TNF-a, IL-1p, IL-6, IL-12)
[62-65]. In this study, we showed a decrease in the levels
of anti-inflammatory cytokines IL-10 and IL-4 in the STZ
group. In the brain, IL-10 is capable of promoting neuronal
survival by blocking the effects of proapoptotic cytokines
and limiting inflammation by reducing the synthesis of pro-
inflammatory cytokines and suppressing cytokine receptor
expression/activation [64]. In addition, IL-4 is very impor-
tant to immunity and plays a critical role in brain functions,
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such as homeostasis, neurogenesis, memory, and learning
[62, 63]. Thus, the increase caused by inosine in the levels of
these brain anti-inflammatory cytokines is an important neu-
roprotective function that can explain, together with other
results, the improve of memory and reduction in damage in
the hippocampus visualized in histology analysis.

Corroborating with the results described above, we also
observed that STZ induced an increase in BuChE activity
and inosine in both doses prevented these peripheral altera-
tions. BuChE is a nonspecific cholinesterase able to hydro-
lyze acetylcholine, as well as other choline esters. While
acetylcholinesterase is located mainly in neurons, BuChE
is mainly associated with glial cells. Acetylcholine recep-
tors are prominently expressed in immune cells and it is
involved in the control of the production of many pro- and
anti-inflammatory cytokines [66, 67]. Studies have sug-
gested that serum BuChE could be used as a possible marker
of systemic inflammation [64] because an increase in this
enzyme activity reduces the tissue acetylcholine levels, lead-
ing to disrupted cholinergic anti-inflammatory responses.
Peripheral BuChE is an a-glycoprotein synthesized in the
liver and its serum level can be correlated with several clini-
cal conditions; for example, it is increased in patients with
AD in plasma levels and in tissue resulting in low levels of
acetylcholine [68, 69]. Thus, it is plausible that a reduc-
tion caused by inosine in BuChE activity in the serum could
increase the acetylcholine levels and contribute to the anti-
inflammatory activity of this nucleoside. The effects of
inosine on cholinergic signaling have also been reported in
other studies [36].

In addition, an increase in GFAP was observed in the
hippocampus in the STZ group. In pathological conditions,
astrocytes become reactive, leading to an upregulation of
pro-inflammatory cytokines, which are associated with neu-
ronal damage [70]. Astrocyte reactivity is characterized by
morphological changes and overexpression of GFAP [71].

However, in our study, inosine was not able to prevent
GFAP overexpression induced by STZ. It is important to
note that immunohistochemistry and histological analysis
were prioritized in the hippocampus since behavioral mem-
ory tests are dependent on this brain region.

Lastly, elevated cholesterol levels are correlated with
a higher incidence of memory impairment and dementia
[72]. In fact, studies have investigated the potential thera-
peutic effects of lipid-lowering agents such as statins in
experimental models of AD [73]. The relationship between
lipid metabolism, especially cholesterol levels and AD, has
been associated with apolipoprotein E4 (apoE4). ApoE4 is
an important genetic risk factor for this neurodegenerative
disease as it increases brain inflammation [74]. Interest-
ingly, our results showed that inosine at both doses (50
and 100 mg/kg) was capable of preventing the increase
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in serum cholesterol levels induced by STZ. The exact
mechanism associated with inosine and lipid metabolism
has not been described in the literature, but recently Lima
et al. (2020) [75] also demonstrated that inosine decreases
cholesterol levels in a hypercholesterolemic animal model.

In conclusion, our findings showed that inosine is
capable of reestablishing memory deficits and modulat-
ing adenosine receptors, inflammatory and neurotrophic
factors, synaptic proteins, and cholesterol levels. We can
propose that inosine is an innovative and useful tool for
AD therapeutics due to its multi-target action as shown in
our results. Thus, inosine may be considered as a promis-
ing strategy of preventing neurodegeneration.
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