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ABSTRACT

Background and Aim: EUK-134, a synthetic superoxide dismutase/catalase mimetic, is a
salen-manganese complex that exhibits the catalytic actions of both superoxide dismutase
and catalase, important antioxidant enzymes biosynthesized by cells. In the current studly,
we evaluated the protection effects of EUK-134 against D-galactose-induced oxidative stress
and accelerated aging in rats. Materials and Methods: D-galactose was sub-cutaneously
injected at a dose of 100 mg/kg on the back of rats once daily for 42 days and simultaneously
EUK-134 was administered to the rats by intra-abdominal injection at a dose of 5 mg/kg
once daily. As a positive control, donepezil was administered to the rats by oral feeding at
a dose of 1 mg/kg once daily. Following behavioral tests (eight-arm radial maze test and
Morris water maze test), animals were sacrificed on day 42, and their brains were used
for histopathological and biochemical assessments of oxidative stress. Results: \We found
that the administration of EUK-134 (5 mg/kg, i.a.) significantly reversed the spatial memory
deficits, the brain weight loss, the reduced cerebral cortex thickness, the decreased pyramidal
neuron density and the pyramidal layer in brain hippocampus, the decreased superoxide
dismutase activity, the decreased catalase activity, the increased malondialdehyde level, the
increased acetylcholine esterase activity and the decreased acetylcholine level in the brain
hippocampus and prefrontal cortex of D-gal-induced aging rats, as did the administration
of donepezil (1 mg/kg, oral). Conclusion: These results indicated that EUK-134 possesses
neuroprotective effects against D-galactose-induced senescence, probably due to its
antioxidant enzyme activities and this shows the availability of EUK-134 in the prevention

and treatment of neurodegenerative diseases such as Alzheimer's disease.
Key words: EUK-134, D-galactose, Oxidative stress, Aging, Alzheimer’s disease.

INTRODUCTION

Human beings and all living organisms are affected
by changes as a consequence of aging which is
a gradual and inevitable biological process and
complex natural phenomenon of life cycle.! In
humans, aging is related by alterations in cellular
homeostatic mechanisms leading to diverse health
problems such as reduction in hearing and vision,
change in body weight, diabetes, hypertension
and a range of central nervous disorders.’ On the
other hand, brain aging, particularly in humans, is
characterized by structural changes including gray
and white matter volume reductions, modifications
in the number and types of neurons and glial
cells, and so on.** Despite the scientific advances,
precise molecular cell mechanisms that affect
cellular aging and age-related diseases such as
diabetes, cardiovascular disease, cancer, arthritis,
osteoporosis, high blood pressure, and Alzheimer’s
disease are still unknown.”

So far, more than 300 theories with regard to aging
were postulated® and one of the first proposed
theories of aging is the oxidative stress theory,
originally known as the free radical theory, which
is known to be one of the most prominent and well
studied.” This theory was first proposed by Denham
Harman in the mid 1950 s and suggests that reactive
oxygen species (ROS) from the environment and
internal metabolism are a cause of aging. Specifically,
it is indicated that ROS affect biomacromolecules
such as DNA, lipids and proteins, and are involved
in the pathophysiology of many diseases. The term
oxidative stress refers to a condition where the
levels of ROS significantly overwhelm the capacity
of antioxidant defenses in a biological system.
Oxidative stress condition can be caused by either
increased ROS formation or decreased activity of
antioxidants or both in a biological system.®! The
mitochondrial theory of aging, a theory that extends
the core concepts of the oxidative stress theory, was
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proposed by Harman in 1972 and suggests that the basic mechanism
of mammalian aging is related to mitochondria dysfunction due to
increasing oxidative damage.”’ The major production site of ROS is the
mitochondria."” The mitochondrial theory of aging is based upon a cycle
in which somatic mutation of mitochondrial DNA (mtDNA) induces
respiratory chain dysfunction, which enhances the production of ROS
that damage mtDNA again. Similar to the oxidative stress theory, the
resulting accumulation of mtDNA mutations leads to tissue dysfunction
and degeneration of tissues, and possibly neurodegenerative diseases.
Overall, both theories of aging hypothesize that ROS contribute to the
process of aging and are correlated with neurodegenerative disease.

However, despite enormous amount of effort, the mechanism by
which oxidative damage causes neuronal death is not well understood.
Emerging data from a number of neurodegenerative diseases suggest that
there may be common features of toxicity that are related to oxidative
damage.'"2 A major risk factor for neurodegenerative diseases such
as Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s
disease, amyotrophic lateral sclerosis and progressive supranuclear palsy
is aging.!® AD, PD and Huntington’s disease are among the most age-
related central nervous diseases.!"! According to the “World Alzheimer
Report 2018”, 50 million people over the world are suffering with AD,
and the AD morbidity is doubling per 20 years.!'” In the past 30 years,
pharmaceutical companies in the world have invested hundreds of
billions of dollars in AD drug development, and more than 1000 drugs
have been clinically tested. However, there is still no drug discovered
to be able to effectively reverse AD. Main reasons include that the
pathogenesis of AD is complicated and ambiguous, and AD is a chronic
neurodegenerative disease with long pathogenic time.[117)

D-galactose (D-gal) is a chemical substance used for more than twenty
years that accelerates aging. Chinese researchers reported in 1999 that
injection of a low dose of D-gal into mice could induce changes which
resembled accelerated aging, and this aging model showed neurological
impairment, shortened animal lifespan, decreased activity of antioxidant
enzymes, and diminished immune responses.'® Moreover, it has
been indicated in specifically affecting spatial memory."®?"! Rodent
chronically injected with D-gal has been used as an animal aging model
to investigate the mechanisms of brain aging and anti-aging therapeutics,
because chronic injection of D-gal can cause a progressive deterioration
in learning and memory capacity.?"! In case of accumulation of D-gal in
the body, due to its oversupply, D-gal is converted by galactose oxidase
to galactitol, an alditol-type sugar alcohol, which in turn lead to the
generation of ROS.!"*#2% It also increases malondialdehyde (MDA) level
and total antioxidant capacity, and decreases the activity of superoxide
dismutase (SOD), glutathione peroxidase, monoamine oxidase-B as
well as catalase (CAT), all of which increase oxidative stress.***! In
addition, D-gal causes apoptosis (programmed cell death), an important
role player in the brain aging. Evidence indicates that both increased
oxidative damage and apoptosis may significantly contribute to the
development of early cognitive dysfunction in aging.?®

SOD and CAT are metalloproteins that catalyze “dismutation” reactions,
which detoxify ROS.®! The overexpression of these metalloproteins in
cell culture and in whole animals has provided protection against the
deleterious effects of a wide range of oxidative stress paradigms. The use
of SOD and CAT as therapeutic agents to attenuate ROS-induced injury
responses has had mixed success.””! The principal limitations of clinical
using these natural proteins are their large sizes, the consequences of
which are low cell permeability, a short circulating half-life, antigenicity
and high-manufacturing costs. To overcome many of these limitations,
an increasing number of low molecular-weight catalytic antioxidants
have been developed.® Among catalytic antioxidants, three manganese-
incorporated complexes, namely, EUK-134 (salen mimetic), AEOL-

10150 (meso-porphyrin mimetic) and M40403 (macrocyclic mimetic)
are already under clinical trials.”?”!

EUK-134, a synthetic SOD/CAT mimetic, is a salen-manganese complex
that exhibits the catalytic actions of both SOD and CAT, important
antioxidant enzymes biosynthesized by cells.** Treatment of wild-
type worms with 0.05mM EUK-134 increased their mean life-span
by 54 percent, and treatment of prematurely aging worms resulted in
normalization of their life-span (a 67 percent increase), suggesting that
oxidative stress is a major determinant of life-span and that it can be
counteracted by pharmacological intervention in 2000.°*! However,
the research article in 2006 showed that EUK-134 increased lifespan in
SOD-deficient flies, but failed to extend the lifespan of normal, wild type
animals.?*¥

Recent research results clearly demonstrate that EUK-134 is beneficial in
many models of oxidative stress, and in other words possesses protective
effects against many diseases and related conditions in which ROS
play a causal or contributing role, for example, cardiovascular diseases,
metabolic syndrome, neurological diseases, pulmonary diseases,
hepatic and gastrointestinal diseases, renal diseases, cancer, and other
diseases and conditions. Treatment with EUK-134 prevented respiratory
chain abnormalities induced by ionizing radiation in rat astrocyte
cultures, suggesting that EUK-134 is an antioxidant that protects the
mitochondria.’ Peroxynitrite anion (ONOO-) scavenger EUK134
markedly ameliorated myocardial ischemia/reperfusion injury.
Pretreatment with mitoprotective antioxidant EUK-134 (10 pM)
was effective in the prevention of hypertrophic changes in H9C2
cardiomyocytes, reduction of oxidative stress, and prevention of
metabolic shift.®’”! A synthetic SOD/CAT mimetic, EUK-134 and/or a
glutathione precursor, N-acetyl cysteine protected polymorphonuclear
leukocytes from the toxic effects of zinc and paraquat (a widely used
herbicide) in rats.*® EUK-134 prevented diaphragm muscle weakness
in pulmonary hypertension induced by monocrotaline which was a
pyrrolizidine alkaloid extracted from seeds of Crotalaria spectabilis.”*!
On the other hand, whole thorax irradiation induced endothelial cell
loss in lungs and reduction of superoxide dismutase 1 (SOD1) level.
Mesenchymal stem cell therapy protected lungs from radiation-induced
endothelial cell loss by restoring SOD1 expression. A similar protective
effect was achieved by using the SOD-mimetic EUK-134.1% Silencing
of an age-inhibiting gene (Klotho) promoted oxidative stress-induced
alveolar epithelial cell (AEC) mitochondrial DNA (mtDNA) damage
and apoptosis whereas Klotho-enforced expression (EE) and EUK-134,
a mitochondrial ROS scavenger, were protective. EUK-134 also played
a protective role in the renal circulation in sepsis.*!! EUK134 protected
neuronal cells (human neuroblastoma cell line SK-N-MC) against
hydrogen peroxide-induced oxidative stress.” EUK-134 significantly
prevented the mitochondrial ROS (superoxide and hydrogen peroxide)
increase induced by amyloid P peptide oligomers (ABOs), toxic
aggregates with pivotal roles in AD, and thus prevented ABOs-induced
mitochondrial dysfunctions.*’!

However, no experimental data have been proposed that have yet
examined the effects of EUK-134 in the accelerated model of aging
induced with D-gal. Therefore, the aim of the present study was to
evaluate the effects of EUK-134 against D-gal induced oxidative stress,
memory impairment and accelerated aging in rats.

MATERIALS AND METHODS

Animals and Treatment

Sprague-Dawley rats (200-250g) were obtained from the Laboratory
Animal Center of Pyongyang Medical College. Animals were fed a
standard rodent diet and water, and bred in a controlled environment
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with 12-hr light-dark cycles. They were treated as recommended in
the Guide for the Care and Use of Laboratory Animals issued by the
D.PR.K Association of Laboratory Animal Care. All efforts were made to
minimize the number of animals used as well as their suffering.

Sixty-four rats were randomly divided into four groups of 16 animals
each and treated for a period of 42 days (six weeks). In the first group
(normal group), the distilled water was orally fed, and saline was sub-
cutaneously and intra-abdominally injected once daily. In the second
group (D-gal group), the distilled water was orally fed, D-gal was sub-
cutaneously injected on the back of rats at a dose of 100 mg/kg and
saline was intra-abdominally injected once daily. In the third group
(D-gal+EUK-134 group), the distilled water was orally fed, D-gal was
sub-cutaneously injected at a dose of 100 mg/kg and EUK-134 was
intra-abdominally injected at a dose of 5 mg/kg once daily. In the final
group (D-gal+DPZ group), donepezil (DPZ) was orally fed at a dose
of 1 mg/kg, D-gal was sub-cutaneously injected at a dose of 100 mg/kg
and saline was intra-abdominally injected once daily.

Reagents

All chemicals were of the highest available purity grade. Millipore (RO/
Synergy) purified water was used for the preparation of reagents.

Preparation of EUK-134

A salen-manganese complex, EUK-134 [manganese 3-methoxy-N,N’-
bis(salicylidene)ethylenediamine chloride] is relatively easy to prepare
and to purify. It was prepared according to the procedure of Sharpe et
al.*based on that of Boucher!*!and Baker et al.*! The first-step product,
salen-H, ligand was prepared by the addition of 250 mL of 200 mM
ethylenediamine to an equal volume of 400 mM of o-vanillin in absolute
ethanol. The precipitate was filtered, washed with absolute ethanol and
air-dried to give the desired product in 90 % yield. To obtain the second-
step product, solid manganese (II) acetate tetrahydrate was added to a
stirred suspension of 30 mM salen-H, ligand in 95 % ethanol to a final
concentration of 30 mM and refluxed for 2 h. The dark-brown solutions
were dried under a stream of air. The crude product, a brown solid, was
washed with acetone, filtered and air-dried. This acetate complexe (salen-
Mn acetate, EUK-113) were converted to salen-Mn chloride (EUK-134)
through treatment of an aqueous solution (final concentration, 100 mM)
of the salen-Mn acetate, warmed to 50°C, with 500 mM KCl dissolved in
distilled water. A brown precipitate formed immediately. The suspension
was cooled in an ice/water bath and then filtered; the brown solid was
washed with water and acetone to give the final product in 70% yield.
The concentration of EUK-134 was determined from the absorption
spectrum™#! and its elemental analysis, ultraviolet-visible absorbance
spectrum, infrared spectrum, SOD activity, catalase activity, peroxidase
activity, '"H NMR spectrum and so on were consistent with the reported
structure and the previous data.*"!

Eight-Arm Radial Maze Test

Behavioral testing using an 8-arm radial maze task was conducted
according to the previous method.*” The maze apparatus consisted of a
central platform (24 cm in diameter) with 8 arms that extended radially.
A rat was placed in the platform and allowed to visit each arm to eat 8
pellets in food cups located near the end of each arm. Each test animal
was trained once daily to memorize the apparatus. The performance
of the test animals in each trial was assessed using two parameters:
number of correct choices (defined as choosing arms that had never
been visited) and number of incorrect choices (defined as choosing arms
that had already been visited). When the test animals made 7 or 8 correct
choices and no more than one error in three successive sessions, they

were deemed to have memorized the maze. In other words, the rats had
acquired spatial memory of the 8-arm radial maze.

Morris Water Maze Test

The Morris water maze test was performed according to a procedure
from the literatures.***? The test device consisted of a black rounded
tank that was 150 cm in diameter and 80 cm in height. Virtually the tank
was separated into four identical quadrants: northeast (NE), northwest
(NW), southeast (SE) and southwest (SW). A circular platform (15 cm
in diameter) was located in the center of the SE quadrant, whose position
retained during the experiment. The tank was filled with water until the
platform was 2 cm below the water surface and the water temperature
was adjusted to room temperature (22+1°C). The experiment included
two phases e.g. acquisition training session and the probe trail. Each trial
was terminated as soon as the rat had climbed onto the escape platform
successfully or when 60s had elapsed. Escape latency is defined as the
time taken for the rat to find the hidden platform. In all four animal
groups, escape latencies were detected on day 14, 24 and 42.

Histopathological Examination

After the behavioral procedures were completed, rats were euthanized
with a mild ether anesthesia and perfused intracardially with 20 mM
phosphate-buffered saline (PBS, pH 7.4), for 2 min followed by 10% (w/v)
neutral buffered formalin (NBE, pH 7.0) for prefixation of the tissues
another 5 min. The brain was dissected out carefully and kept in ice-
cold plate immediately according to the previous method."**! The excised
regions were isolated and washed with normal saline followed by 10%
NBF in PBS and stored in 10% NBF overnight at room temperature for
postfixation. The tissues were dehydrated in gradient alcohol solutions
(30%, 50%, 70%, 80% 90% and 100%). Dehydration was followed by
clearing the samples in two changes of xylene (Sulfur free). Samples were
then impregnated with two changes of paraffin wax, then embedded and
blocked out. The obtained paraffin blocks were then sectioned at 3 um
thickness. The brain sections were de-parafnized, hydrated, and then
stained with hematoxylin-eosin (H-E) for histopathological examination
under a light microscope.®™ Pyramidal neuron density and pyramidal
layer thickness in CA1, CA2 and CA3 regions of brain hippocampus of
four group rats were determined according to the previous method.*

Biochemical Assays

At the end of the behavioral procedures, the rats were sacrificed on
day 42 by decapitation under mild ether anesthesia, and immediately,
brains were rinsed with cold saline and weighted. Then the hippocampus
and prefrontal cortex were rapidly dissected over ice and tissues were
homogenized in cold saline. The homogenates were centrifuged for
30 min at 14 000 rpm at 4°C and the supernatants were separated and
kept for the estimation of total protein concentration, SOD activity,
CAT activity, MDA level, acetylcholine esterase (AchE) activity and
acetylcholine (Ach) level.

The total protein content of homogenates was estimated using the method
of Bradford with bovine serum albumin as standard.”? SOD activity was
estimated from the decreasing rate of nitrite produced by hydroxylamine
and superoxide anions, based on an improved nitrite method.**”) CAT
activity was estimated according to an improved ammonium molybdate
spectrophotometric method®® which was based on the reaction of
undecomposed hydrogen peroxide with ammonium molybdate to
produce a yellowish color. Lipid peroxidation was measured using the
thiobarbituric acid (TBA) assay which was based on the reactivity of
an end product of lipid peroxidation, MDA with TBA to produce a red
adduct.>!
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AchE activity was measured by detecting the absorbance of sym-
trinitrobenzene formed in the color reactions between acetylcholine-
hydrolyzed choline and acetic acid; choline can react with hydrosulphonyl
to generate sym-trinitrobenzene, which is a yellow product. Ach was
assayed by detecting the absorbance of a brown product formed in
the color reactions between Ach and the substrate of the test kit.[6!-6*!
All of the procedures completely complied with the manufacturer’s
instructions.

Statistical Analysis of Data

Results are expressed as mean + Standard Error of Mean (SEM) and were
analyzed using one-way analysis of variance (ANOVA). Values of P <
0.05 were considered significant, and P < 0.01 was considered highly
statistically significant. The statistical analysis was performed using the
GraphPad Prism Software 5.0.

RESULTS

Effect of EUK-134 on the Spatial Memory of D-gal
Treated Rats in the Eight-Arm Radial Maze Test

Figure 1 showed that the treatment of rats with D-gal (100 mg/kg, s.c.)
significantly decreased the number of correct choices and markedly
increased the number of incorrect choices on day 14, 28 and 42, and the
longer the injection period was, the smaller the number of correct choice
was and the larger the number of incorrect choice was. Meanwhile, the
treatment of rats with EUK-134 (5 mg/kg, i.a.) or DPZ (1 mg/kg, oral)
both prevented the reduction of the number of correct choices and the
increase of the number of incorrect choices (Figure 1). These results
suggest that the administration of EUK-134 can significantly improve
the spatial working memory ability of D-gal-induced aging rats.

Effect of EUK-134 on the Spatial Memory of D-Gal

A

B14d
284

B 424

Number of correct choices

normal

D-gal

D-gal+EUK-134 D-gal+DPZ

= 144
@ 28d
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Number of incorrect choices

D-gal
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D-gal+ EUK-134

D-gal+DFPZ

Figure 1: Effect of EUK-134 on (A) the number of correct choices and (B)
the number of incorrect choices of rats in the eight-arm radial maze test on
different days.

Values are expressed as the mean + SEM.

Treated Rats in the Morris Water Maze Test

The average escape latencies in the D-gal group rats were significantly
longer than those in the normal group rats. In other words, the
treatment of rats with D-gal (100 mg/kg, s.c.) markedly increased the
escape latency to the platform on day 14, 28 and 42, and the longer the
injection period was, the longer the escape latency was. Meanwhile, the
treatment with EUK-134 (5 mg/kg, i.a.) or DPZ (1 mg/kg, oral) both
could significantly shorten the escape latencies of D-gal-induced aging
rats (Figure 2). These results suggest that the administration of EUK-134
can significantly improve the spatial learning-memory ability of D-gal-
induced aging rats.

Effect of EUK-134 on Body Weight and Brain Weight of
D-Gal Treated Rats

D-gal group rats injected with D-gal (100mg/kg, s.c.) daily for six weeks
experienced a statistically significant loss (p < 0.05) in body weight
compared with normal group rats, while EUK-134 administration in
D-gal+EUK-134 group or DPZ administration in D-gal+DPZ group
reversed the animals’ body weight loss (Figure 3A). Similarly, the brain
weights of D-gal group rats significantly decreased compared with
normal group rats, while EUK-134 administration in D-gal+EUK-134
group or DPZ administration in D-gal+DPZ group reversed the animals’
brain weight loss (Figure 3B). Thus, it was indicated that administration
of EUK-134 as well as DPZ can ameliorate the weight loss caused by the
D-gal.

Effect of EUK-134 on Cerebral Cortex Thickness of D-Gal
Treated Rats

D-gal group rats injected with D-gal (100mg/kg, s.c.) daily during six
weeks experienced a statistically significant loss (p < 0.01) in cerebral
cortex thickness compared with normal group rats, while EUK-134
administration in D-gal+EUK-134 group or DPZ administration in
D-gal+DPZ group partly reversed the cerebral cortex loss (Table 1).
In particular, administration of EUK-134 remarkably ameliorated the
cerebral cortex loss caused by the D-gal.

Effect of EUK-134 on Pyramidal Neuron Density in Brain
Hippocampus of D-Gal Treated Rats

We measured the pyramidal neuron density in CAl, CA2 and CA3
regions of brain hippocampus of four group rats on day 14, 28 and 42,
and the results are shown in Table 2. The neuron densities in CA1, CA2

60
S0 -
40 -

30 - H14d

m28d
20 -

Escape lantency (s)

m42d
10 -

D-gal Dgal+EUK-134  D-gal+DPZ

normal

Figure 2: Effect of EUK-134 on the escape latencies of four group rats in the
Morris water maze test on different days.
Values are expressed as the mean + SEM.
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and CA1 of D-gal group rats all decreased significantly compared with
those of normal group rats, and the longer the D-gal injection period,
the less the neuron density. However, EUK-134 administration in
D-gal+EUK-134 group or DPZ administration in D-gal+DPZ group
significantly reversed the neuron density loss. Thus, administration of
EUK-134 as well as DPZ could ameliorate the density loss caused by the
D-gal.

Effect of EUK-134 on Pyramidal Layer Thickness in Brain
Hippocampus of D-Gal Treated Rats

At the same time, we measured the pyramidal layer thickness in CA1,
CA2 and CA3 regions of brain hippocampus of four group rats on day
14, 28 and 42, and the results are shown in Table 3. The layer thicknesses
in CAl, CA2 and CALl of D-gal group rats all decreased significantly
compared with those of normal group rats, and the longer the D-gal

Table 1: Effect of EUK-134 on cerebral cortex thickness of rats treated
with D-gal.

Group Cerebral cortex thickness (um)
Normal 1296+17
D-gal 988+16* *
D-gal+EUK-134 1102+15%44
D-gal+DPZ 1003+11*4

* p<<0.05, * * p<<0.01 (compared with normal group)
2p<<0.05, #4p<<0.01 (compared with D-gal group)
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Figure 3: Effect of EUK-134 on (A) body weight and (B) brain weight of rats
treated with D-gal.

injection period, the thinner the pyramidal layer. However, EUK-134
administration in D-gal+EUK-134 group or DPZ administration in
D-gal+DPZ group significantly reversed the pyramidal layer loss. Thus,
it was indicated that administration of EUK-134 as well as DPZ can
ameliorate the layer loss caused by the D-gal.

Effect of EUK-134 on Some Biochemical Parameters of
Oxidative Stress in Brain Tissues of D-Gal Treated Rats

The activities of SOD and CAT were all decreased in brain tissues
of D-gal-induced aging rats, whereas EUK-134 administration or
DPZ administration increased these antioxidant enzymes activities
significantly (Figure 4A and Figure 4B). The levels of MDA, an index
of lipid peroxide and oxidative stress, in the brain hippocampus and
prefrontal cortex were increased markedly by the D-gal treatment
and EUK-134 administration or DPZ administration resulted in less
oxidative stress (Figure 4C). Interestingly, DPZ, which was not a SOD/
CAT mimetic, as well as EUK-134, a SOD/CAT mimetic decreased
oxidative stress, suggesting that the ameliorative effects of EUK-134

Unllrl

D-gal D-gal+EUK-134 D-gal+DFPZ
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(U/mg protein)
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{U'mg protein)
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—_
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MDA level
(nmol'mg protein)
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normal D-gal D-gal+EUK-134 D-gal+DPZ

Figure 4: Effect of EUK-134 on (A) SOD activity, (B) CAT activity and (C) MDA
level in brain tissues (the hippocampus and prefrontal cortex) of rats treated
with D-gal.
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Table 2: Effect of EUK-134 on pyramidal neuron density of rats treated with D-gal.

Regions of

Pyramidal neuron density (N/195x95pum2)

hippocampus Day Normal D-gal D-gal+EUK-134 D-gal+DPZ
14 21.0+£2.2 18.1+2.8 19.3+1.4* 18.2+1.1*
CAl 28 - 16.9%1.7 19.1£1.6*44 18.5£1.1**4
42 - 15.1£1.6* 19.3+1.844 18.1£1.2%44
14 24.4+1.7 20.9+1.6 16.7+1.3* 17.241.3%*
CA2 28 - 17.3+1.6** 18.7+2.6 17.7+£1.3**
42 - 15.9+1.2%* 19.942.344 18.0+1.2* 44
14 22.9+2.4 18.9+1.4 20.1+1.4 19.442.1**
CA3 28 - 15.9+1.9** 20.1+1.6%4 19.1+1.3* *44
42 - 10.6+1.7** 21.4+1.6%4 18.9+1.3* *44

*p<<0.05, **p<<0.01 (compared with normal group)
4p<<0.05, #*p<<0.01 (compared with D-gal group)

Table 3: Effect of EUK-134 on pyramidal layer thickness of rats treated with D-gal.

Regions of
. Day
hippocampus Normal
14 79.1+2.0
CAl 28 -
42 =
14 86.3+2.7
CA2 28 -
42 =
14 100.3+3.3
CA3 28 -
42 =

*p<<0.05, **p<<0.01 (compared with normal group)
2p<<0.05, 24p<<0.01 (compared with D-gal group)

and DPZ are associated with reduced oxidative stress and increased
antioxidant enzymes activities in rats.

Effect of EUK-134 on AchE activity and Ach level in brain
tissues of D-gal treated rats

AchE activity in the brain hippocampus and prefrontal cortex was
increased in the D-gal treated rats compared with that of the normal
group (Figure 5A), while the Ach level in the brain tissues was decreased
in the D-gal treated rats compared with that of the normal group (Figure
5B).

DISCUSSION

D-gal, a kind of hexose, is an epimer of D-glucose, differing only in the
confguration around C4. It rarely occurs free but is widely distributed in
combined form in plants, animals, and microorganisms as a constituent
of many oligo- and polysaccharides; it occurs also in galactolipids and is
found almost exclusively in milk products as part of lactose (milk sugar).
It is the major sugar obtained from hydrolysis of some marine biomass,
such as red seaweed, and is also found in other food industrial sources

such as cheese whey!® or molasses.!*”!

24

Pyramidal layer thickness (um)

D-gal D-gal+EUK-134 D-gal+DPZ
68.1+2.7%* 72.1£2.9** 70.7£2.2%
67.3+2.1%* 77.7£2.5% 72.1+1.6%*4
66.3£1.8%* 78.8£2.744 72.242.1 % %44

80.1+2.9 80.1+2.5 80.2+1.3*
77.14£2.3% 81.8+1.94 80.3£1.2%4
71.9£2.9%* 84.4+2 544 81.3£1.1%44
96.4+1.9* 97.242.1 97.1£1.1*
90.14£2.8%* 97.8+1.3%42 97.24£2.1%44
86.8+£2.6** 99.1£1.744 97.3£1.2%44

In the body of human beings and other mammals, D-Gal results from
the hydrolysis of lactose by intestinal lactase to produce glucose and
galactose. Two enzymes normally metabolize D-gal in the intestinal tract:
galactokinase (GALK)!*® and galactose-1-phosphate uridylyltransferase
(GALT).' At normal physiological concentrations, D-gal is metabolized
through the evolutionarily conserved Leloir pathway.®*¢*! D-gal is first
converted to galactose-1-phosphate by GALK, the second enzyme of the
Leloir pathway. Then, galactose-1-phosphate reacts with UDP-glucose
to produce UDP-galactose and glucose-1-phosphate via the action of
GALT, the third enzyme of the Leloir pathway. Glucose-1-phosphate
then enters the glycolytic pathway to generate energy, and UDP-
galactose is converted back to UDP-glucose by UDP-galactose epimerase
(GALE). However, accumulation of D-gal, due to its oversupply and
its overwhelming the physiological metabolic capacity of the body,
will lead to accumulation of toxic metabolites in the blocked Leloir
pathway. For example, an overwhelming accumulation of galactose-1-
phosphate potentially interferes with many important enzymes and is
considered to be a major pathogenic agent for the organ (e.g., liver, brain
and ovary)-specific toxicity exhibited by congenital GALT-deficiency
(Type I) galactosaemia patients. On the other hand, excess D-gal leads
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Figure 5: Effect of EUK-134 on (A) AchE activity and (B) Ach level in brain tis-
sues (the hippocampus and prefrontal cortex) of rats treated with D-gal.

to the accumulation of galactitol, resulting in metabolic disorder, the
accumulation of ROS and apoptosis.”!

In the present study, we utilized a rat model of oxidative stress and
accelerated aging induced by chronic D-gal administration in order to
study the availability of EUK-134, an SOD and CAT mimetic, in the
prevention and treatment of neurodegenerative diseases such as AD.

First, we found through the the eight-arm radial maze test and the
Morris water maze test that the administration of EUK-134 (5 mg/kg,
i.a.) significantly improved the spatial memory of D-gal-induced aging
rats, as did the administration of DPZ (1 mg/kg, oral). The aging of the
brain is a cause of cognitive decline, specifically spatial memory decline
in the elderly, which is frequently associated with AD, PD and other
prevalent neurodegenerative diseases.”’? One of the various symptoms
experienced by patients with AD is trouble understanding visual images
and spatial relationships.>™* In addition, late stages of PD are associated
with cognitive deficits, such as decreased attention, memory, and visuo-
spatial functioning.” Our results indicate that EUK-134 as well as DPZ
can be used to ameliorate the age-related cognitive impairments which
are becoming one of the most important issues for human health.

Second, we found through the weight measurement and the
histopathological examination that the administration of EUK-134 (5
mg/kg, i.a.) significantly reversed the brain weight loss, the reduced
cerebral cortex thickness, and the decreased pyramidal neuron density
and the pyramidal layer in brain hippocampus of D-gal-induced aging
rats, as did the administration of DPZ (1 mg/kg, oral). According to the
previous data,” changes in the brain that occur during aging process
include cognitive deficits such as deterioration in spatial and associative
memory, reduction in working memory and executive function and
reduction in long-term potentiation and associated memory processes,
physical characteristics changes such as reduction in overall brain mass,
specifically hippocampus and prefrontal cortex, 30% reduction neurons
in dorsolateral cortex and reduction of dendritic branching in superficial

cortical layers, physiological changes such as disruption in calcium
receptor densities, increased amplitude of afterhyperpolarization and
decrease in neuronal firing, cell-to-cell interactions such as loss of
synapse connections in the hippocampal dentate gyrus, dysregulation
of genes responsible for synapse protein synthesis and reduction of
excitatory postsynaptic potentials and neuron cooperation, and genetic
changes such as reduction of gene expression responsible for long-term
potentiation, alterations in area CA1 of the hippocampus and reduced
expression of genes responsible for synaptic plasticity. Some of those
changes were reconfirmed in this study with regard to D-gal-induced
aging and were efficiently prevented by the administration of EUK-134
aswellas DPZ.

Finally, we found through the biochemical assays that the administration
of EUK-134 (5 mg/kg, i.a.) significantly reversed the decreased SOD
activity, the decreased CAT activity, the increased MDA level, the
increased AchE activity and the decreased Ach level in the brain
hippocampus and prefrontal cortex of D-gal-induced aging rats, as did
the administration of DPZ (1 mg/kg, oral). As mentioned above, EUK-
134 is a SOD/CAT mimetic but not an AchE inhibitor, while DPZ is not
a SOD/CAT mimetic but an AchE inhibitor, thus indicating that the
action mechanisms of two compouds may be different from each other
though their effects are similar. This leads to future research extensions.
It is well known the brain is especially sensitive to oxidative damage and
possesses a relatively modest antioxidant defence.”””! In the previous
study” as well as in this study, DPZ not only inhibited AChE activity
but also increased antioxidant enzymes activity. Considering the fact
that the D-gal induction decreased expressions of antioxidant enzyme
genes including Cat, Gpx1, Sod1 and Sod2,® it is necessary in the future
to investigate whether anti-oxidative effects of EUK-134 or DPZ in aged
rats are associated with the expression of antioxidant enzyme genes. On
the other hand, some researchers tested in vivo SOD activity of EUK
compounds such as EUK-8 and EUK-134, which was done using a high-
throughput SOD assay,®!! with or without EDTA in the assay mixture
in order to discriminate between endogenous SOD (not inhibited by
EDTA) and SOD activity by EUK only (inhibited by EDTA). In addition,
Michelle Keaney and David Gems tested the in vivo effect of EUK-8
by evaluating the protective effect of EUK-8 in Caenorhabditis elegans
upon administration of the superoxide generator paraquat.® Using
subcellular fractionation techniques, they have tested whether the SOD
mimetics act at the most important cellular superoxide production site,
i.e. the mitochondria. Using such techniques widely in the future will
lead to clarification of precise molecular cell mechanisms of EUK-134’s
effect in the prevention and treatment of neurodegenerative diseases
such as AD.

CONCLUSION

Findings of the present study indicate that EUK-134 possesses
neuroprotective effects against D-galactose-induced senescence,
probably due to its antioxidant enzyme activities and this shows
the availability of EUK-134 in the prevention and treatment of
neurodegenerative diseases such as Alzheimer’s disease.

ACKNOWLEDGEMENT

This study was supported by the State Commission of Science and
technology, DPR Korea.

CONFLICT OF INTEREST

The authors declare that they have no conflict of interest.

International Journal of Clinical and Experimental Physiology, Vol 9, Issue 1, Jan-Mar, 2022 25



Kim, et al.: EUK-134 Effects in Oxidative Stress and Accelerated Aging

ABBREVIATIONS

ROS: Reactive Oxygen Species; AD: Alzheimer’s Disease; PD: Parkinson’s
Disease; D-gal: D-galactose; MDA: Malondialdehyde; SOD: Superoxide
Dismutase; CAT: Catalase; DPZ: Donepezil; DW: Distilled Water; PBS:
Phosphate-Buffered Saline; NBF: Neutral Buffered Formalin; H-E:
Hematoxylin-Eosin; AchE: Acetylcholine Esterase; Ach: Acetylcholine;
SEM: Standard Error of Mean.
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