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Abstract

Background: Alzheimer’s disease is the main form of dementia, which affects more than
46 million people every year. In the pathogenesis of Alzheimer’s disease, a significant role
played mitochondrial dysfunction, which is a promising pharmacotherapeutic target of
neuroprotective therapy. In this regard, this study aimed to evaluate the effect of the 4-hydroxy-
3,5-ditretbutyl cinnamic acid on changes of mitochondrial function in experimental Alzheimer’s
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lahannes dlvere Methods: Alzheimer’s disease was modeled on Wistar rats by injecting a fragment of p-amyloid
-Cinnamic acid derivatives (A8 ) into the CAI part of the hippocampus. The test-compound (4-hydroxy-3,5-ditretbutyl
cinnamic acid, 100 mg/kg, per os) and the reference drugs (resveratrol, 20 mg/kg, per os and
EGB671, 100 mg/kg, per os) were administered for 60 days after surgery. The restoration of a

memorable trace in animals was evaluated in the Morris water maze test. The concentration

-Mitochondrial dysfunction

-Neuroprotection

of B -amyloid, Tau-protein, and changes in parameters characterizing mitochondrial function
(cellular respiration, concentration of mitochondrial ROS, activity of apoptosis reactions
(caspase-3 and apoptosis induced factor) were also determined.

Results: This study showed that the administration of 4-hydroxy-3,5-ditretbutyl cinnamic acid
at a dose of 100 mg/kg (per os) in rats with reproduced Alzheimer’s disease contributed to the
normalization of mitochondrial respiratory function. It was expressed in the normalization
of aerobic metabolism, increased activity of respiratory complexes and stabilization of
mitochondrial membrane potential. Also, when animals were treated with 4-hydroxy-3,5-
ditretbutyl cinnamic acid, there was a decrease in the concentration of intracellular calcium
(by 39.7% (p<0.05)), the intensity of apoptosis reactions, and an increase of the latent time of
the mitochondrial permeability transition pore opening (by 3.8 times (p<0.05)), and decreases
H,0, concentration (by 21.2% (p<0.05)).

Conclusion: In the course of this study, it was found that 4-hydroxy-3,5-ditretbutyl cinnamic
acid exceeds the value of neuroprotective action in compared to the reference agents -
resveratrol (20 mg/kg) and Ginkgo biloba extract (EGB671, 100 mg/kg).

Introduction

Alzheimer’s disease (AD) is a chronic neurodegenerative
disease that is the main cause of dementia and accounts
for about 80% of all cases of diagnosed dementia.' To date,
about 46.8 million people suffer from AD, and by 2030,
the number of cases of AD will increase to 131.5 million.
Between 2000 and 2014, AD-related deaths increased
by 89% in the United States alone. Besides, according to
various estimates, the direct and indirect costs of the world’s
18 largest economies for the treatment and maintenance of
a proper standard of living for patients with AD amount to
more than $ 1 trillion.**

Mitochondria are primarily known as the “powerful
stations” of the cell, which provide the cell’s needs for
macroergic compounds. However, along with the energy
function, mitochondria participate in the regulation of
calcium homeostasis, redox reactions, and apoptotic
cascade.” According to literature data, mitochondrial
dysfunction contributes to increased Afl formation.
Studies conducted on neuronal cell culture have shown
that mitochondrial dysfunction contributes to the Af3
production by increasing oxidative stress.® Oxidative
stress enhance the activity of y-secretase by a mechanism
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involving covalent modification of the complex of the
y-secretase-nicastrin with the product of membrane lipid
peroxidation - 4-hydroxynonenal. At the same time, it
was found that the main source of 4-hydroxynonenal
is arachidonic acid, which is widely represented in
mitochondrial membranes. Thus, it is assumed that one
of the first stages of the formation of Af3 plagues is the
aberrant mitochondrial function.” However, there is no
denying that the amyloidogenic cascade itself significantly
affects the change in mitochondrial function.

It was found that aggregation of Af3 leads to a decrease
in the production of mitochondrial ATP, and the activity
of mitochondrial enzymes, and an increase of the ROS
level. Hou et al,'® 2014 found that when exposed to
A3, fragments on the culture of primary cortical
neurons during the day and after 72 hours, it leads to
the opening of the mitochondrial permeability transition
pore (mPTP), reducing cell proliferation and causes cell
death. In isolated mitochondria, the toxic effect of Af3 is
expressed in inhibiting the activity of the mitochondrial
respiratory chain complexes, in particular complex IV,
and reducing the activity of mitochondrial enzymes:
a-Ketoglutarate dehydrogenase, cytochrome c-oxidase,
and pyruvate dehydrogenase.'' At the same time, neurons
that overexpress APP and Af3 produce large amounts of
mitochondrial ROS and are not able to synthesize ATP in
physiological quantities.'” The available literature suggests
that mitochondrial dysfunction may be a factor preceding
aggregation of Af3 and pTau, whereas aggregation of Af3
and pTau may exacerbate mitochondrial dysfunction, thus
closing the “vicious cycle” in AD pathology.

Several experimental studies have shown the prospects of
correcting mitochondrial dysfunction in AD."” One of the
most frequent directions of pharmacological correction
of mitochondrial dysfunction is the administration of
exogenous antioxidants." In previous studies, it was
found that 4-hydroxy-3,5-ditretbutyl cinnamic acid has
pronounced antioxidant properties, expressed in inhibiting
the formation of superoxide and nitrosyl radicals, reducing
the intensity of lipid peroxidation, and restoring the activity
of antioxidant enzymes such as superoxydedismutase,
catalase, and glutathione peroxidase." Also, this compound
had a neuroprotective effect in experimental brain ischemia
in rats mediated by increased ATP synthesis in the brain.'®
In this regard, it was suggested that the use of 4-hydroxy-
3,5-ditretbutyl cinnamic acid in AD will contribute to
the reduction of the pathological process and restore the
integrity of brain tissue, which was the aim of this study.

Materials and Methods

Experimental animals

One hundred male Wistar rats weighing 200-220 grams
were used in this study as a biological model. The animals
were obtained from the living system laboratory of the
Pyatigorsk medical and pharmaceutical Institute. During
the experiment, the rats were kept in T-3 macrolone
boxes with free access to water and food. Litter material

-wood granulated fraction was changed 1 time in 3 days.
Maintenance conditions: air temperature 22+2°C, relative
humidity 60+5%, with a natural change of the daily cycle.
The concept of a research was approved by the local Ethics
Committee of Pyatigorsk medical and pharmaceutical
Institute (Protocol No. 11 of 11.09.2019). The content
and handling of animals were under generally accepted
standards of experimental ethics (Directive 2010/63 / EC
of the European Parliament and of the Council for the
protection of animals used for scientific purposes, dated 22
September 2010).

Materials

In this study, 4-hydroxy-3,5-ditretbutyl cinnamic acid
(laboratory code ATACL) in a suspension form was used
as the test-object. The studied compound was obtained
at the Department of organic chemistry of the Pyatigorsk
medical and pharmaceutical Institute. IR, UV, and NMR
spectroscopy confirmed the structure of the test-substance.
Based on previous studies, the studied compound was
administered at a dose of 100 mg/kg (per o0s).'® The
reference drugs in this study were standardized Ginkgo
biloba extract (EGB671) at a dose of 100 mg/kg'” and
resveratrol at a dose of 20 mg/kg'® administered orally. The
reference compounds were obtained from HunanWarrant
Pharmaceuticals, China. The choice of reference drugs
was based on the presence of these compounds of
neuroprotective action.'”'® Also, presumably, resveratrol
and EGB 671 have a similar mechanism of action to the
ATACL compound, which predetermined the choice of
these substances as reference drugs.

Experimental model of Alzheimer’s disease

AD in rats was modeled by intrahippocampal injection
of a fragment of Al  in an amount of 2 pl and a final
concentration of 1 mmol. Af3 | was obtained from Sigma-
Aldrich (Darmstadt, Germany)."” Before injection, the
Af3,  fragment was solubilized in a cooled PBS (pH =7.4)
with continuous stirring for 36 h until fibrillar aggregates
were formed. Next, the rats were anesthetized by chloral
hydrate (intraperitoneal, 350 mg/kg), the parietal region
was scalped, and A8 | was administered using a 5-ml
micro dispenser connected to a G30 needle.?® The injection
was performed in the CAl part of the hippocampus
(anterior-posterior = -3.8 mm, medial-lateral = 2.0 mm,
dorsal-ventral = 2.6 mm from the bregma, as determined
by Paxinos.?! The needle remained at the injection site for
5 minutes, after which the needle was removed and the
surgical wound was sutured and treated by a 10% povidone-
iodine solution. Rats were left under a warming lamp until
awakening. At the same time, a generalized brain lesion may
be observed against the intrahippocampal injection of Af3.*

Study design

According to the developed design of the study, five
equal groups of animals were formed during this work
(n=20 each experimental group). The first group of
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rats — sham-operated animals (SO), which were applied
to all consecutive operating procedures except for the
direct injection of the A8 fragment. In the remaining
experimental groups, AD was modeled according to the
above experimental procedure, and the following groups
were identified: a group of negative control animals (NC)
that did not receive pharmacological support (bidistilled
water was administered in an equal volume), a group of rats
that received the studied compound ATACL, and a group
of rats that were treated by reference drugs EGB671 and
resveratrol, respectively. A SO group of animals received
distilled water in an equivalent volume. The studied
substance and reference drugs were administered as a
fine aqueous suspension (these substances are completely
insoluble in water) on the next day after injection of the
A3 |, fragment and then for 60 days (daily, once a day).
On 10, 20, 30,40, 50, and 60 days of the study, the memory
trace of rats were evaluated using the “Morris water maze”
test. Then, on the 61 day of the experiment, the animals
were decapitated and the brain was extracted, which was
used as the study biomaterial.

Morris water maze test

The Morris water maze device is a water arena with
a diameter of 150 cm with a wall height of 60 cm and a
movable platform with a diameter of 10 cm [Open science,
Russia]. During the study, the installation was filled with
water to the 50 cm level, after which the water was tinted
by food dye. Before simulation AD, rats were trained in
the testing procedure: within 2 minutes the animals were
allowed to find a platform, provided no execution of the
task, rats were moved to the platform for 10 sec. after that,
the testing was repeated. The training lasted for 10 days.
After reproducing the AD in similar conditions, the test
was repeated. The latency period of reaching the platform
in seconds and the distance that the animal spent on
finding the platform in meters was recorded, for which
the testing procedure was subjected to video recording
followed by a frame-by-frame analysis of the image in the
Adobe Photoshop CS5 software.

Biomaterial sampling. Mitochondrial isolation

The animal’s brain was used in this work like test-material.
Rats were decapitated, the cranium was opened and the
brain was removed. Moreover, in 10 animals from the
group, the brain was homogenized in PBS with a pH of
7.4 in a ratio of 1: 7 in a Potter mechanical homogenizer
and centrifuged in mode 10000g for 5 min. The resulting
supernatant was used in an ELISA study and for enzymes
activity determination In the remaining 10 rats, the brain
was homogenized in an isolation medium (1 mmol EDTA +
215mmol mannitol + 75 mmol sucrose + 0.1% BSA solution
+ 20 mmol HEPES, with a pH of 7.2). For mitochondrial
isolation, the resulting homogenate was centrifuged at
1100g for 2 minutes. The resulting supernatant in the
amount of 700 pl was transferred into Eppendorf tubes and
mixed with 75 ul of 10% percol and centrifuged at 18000g

for 10 minutes. The precipitate was resuspended in 1 ml
of the isolation medium and centrifuged for 5 minutes at
10,000g. All procedures were performed at 4°C.

Respirometric analysis

To assess the respirometric function of mitochondria, the
method of respirometry was used, in which the AKPM
1-01L (Alfa Bassens, Russia) laboratory respirometer
system was used. The analysis is based on the measurement
of oxygen consumption rate (OCR) in the medium when
mitochondrial respiration disconnectors are sequentially
introduced into the analyzed medium with biomaterial.
Mitochondrial respiration disconnectors are: oligomycin
in concentration 1 pug/ml; FCCP (4 - (trifluoromethoxy)
phenyl) hydrazono) malononitrile) in concentration -1
uM/ml; rotenone - in concentration 1 pM/ml; sodium
azide - in concentration 20 mmol/ml. The following
oxidation substrates were also used at different stages of
the research: glucose — 15 mmol/ml; pyruvate - 10 mmol/
ml; malic acid - 1 mmol/ml; succinic acid - 10 mmol/ml;
ascorbate - 2 mmol/ml; adenosinediphosphate - 1 mmol/
ml N, N, N § N’ tetramethyl-1,4-phenylenediamine - 0.5
mmol/ml. Define parameters: ATP-generating ability; the
maximum level of respiration and the respiratory capacity.
The activity of glycolysis processes was evaluated when
glucose was used as an oxidation substrate during the
registration of oxygen consumption under the conditions
of the sequential addition of glucose, oligomycin, and
sodium azide to the medium. The intensity of anaerobic
processes was also determined. Evaluated parameters:
glycolytic capacity glycolytic reserve and intensity of
glycolysis. Additionally, the activity of complexes I, II,
IV, and V of the mitochondrial respiratory chain was
evaluated. The activity of mitochondrial complexes
was evaluated according to the principles outlined in
Connolly et al.,”® The complex I activity was investigated
by the difference in oxygen consumption when malate/
pyruvate was used as oxidation substrates. The complex II
activity was investigated by the difference in OCR when
succinate was used as an oxidation substrate and adding of
oligomycin to the medium. The activity of complex IV was
defined by the difference in OCR after adding the mixture
of rotenone / TMPD / ascorbate as an oxidation substrate.
The activity of complex V was defined by the difference
in OCR after the introduction of rotenone and ADP to
the analyze medium. During the analysis, the biosample
volume was 275 ul, and 25 ul of injected analyzers. OCR
was determined in ppm.* The oxygen consumption in the
sample was converted to the protein concentration in the
sample, which was determined by the Bradford method, as
described.”

Evaluation of latent time of mitochondrial permeability
transition pore (mPTP) opening

The latent time of mitochondrial pore transition
permeability opening was evaluated by spectrophotometric
method. The incubation medium contained: 0.5 ml of
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the analyzed supernatant, 200 mM KCl, 0.5 ml of a 1
um solution of cyclosporin A. The resulting mixture was
adjusted to 2 ml with HEPES buffer solution with a pH of
7.4. The optical density of the mixture was recorded at A
= 540 nm, then the resulting solution was incubated for
25 min at room temperature with constant stirring. At the
same time, the latent time of opening of the mitochondrial
pore in seconds was evaluated (by changing the optical
density of the incubation medium).*

Mitochondrial membrane potential evaluation
Mitochondrial membrane potential was evaluated by
spectrophotometric method. The incubation medium
contained: 0.5 ml of the analyzed supernatant, 0.5 ml of
a 9 um solution of safranin O. The resulting mixture was
adjusted to 2 ml with HEPES buffer solution with a pH
of 7.4. The optical density of the mixture was recorded
at A = 515 nm and A = 525 nm. The proton moving force
(transmembrane electrochemical gradient, AY) was
determined by the difference of the optical density: AY =
A515_A525)’27

Evaluation of citrate synthase activity

The citrate synthase activity was evaluated according to
the method proposed by Shepherd & Garland which is
based on the spectrophotometric determination of colored
decay products of 5,5’-di-thiobis- (2-nitrobenzoic acid) in
the presence of acetyl-CoA and oxaloacetate. The reaction
mixture contained: 5.5 ‘- di-thiobis- (2-nitrobenzoic acid)
100 mM; Tris-HCI buffer with a pH of 7.8 to 100 mm;
acetyl CoA 100mM; 0.1% Triton-X 100 ul and 4 pl of
the investigated supernatant. The reaction was started by
adding 100 ul of oxaloacetate. The change of absorbance
was recorded at a wavelength of 412 nm for 3 minutes at
room temperature. Citrate synthase activity was expressed
in U / mg protein. Protein concentration was estimated by
the Bradford method.”

Determination of aconitase activity

Aconitase activity was determined spectrophotometrically
at 340 nm by detecting NADPH, which is formed in
conjugated reactions catalyzed by aconitase and isocitrate
dehydrogenase. The incubation medium contained:
isocitrate dehydrogenase 0.03 U/l; NADP+ 0.32 mg / ml;
PBS-55 pl, the studied biomaterial-50 ul (positive control-
aconitase 0.03 U/1). The reaction was started by adding 0.1
mg/ml of sodium citrate. Changes in the optical density
of the obtained solutions were registered at 340 nm at 37°
C for 2 minutes. Aconitase activity was calculated from
changes in optical density using the extinction coefficient
0.0313uM1.2

Evaluation of the calcium ions concentration

The content of ionized calcium in the analyzed samples
was evaluated by the fluorescence method using Fura-
2/ AM as a reporter. The incubation medium contained
equimolar amounts (100 pl) of the studied supernatant and

fluorescent reporter. The excitation wavelength of Fura-2 /
AM is 340 nm. The emission wavelength of Fura-2 / AM
is 380 nm. The concentration of calcium in the sample
was calculated as the difference between the fluorescence
signal at 340 nm and 380 nm, with a 510 nm filter
installed (Hitachi MPF-4 spectrofluorimeter). The calcium
content was converted to the protein concentration in the
sample.” The concentration of calcium was determined
in a supernatant obtained directly on the day of animal
decapitation without freezing.

Reactive oxygen species (ROS) determination

The concentration of ROS, in particular mitochondrial
hydrogen peroxide, was determined by fluorescence
analysis using a standard set of Amplex Red (Thermo Fisher
Scientific). The Amplex Red reagent is a colorless substrate
that reacts with hydrogen peroxide with a stoichiometry
of 1:1 to form a highly fluorescent resorufin (excitation/
emission = 570/585 nm). The analysis process followed
the manufacturer’s instructions. The content of hydrogen
peroxide was estimated in nmol/ml.

ELISA-study

Changes in the concentration of apoptosis-inducing
factor (AIF), caspase-3, PB-amyloid, and Tau protein
(Ala34~Ser368) were evaluated using the ELISA method
in the brain supernatant of animals. During the analysis,
used species-specific reagents kits manufactured by Cloud
Clone (USA). The analysis followed the manufacturer’s
recommendations.

Statistical analysis

The obtained results were statistically processed and
expressed as M + SEM. A comparison of groups of means
was carried out using the ANOVA method with post-
processing Newman-Keuls test for multiple comparisons.
Differences were considered statistically significant at
p<0.05. During the statistical analysis, the STATISTICA
6.0 application package (StatSoft, USA) for Windows was
used.

Results

ATACL compound effect on the behavioral activity of rats
in the “Morris water maze” test in experimental AD
During this block of experimental work, it was found that
in SO animals, the time of finding the platform (Figure 1)
and the swimming distance (Figure 2) did not significantly
change throughout the experiment. At the same time,
in the NC group of rats, the latent time of finding the
platform exceeded the same indicator of SO animals by the
50" and 60™ days of the experiment by 3.1 (p<0.05) and 4.1
times (p<0.05), respectively (Figure 1). The group of rats
that received EGB671 to the endpoints of the experiment
(50" and 60" days) showed a decrease in the time spent
by the animal to find the platform, compared with the
NC group of animals by 34.9% (p<0.05) and 74.1%
(p<0.05), respectively. In the background, a resveratrol
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Figure 1. Change in the latent time of platform searching in the “Morris water maze” test in rats with experimental AD against the
background of the administration of the test compound and reference drugs.

# - statically significant relative to the SO animals group; * - statically significant relative to the NC animals group; SO-sham-operated rats;
NC-negative control animals; EGB671 — group of rats treated by standardized Ginkgo biloba extract (EGB 671) in dose 100 mg/kg, per os;
Resveratrol —group of rats treated by resveratrol in dose 20 mg/kg, per os; ATACL — animals treated by 4-hydroxy-3.5-ditretbutil cinnamic
acid in dose 100mg/kg, per os.

administration to rats, a decrease of the latent time of
the platform searching on the 50" day of the experiment
- 36.3% (p<0.05) and 60" day of the study by 37.5%
(p<0.05) compared to the same indicators of the NC group
of animals (Figure 1) was noted. When using the ATACL
compound in rats, there was a decrease in the time of
platform searching in comparison with the indicators NC
of the group of animals by the 50* and 60™ days of the
study by 38.1% (p<0.05) and 48.1% (p<0.05), respectively
(Figure 1).
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It should be noted that the animals of the NC group on
the 50™ and 60" days of the experiment swam a much
greater distance to the platform (Figure 2) than the rats
of the SO group (by 3.7 times (p<0.05) and 7.6 times
(p<0.05), respectively). Against the background of the
administration of EGB671, there was a decrease in the
distance covered to the platform relative to the NC group
of animals by the 50" day of the study by 23.2% (p<0.05)
and by 29.2% (p<0.05) - on the 60™ day of the experiment.
When using resveratrol, on the 50* and 60" days of the

40 day 50 day 60 day

NC — -EGB671

- —Resveratrol = --ATACL

Figure 2. Changes of the swimming distance in the “Morris water maze” test in rats with experimental AD against the background of the
administration of the test compound and reference drugs.

# - statically significant relative to the SO animals group; * - statically significant relative to the NC animals group; SO-sham-operated rats;
NC-negative control animals; EGB671 — group of rats treated by standardized Ginkgo biloba extract (EGB 671) in dose 100 mg/kg, per os;
Resveratrol —group of rats treated by resveratrol in dose 20 mg/kg, per os; ATACL — animals treated by 4-hydroxy-3.5-ditretbutil cinnamic
acid in dose 100mg/kg, per os.
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study, swimming distance was less than the same in the NC
group of animals by 31.1% (p<0.05) and 62.5% (p<0.05),
respectively. In rats treated by the ATACL compound,
there was a decrease in the distance covered to the platform
in comparison with the NC group of animals by the 50
day of the experiment-by 56.1% (p<0.05) and on the 60
day of the study - by 70.5% (p<0.05). It should be noted
that the swimming distance of animals that received the
ATACL compound on the 30%; 40*; 50" and 60" day of the
experiment was less than rats treated by EGB671 by 49%;
35.6%; 43% and 58.3% (all values p<0.05), respectively, as
well as animals, which were treated by resveratrol 38.6%;
34,3%; 36% and 21.2% (all values p<0.05).

ATACL compound effect on the concentration of AfS and
pTau in the brain supernatant in rats under experimental
AD

The concentration of A3 was higher by 6.8 times (p<0.05),
while the content of pTau increased by 19.5 times (p<0.05)
in the NC group of rats. Against an EGB671 administration
to rats, there was a decrease in the content of A3 and pTau
in the brain supernatant by 18.9% (p<0.05) and 27.6%
(p<0.05), respectively, relative to the NC group. At the same
time, in rats treated by resveratrol, in comparison with
animals deprived of pharmacological support, there was a
decrease in the content of Af3 by 28.3% (p<0.05) and pTau
- by 30.8% (p<0.05). At the same time, the concentration
of A and pTau was lower in animals treated by the
ATACL compound by 38.9% (p<0.05) and 42.3% (p<0.05),
respectively, relative to the NC group of rats (Figure 3).
When using the ATACL compound, the content of Af in
the brain supernatant of animals was less by 24.2% (p<0.05)
and 14.2% (p<0.05) than in rats receiving EGB671 and
resveratrol, respectively, with a decrease of pTau content by
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Figure 3. Changes of the AR and pTau concentration in the brain
supernatant of rats with experimental AD on the background of the
administration of the test compound and reference drugs.

# - statically significant relative to the SO animals group; * -
statically significant relative to the NC animals group; SO-sham-
operated rats; NC-negative control animals; EGB671 — group of
rats treated by standardized Ginkgo biloba extract (EGB 671) in
dose 100 mg/kg, per os; Resveratrol —group of rats treated by
resveratrol in dose 20 mg/kg, per os; ATACL — animals treated by
4-hydroxy-3.5-ditretbutil cinnamic acid in dose 100mg/kg, per os;
AB- B-amyloid; pTau — tau-protein.

20.0% (p<0.05) and 16.0% (p<0.05), respectively.

ATACL compound effect on the respirometric function of
brain mitochondria in rats under experimental AD

In the NC group of animals in comparison with SO rats a
decrease in ATP-generating capacity, maximum respiratory
rate, and respiratory capacity by 5.4 times (p<0.05); 5.2
times (p<0.05) and 6.8 times (p<0.05), respectively (Figure
4) was observed. At the same time, in animals that were
treated by EGB671 relative to the NC group of rats, an
increase in ATP-generating capacity by 2.2 times (p<0.05);
the maximum level of respiration-1.8 times (p<0.05) and
respiratory capacity — 2.8 times (p<0.05) was noted. Against
the background of resveratrol administration to animals,
anincrease in ATP-generating capacity; the maximum level
of respiration and respiratory capacity concerning the NC
group of animals by 2.4 times (p<0.05); 2 times (p<0.05)
and 2.73 times (p<0.05), respectively was notified. In the
group of rats that were treated by the ATACL compound
ATP-generating capacity; the maximum level of respiration
and respiratory capacity exceeded similar indicators of the
NC group of rats by 3.2 times (p<0.05); 3 times and 3.4
times (p<0.05), respectively (Figure 4).

In rats NC group the intensity of glycolysis increased, and
the glycolytic capacity and glycolytic reserve respectively
decreased in comparison with the SO group of animals
by 3.6 times (p<0.05); 6.5 times (p<0.05), and 7.7 times
(p<0.05), respectively. In rats that were treated by EGB671,
a decrease in the intensity of glycolysis relative to the NC
group of animals by 19.5% (p<0.05), with an increase in
the glycolytic capacity and glycolytic reserve by 2.9 times
(p<0.05) and 3.2 times (p<0.05), respectively was noted. At
the same time, in rats treated by resveratrol, the intensity
of glycolysis was lower, and the glycolytic capacity and
glycolytic reserve were respectively higher to the NC
group of animals by 33.9% (p<0.05); 3.4 times (p<0.05)
and 2.9 times (p<0.05), respectively. While ATACL
compound administered to the rats the decrease of the
glycolysis intensity relative to the NC group of animals by
56.6% (p<0.05), accompanied by an increase in glycolytic
capacity by 4.0 times (p<0.05) and glycolytic reserve 4.7
times (p<0.05) was noted. (Figure 5)

The activity of mitochondrial complexes I, II, IV, and V in
the NC group was lower than that in SO animals by 3.0
times (p<0.05); 2.1 (p<0.05); 2.0 (p<0.05), and 2.3 times
(p<0.05), respectively (Figure 6). When using EGB671,
there was an increase in the activity of mitochondrial
respiratory chain complexes concerning the NC group
of rats, while the activity of complex I increased by 62%
(p<0.05); complex II-by 44% (p<0.05); complex IV - by
55% (p<0.05) and complex V - by 37% (p<0.05). In animals
treated by resveratrol, compared with rats NC group, there
was an increase in the activity of complexes I, II, IV, and
V by 91% (p<0.05); 57% (p<0.05); 45% (p<0.05) and 53%
(p<0.05), respectively. The activity of complex I in a group
of rats treated by ATACL compound increased by 146%
(p<0.05); complex II-by 70% (p<0.05); complex IV - by
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Figure 4. Changes in the overall respirometric function of brain mitochondria in rats with experimental AD on the background of the ad-
ministration of the test compound and reference drugs.

# - statically significant relative to the SO animals group; * - statically significant relative to the NC animals group; SO-sham-operated rats;
NC-negative control animals; EGB671 — group of rats treated by standardized Ginkgo biloba extract (EGB 671) in dose 100 mg/kg, per os;
Resveratrol —group of rats treated by resveratrol in dose 20 mg/kg, per os; ATACL — animals treated by 4-hydroxy-3.5-ditretbutil cinnamic
acid in dose 100mg/kg, per os; OCR — oxygen consumption rate.
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Figure 5. Changes in the activity of anaerobic processes in the brain supernatant in rats with experimental AD against the background of
the administration of the test compound and reference drugs.

# - statically significant relative to the SO animals group; * - statically significant relative to the NC animals group; SO-sham-operated
rats; NC-negative control animals; EGB671 — group of rats treated by standardized Ginkgo biloba extract (EGB 671) in dose 100 mg/kg,
per os; Resveratrol —group of rats treated by resveratrol in dose 20 mg/kg, per os; ATACL — animals treated by 4-hydroxy-3.5-ditretbutil
cinnamic acid in dose 100mg/kg, per os; OCR — oxygen consumption rate.

71% (p<0.05) and complex V - by 90% (p<0.05) relative to
the NC group of rats (Figure 6).

ATACL compound effect on the latent opening time of
the mitochondrial permeability transition pore and
the concentration of intracellular calcium in the brain
supernatant in rats under experimental AD

During this stage of experimental work, it was found
that in the NC group of rats, the latent opening time of
mPTP (Figure 7) decreased by 6.7 times (p<0.05), while

the content of intracellular calcium in this group of rats
increased by 2.4 times (p<0.05) (Figure 8).

The use of EGB671 increased the latent opening time of
mPTP to the NC group of rats by 2.5 times (p<0.05), while
reducing the calcium content by 21.7% (p<0.05). In rats
that were treated with resveratrol, there was a decrease in
the concentration of intracellular calcium and an increase
in the latent opening time of mPTP in comparison with
the NC group of animals by 26.8% (p<0.05) and 2.8 times
(p<0.05), respectively. Against the administration of the
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Figure 6. Changes in the activity of mitochondrial respiratory chain complexes of brain mitochondria in rats with experimental AD on the
background of the administration of the test compound and reference drugs.

# - statically significant relative to the SO animals group; * - statically significant relative to the NC animals group; SO-sham-operated rats;
NC-negative control animals; EGB671 — group of rats treated by standardized Ginkgo biloba extract (EGB 671) in dose 100 mg/kg, per os;
Resveratrol —group of rats treated by resveratrol in dose 20 mg/kg, per os; ATACL — animals treated by 4-hydroxy-3.5-ditretbutil cinnamic

acid in dose 100mg/kg, per os; OCR — oxygen consumption rate.

ATACL compound increase of mPTP opening time by 3.8
times (p<0.05) compared to the same period of NC group
rats was noted, while the content of intracellular calcium
in the ATACL-treated rats decreased by 39.7% (p<0.05)
in comparison with NC group. It is worth noting that the
concentration of calcium in animals receiving ATACL was
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Figure 7. Change in the latent opening time of the mPTP in the
brain supernatant in rats with experimental AD against the back-
ground of the administration of the test compound and reference
drugs.

mPTP - mitochondrial permeability transition pore; # - statically
significant relative to the SO animals group; * - statically significant
relative to the NC animals group; SO-sham-operated rats;
NC-negative control animals; EGB671 — group of rats treated by
standardized Ginkgo biloba extract (EGB 671) in dose 100 mg/kg,
per os; Resveratrol —group of rats treated by resveratrol in dose 20
mg/kg, per os; ATACL — animals treated by 4-hydroxy-3.5-ditretbutil
cinnamic acid in dose 100mg/kg, per os.
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Figure 8. Changes in the concentration of calcium in the brain
supernatant in rats with experimental AD against the background
of the administration of the test compound and reference drugs.

# - statically significant relative to the SO animals group; * -
statically significant relative to the NC animals group; SO-sham-
operated rats; NC-negative control anmals; EGB671 — group of
rats treated by standardized Ginkgo biloba extract (EGB 671) in
dose 100 mg/kg, per os; Resveratrol —group of rats treated by
resveratrol in dose 20 mg/kg, per os; ATACL — animals treated by
4-hydroxy-3.5-ditretbutil cinnamic acid in dose 100mg/kg, per os.

EGB671

Resveratrol ATACL

less than that in rats that were administered EGB671 and
resveratrolby23% (p<0.05)and 17.6% (p<0.05), respectively.

ATACL compound effect on mitochondrial membrane
potential of brain mitochondria in rats under
experimental AD

Evaluatingthe changein mitochondrialmembrane potential
(Figure 9), it was found that in the NC group of rats, this
indicator decreased by 3.5 (p<0.05) times in comparison
with SO animals. The use of EGB671 and resveratrol
helped to restore the mitochondrial membrane potential,
which increased by 72% (p<0.05) and 85% (p<0.05)
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Figure 9. Changes in the membrane potential of brain mitochon-
dria in rats with experimental AD against the background of the
administration of the test compound and reference drugs.

# - statically significant relative to the SO animals group; * -
statically significant relative to the NC animals group; SO-sham-
operated rats; NC-negative control animals; EGB671 — group of
rats treated by standardized Ginkgo biloba extract (EGB 671) in
dose 100 mg/kg, per os; Resveratrol —group of rats treated by
resveratrol in dose 20 mg/kg, per os; ATACL — animals treated by

4-hydroxy-3.5-ditretbutil cinnamic acid in dose 100mg/kg, per os.

EGB671

concerning the group of rats deprived of pharmacological
support. Against the background of the administration
of the ATACL compound, the mitochondrial membrane
potential was higher than that of the NC group of animals
by 115% (p<0.05). At the same time, the mitochondrial
membrane potential increased in rats treated by ATACL
relative to animals that received EGB671 and resveratrol by
25.2% (p<0.05) and 16% (p<0.05) respectively.

ATACL compound effect on of the activity of citrate
synthase and aconitase in the brain supernatant in rats
under experimental AD

In the NC group of animals, the activity of citrate synthase
and aconitase (Figure 10) in the brains supernatant
decreased by 3.6 times (p<0.05) and 4.9 times (p<0.05),
respectively, compared to the SO group. At the same
time, animals receiving EGB671 showed an increase of
the activity of the citrate synthase by 54.9% (p<0.05) and
aconitase by 98% (p<0.05). In the group of resveratrol-
treated animals, the activity of citrate synthase exceeded
a similar indicator of the NC group of rats by 109.8%
(p<0.05), with an increase in aconitase activity by 2.46
times (p<0.05). In rats receiving the ATACL compound,
there was an increase of the activity of citrate synthase and
aconitase concerning the NC group by 2.6 times (p<0.05)
and 3.3 times (p<0.05), respectively. At the same time,
citrate synthase activity in rats treated by ATACL was
higher than in animals treated by EGB671 and resveratrol
by 69.6% (p<0.05) and 29.2% (p<0.05), respectively,
accompanied by an increase in aconitase activity by 68%
(p<0.05) and 35.4% (p<0.05), respectively.

ATACL compound effect on of the concentration of
proapoptotic molecules in the brain supernatant in rats
under experimental AD

During this research block, it was found that in the NC
group of rats, the content of AIF and caspase -3 (Figure 11)
exceeded that in SO animals by 15.5 (p<0.05) and 5.9 times
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Figure 10. Changes in the activity of citrate synthase and aco
tase in the brain supernatant in rats with experimental AD against
the background of the administration of the test compound and
reference drugs.

# - statically significant relative to the SO animals group; * -
statically significant relative to the NC animals group; SO-sham-
operated rats; NC-negative control animals; EGB671 — group of
rats treated by standardized Ginkgo biloba extract (EGB 671) in
dose 100 mg/kg, per os; Resveratrol —group of rats treated by
resveratrol in dose 20 mg/kg, per os; ATACL — animals treated by
4-hydroxy-3.5-ditretbutil. cinnamic acid in dose 100mg/kg, per os.
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Figure 11. Changes in the concentration of proapoptotic mole-
cules in the brain supernatant in rats with experimental AD against
the background of the administration of the test compound and
reference drugs.

# - statically significant relative to the SO animals group; * -
statically significant relative to the NC animals group; SO-sham-
operated rats; NC-negative control animals; EGB671 — group of
rats treated by standardized Ginkgo biloba extract (EGB 671) in
dose 100 mg/kg, per os; Resveratrol —group of rats treated by
resveratrol in dose 20 mg/kg, per os; ATACL — animals treated by
4-hydroxy-3.5-ditretbutil cinnamic acid in dose 100mg/kg, per os.

(p<0.05), respectively.

Against the background of EGB671 administration to
rats, there was a decrease in the concentration of AIF -
by 25.3% (p<0.05) and caspase -3 — by 21.8% (p<0.05)
concerning the NC group of animals. At the same time,
in rats treated by resveratrol, the content of AIF and
caspase-3 in the brain supernatant was less than the similar
indicators of the NC group of rats by 32.5% (p<0.05) and
26.1% (p<0.05), respectively. When using the ATACL
compound, the concentration of AIF decreased (relative to
the NC of the animal group) by 47.5% (p<0.05), while the
content of caspase-3 decreased by 53.3% (p<0.05). In rats
treated by ATACL, the AIF content decreased to animals
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that were administered with EGB671 and resveratrol by
29.7% (p<0.05) and 22.1% (p<0.05), with a decrease in the
concentration of caspase-3 by 40.2% (p<0.05) and 36.8%
(p<0.05), respectively (Figure 11).

ATACL compound effect on ROS concentration in the
brain supernatant in rats under experimental AD

It was found that the concentration of hydrogen peroxide
in the NC group of rats in comparison with SO animals
increased by 2.9 times (p<0.05). At the same time, the use of
resveratrol, EGB671, and ATACL compounds reduced the
content of H O, in the brain supernatant in rats by 25.8%
(p<0.05);21.1% (p<0.05); and 41.6% (p<0.05), respectively.
Besides, the concentration of hydrogen peroxide in animals
(Figure 12) that received the ATACL compound was less
than that in rats that were administered EGB 671 by 26%
(p<0.05) and resveratrol by 21.2% (p<0.05).
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Figure 12. Changes in the concentration of H,O, in the brain s
pernatant in rats with experimental AD against the background of
the administration of the test compound and reference drugs.

# - statically significant relative to the SO animals group; * -
statically significant relative to the NC animals group; SO-sham-
operated rats; NC-negative control animals; EGB671 — group of
rats treated by standardized Ginkgo biloba extract (EGB 671) in
dose 100 mg/kg, per os; Resveratrol —group of rats treated by
resveratrol in dose 20 mg/kg, per os; ATACL — animals treated by
4-hydroxy-3.5-ditretbutil cinnamic acid in dose 100mg/kg, per os.
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Discussion

In this study, it was found that the administration of the
ATACL compound helped restore mitochondrial function,
reduced the concentration of AP and Tau-protein in
animal brain tissue, and helped to eliminate cognitive
deficits in rats with experimentally reproduced Alzheimer’s
disease. The obtained results may be of some scientific and
practical interest, because AD is one of the most common
neurodegenerative pathologies, affecting more than 46
million people. To date, treatment of AD involves the
use of symptomatic agents, such as acetylcholinesterase
inhibitors and N-methyl-D-aspartate receptor
antagonists.” However, the effect of these drugs is aimed
only at dementia and does not act on the amyloidogenic
cascade, which is the main pathogenetic chain of AD.*' Of
course, targeted correction of neuronal damage caused by
the accumulation of Af3 and pTau pathology is one of the
most promising directions of pathogenetic therapy of AD.

These strategies include the use of secretase inhibitors,*” or
specific monoclonal antibodies to Al and pTau.”
y-secretase inhibitors has high therapeutic efficacy in
transgenic lines of AfPP Tg mice, while modulating
the activity of y-secretase may be rather than its
complete inhibition.* The use of specific antibodies
has also demonstrated significant therapeutic potential.
The monoclonal antibody based on IgG4 suppressed
aggregation of A3 and induced disorganization of formed
protofibrils, which prevented cytotoxicity of Af}, both in
cellular neuronal cultures and in animal models of AD.*
At the same time, there are approaches to the AD treatment
that are not directly related to the amyloidogenic cascade of
brain damage. These include the use of drugs that normalize
mitochondrial function, such as Mito Q or the SS protein
(SS31). Under experimental conditions, the administration
of these compounds restored mitochondrial ATP/GTPases
activity, suppressed the formation of hydroperoxides, and
reduced the concentration of water-soluble Af3.* Thus, it
seems promising to develop other mitochondrial-oriented
compounds that are potentially effective in the treatment
of AD.

This study showed that the use of 4-hydroxy-3,5-ditretbutyl
cinnamic acid in experimental AD in rats contributed to the
restoration of mitochondrial function, which was expressed
in the normalization of aerobic-anaerobic metabolism, the
activity of respiratory chain complexes. Recovery of aerobic
metabolism in AD plays a crucial role in the progress of the
amyloidogenic cascade. Vlassenko et al.,** was shown that
a decrease in the intensity of aerobic reactions of glucose
metabolism leads to the deposition of Aff and taupathology
in the brain, with a decrease in neuroplasticity and
deterioration of interneuron transmission. In this regard,
the administration of 4-hydroxy-3,5 ditretbutil cinnamic
acid to animals must cause not only the restoration of
mitochondrial respiratory function but also the reduction
of Al and pTau in the supernatant of the brain, which may
indicate a decrease of the amyloidogenesis intensity. Also
interesting is the comparable pharmacological activity of
EGB671 and resveratrol. So in most cases (except for the
intensity of glycolysis), the effects of these substances did
not differ significantly from each other, which requires
additional research. However, the pharmacological
effect of the administration of referents was statistically
significantly less than that of the ATACL compound, also
in almost all experimental blocks. Comparable therapeutic
potential of referents may be explained by the polyphenol
composition of EGB671 similar to resveratrol.

Another important aspect of the pathogenesis of AD is
the development of apoptotic events, in which one of the
determining roles is assigned to neuronal mitochondria.”
It is known that mitochondrial-mediated apoptosis is
initiated when the critical value of the mitochondrial
membrane potential is reached. As a result the activity
of FF, -ATP synthase is inverted and the mPTP was
formed.*® It is worth noting that the mPTP opening is
also an increased efflux of calcium into the mitochondrial
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matrix via overexpressed VDAC channels.”” The opening
of mPTP induces mitochondria damage, with releasing
in the cytosol, a large amount of pro-apoptotic molecules
such as cytochrome C, apoptosis-inducing factor. These
molecules can initiate DNA damage by ENDOG-
dependent mechanism.*

However, apoptotic reactions dependent on mitochondria
can be implemented not only by the caspase-independent
mechanism. It was found that after reaching a critically
low level of ATP in the cell, there is a direct activation of
caspase-3, which in turn leads to DNA sequencing and cell
death. Due to the significant role of the apoptotic cascade
in brain tissue damage in AD, this study evaluated the effect
of 4-hydroxy-3,5-ditretbutyl cinnamic acid on changes in
the concentration of the main pro-apoptotic molecules-
caspase-3 and AIF, which implement programmed cell
death by a caspase-dependent and caspase-independent
mechanism, respectively. Asaresult, it wasfound thatagainst
the test-compound administration, the content of both
proapoptotic markers significantly decreased. At the same
time, some authors consider modulation of apoptosis, along
with suppression of amyloidogenesis, to be one of the most
promising methods of AD therapy. Thus, Chavoshinezhad
et al.", showed that intranasal administration of interferon
B reduced the intensity of apoptosis reactions, improved
the processes of neurogenesis and cognitive functions in
rats with reproduced AD. Also, Jiang et al,* presented
results indicating the antiapoptotic effect of hyperforin
in neuronal cell culture, where apoptosis was induced by
the injection of Al A fragment. Rather et al,* found
that the administration of Asiatic acid had a pronounced
neuroprotective effect, realized by reducing the expression
of pro-apoptotic proteins in rats with Alzheimer’s disease. In
this regard, the anti-apoptotic effect of the ATACL compou
nd may be an essential component of its neuroprotective
action. However, excessive suppression of apoptosis can
also have some negative effects, for example, in the form of
hyperproliferation of cells, which can be fraught with the
development of benign neoplasms.

Besides, inhibition of caspase-3 may be the basis
for restoring the functional activity of the vascular
endothelium.* It is known that caspase-3 in certain
conditions can harm the vascular endothelium, which
is manifested in the form of hypercoagulation, while
the administration of the ATACL compound restored
optimal blood rheology, which may also be associated
with a decrease in endothelial apoptosis.*> Of course, it
cannot be denied that the mechanism of neuroprotective
action of the ATACL compound is multifactorial and may
include an impact on the processes of inflammation in
the brain, which was confirmed in an earlier study. The
administration of the ATACL compound at a dose of 100
mg/kg to rats with brain ischemia reduced the severity of
the systemic inflammatory response, which was confirmed
by lower levels of C-reactive protein and markers of
inflammation (matrix metalloproteinase-1 activity).*
It is also interesting to evaluate the effect of the ATACL

compound on the development of amyloidogenesis and
the metabolic activity of neurons in different hemispheres
of the brain, as well as in comparison with counter lateral in
intact rats. This series of experiments will allow us to more
fully establish the localization of action and the preferred
mechanism of action of the ATACL compound and may be
a precondition for further research.

Conclusion

Thus, based on obtained the data, it can be assumed that
the neuroprotective effect of 4-hydroxy-3,5-ditretbutyl
cinnamic acid in experimental AD is complex and is
expressed in the form of restoration of mitochondrial
function, suppression of apoptosis, and associated
amyloidogenesis, which ultimately contributed to the
restoration of the memory trace in rats. It seems promising
to further study 4-hydroxy-3,5-ditretbutyl cinnamic acid
as a treatment of AD.
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