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Introduction: Oxidative stress has an important role in the pathophysiology of Alzheimer’s disease (AD), the most common type of
dementia. Boric acid (BA) contributes significantly to the protection of the brain by reducing lipid peroxidation and supporting
antioxidant defense. We aimed to evaluate the therapeutic potential of BA treatment in AD rats.

Materials and Methods: Four groups were formed as Control (C), Alzheimer’s (A), Alzheimer’s + Boric acid (ABA), Boric acid
(BA). Intracerebroventricular injection of Streptozotocin (STZ) was preferred to create an AD. After 4 weeks, BA was applied 3 times
every other day. The Radial Arm Maze Test (RAMT) was used to evaluate memory and learning abilities. Biochemical and
histopathological evaluations were made in the hippocampus.

Results: Initial RAMT inlet/outlet (I/O) numbers were similar. Two weeks after STZ injection, I/O numbers decreased in group A and
ABA compared to group C and BA (p<0.05). After the second BA application, I/O numbers increased in the ABA group compared to
the A group (p<0.05). In group A, PON-1, TOS and OSI levels were higher and TAS levels were lower than in groups BA and C. After
BA treatment, PON-1 and OSI levels were lower in the ABA group than in the A group (p<0.05). Although there was an increase in
TAS value and a decrease in TOS, this did not make a statistical difference. The thickness of the pyramidal cell in CAl and the
granular cell layers in the dentate gyrus, and the number of intact and degenerated neurons in the pyramidal cell layer were similar
between the groups.

Discussion: Significant improvement in learning and memory abilities after BA application is promising for AD.

Conclusion: These results show that BA application positively affects learning and memory abilities, and reduces oxidative stress.
More extensive studies are required to evaluate histopathological efficacy.
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Introduction

Alzheimer’s disease (AD) is the most common type of dementia that progresses with impairments in memory,
personality, and cognitive functions. It is estimated that there are 50 million dementia patients worldwide, and this
number is expected to rise to 152 million by 2050.! Many experimental and clinical studies are carried out for the
solution of this disease, which brings many financial and moral difficulties.

Due to the complex and multifactorial nature of the disease, its pathophysiology has not been clearly defined.' Its
important pathological markers are senile plaques containing amyloid B peptide (AB), neurofibrillary tangle and neuron
death.” The contribution of reactive oxygen species (ROS) in the pathogenesis of AD has also been emphasized. In fact,
this is true for all neurodegenerative diseases. Inadequate antioxidant defense is as important as ROS production in
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disease progression. Neuronal collapse and oxidative stress are closely related to disease-specific AP deposition.’
Mutations associated with AD trigger oxidative stress by increasing both cerebral Ap load and AB1-42 production.’
Imbalance in the clearance of Ap1-42 is also closely related to the oxidation of macromolecules such as protein, lipid and
nucleic acid.> Accumulation of this peptide at synapse junctions initiates the formation of ROS and reactive nitrogen
species and causes an increase in malondialdehyde levels, a lipid peroxidation product.® It has been reported that nuclear
and mitochondrial DNA damage increases with increasing oxidation in AD patients.”

Boron-containing compounds are very common in nature and are most commonly found in nature as borate and boric
acid (BA). BA, a weak Lewis acid, is the most common boron derivative found in biological systems due to its water
solubility.® It takes part in cell membrane integrity, signal transmission, mineral and hormone metabolism and enzymatic
reactions.” !! Its deficiency is important in the development of a number of diseases such as heart disease, stroke,
glucose-related disorders and the aging process.'' BA can act as a protective agent in apoptotic processes by regulating
the mitochondrial membrane potential as well as oxidative and inflammatory processes.'? Currently, there is no FDA or
EMA approved therapeutic indication. However, as far as we know, there are very few studies evaluating the neuropro-
tective effects of BA on neurodegenerative diseases.

Different models have been described in the literature to create experimental AD (Intracerebroventricular (icv)
Streptozotocin (STZ) model, Aluminum Chloride in the Rat Model, Cholinergic Dysfunction in Mouse Models,
Transgenic mouse models, Cell culture models). Studies show that icv STZ injections are a valid model for impairing
learning, memory and cognitive functions.'®> Neuroinflammation, tangles, amyloid plaque deposition, and oxidative stress
formation were demonstrated in this model.'*'> Therefore, STZ application has been widely used for the AD model.'®

In this study, we aimed to evaluate the effect of BA treatment on learning function, memory level, oxidative stress and
neuronal damage in rats in AD model.

Materials and Methods

Animals and Ethics Committee Permission

This research was conducted with the ethical approval of Gazi University Animal Experiments Ethics Committee (Ref. No.
GUET-19-071). Accepted standards of the Guide for the Care and Use of Laboratory Animals were followed at all stages of
the study. All phases of the study were conducted in agreement with the UK Animals (Scientific Procedures) Act 1986,
ARRIVE guidelines and EU Directive for animal testing. Twenty-four male Wistar Albino rats weighing 400-500 gr,
supplied by Gazi University Experimental Research Center, were used. Rats were kept under a reverse light dark cycle.
Room temperature was maintained at 21+1°C and humidity at 45-55%. Rats were fed with standard pellets throughout the
study. Drinking water was available ad libitum. Four groups were formed with 6 rats in each; Control (C), Boric acid group
(BA), Boric acid-Alzheimer group (ABA) and Alzheimer group (A).

Alzheimer Model

The rats in Groups A and BA were treated under ketamine (50 mg/kg i.p., Ketalar, Parke-Davis, Eczacibasi, Istanbul,
Turkey) and xylazine hydrochloride (10 mg/kg, i.p 2%; Alfazyne, Ege Vet, izmir, Turkey) anesthesia. If there was
a reaction to the painful stimulus, 20 mg.kg ' ketamine was repeated. During the surgical procedure, rats were wrapped
with cotton to maintain body temperature. A stereotactic hood was inserted under anesthesia. After the cranium was
wiped with iodine solution, the skin was dissected to reach the bregma. The dura was entered 0.8 mm posterior to the
bregma, +1.4 mm lateral to the sagittal line, and 3.4 mm below the skull surface, guided by Paxinos and Watson’s brain
atlas. The AD model was induced by icv injection of 3 mg/kg STZ, 10 uL per side.

Radial Arm Maze Test (RAMT) and Boric Acid Treatment

The device consisted of an eight-armed radial labyrinth made of plexiglass. A dimly lit and quiet room was preferred for
the test. Each arm is 60 cm long, 10 cm wide and 15 cm high and extends radially from the central starting platform
(35 cm in diameter). Four arms had food on the distal end and no food on the other four arms. Animals were placed one
by one in the middle of the maze. During the RAMT trial, an animal must receive food from all four arms of the
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maze.'”'® Each test took 5 minutes. RAMT was applied to all groups at the beginning of the study and baseline data were
recorded. This was repeated once a week for four weeks. Four weeks after the STZ injection, 200 mg/kg BA was injected
intraperitoneally (i.p) into Group A and Group ABA every other day for 3 days. RAMT was repeated for all groups 1 day
after each BA application to Group A and ABA. Following the completion of all cognitive tests, the rats were sacrificed
by taking intracardiac blood under ketamine-xylazine anesthesia. The hippocampus was evaluated biochemically and
histopathologically in the brain tissue.

Histopathological Analysis

Left hemispheres of rat brains were fixed in 10% neutral buffered formalin, and processed for paraffin embedding. The
hemispheres were cut into sections five microns thick by means of a microtome. All sections were stained with
hematoxylin and ecosin (H&E) for histological evaluation. H&E-stained brain tissues were evaluated under a light
microscope (Leica DM 4000B, Germany). For histopathological evaluation, images of the CAl (Cornu Ammonis 1)
area of the hippocampus and the dentate gyrus were captured at 400x magnification. The thickness of the pyramidal cell
layer in the CAl area and the granular cell layer of the dentate gyrus were measured. Also, intact and degenerated

pyramidal cells in the CA1 area were counted.'®*°

Biochemical Evaluations

Tissue Homogenization

Brain tissue collected in an Eppendorf tube was frozen in liquid nitrogen and stored at —80°C. Brain tissues were cut into
pieces of 80—100 mg. The tissues were crushed in a bowl in the presence of liquid nitrogen, and the pulverized tissue was
transferred to the homogenization tube (099C S3, Glas-Col). KCl solution was added to achieve 1/10 (w/v) dilution.
A Glas-Col homogenizer was used for 2 minutes at 50 rpm to complete the process. The homogenates were transferred to
eppendorf tubes and centrifuged at 3000 rpm for 10 minutes.

Assessment of TOS/TAS/OSI/PON

Brain TAS level was measured by fully automatic spectrophotometric method. Rel Assay Diagnostics kit (RelAssay
Diagnostic”, Turkey) was used in the measurement. TAS level was calculated using the formula provided in the kit and
expressed as mmol Trolox Eq/L.

Brain TOS level was measured by fully automatic spectrophotometric method. Rel Assay Diagnostics kit (RelAssay
Diagnostic®, Turkey) was used in the measurement. TOS level was calculated using the formula provided in the kit and
expressed as pmol H,O, Equiv./L.

OSI is the ratio of TOS level to TAS level. Specifically, OSI (Arbitrary Unit) = TOS (umol H202 Eq/L)/TAS (mmol
Trolox Eq/L)*100. When calculating the OSI of the samples, the TAS levels to equalize TOS levels and units were
multiplied by 100.?' The results were expressed as arbitrary unit (AU).

PON enzyme activity was determined spectrophotometrically. The enzyme assay was based on the prediction of
p-nitrophenol at 412 nm. An enzyme unit was defined as the amount of enzyme that catalyzes the hydrolysis of 1 pmol of
substrate at 25 °C. PON level was calculated and expressed as U/L.

Statistical Analysis

SPSS 20 (SPSS Inc, Chicago, IL, USA) software was used for the statistical analysis. The Shapiro—Wilk test and Q—Q
plot test were used to check whether the data were normally distributed. When multiple comparisons were required, one-
way ANOVA followed by the Bonferroni-adjusted post hoc test was used. The results were expressed as the mean +
standard deviation (SD). Statistical significance was defined as P-value <0.05.

Results
RAM Test

The number of RAM inputs and outputs, which was similar in all groups at baseline, decreased significantly in Group
A and Group ABA 3 weeks after the onset of Alzheimer’s (P<0.05). In the 3rd and 4th weeks, the difference between the
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Table | RAM Input-Output Data of Rats [Mean + SD]

Group C (n=6) | Group BA (n=6) | Group A (n=6) | Group ABA (n=6) Pk
I. Day 7.67x1.17 8.17+2.22 8.50+1.05 9.00x1.10 0.570
. Week 7.83xl.16 8.83+0.98 8.00x1.10 7.33+1.37 0.117
2. Week 7.33+1.63 7.33+1.37 5.00+0.89%," 5.33+0.52%," 0.002
3 Week 7.50+0.55 7.66x1.03 4.00+0.89%,* 4.00£0.75%,* <0.0001
4. Week 7.50+1.05 7.17+0.75 3.50+0.55%,* 3.67+0.52%," <0.0001
After first BA administration 7.33+0.78 7.33+0.82 3.33+0.52%," 4.33£0.52%* <0.0001
After second BA administration 7.67+0.52 7.33+0.77 3.17£0.42%,* 5.67+0.52% "% <0.0001
After third BA administration 8.00+0.89 7.33+1.04 3.50+0.55%," 7.170.75% <0.0001

Notes: P¥*: Significance level by ANOVA test p< 0.05. *p<0.05: Compared to Group C. *p<0.05: Compared to Group BA. #p<0.05: Compared to Group A.

groups gradually widened and at the end of 30 days, it was observed that the Alzheimer’s model was successful in the
rats in Group A and ABA. While the results did not change in the test performed one day after the first BA application,
there was an increase in Group ABA input and output data compared to Group A after the second application (P<0.05)
(Table 1). This showed that boric acid positively affected the learning and memory functions of rats with AD, but still
lagged behind Group C and BA. After the third application, the data of this group were not different from Groups C and
BA. These results suggested that the application of BA in Alzheimer’s model may have therapeutic potential.

Biochemical Markers

The levels of biochemical markers in the brain were analyzed after the RAM test. In this way, the role of oxidative stress
was tried to be revealed. Table 2 shows the effect of BA on TAS, TOS, OSI and PON-1 in rat brain after STZ-induced
AD. Group A’s TOS level increased significantly compared to the other groups (p<0.05). In Group ABA, however, boric
acid application did not make a significant difference compared to Group A, the values were similar with the other 3
groups (p>0.05). In terms of TAS, the results were consistent with TOS and the antioxidant level was significantly lower
in Group A (p<0.05) and the values in Group ABA were similar to the other groups (p>0.05). OSI and PON-1 were
significantly higher in rats in Group A (p<0.05). In Group ABA, these values were lower with the antioxidant effect of
boric acid compared to Group A (p<0.05), and were similar to the control and BA groups (p > 0.05).

Hippocampal Histopathology

The thicknesses of the CA1 pyramidal cell layer and the dentate gyrus granular cell layer, and the numbers of intact and
degenerated neurons in the pyramidal cell layer of the CA1 field (cell/1000 pm?) were examined [Mean + SD]. In the
histopathological evaluation, there was no difference between groups in cell layer thicknesses, and in numbers of intact
and degenerated cells of CA1 pyramidal cells layer (ANOVA, p>0.05) (Table 3 and Figure 1). Although it was not

Table 2 Brain Tissue TAS, TOS, OSI and PON-I Levels of Rats [Mean + SD]

Group C (n=6) | Group BA (n=6) | Group A (n=6) | Group ABA (n=6) Pk
TOS (pmol H202Equiv./L) 9.12+3.97 10.89+1.99 15.56+4.77%,* 11.59+3.45 0.044
TAS (mmol Trolox Equiv./L) 1.06+0.23 1.06+0.35 0.59+0.27+%,* 0.88+0.23 0.028
oslI 9.38+5.22 11.09+4.01 29.10+9.59%,* 13.09+2.39% <0.0001
PON-I (U/L) 1.80+0.84 3.33+1.74 8.33+3.01% 2.40%1.14% 0.004

Notes: P¥*: Significance level by ANOVA test p< 0.05. *p<0.05: Compared to Group C. *p<0.05: Compared to Group BA. #p<0.05: Compared to Group A.
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Table 3 Data of Pyramidal Cell Layer in Hippocampus CAl (Cornu Ammonis |) and Granular Cell Layer in Dentate Gyrus of Rats

[Mean % SD]
Group Group BA Group Group ABA Pk
C (n=6) (n=6) A (n=6) (n=6)
Thickness of the pyramidal cell layer in the CAI field 45.59+6.56 43.23+8.89 | 37.99+2.40 45.33%1.56 0.110
Thickness of the granular cell layer in the dentate gyrus 56.63+18.76 60.49+11.07 | 45.28+2.85 | 60.38+12.21 0.154
Number of intact neurons in the pyramidal cell layer of 2.68+0.98 3.81+0.80 241%1.12 2.68+0.97 0.112
CAIl (cell/1000 pm2)
Number of degenerated neurons in the pyramidal cell layer 0.87+0.47 0.71+0.46 0.24%0.11 0.85+0.81 0.175
of CAIl (cell/1000 pm?2)

Notes: P**: Significance level by ANOVA test p< 0.05.

statistically significant, cell layer thicknesses and intact cell number decreased in Group A. These findings suggest that
duration of experiment may not be sufficient for the occurrence of histopathological changes. Atrophy, apoptosis, and
glutaminergic neuron damage, which are characteristically seen in patients with AD, are more likely the outcomes to
occur in the chronic process. When the efficiency of BA is examined, numerical improvements were observed in these
values in Group ABA.

Discussion

Alzheimer’s Disease is a progressive disease characterized by a decline in memory, language, and other cognitive
functions. The pathophysiology of AD is complex, multifactorial and not fully known." The characteristic findings of AD
include senile plaques (containing A peptide), neurofibrillary tangles (containing tau), and progressive neuronal death.’
Although the AP peptide is known to be neurotoxic, AP accumulation facilitated in transgenic mice did not result in the
expected neuron death. This indicates that the role of other damage pathways, such as oxidative stress, in disease
progression is more important than expected. The brain is responsible for 20% of total body oxygen consumption, which
explains why neurons are more susceptible to oxidative damage than other cells.”’ When ROS exceeds its antioxidant
defense capacity, it damages macromolecules, especially the phospholipid layer of the cell membrane. Lipid peroxidation
and protein oxidation have been associated with various neurodegenerative disorders, including AD, Parkinson’s disease,
amyotrophic lateral sclerosis, tardive dyskinesia, Huntington’s disease, and multiple sclerosis.”’> BA can act as
a protective agent in apoptotic processes by regulating oxidative and inflammatory processes as well as mitochondrial
membrane potential.'? Few studies have been published investigating the neuroprotective potential of BA on neurode-
generative diseases. Thanks to the hydroxyl and benzyl groups it contains, BA interacts with lipids and proteins. In
addition to supporting antioxidant mechanisms, it prevents lipid peroxidation and protects the integrity of tissues.”> BA
has been reported that BA also reduces oxidative stress by increasing glutathione reserves,”* and strongly inhibits Ap
aggregation via hydroxyl groups.”® In rats with cyclophosphamide-induced cardiotoxicity, 200 mg/kg BA has been
reported to reduce damage with antioxidant and membrane stabilizing properties.”® In a model of necrotizing enteroco-
litis, it increased the antioxidant level by preventing the reduction of GSH reserves.”” The biochemical activity of
hepatocyte damage and oxidative stress in hepatocellular carcinoma was also able to be reversed.”® BA added to the diet
prevented lipid peroxidation by supporting and strengthening the antioxidant defense system.?’ Boron is thought to
prevent apoptosis and strengthen antioxidant defense by reducing intracellular oxygen radicals and calcium levels.'*??
The 200mg/kg BA dose used in our study was preferred because it was used safely in experimental studies before. In
biochemical analyzes, the acute LD50 value of boric acid was determined as 2660 mg/kg for rats and 3450 mg/kg for
mice. Since the dose we used was much lower than the toxic doses, toxicology analysis was not performed. Our
hypothesis is that boric acid can improve cognitive function and histopathological outcomes by reducing oxidative stress
in rats with STZ-induced Alzheimer’s Disease.
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Pyramidal Cell Layer Granular Cell Layer
CA1 Field of the Hippocampus  Dentate Gyrus of the Hippocampus

g

Group BA

Group ABA

Figure | CAIl pyramidal cell layer and dentate gyrus granular cell layer are seen in H&E stained preparations of hippocampus sections. The heads of the arrows indicate
degenerated neurons, and the arrows indicate the vesicular nuclei of intact neurons. The red bar shows the granular cell layer thickness of the dentate gyrus.

Creating an Alzheimer’s model with STZ is one of the models frequently used in experimental studies.*® Injection of
STZ into cerebral ventricles causes learning-memory disorders and neuronal losses. Similar to previous reports,
regression in learning and memory was detected in our study, thus exhibiting the neurodegenerative effect of STZ
exposure. Elevated markers of oxidative stress observed in rats exposed to STZ suggest that cognitive dysfunction is
a combined effect of biochemical changes with histopathological damage.*'~*?

Assessment of learning and memory is necessary to reveal any possible CNS-related depression or stimulant effects
of interventions on experimental animals. In our study, after the STZ-induced Alzheimer’s model was carried out, we
performed a RAMT to evaluate cognitive functions. RAMT was designed by Olton & Samuelson.*> The Radial Arm
Maze Test is widely used by researchers to measure spatial learning and memory in rodents; allows the evaluation of
spatial working and reference memory.'” In the RAM test, we observed the number of inputs and outputs in the arms. In
the 3rd week after STZ exposure, the number of entries and exits in Alzheimer’s groups decreased significantly. After
the second BA application, the input-outputs numbers were lower in Group ABA compared to the control group and
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group BA, but increased compared to Group A. After the third administration of BA, these values were similar in Group
C, BA and ABA. This shows the positive effect of BA on cognitive functions in 3 doses of 200 mg/kg in Alzheimer’s
model.

In the case of oxidative stress, antioxidants interact with each other and a collective antioxidant effect occurs. For this
reason, instead of measuring each parameter in the evaluation of the oxidant-antioxidant balance in the human body, it is
more useful to examine the markers showing the global status such as TOS and TAS.** OSI, which is presented as the
ratio of both markers, can be considered as the net relationship of oxidant-antioxidant status. In this study, we found that
TOS increased and TAS decreased in rats with AD. OSI increased in Alzheimer’s groups due to the shift of oxidant-
antioxidant balance in favor of oxidative stress. After BA administration, it increased TAS by increasing the antioxidant
effect, and as a result, TOS and OSI decreased. These results support the view that emphasizes the role of oxidative stress
in the development of AD. According to our results, there was a negative relationship between learning-memory function
and TOS, and a positive relationship between learning-memory function and TAS. These results support the relationship
between decreased cognitive performance and increased oxidant/antioxidant balance. In a study investigating the effects
of BA in ethanol-induced renal damage, it reduced the damage by lowering high TOS and OSI and increasing TAS.?’ In
the study investigating the protective effect of BA on liver ischemia reperfusion (IR) damage in cholestatic rats, TAS was
highest in the IR group administered with BA, while TOS was highest in the IR group and lower in the BA+IR group.*®
An association between PON-1 and AD has been demonstrated.>’” PON-1 is associated with high-density lipoprotein
(HDL).>® PON-1 is the main antiatherosclerotic component of HDL.**** PON-1, an antioxidant enzyme, is known to
delay low-density lipoprotein (LDL) oxidation by preventing the formation of lipid peroxides.*' PON-1 polymorphism
has been associated with neurodegenerative diseases.*”** Several studies have shown that PON-1 level may play
important roles in oxidative stress and many neurodegenerative diseases.***>*” PON-1 level increased in Group
A similar to previous publications. In the study, in which Alzheimer’s model was created with the same methodology,
PON-1 level was higher in the treated AD groups.*® This confirmed the PON1-AD relationship. Group ABA PON-1
decreased significantly after boric acid administration.

The hippocampus is one of the most affected brain areas in patients with AD.*’ This region is subdivided into the
dentate gyrus (DG) and CA1, CA2, CA3/4. The classical hippocampal trisynaptic circuit (EC-DG-CA3-CA1) is crucial
for learning and memory.>® Interestingly, patients with AD>'? and animal models of this disease®> show morphological
changes in the dendritic trees and spines of CAl and CA3 pyramidal neurons. CA1 is the first hippocampal subarea
where neurofibrillary pathology arises,™® and neuropathological studies have shown CAl atrophy in Alzheimer’s
dementia,”>>® but not in preclinical AD” In fact, CAl hypertrophy was reported in preclinical AD in one study.’®
AD patients with severe dementia show a decrease in dentate granule cell (DGC), density of dendritic spines and total
dendritic length.>*°' As a result of adult hippocampal neurogenesis (AHN), new DGCs are introduced into the
hippocampal circuit throughout life. The number of immature DGCs gradually decreases throughout AD
progression.®? In addition, fewer immature neurons are seen in patients with cognitive impairment.®® In contrast, the
number of mature DGCs remains constant in these patients.°” Therefore, it has been suggested that AHN disorders
underlie cognitive dysfunction in AD.®* In the light of this information, the pyramidal cell layer in CA1 and the thickness
of the granular cell layer in the dentate gyrus and the number of intact and degenerated neurons (cell/1000 um?2) in the
pyramidal cell layer in CA1 were evaluated in order to examine the histopathological damage in the AD model created in
the light of this information. As a result of the evaluation, although there was a decrease in the cell layer thickness and
the number of intact cells in Group A, it did not make a statistically significant difference. The results of the BA applied
groups were similar to the group C. Although this indicates that BA did not cause any toxic damage, the absence of
significant damage in the Alzheimer group precluded us from commenting on the therapeutic potential of BA in this
model. In our opinion there was not sufficient time for the emergence of histopathological changes in the Alzheimer’s
model. Atrophy, apoptosis, and glutaminergic neuron damage, which are characteristically seen in these patients, are
more likely outcomes to occur in the chronic process. When the BA efficiency is examined, numerical improvements
were observed in Group ABA in these values.
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Limitation
There are no significant limitations in our study.

Conclusion
Our results showed that BA reduced damage to learning and memory functions and significantly lowered oxidative stress

markers in the AD model. Since no significant damage was observed in the histopathology of Alzheimer’s rat brains after

modeling, we cannot tell about the negative or positive effect of BA.
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