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Abstract: This study was conducted to investigate the anti-amnestic property of Korean red pine bark
extract (KRPBE) on TMT-induced cognitive decline in ICR mice. As a result of looking at behavioral
function, the consumption of KRPBE improved the spatial work ability, short-term learning, and
memory ability by Y-maze, passive avoidance, and Morris water maze tests. KRPBE suppressed
antioxidant system damage by assessing the SOD activity, reduced GSH content, and MDA levels in
brain tissue. In addition, it had a protective effect on cholinergic and synaptic systems by regulating
ACh levels, AChE activity, and protein expression levels of ChAT, AChE, SYP, and PSD-95. Also, the
KRPBE ameliorated TMT-induced mitochondrial damage by regulating the ROS content, MMP, and
ATP levels. Treatment with KRPBE suppressed Aβ accumulation and phosphorylation of tau and
reduced the expression level of BAX/BCl-2 ratio and caspase 3, improving oxidative stress-induced
apoptosis. Moreover, treatment with KRPBE improved cognitive dysfunction by regulating the
neuro-inflammatory protein expression levels of p-JNK, p-Akt, p-IκB-α, COX-2, and IL-1β. Based on
these results, the extract of Korean red pine bark, which is discarded as a byproduct of forestry, might
be used as an eco-friendly material for functional foods or pharmaceuticals by having an anti-amnesia
effect on cognitive impairment.

Keywords: Korean red pine (Pinus densiflora) bark; Alzheimer’s disease; cholinergic system; apoptosis;
neuroinflammation; mitochondrial function

1. Introduction

Alzheimer’s disease (AD) is one of the most lethal brain disorders in the elderly pop-
ulation [1]. AD refers to a neurodegenerative disorder accompanied by memory deficits,
cognitive ability decline, and behavioral changes [1]. The number of patients with AD,
the most common type of dementia, is projected to exceed 130 million by 2050 [2]. AD is
considered one of the diseases with high annual health care costs, which causes economic
burden on individuals and society [2]. The cause of sporadic AD, which accounts for more
than 95% of AD cases, include the amyloid and tau aggregation hypothesis, inflamma-
tory hypothesis, cholinergic hypothesis, mitochondrial cascade hypothesis, neurovascular
hypothesis, and lymphatic system hypothesis [3].

Oxidative stress induced amyloid beta (Aβ) deposition and hyperphosphorylation of
tau promote various mechanisms such as reactive oxygen species (ROS) generation and
increase synaptic and neuronal cell loss and is involved in the development of AD [4]. Free
radicals that generate oxidative stress are very unstable and highly reactive due to unpaired
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electrons [5]. Therefore, free radicals generated in the body are toxic, and if not removed
or neutralized, react with lipids, proteins, and nucleic acids to cause cell dysfunction
and cell death [5]. In particular, the central nervous system (CNS) is vulnerable to free
radical damage due to its high oxygen consumption rate, high lipid content, and relatively
insufficient antioxidant enzymes compared to other tissues [6]. In addition, oxidative
stress such as ROS generated during neurodegeneration induces lipid peroxidation and
enhances the activity of acetylcholinesterase (AChE), resulting in an imbalance of the
cholinergic system [7]. Oxidative stress can be triggered by an inflammatory reaction and
Aβ and neurofibrillary tangles (NFTs) generated by oxidative stress induce or promote
neuroinflammation by activating microglia and secreting tumor necrosis factor-α (TNF-
α) [8–10]. Therefore, various approaches are reported to be more effective than a single
targeted therapy in terms of the interaction between oxidative stress, Aβ and p-tau, and
the complex pathology of AD. In particular, natural product mixtures and extracts are
important for the prevention and treatment of multifactorial AD because they have various
physiologically active compounds and neuroprotective mechanisms [11].

Trimethyltin (TMT) is an organotin compound that causes intense behavioral and
cognitive impairment in both humans and laboratory animals [12,13]. It is a neurotoxic
substance that acts specifically in the hippocampus and causes the loss of nerve cells and
behavioral disorders due to neuroinflammation [13]. Furthermore, TMT-induced neu-
rodegeneration shares pathological mechanisms with many neurodegenerative diseases,
such as oxidative stress and apoptosis. Therefore, TMT has been a useful tool for induc-
ing neuropathological models and was used as a neurobehavioral disorder inducer in
this study [6].

Korean red pine (Pinus densiflora), one of the most common pine species native to Ko-
rea, has been used as a traditional medicine for many ailments [14]. Pine bark is considered
a byproduct of the timber industry and is treated as waste with no value [15]. However,
pine bark extract (PBE) not only contains oligomeric procyanidin, which is a strong an-
tioxidant, but also contains various phenolic compounds such as catechin, protocatechuic
acid, taxifolin, and vanillin [14,15]. In addition, PBE is reported to have antihypertensive,
anti-inflammatory, antioxidant, anti-lipogenic, and hair growth promoting effects [14–16].
It has phenolic compounds (catechin and taxifolin) and flavonoids (procyanidin B1 and
B2) similar to the composition of pycnogenol (maritime pine Pinus pinaster bark extract,
PYC) [17]. However, studies reported on anti-amnestic effects of KRPBE in neurodegenera-
tive models are insufficient. Thus, in this study, the mechanism of delaying and suppressing
the effects of AD induced by multifactorial factors by treatment with KRPBE, a natural
material, was investigated.

2. Results
2.1. Behavioral Tests
2.1.1. Y-Maze Test

The Y-maze test was performed to evaluate the spatial perception ability in the form
of short-term memory (Figure 1). The number of total arm entries was not significantly
different between each group (Figure 1a). As the result of alternation behavior of the mice
in the test session, there was no significant difference between the normal control (NC) and
the normal sample (NS) groups (58.37% and 55.99%, respectively) (Figure 1b). The TMT
group (47.91%) presented a decrease in the number of alternation behavior. However, the
alternation behavior of the positive control (PC) group (57.12%) was significantly improved
compared to the TMT group. Also, those of the P15 and P30 groups (56.85% and 59.04%,
respectively) were significantly improved compared to alternation behavior of the TMT
group. In addition, to observe the behavioral pattern of the mice during the test session,
their movements were presented in Figure 1c.
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Figure 1. Protective effect of KRPBE on Y-maze test in TMT-induced cognitive impaired mice. (a) 

Number of arm entries in training session; (b) Alternation behavior in test session; (c) A 3D image 

of path tracking in the test session. The results shown are mean ± SD (n = 7). Data were statistically 

considered at p < 0.05 and different small letters represent statistical differences. 
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Figure 1. Protective effect of KRPBE on Y-maze test in TMT-induced cognitive impaired mice.
(a) Number of arm entries in training session; (b) Alternation behavior in test session; (c) A 3D image
of path tracking in the test session. The results shown are mean ± SD (n = 7). Data were statistically
considered at p < 0.05 and different small letters represent statistical differences.

2.1.2. Passive Avoidance Test

The passive avoidance test was performed to evaluate short-term learning and memory
abilities (Figure 2). In the training session, there was no significant difference between
each group in the latency (Figure 2a). After 24 h, the step-through latency time was not
significantly different between the NC and NS groups (249.57 s and 248.43 s, respectively)
in the test session (Figure 2b). The step-through latency time of the TMT group (35.86 s)
was significantly reduced compared to the NC group. However, the PC group (238.00 s)
was significantly increased compared to the step-through latency time of the TMT group.
Also, the step-through latency time of the P15 and the P30 groups (101.43 s and 294.86 s,
respectively) were significantly improved compared to TMT group.

2.1.3. Morris Water Maze Test

The Morris water maze test was conducted to evaluate spatial memory, long-term
learning, and memory abilities (Figure 3). On the first day of training sessions, there was no
significant difference between each group and it was confirmed that there was no difference
in exercise capacity. On the fourth day of training sessions, the escape latency time was not
significantly different between the NC and NS groups (16.95 s and 14.20 s, respectively)
(Figure 3a). The escape latency time of the TMT group (33.31 s) was significantly delayed
compared to the NC group. The PC group (18.07 s) was decreased compared to the escape
latency time of the TMT group. The P15 group (25.09 s) did not show a significant difference
from the TMT group. On the other hand, the P30 group (17.61 s) decreased significantly
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compared to the escape latency time of the TMT group. In the probe trial, the retention
time in the W zone was not significantly different between the NC and NS groups (23.86 s
and 24.18 s, respectively) (Figure 3b). The retention time of the TMT group (10.91 s) was
significantly reduced compared to the NC group. The retention time of the PC group
(18.54 s) was increased compared to the TMT group. In contrast, those P15 and P30 groups
(17.18 s and 22.90 s, respectively) were significantly improved compared to the TMT group.
Also, the result of observing the swimming pattern of the mice through the video tracking
system during the probe trial is shown in Figure 3c.
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Figure 2. Protective effect of KRPBE on passive avoidance test in TMT-induced cognitive impaired
mice. (a) Step-through latency time in the training session. (b) Step-through latency time in test
session. The results shown are mean ± SD (n = 7). Data were statistically considered at p < 0.05 and
different small letters represent statistical differences.

2.2. Antioxidant System

Antioxidant system evaluation was performed to confirm the effect of KRPBE on
oxidative stress induced by TMT toxicity (Figure 4). As a result of measuring the contents
of superoxide dismutase (SOD), the content of SOD was significantly different between the
NC and NS groups (4.72 Unit/mg of protein and 4.31 Unit/mg of protein, respectively)
(Figure 4a). The SOD content of the TMT group (3.44 Unit/mg of protein) showed a
significant decrease compared to the NC group. The PC group (3.85 Unit/mg of protein)
and P15 group (3.97 Unit/mg of protein) did not show a significant difference compared
to the TMT group. On the other hand, the P30 group was (4.59 Unit/mg of protein)
significantly increased compared to the TMT group.

As result of measuring the level of reduced glutathione (GSH), a representative antiox-
idant, the levels of the reduced GSH were not significantly different between the NC and
NS groups (100% and 96.29% of control) (Figure 4b). The reduced GSH levels of TMT group
(78.06%) were significantly reduced compared to the NC group. The PC group (79.60%) did
not show a significant difference compared to the TMT group. On the other hand, those P15
and P30 groups (89.30% and 94.84%, respectively) were significantly improved compared
to the reduced GSH levels of the TMT group.
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Figure 3. Protective effect of KRPBE on Morris water maze test in TMT-induced cognitive impaired
mice. (a) Escape latency in the training session; (b) Retention time on W zone in the probe trail;
(c) Swimming pattern visualization image tracked by video tracking system. The results shown are
mean ± SD (n = 7). Data were statistically considered at p < 0.05 and different small letters represent
statistical differences.
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Figure 4. Effect of KRPBE on antioxidant system in TMT-induced cognitive impaired mice. (a) SOD
contents; (b) Reduced GSH level; (c) MDA contents in brain tissue. The results shown are mean ± SD
((a), n = 5 and (b,c), n = 7). Data were statistically considered at p < 0.05 and different small letters
represent statistical differences.

Malondialdehyde (MDA) levels were measured to investigate free radical induced
damage (Figure 4c). The content of MDA was not significantly different between the NC
and NS groups (7.07 nmol/mg of protein and 6.83 nmol/mg of protein, respectively). The
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TMT group (9.45 nmol/mg of protein) increased significantly compared to the NC group.
On the other hand, the PC group (6.32 nmol/mg of protein) was significantly reduced
compared to the TMT group. Also, those P15 and P30 groups (5.70 nmol/mg of protein
and 5.89 nmol/mg of protein, respectively) were significantly reduced compared to the
MDA levels of the TMT group.

2.3. Cholinergic System and Synaptic Function

Acetylcholine (ACh) content and AChE activity were evaluated to confirm the effect
of KRPBE on TMT-induced cholinergic system dysfunction (Figure 5). In the results
of measuring the contents of neurotransmitter ACh, there was no significant difference
between the NC and NS groups (1.11 mmol/mg of protein and 1.14 mmol/mg of protein,
respectively) (Figure 5a). The ACh contents of the TMT group (0.89 mmol/mg of protein)
were significantly reduced compared to NC group. On the other hand, the PC group
(1.15 mmol/mg of protein) was significantly increased compared to the TMT group. Those
P15 and P30 groups (1.10 mmol/mg of protein and 1.15 mmol/mg of protein, respectively)
were significantly improved compared to the ACh contents of the TMT group.
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Figure 5. Effect of KRPBE on cholinergic system in TMT-induced cognitive impaired mice. (a) ACh
contents; (b) AChE activity in brain tissue. The results shown are mean ± SD (n = 7). Data were
statistically considered at p < 0.05 and different small letters represent statistical differences.

As a result of measuring the activity of the AChE, there was no significant difference
between the NC and NS groups (100% of control and 100.08% of control, respectively)
(Figure 5b). The AChE activity of the TMT group (116.28% of control) was significantly
reduced compared to the NC group. However, The PC group (103.28% of control) was
reduced compared to the TMT group. Also, those P15 and P30 groups (105.32% of control
and 103.64% of control, respectively) were significantly reduced compared to the AChE
activity of the TMT group.

In addition, a Western blot was performed to investigate the protein expression level
related to TMT-induced cholinergic dysfunction and synaptic toxicity (Figure 6). The ex-
pression level of choline acetyltransferase (ChAT), an enzyme that synthesizes acetyl-CoA
and choline to produce ACh in the cholinergic system, was significantly decreased in the
TMT group (68.35%, 49.71%, and 61.20%) compared to the NC group (Figure 6b). On the
other hand, the P30 group (96.14%, 116.78%, and 117.30%, respectively) was significantly
increased compared to the TMT group in cerebral cortex and hippocampus tissue. The
AChE expression level of the TMT group (135.35%, 211.14%, and 162.45%) was significantly
increased compared to the NC group (Figure 6c). On the other hand, the P30 group (85.49%,
77.82%, and 115.57%) was significantly decreased compared to the TMT group. Next,
synaptophysin (SYP) and postsynaptic density protein-95 (PSD-95) were measured to in-
vestigate the improvement effect of KRPBE on TMT-induced synaptic toxicity (Figure 6d,e).
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The SYP expression level of the TMT group (89.13%, 83.55%, and 72.21%) was decreased
compared to the NC group (Figure 6d). The P30 group (154.96%, 139.08%, and 98.10%) was
significantly increased compared to the TMT group. In addition, the PSD-95 expression
level of the TMT group (90.61%, 57.49%, and 49.06%) was decreased compared to the NC
group (Figure 6e). However, the P30 group (149.82%, 91.36%, and 81.48%) was significantly
increased compared to the TMT group.
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Figure 6. Ameliorating effect of KRPBE on cholinergic dysfunction and synaptic toxicity on the
TMT-induced cognitive impaired mice. (a) Western blot band image: protein expression levels of
(b) ChAT; (c) AChE; (d) SYP; and (e) PSD-95 in the whole brain, cerebral cortex, and hippocampus.
The results shown are mean ± SD (n = 3). Data were statistically considered at p < 0.05 and different
small letters represent statistical differences.
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2.4. Mitochondrial Function

ROS content, mitochondrial membrane potential (MMP), and adenosine triphosphate
(ATP) levels were evaluated to investigate the improvement effect of KRPBE on mitochon-
drial dysfunction (Figure 7). The mitochondrial ROS content was not significantly different
between the NC and NS groups (100% and 100.54% of control, respectively) (Figure 7a).
The TMT group (148.97% of control) was significantly increased compared to the NC group.
On the other hand, the mitochondrial ROS content of the PC group (116.61%) was increased
compared to the TMT group. In addition, the P15 and P30 groups (99.10% of control and
92.59% of control, respectively) were significantly improved compared to the TMT group.
As a result of examining the MMP level, there was no significant difference between the
NC and NS groups (100% and 90.97%, respectively) (Figure 7b). The MMP level of the TMT
group (49.09%) presented was significantly reduced compared to the NC group. However,
the PC group (91.61%) was significantly increased compared to the MMP level of the TMT
group. Those P15 and P30 groups (104.47% and 123.10%, respectively) were significantly
improved compared to the TMT group. In the ATP level, there was no significant difference
between the NC and NS groups (7.85 nmol/mg of protein and 7.73 nmol/mg of protein,
respectively) (Figure 7c). The ATP levels of the TMT group (4.16 nmol/mg of protein) were
significantly decreased compared to the NC and NS groups. On the other hand, the PC
group (8.46 nmol/mg of protein) was increased compared to the TMT group. Also, the P15
and P30 groups (7.51 nmol/mg of protein and 9.94 nmol/mg of protein, respectively) were
significantly improved compared to the mitochondrial ATP levels of the TMT group.
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Figure 7. Ameliorating effect of KRPBE on mitochondrial dysfunction in TMT-induced cognitive
impaired mice. (a) Mitochondrial ROS contents; (b) MMP level; (c) Mitochondrial ATP level in brain
tissue. The results shown are mean ± SD (n = 5). Data were statistically considered at p < 0.05 and
different small letters represent statistical differences.

2.5. Aβ and Tau Contents

The expression levels of Aβ accumulation and hyperphosphorylation of tau toxicity-
induced apoptosis-related proteins were investigated using Western blot analysis to exam-
ine the effect of KRPBE (Figure 8). The Aβ expression level of the TMT group (138.12%,
180.35%, and 193.24%) was significantly increased compared to the NC group (Figure 8b).
On the other hand, the P30 group (86.01%, 113.84%, and 135.92%) was significantly down-
regulated compared to the TMT group. As a result of examining the p-tau expression levels
of the TMT group (160.83%, 147.61%, and 220.13%) were significantly increased compared
to the NC group (Figure 8c). However, the P30 group (86.65%, 98.42%, and 137.93%) was
significantly reduced compared to the TMT group.



Int. J. Mol. Sci. 2023, 24, 14084 9 of 24

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 10 of 25 
 

 

 

 

(a) 

 

 

(b) (c) 

Figure 8. Effect of KRPBE on Aβ accumulation and hyperphosphorylation of tau in TMT-induced 

cognitive impaired mice. (a) Western blot band image: protein expression levels of (b) Aβ and (c) p-

tau in the whole brain, cerebral cortex, and hippocampus. The results shown are mean ± SD (n = 3). 

Data were statistically considered at p < 0.05 and different small letters represent statistical differ-

ences. 

2.6. Apoptosis-Relative Factors 

The expression level of apoptosis-related proteins was investigated using Western 

blot analysis to determine the neuroprotective effect of KRPBE (Figure 9). The BCl-2-asso-

ciated X protein (BAX) expression level of the TMT group (159.49%, 107.46%, and 182.84%) 

was increased compared to the NC group (Figure 9b). On the other hand, the P30 group 

(75.48%, 73.73%, and 110.18%) showed a significant decrease compared to the TMT group. 

The expression level of B-cell lymphoma 2 (BCl-2) in the TMT group (58.88%, 74.18%, and 

49.22%) was significantly decreased compared to the NC group (Figure 9c). However, the 

P30 group (140.76, 86.93%, and 87.30%) significantly improved compared to the TMT 

group. In addition, in the results expressed as a BAX/BCl-2 ratio, the TMT group (294.62%, 

192.18%, and 216.51%) increased compared to the NC group (Figure 9d). On the other 

hand, the P30 group (90.77%, 65.19%, and 85.67%) showed a significant decrease com-

pared to the TMT group. In addition, the expression level of caspase 3 of the TMT group 

(155.24%, 194.58%, and 212.25%) increased compared to the NC group (Figure 9e). The 

P30 group (61.74%, 111.70%, and 152.42%) presented a significant decrease compared to 

the TMT group. 

Whole Brain Cerebral Cortex Hippocampus

A


/ 
-a

c
ti

n
 r

e
la

ti
v
e

 e
x
p

re
s

s
io

n

0.0

0.5

1.0

1.5

2.0

2.5

3.0

NC

TMT

P30

b

a

b

a

b

b

a

b

b

Whole Brain Cerebral Cortex Hippocampus

p
-t

a
u

/ 
-a

c
ti

n
 r

e
la

ti
v
e

 e
x

p
re

s
s

io
n

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

NC

TMT

P30

a

b b

a

b
b

a

b

b

Figure 8. Effect of KRPBE on Aβ accumulation and hyperphosphorylation of tau in TMT-induced
cognitive impaired mice. (a) Western blot band image: protein expression levels of (b) Aβ and
(c) p-tau in the whole brain, cerebral cortex, and hippocampus. The results shown are mean ± SD
(n = 3). Data were statistically considered at p < 0.05 and different small letters represent
statistical differences.

2.6. Apoptosis-Relative Factors

The expression level of apoptosis-related proteins was investigated using Western
blot analysis to determine the neuroprotective effect of KRPBE (Figure 9). The BCl-2-
associated X protein (BAX) expression level of the TMT group (159.49%, 107.46%, and
182.84%) was increased compared to the NC group (Figure 9b). On the other hand, the
P30 group (75.48%, 73.73%, and 110.18%) showed a significant decrease compared to the
TMT group. The expression level of B-cell lymphoma 2 (BCl-2) in the TMT group (58.88%,
74.18%, and 49.22%) was significantly decreased compared to the NC group (Figure 9c).
However, the P30 group (140.76, 86.93%, and 87.30%) significantly improved compared to
the TMT group. In addition, in the results expressed as a BAX/BCl-2 ratio, the TMT group
(294.62%, 192.18%, and 216.51%) increased compared to the NC group (Figure 9d). On
the other hand, the P30 group (90.77%, 65.19%, and 85.67%) showed a significant decrease
compared to the TMT group. In addition, the expression level of caspase 3 of the TMT group
(155.24%, 194.58%, and 212.25%) increased compared to the NC group (Figure 9e). The P30
group (61.74%, 111.70%, and 152.42%) presented a significant decrease compared to the
TMT group.
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Figure 9. Effect of KRPBE on apoptosis in TMT-induced cognitive impaired mice. (a) Western blot
band image: protein expression levels of (b) BAX; (c) BCl-2; (d) BAX/BCl-2 ratio; and (e) caspase 3 in
whole brain, cerebral cortex, and hippocampus. The results shown are mean ± SD (n = 3). Data were
statistically considered at p < 0.05 and different small letters represent statistical differences.

2.7. Neuroinflammation-Relative Factors

The expression levels of inflammation-related protein were investigated using Western
blot analysis (Figure 10). The phospho-c-Jun N-terminal kinase (p-JNK) expression levels
of the TMT group (184.71%, 147.78%, and 218.79%) were significantly increased compared
to the NC group (Figure 10b). However, the expression levels of p-JNK in the P30 group
(92.52%, 115.88%, and 173.32%) were significantly reduced compared to the TMT group.
On the other hand, the phospho-protein kinase B (p-Akt) expression level was decreased
in all tissues of the TMT group (46.64%, 77.48%, and 74.74%) compared to the NC group
(Figure 10c). The P30 group (123.12%, 105.17%, and 122.77%) was up-regulated compared
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to the TMT group. In addition, the phospho-nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor-alpha (p-IκB-α), cyclooxygenase-2 (COX-2), and inter-
leukin 1 beta (IL-1β) expression levels of the TMT group (123.14%, 131.76%, and 196.14%,
p-IκB-α; 153.38%, 159.39%, and 204.55%, COX-2; and 204.99%, 187.16%, and 172.03%,
IL-1β) were significantly increased compared to the NC group (Figure 10d–f). On the
other hand, the expression levels of the P30 group (72.80%, 93.34%, and 94.84%, p-IκB-α;
77.44%, 91.30%, and 152.12%, COX-2; and 113.10%, 60.16%, and 85.24%; IL-1β) were sig-
nificantly down-regulated. Also, the TNF-α expression level of the TMT group (202.61%,
191.04%, and 135.87%, respectively) was significantly increased compared to the NC group
(Figure 10g). On the other hand, the P30 (126.92%, 56.89%, and 106.47%, respectively) was
down-regulated compared to the TMT group.
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Figure 10. Effect of KRPBE on neuroinflammation in TMT-induced cognitive impaired mice.
(a) Western blot band image: protein expression levels of (b) p-JNK; (c) p-Akt; (d) p-IκB-α;
(e) COX-2; (f) IL-1β; and (g) TNF-α in the whole brain, cerebral cortex, and hippocampus. The
results shown are mean ± SD (n = 3). Data were statistically considered at p < 0.05 and different small
letters represent statistical differences.

3. Discussion

Alzheimer’s disease is the most common type of dementia and one of the most impor-
tant medical and social problems among the elderly [1]. The major pathological features of
AD include the deposition of Aβ, formation of neurofibrillary tangles, oxidative stress, mi-
tochondrial dysfunction, and neuronal cell loss [4,18]. In particular, as direct evidence that
oxidative stress increases in AD patients, there are studies confirming increased protein and
DNA oxidation, increased lipid peroxidation, and decreased polyunsaturated fatty acids in
AD brains [19]. Furthermore, the continuous attack of oxidative stress during the normal
aging process is reported to cause an imbalance between ROS and antioxidant enzymes and
is a major factor triggering the excessive production and deposition of Aβ in AD [20]. TMT
is a substance that causes deficits in learning and memory formation by selectively causing
neuronal damage in mouse brain regions, especially in the CA1 and CA3 regions of the
hippocampus [13]. TMT is also used as a tool to derive a neuropathological model because
it induces loss of the hippocampal CA3 region and inhibition of synaptic circuit connections,
a pathological mechanism similar to neurodegenerative diseases such as AD [6]. Moreover,
TMT-induced oxidative stress ultimately causes depletion of γ-aminobutyric acid (GABA)
in synaptic vesicles and leads to neurotransmitter abnormalities [6]. In particular, TMT
preferentially affects neurons in the hippocampus, pyriform cortex, and neocortex and
neurodegeneration in these areas is accompanied by seizures, hyperactivity, and learn-
ing disabilities [21]. Therefore, in this study, the improvement mechanism of KRPBE
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against TMT-induced oxidative stress was investigated to confirm its utility as a functional
food material.

Oxidative stress, one of the main pathological features of AD, induces Aβ deposition
and hyperphosphorylation of tau and promotes various negative mechanisms such as
ROS generation [4,22]. It is reported that the Aβ peptide, a major component of senile
plaques induced by oxidative stress, activates an intracellular apoptosis pathway, leading
to neuronal cell death [23]. The inflammatory response induced by microglia and astrocytes
activated by ROS and Aβ promotes tau phosphorylation and polymerization, impairing
neuron structure and function [24]. These senile plaques and NFTs and massive neuronal
loss eventually lead to chronic and progressive memory impairment [23]. In addition, TMT-
induced neurodegeneration is characterized by intensive oxidative stress and neuronal cell
death in mouse brain regions, particularly in the hippocampus. Furthermore, TMT induced
the degeneration of pyramidal neurons and caused neuronal loss in the pyriform cortex
and entorhinal cortex, which are cortical regions connected to the hippocampus, resulting
in increased memory impairment and learning deficits [6]. Therefore, the improvement
effect of KRPBE on TMT-induced behavioral dysfunction was investigated in this study
(Figures 1–3). In the Y-maze, passive avoidance, and Morris water maze tests, treatment
with KRPBE was shown to improve TMT-induced behavioral dysfunction by improving
spatial task performance and short-term and long-term learning and memory. Similarly, the
administration of phenol-rich pine bark extract improved spatial tasks and long-term and
short-term memory abilities in scopolamine-induced rats [25]. Polyprenols from pine nee-
dles of Pinus massoniana improved memory and cognitive impairment by strengthening the
oxidative defense system and regulating the production and dissimilation of Aβ-related en-
zymes [26]. In addition, in scopolamine induced amnesia mouse model, 30% ethanol extract
of pine needle (P. densiflora Sieb et Zucc.) regulated cholinergic activity by promoting the
expression levels of p-cAMP response element-binding protein (p-CREB) and brain-derived
neurotrophic factor (BDNF), which ultimately showed an anti-amnestic effect [27]. PYC,
standardized with procyanidins as its main ingredient, significantly improved memory
deficit in the ischemia and reperfusion-induced memory deficit gerbil model by protecting
CA1 pyramidal neurons with strong antioxidant activity [28]. Therefore, it is considered
that KRPBE has a protective effect on TMT-induced cognitive decline in ICR mice, mainly
by regulating antioxidant and cholinergic systems.

In the brains of AD patients, generated oxidative stress increases Aβ production and
aggregation and promotes tau phosphorylation and polymerization, resulting in a vicious
cycle that promotes various mechanisms including ROS production [4]. Also, an imbalance
of the antioxidant defense system is caused due to oxidative stress such as ROS [10].
In particular, since brain membrane phospholipids are composed of polyunsaturated
fatty acids, they are very vulnerable to free radicals and oxidative stress; oxidative stress
increases lipid peroxidation [5]. Furthermore, oxidative damage or membrane deformation
due to lipid peroxidation products alters the synaptic membrane and eventually leads to
neuron death [13]. TMT also enhances ROS formation both in vivo and in vitro, leading to
oxidative stress and mitochondrial damage in sensitive cells [29]. Therefore, the antioxidant
system improvement effect of KRPBE on TMT-induced oxidative stress was investigated
in this study (Figure 4). Treatment with KRPBE significantly increased the levels of SOD
and reduced GSH, which are representative antioxidant biomarkers in the body, and
reduced MDA content through the improvement of the antioxidant system. Moreover,
P. densiflora needle ethanol extract was found to have antioxidant and anti-inflammatory
effects by suppressing oxidative stress and the production of inflammatory mediators in
lipopolysaccharide-induced RAW264.7 macrophages and in the arachidonic acid-induced
ICR mouse model [30]. Pine needle extract significantly attenuated the products of lipid
peroxidation in the hippocampus and serum of acute restraint stress mouse models and
prevented memory impairment with the regulation of stress hormones, hippocampal
excitotoxicity, and oxidative damage [31]. In addition, procyanidin B1, which contained the
highest content among the phenolic compounds in KRPBE, had a neuroprotective effect
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by significantly reducing H2O2-induced ROS production and MDA levels in PC12 cells
and Zebrafish. In addition, procyanidin B1, B2, and B3 identified in KRPBE significantly
improved the antioxidant system by increasing catalase and SOD activities [32]. This
suggests that the major bioactive substances contained in KRPBE have an ameliorating
effect on TMT-induced oxidative stress through regulation of the antioxidant system.

The cholinergic system processes information in the cortex and hippocampus and the
loss of synaptic plasticity involved in learning and memory affects cognitive function and
behavior [33]. In particular, the activity of ChAT in the brains of AD patients was greatly
reduced in the amygdala, hippocampus, and cortex and the concentration of acetylcholine
at synapses was reduced [3]. This is because lipid peroxides, which are induced by ROS
during neurodegeneration, increase AChE activity. In addition, ACh, which is directly
affected by AChE activity, is a neurotransmitter present in the central nervous system and
plays an important role in cognition and memory control. In other words, when ACh
levels are lowered by excessive activity of AChE, it causes neuronal signal transmission
disorders and memory loss [7]. There is a major correlation between the loss of these
cholinergic neurons and synaptic loss [33]. In a recent study, oxidative stress was reported
to be a major factor in synaptic dysfunction in the AD brain [34]. SYP and PSD-95 are key
biomarkers of synaptic toxicity and they are reported to play important roles in synaptic
development and plasticity by being located in the presynaptic and postsynaptic regions,
respectively [33]. Furthermore, neuronal cell loss in AD is most prominent in the temporal
and frontal cortices and these biomarkers are particularly markedly reduced in the temporal
and frontal cortex and hippocampus [34]. Therefore, to investigate the improvement effect
of KRPBE on TMT-induced cholinergic and synaptic dysfunction, the improvement effect
of protein expression levels in forebrain tissue as well as cerebral cortex and hippocampus
was investigated (Figures 5 and 6). Treatment with KRPBE ameliorated the TMT-induced
decrease in ACh content and excessive activity of AChE (Figure 5). In addition, the
consumption of KRPBE significantly increased the expression levels of ChAT, SYP, and
PSD-95 and decreased the expression level of AChE in cerebral cortex and hippocampal
tissues (Figure 6). Similar to these results, needle essential oils from various Pinus species
showed potential beneficial effects in the treatment of Alzheimer’s disease by significantly
inhibiting AChE activity in vitro [35]. Additionally, protocatechuic acid, a major bioactive
substance of KRPBE, had neuroprotective effects by improving AChE activity, antioxidant
system, and inflammatory biomarkers in streptozotocin (STZ)-induced diabetic rats [36].
The administration of protocatechuic acid improved cognitive dysfunction by reducing IL-
1β levels and increasing the expression of BDNF and SYP in the brains of SD rats induced
by chronic intermittent hypoxia [37]. Taxifolin, another phenolic compound of KRPBE,
ameliorated synaptic dysfunction by improving PSD-95 expression in an Aβ1–42-induced
AD mouse model [38]. Therefore, KRPBE treatment for TMT-induced cognitive impairment
could have a protective effect against cholinergic and synaptic toxicity caused by bioactive
substances such as protocatechuic acid and taxifolin. It is considered that this ultimately
helped restore signaling, learning, and memory functions.

Mitochondria regulate ATP production and intracellular Ca2+ homeostasis and play
an important role in regulating ROS generation and apoptosis pathways [23]. Meanwhile,
mitochondria are particularly vulnerable to oxidative stress and mitochondrial dysfunction
is considered an important factor involved in the pathogenesis of AD [4]. Mitochondrial
toxicity induced by oxidative stress and Aβ toxicity is reported to increase mitochondrial
membrane permeability and disrupt calcium homeostasis [39]. Due to such mitochondrial
dysfunction, reduced mitochondrial energy production and a chronic increase in oxida-
tive stress ultimately initiate apoptosis [23]. Also, mitochondria concentrated at synaptic
terminals, which are regarded as the starting point of the neurodegenerative process in
Alzheimer’s disease, cause dysfunction by oxidative stress and Aβ, thereby activating the
extrinsic apoptosis pathway [40]. Mitochondrial dysfunction also contributes to synap-
tic dysfunction and neurodegeneration [40]. Therefore, the improvement mechanism of
KRPBE for mitochondrial dysfunction induced by TMT was investigated in this study
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(Figure 7). Similarly, vanillin, a major bioactive substance of KRPBE, had a neuropro-
tective effect by regulating intracellular ROS and MMP levels against rotenone-induced
neurotoxicity in SH-SY5Y cells [41]. Taxifolin mitigated rotenone-induced neurotoxicity by
attenuating mitochondrial complex 1 activity and the dysfunction of Na+/K+ATPase as
well as by modulating neurotransmitter metabolism [42]. In addition, protocatechuic acid
ameliorated mitochondrial dysfunction by improving mitochondrial membrane potential
loss, ROS formation, and total GSH depletion in rotenone-induced PC12 cells [43]. In view
of these results, it is considered that KRPBE has a neuroprotective effect on TMT-induced
mitochondrial dysfunction.

In the Aβ precursor protein, oxidative stress promotes the expression and activity
of beta and gamma secretases, which are important enzymes for Aβ production. Also,
Aβ aggregates can be mediators that induce tau hyperphosphorylation and increased
fatty acid oxidation in the brains of AD patients promotes tau polymerization [4]. The
microtubule-associated protein tau is hyperphosphorylated three- to four-fold in AD, mak-
ing it unsuitable for microtubule assembly as it detaches from microtubules and aggregates
into NFTs [5]. In addition, synaptic dysfunction and the development of NFT due to
neuronal cell death in the hippocampus and entorhinal cortex appear as major symptoms
of AD. In particular, the accumulation of Aβ plaques and NFTs in the hippocampus and
cortex in AD causes cognitive decline such as memory loss [44]. Therefore, in this study, the
expression levels of Aβ and p-tau protein by TMT-induced oxidative stress were measured
in the forebrain, cerebral cortex, and hippocampus (Figure 8). Treatment with KRPBE
improves Aβ accumulation and tau hyperphosphorylation against TMT-induced toxicity
in all tissues and it is considered that this can help improve the neurotoxicity mechanism
induced by it. Similar to these results, taxifolin, a bioactive substance of KRPBE, alleviated
oxidative tissue damage by suppressing the expression of Aβ and reducing the levels of
pro-inflammatory cytokines in the brain of cerebral amyloid angiopathy (CAA) model
mice [45]. Protocatechuic acid prevented PC12 cell death by inhibiting aggregation and
fibril destabilization from Aβ and α-synuclein-induced toxicity [46]. In addition, treatment
with caffeic acid helped to improve memory ability by maintaining synaptic activity by
regulating glycogen synthase kinase-3 beta (GSK-3β) and tau protein expression and Aβ

levels in the hippocampus of high-fat diet-induced hyperinsulinemia rats [47]. In particular,
procyanidin 1 and procyanidins, the main bioactive substances of KRPBE, inhibited Aβ

fibrillogenesis and significantly suppressed Aβ oligomer-induced neuronal cell death [48].
Therefore, the various bioactive substances contained in KRPBE treatment showed a neuro-
protective effect by significantly improving oxidative stress-induced Aβ accumulation and
hyperphosphorylated tau expression level. Its neuroprotective effects, particularly in the
hippocampus and cortex, are suggested to have helped improve cognitive function.

Apoptosis is considered an important contributor to the pathology of neurodegen-
eration in AD [23]. Recent studies have reported that ROS and the resulting oxidative
stress play a central role in apoptosis. In particular, oxidative stress resulting from an
imbalance of biochemical defense mechanisms that neutralize ROS-mediated effects in-
duces mitochondrial dysfunction and is considered one of the important mediators of
apoptosis [49]. Oxidative stress-induced mitochondrial damage and Aβ accumulation
upsets the balance of anti-apoptotic protection by down-regulating the anti-apoptotic factor
BCl-2 and up-regulating BAX [50]. Precipitates of the accumulation of Aβ and activated
caspase 3 were found in the brain tissues of AD patients. Also, other members of the
caspase family caused apoptosis due to Aβ cytotoxicity, leading to neuronal loss in AD
pathology [51]. Furthermore, TMT neurotoxicity induces oxidative stress and apoptosis,
especially in hippocampal neurons, leading to hippocampal neurodegeneration [52]. There-
fore, the expression levels of apoptosis factors in response to TMT-induced oxidative stress
and Aβ accumulation were investigated in this study (Figure 9). Regarding TMT-induced
apoptosis, KRPBE treatment was found to have an anti-apoptotic effect by regulating the
BAX/BCl-2 ratio and caspase 3 expression level in all tissues. Procyanidin B2 detected in
KRPBE inhibited lipopolysaccharide-induced apoptosis by inhibiting the BCl-2/BAX and
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nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling pathways
in human umbilical vein endothelial cells [53]. In addition, vanillin was shown to exhibit
neuroprotective effects by regulating inflammatory cytokines and BAX/BCl-2 in rotenone-
induced SH-SY5Y neuroblastoma cells [54]. PYC, which has a bioactive substance similar
to KRPBE, improved oxygen–glucose deprivation/reoxygenation (OGD/R)-induced apop-
tosis in primary rat astrocytes by regulating caspase 3 and BCl-2 expression [55]. In view
of these results, the treatment with KRPBE showed a neuroprotective effect by having an
anti-apoptotic effect on hippocampal and cortex neurons, which are particularly important
for memory and learning ability.

Misfolded and aggregated proteins, such as oxidative stress-induced senile plaques
and NFTs, bind to pattern recognition receptors on microglia and astroglia, leading to
the release of inflammatory mediators involved in disease progression [56]. In the result-
ing neuroinflammation condition, microglia-driven IL-1β and TNF-α are activated [57].
Furthermore, oxidative stress and the accumulation of Aβ and tau increase inflamma-
tion and cytokine production, providing a mechanism to initiate and maintain a chronic
inflammatory response [6]. Excessive release of pro-inflammatory mediators leads to neu-
rodegeneration through various signaling pathways, including nuclear factor κB (NF-kB)
and mitogen-activated protein kinase (MAPK) [58]. MAPKs, including JNK and p38, act as
key biosynthetic regulators of pro-inflammatory cytokines such as COX-2, tumor necro-
sis factor-α, and IL-1β [58]. In addition, JNK, which is activated by pro-inflammatory
cytokines and reactive oxygen species, exacerbates neuronal death signals and neurodegen-
eration [13,59]. p-JNK negatively affects downstream processes related to cell survival, such
as the phosphoinositide 3-kinases (PI3K)/Akt cascade [60]. Inhibition of AKT activation
results in NF-κB release and activated NF-kB can induce the transcription of COX-2 and
inducible nitric oxide synthase (iNOS) [61,62]. Furthermore, activation of NF-κB results
in the release of the inflammatory cytokines TNF-α and IL-1β [61]. Specifically, in the AD
brain, COX-2 induces neurotoxicity by increasing the secretion of inflammatory cytokines
in the cortex and hippocampus [63]. Therefore, the protective effect of KRPBE against TMT-
induced neuroinflammation was investigated in this study (Figure 10). It was confirmed
that the expression levels of neuroinflammatory factors in response to TMT-induced tau hy-
perphosphorylation were improved in all brain tissues due to KRPBE treatment. Similar to
these results, P. densiflora needle extract had an anti-inflammatory effect by down-regulating
inflammatory mediators such as IL-1β, TNF-α, COX-2, and PGE 2 in LPS-induced RAW
264.7 macrophages and arachidonic acid-induced ICR mouse model [30]. Furthermore,
the pine (Pinus morrisonicola Hay.) needle contributed to the anti-inflammatory effect by
inhibiting the generation of ROS and the expression levels of iNOS and COX-2 proteins
in LPS-induced RAW 264.7 cells [64]. P. densiflora needle supercritical fluid extract helped
anti-inflammatory activity by inhibiting the expression of iNOS, IL-6, and IL-1β, which are
LPS-induced pro-inflammatory mediators, in RAW 264.7 macrophages [65]. Therefore, it is
suggested that the treatment with KRPBE might contribute to the improvement of cognitive
function by protecting neurons by regulating the excessive inflammatory response induced
by TMT.

In summary, the anti-amnesic effect of KRPBE was investigated in mice TMT-induced
cognitive impairment. KRPBE treatment significantly improved spatial workability, short-
term and long-term learning, and memory abilities in behavioral tasks. In particular, it
has a neuroprotective effect by remarkably improving antioxidant and cholinergic sys-
tem imbalance and synaptic toxicity. In addition, it is thought to have helped improve
cognitive dysfunction by improving mitochondrial dysfunction, apoptosis pathway, and
neuroinflammation. Based on these results, it is expected to be used as an eco-friendly high
value-added food with anti-amnesia effects. However, since studies related to synaptic
plasticity are insufficient in this paper, it is necessary to evaluate research on synaptic
plasticity by measuring biomarkers such as the CREB/BDNF pathway in the future. In
addition, it is judged that further histological studies should be conducted.
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4. Materials and Methods
4.1. Sample Preparation

KRPBE powder used in the experiment was provided by Nutrapharm Co., Ltd. (Yon-
gin, Republic of Korea), on 11 May 2021. For the manufacture of KRPBE, the bark of Pinus
densiflora is mixed with purified water using an extraction system and extracted. Then, it
undergoes a concentration and sterilization process. The concentrated extract was pow-
dered using a large spray dryer. In addition, according to a previous study, procyanidin
B1, protocatechuic acid, catechin, taxifolin, vanillin, and caffeic acid were identified as
major phenolic compounds of KRPBE by high-performance liquid chromatography (HPLC)
analysis [15]. Angelica gigas Nakai root extract powder was purchased from Nutragen Inc.
(Anyang, Republic of Korea) in January 2021, a commercial functional food for cognitive
function, and used in the experiment.

4.2. Animal Experimental
Animal Experimental Design

ICR mice (male, 4 weeks old) were obtained from Samtako Inc. (Osan, Republic
of Korea). The mice were reared in a constant environment (conditions: temperature of
22 ± 2 ◦C with relative humidity of 50–55%, day and night alternated at 12 h intervals).
Mice (in vivo and ex vivo test, n = 7; mitochondrial function test, n = 5; Western blot, n = 3;
total, n = 15) were randomly divided into 5 groups and the experiment was conducted. The
NC and TMT groups were treated with the same volume of drinking water as the KRPBE-
treated groups. The KRPBE groups were divided into low-concentration (15 mg/kg of
body weight (B.W.), P15), high-concentration (30 mg/kg of B.W., P30), and normal sample
(30 mg/kg of B.W., NS) groups for oral administration. KRPBE was treated by dissolving it
in drinking water before the experiment. The PC group was treated by dissolving Angelica
gigas Nakai root extract (30 mg/kg of B.W.) in drinking water for oral administration. Oral
administration of all groups was performed once a day for 3 weeks. After 3 weeks of
drinking water or KRPBE administration, TMT (7.1 µg/kg of B.W., 100 µL) dissolved in
0.89% NaCl solution was intraperitoneally injected to induce cognitive decline into TMT,
P15, and P30 groups. In addition, the same volume of 0.85% NaCl was intraperitoneally
injected into the NC and NS groups [66]. After the behavioral experiments, the mice were
sacrificed using a CO2 inhalation device for ex vivo tests.

4.3. Animal Experimental
4.3.1. Y-Maze Test

After 3 days for recovery, the Y-maze test was performed using a Y-shaped maze
made of black plastic with three arms (length = 33 cm; height = 15 cm; and width = 10 cm).
Each arm was randomly assigned to zones A, B, and C. The experiment was conducted
after mice were placed at the end of designated one arm. The movement patterns and
crossing behaviors of mice entering each arm were recorded with a video tracking system
(Smart 3.0, Panlab, Barcelona, Spain) for 8 min [67].

4.3.2. Passive Avoidance Test

The passive avoidance test conducted an experiment using two chambers divided
into a light zone and a dark zone. The bottom of the chamber was made of stainless steel
so that electric shocks could be applied and there was a door between the two chambers.
During the training session, mice were placed in a bright chamber, turned off, and allowed
to adapt to a dark environment for 1 min. Then, the light was turned on and the mice were
exposed to bright light for 2 min. When the door between the two chambers was opened
and the mouse moved from a bright zone to a dark zone on all 4 feet, an electric shock of
1.5 mA was given for 3 s. After 24 h of training session, the test was conducted in the same
way as in the training session and the step-through latency of all 4 feet entering the dark
chamber was measured for up to 300 s [68].
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4.3.3. Morris Water Maze Test

The Morris water maze test was conducted in a circular water pool with a diameter of
150 cm and a height of 60 cm. The circular water pool was filled with 30 cm of opaque water
(23 ± 2 ◦C) mixed with squid ink (Cebesa, Valencia, Spain). In addition, it was divided
into 4 parts as N, S, E, and W zones and visual clues were displayed on the walls of the
tank along the divided quadrants. A black escape platform was placed in the center of the
W zone and the location of the platform was not changed during the experiment. In the
visible session, the platform was located 1 cm above the water surface and each mouse
was allowed to swim for up to 60 s until it found the platform in each session. After that,
in the hidden trial, the platform was submerged 1 cm below the water and the trial was
performed for up to 60 s until the mouse found the platform. In the probe test, the platform
was removed and the time spent of each mouse in the W zone was recorded using a video
tracking system (Smart v3.0, Panlab SL, Barcelona, Spain) [69].

4.4. Preparation of Tissue

After the behavioral tests, brain tissue was immediately isolated. Brain tissue was
homogenized with a bullet mixer (Next Advance Inc., Raymertown, NY, USA) with a
10-fold volume of phosphate buffered saline (PBS, pH 7.4). In addition, the brain tissue
homogenate for reduced GSH measurement was homogenized by adding 10 mM phosphate
buffer with 1 mM ethylenediaminetetraacetic acid (EDTA) corresponding to a 10-fold
volume of the amount of the brain tissue. The protein concentration of homogenized
samples was calculated according to the Bradford method [70].

4.5. Measurement of Antioxidant System Biomarker

To measure the SOD activity, the brain tissue homogenate was centrifuged 400× g for
10 min at 4 ◦C and the obtained pellet was mixed with 1× cell extraction buffer containing
20% (v/v) Triton X, distilled water, and 200 mM phenylmethylsulfonyl fluoride (pMSF). The
mixture was placed on ice for 30 min and the mixture was vortexed every 5 min. Thereafter,
the supernatant was obtained by centrifugation at 10,000× g at 4 ◦C for 10 min. The SOD
content of the supernatant was measured according to the commercial SOD kit (Dojindo,
Kumamoto, Japan).

To measure the content of reduced GSH, the homogenate was centrifuged at 10,000× g
for 15 min at 4 ◦C to obtain a supernatant. The obtained supernatant and 5% metaphos-
phoric acid were mixed with a ratio of 1:1 and centrifuged at 2000× g for 2 min at 4 ◦C.
Finally, the level of reduced GSH content was measured using the obtained supernatant.
The supernatant was reacted with 0.26 M Tris-HCl (pH 7.5), 0.65 M NaOH, and 2 mg/mL
OPT in MeOH for 15 min. The fluorescence of the reaction was measured at an excita-
tion wavelength of 360 nm and an emission wavelength of 430 nm using a fluorescence
photometer (Infinite F200, Tecan, Mannedorf, Switzerland) [66].

To measure the content of MDA, the brain homogenate was centrifuged at 2456× g
for 10 min at 4 ◦C and the obtained supernatant was mixed with 1% phosphoric acid and
0.67% thiobarbituric acid (TBA) and reacted at 95 ◦C for 1 h. The mixture was centrifuged
at 2356× g for 1 min at 4 ◦C. In addition, the supernatant was measured at 532 nm using a
spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan) [6].

4.6. Measurement of ACh Content and AChE Inhibitory Activity

To evaluate the ACh content, the brain homogenate was centrifuged at 13,572× g for
30 min at 4 ◦C and the obtained supernatant was reacted with an alkaline hydroxylamine
reagent [2 M hydroxylamine in 1 M HCl and 3.5 M sodium hydroxide, (1:1 mixture)]. The
mixture was then mixed with 0.5 M HCl and 0.37 M FeCl3·6H2O in 0.1 M HCl. The ACh
content was measured at 540 nm using a microplate reader (Epoch2, BioTek Instrument
Inc., Winooski, VT, USA) [71].

To evaluate the AChE activity, the brain homogenate was centrifuged at 13,772× g for
30 min at 4 ◦C and the obtained supernatant was reacted with an alkaline hydroxylamine
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reagent. In total, 50 mM sodium phosphate buffer (pH 8.0) was added to the previously
centrifuged supernatant and incubated at 37 ◦C for 10 min by adding Ellman’s reaction
mixture [500 µM acetylthiocholine with 1 mM 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB)].
The reaction solution was measured at 405 nm for 20 min using a microplate reader
(Epoch2, BioTek) [72].

4.7. Extraction of Mitochondria from Brain Tissure

To extract mitochondria, the brain was homogenized by adding mitochondrial isola-
tion buffer (MI) [215 mM mannitol, 75 mM sucrose, 0.1% Bovine Serum Albumin (BSA),
and 20 mM Hydroxyethyl piperazine Ethane Sulfonicacid (HEPES) sodium salt (pH 7.2)]
and 1 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA). The
obtained homogenate was centrifuged at 1300× g for 5 min at 4 ◦C to obtain a supernatant.
The mixture was re-centrifuged at 13,000× g for 10 min at 4 ◦C and the pellet was mixed
with 0.1% digitonin and 1 mM EGTA in MI buffer and reacted for 5 min. The reaction
solution was centrifuged at 13,000× g for 15 min at 4 ◦C. Then, the pellet was mixed with
MI buffer and centrifuged at 10,000× g for 10 min at 4 ◦C. Afterwards, the pellet was mixed
with MI buffer again and the mixture was used for mitochondrial function evaluation [6].

4.8. Evaluation of Mitochondrial Activity

To evaluate the ROS level, mitochondrial extracts were reacted with respiration buffer
(including 123 mM KCl, 2 mM KH2PO4, 2.5 mM malate, 20 mM HEPES, 1 mM MgCl2,
5 mM pyruvate, and 500 µM EGTA) and 25 µM 2′,7′-dichlorofluorescin diacetate (DCF-DA).
Then, the reactants were incubated in the dark for 20 min at 4 ◦C and fluorescence was
measured at 485 nm (excitation wavelength) and 535 nm (emission wavelength) using a
fluorescence microplate reader (Infinite F200, Tecan) [66].

To measure the MMP level, the mitochondrial extract was reacted with MI buffer
with 5 mM pyruvate, 5 mM malate, and 1 µM JC-1. The reaction was gently mixed and
incubated in the dark for 20 min at 4 ◦C. Then, fluorescence was measured at 530 nm
(excitation wavelength) and 590 nm (emission wavelength) using a fluorescence microplate
reader (Infinite F200, Tecan) [13].

To measure the ATP level, the mitochondrial extract was evaluated using a commercial
ATP kit (Sigma-Aldrich chemical Co., Milwaukee, WI, USA). The ATP level was assessed
according to the manufacturer’s protocol and reactants were measured using a luminometer
(Glomax®, Promega, Sunnyvale, CA, USA).

4.9. Western Blot

To measure the expression levels of proteins, the whole brain and sectioned hip-
pocampus and cerebral cortex tissues were homogenized by mixing with ProteinEx an-
imal cell/tissue buffer (Gene All Biotechnology, Seoul, Republic of Korea) containing
1% protease inhibitor cocktail (Quartett, Berlin, Germany) and centrifuged at 13,000× g for
10 min at 4 ◦C. Afterwards, the supernatant was mixed with sample loading buffer
(#1610374, Bio-Rad) and used for immunoblotting analysis. Samples were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and proteins
separated according to size were transferred to a PVDF membrane (Millipore, Billerica, MA,
USA). After that, it was treated with 5% skim milk for 1 h to block the membrane and then
washed three times for 10 min each using tris-buffered saline (TBS) with 0.1% of Tween 20
(TBST buffer). The membrane and primary antibody (1:1000) were incubated at 4 ◦C for
12 h. Then, the secondary antibody (1:2500) was reacted with the membrane for 1 h at room
temperature, washed three times for 10 min with TBTS buffer, and the luminescent band
was chemically analyzed using an image analyzer (iBright CL1500, Invitrogen, Waltham,
MA, USA). Also, antibody information used in this study is shown in Table 1 below.
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Table 1. List of antibody information used in this study.

Antibody Catalog No. Concentration Manufacturer

β-actin sc-69879 1:1000 Santa Cruz Biotechnology (Santa Cruz, CA, USA)
AChE sc-373901 1:1000 Santa Cruz Biotechnology (Santa Cruz, CA, USA)

PSD-95 sc-32290 1:1000 Santa Cruz Biotechnology (Santa Cruz, CA, USA)
SYP sc-17750 1:1000 Santa Cruz Biotechnology (Santa Cruz, CA, USA)
Aβ sc-374527 1:1000 Santa Cruz Biotechnology (Santa Cruz, CA, USA)

p-Akt 1/2/3 sc-393887 1:1000 Santa Cruz Biotechnology (Santa Cruz, CA, USA)
p-JNK sc-6254 1:1000 Santa Cruz Biotechnology (Santa Cruz, CA, USA)

p-IκB-α sc-8404 1:1000 Santa Cruz Biotechnology (Santa Cruz, CA, USA)
COX-2 sc-376861 1:1000 Santa Cruz Biotechnology (Santa Cruz, CA, USA)
IL-1β sc-373800 1:1000 Santa Cruz Biotechnology (Santa Cruz, CA, USA)
BAX sc-7480 1:1000 Santa Cruz Biotechnology (Santa Cruz, CA, USA)
BCl-2 sc-509 1:1000 Santa Cruz Biotechnology (Santa Cruz, CA, USA)

caspase 3 sc-56053 1:1000 Santa Cruz Biotechnology (Santa Cruz, CA, USA)
ChAT 20747-1AP 1:1000 Proteintech Group (Rosemont, IL, USA)

Anti-rabbit 7074S 1:5000 Cell Signaling Technology (Beverly, MA, USA)
Anti-mouse #1706516 1:5000 Bio-Rad (Richmond, CA, USA)

4.10. Statistical Analysis

All data were expressed as mean ± SD and a one-way analysis of variance (ANOVA)
was performed to calculate and analyze significant differences between groups and dis-
play them. Significant differences were confirmed by Duncan’s new multiple range test
(p < 0.05) method through the SAS program (version 9.4, SAS Institute Inc., Cary, NC, USA).
Other lowercase letters were then marked to indicate statistically significant differences.

5. Conclusions

These results showed that the treatment with KRPBE improved the imbalance of
the antioxidant system in mice with cognitive impairment induced by TMT. In particu-
lar, attenuation of cholinergic dysfunction and synaptic toxicity may have significantly
helped to improve cognitive function. In addition, by restoring mitochondrial activity and
regulating apoptosis and inflammatory responses, it has a neuroprotective effect, thereby
significantly improving spatial work and long-term memory abilities (Figure 11). In view
of these results, it was confirmed that pine bark, which is mostly discarded in forestry, can
be used as high value-added functional food material having an anti-amnesia effect, as well
as the possibility of development as an economical and environmental material. Finally,
this study will be used as data to secure efficacy and functionality data in future human
application tests.
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2. Zvěřová, M. Clinical aspects of Alzheimer’s disease. Clin. Biochem. 2019, 72, 3–6. [CrossRef]
3. Liu, P.-P.; Xie, Y.; Meng, X.-Y.; Kang, J.-S. History and progress of hypotheses and clinical trials for Alzheimer’s disease. Signal

Transduct. Target. Ther. 2019, 4, 29. [CrossRef] [PubMed]
4. Zhao, Y.; Zhao, B. Oxidative stress and the pathogenesis of Alzheimer’s disease. Oxid. Med. Cell. Longev. 2013, 2013, 316523.

[CrossRef] [PubMed]
5. Chauhan, V.; Chauhan, A. Oxidative stress in Alzheimer’s disease. Pathophysiology 2006, 13, 195–208. [CrossRef]
6. Kim, J.M.; Park, S.K.; Kang, J.Y.; Park, S.B.; Yoo, S.K.; Han, H.J.; Kim, C.-W.; Lee, U.; Kim, S.-H.; Heo, H.J. Ethyl acetate

fraction from persimmon (Diospyros kaki) ameliorates cerebral neuronal loss and cognitive deficit via the JNK/Akt pathway in
TMT-induced mice. Int. J. Mol. Sci. 2018, 19, 1499. [CrossRef]

7. Wang, S.; Su, G.; Zhang, X.; Song, G.; Zhang, L.; Zheng, L.; Zhao, M. Characterization and exploration of potential neuroprotective
peptides in walnut (Juglans regia) protein hydrolysate against cholinergic system damage and oxidative stress in scopolamine-
induced cognitive and memory impairment mice and zebrafish. J. Agric. Food Chem. 2021, 69, 2773–2783. [CrossRef]

8. Leszek, J.; Barreto, G.E.; Gasiorowski, K.; Koutsouraki, E.; Aliev, G. Inflammatory mechanisms and oxidative stress as key factors
responsible for progression of neurodegeneration: Role of brain innate immune system. CNS Neurol. Disord. Drug Targets 2016,
15, 329–336. [CrossRef]

9. Chong, Z.Z.; Li, F.; Maiese, K. Oxidative stress in the brain: Novel cellular targets that govern survival during neurodegenerative
disease. Prog. Neurobiol. 2005, 75, 207–246. [CrossRef]

10. Zilka, N.; Kazmerova, Z.; Jadhav, S.; Neradil, P.; Madari, A.; Obetkova, D.; Bugos, O.; Novak, M. Who fans the flames of
Alzheimer’s disease brains? Misfolded tau on the crossroad of neurodegenerative and inflammatory pathways. J. Neuroinflamm.
2012, 9, 47. [CrossRef]

11. Chen, X.; Drew, J.; Berney, W.; Lei, W. Neuroprotective natural products for Alzheimer’s disease. Cells 2021, 10, 1309. [CrossRef]
[PubMed]

12. Shin, E.-J.; Nah, S.-Y.; Chae, J.S.; Bing, G.; Shin, S.W.; Yen, T.P.H.; Baek, I.-H.; Kim, W.-K.; Maurice, T.; Nabeshima, T. Dextromethor-
phan attenuates trimethyltin-induced neurotoxicity via σ1 receptor activation in rats. Neurochem. Int. 2007, 50, 791–799. [CrossRef]
[PubMed]

13. Park, S.K.; Kang, J.Y.; Kim, J.M.; Yoo, S.K.; Han, H.J.; Chung, D.H.; Kim, D.-O.; Kim, G.-H.; Heo, H.J. Fucoidan-rich substances
from Ecklonia cava improve trimethyltin-induced cognitive dysfunction via down-regulation of amyloid β production/tau
hyperphosphorylation. Mar. Drugs 2019, 17, 591. [CrossRef] [PubMed]

14. Kim, J.; Choung, S.-Y. Pinus densiflora bark extract prevents selenite-induced cataract formation in the lens of Sprague Dawley rat
pups. Mol. Vision 2017, 23, 638.

15. Kim, K.J.; Hwang, E.-S.; Kim, M.-J.; Park, J.-H.; Kim, D.-O. Antihypertensive effects of polyphenolic extract from Korean red pine
(Pinus densiflora Sieb. et Zucc.) bark in spontaneously hypertensive rats. Antioxidants 2020, 9, 333. [CrossRef] [PubMed]

16. Her, Y.; Lee, T.-K.; Sim, H.; Lee, J.-C.; Kim, D.W.; Choi, S.Y.; Hong, J.K.; Lee, J.-W.; Kim, J.-D.; Won, M.-H. Pinus thunbergii bark
extract rich in flavonoids promotes hair growth in dorsal skin by regulating inflammatory cytokines and increasing growth
factors in mice. Mol. Med. Rep. 2022, 25, 100. [CrossRef]

17. Ahn, H.; Go, G.-w. Pinus densiflora bark extract (PineXol) decreases adiposity in mice by down-regulation of hepatic de novo
lipogenesis and adipogenesis in white adipose tissue. J. Microbiol. Biotechnol. 2017, 27, 660–667. [CrossRef]

https://doi.org/10.1177/1756285612461679
https://www.ncbi.nlm.nih.gov/pubmed/23277790
https://doi.org/10.1016/j.clinbiochem.2019.04.015
https://doi.org/10.1038/s41392-019-0063-8
https://www.ncbi.nlm.nih.gov/pubmed/31637009
https://doi.org/10.1155/2013/316523
https://www.ncbi.nlm.nih.gov/pubmed/23983897
https://doi.org/10.1016/j.pathophys.2006.05.004
https://doi.org/10.3390/ijms19051499
https://doi.org/10.1021/acs.jafc.0c07798
https://doi.org/10.2174/1871527315666160202125914
https://doi.org/10.1016/j.pneurobio.2005.02.004
https://doi.org/10.1186/1742-2094-9-47
https://doi.org/10.3390/cells10061309
https://www.ncbi.nlm.nih.gov/pubmed/34070275
https://doi.org/10.1016/j.neuint.2007.01.008
https://www.ncbi.nlm.nih.gov/pubmed/17386960
https://doi.org/10.3390/md17100591
https://www.ncbi.nlm.nih.gov/pubmed/31627432
https://doi.org/10.3390/antiox9040333
https://www.ncbi.nlm.nih.gov/pubmed/32325920
https://doi.org/10.3892/mmr.2022.12616
https://doi.org/10.4014/jmb.1612.12037


Int. J. Mol. Sci. 2023, 24, 14084 22 of 24

18. Lane, C.A.; Hardy, J.; Schott, J.M. Alzheimer’s disease. Eur. J. Neurol. 2018, 25, 59–70. [CrossRef]
19. Markesbery, W.R. Oxidative stress hypothesis in Alzheimer’s disease. Free Radic. Biol. Med. 1997, 23, 134–147. [CrossRef]
20. Smith, M.A.; Rottkamp, C.A.; Nunomura, A.; Raina, A.K.; Perry, G. Oxidative stress in Alzheimer’s disease. Biochim. Biophys.

Acta Mol. Basis Dis. 2000, 1502, 139–144. [CrossRef]
21. Haga, S.; Haga, C.; Aizawa, T.; Ikeda, K. Neuronal degeneration and glial cell-responses following trimethyltin intoxication in the

rat. Acta Neuropathol. 2002, 103, 575–582. [PubMed]
22. Chen, Z.; Zhong, C. Oxidative stress in Alzheimer’s disease. Neurosci. Bull. 2014, 30, 271–281. [CrossRef] [PubMed]
23. Takuma, K.; Yan, S.S.; Stern, D.M.; Yamada, K. Mitochondrial dysfunction, endoplasmic reticulum stress, and apoptosis in

Alzheimer’s disease. J. Pharmacol. Sci. 2005, 97, 312–316. [CrossRef]
24. Rojas-Gutierrez, E.; Muñoz-Arenas, G.; Treviño, S.; Espinosa, B.; Chavez, R.; Rojas, K.; Flores, G.; Díaz, A.; Guevara, J. Alzheimer’s

disease and metabolic syndrome: A link from oxidative stress and inflammation to neurodegeneration. Synapse 2017, 71, e21990.
[CrossRef] [PubMed]

25. Kim, K.J.; Hwang, E.-S.; Kim, M.-J.; Rha, C.-S.; Song, M.C.; Maeng, S.; Park, J.-H.; Kim, D.-O. Effects of phenolic-rich Pinus densiflora
extract on learning, memory, and hippocampal long-term potentiation in scopolamine-induced amnesic rats. Antioxidants 2022,
11, 2497. [CrossRef]

26. Wang, C.; He, L.; Yan, M.; Zheng, G.-Y.; Liu, X.-Y. Effects of polyprenols from pine needles of Pinus massoniana on ameliorating
cognitive impairment in a D-galactose-induced mouse model. Age 2014, 36, 9676. [CrossRef]

27. Lee, J.-S.; Kim, H.-G.; Lee, H.-W.; Han, J.-M.; Lee, S.-K.; Kim, D.-W.; Saravanakumar, A.; Son, C.-G. Hippocampal memory
enhancing activity of pine needle extract against scopolamine-induced amnesia in a mouse model. Sci. Rep. 2015, 5, 9651.
[CrossRef]

28. Lee, T.-K.; Park, J.H.; Shin, M.C.; Cho, J.H.; Ahn, J.H.; Kim, D.W.; Lee, J.-C.; Lee, C.-H.; Hong, S.; Won, M.-H. Therapeutic
treatment with Pycnogenol® attenuates ischemic brain injury in gerbils focusing on cognitive impairment, neuronal death, BBB
leakage and neuroinflammation in the hippocampus. J. Integr. Neurosci. 2023, 22, 26. [CrossRef]

29. Geloso, M.C.; Corvino, V.; Michetti, F. Trimethyltin-induced hippocampal degeneration as a tool to investigate neurodegenerative
processes. Neurochem. Int. 2011, 58, 729–738. [CrossRef]

30. Jeong, S.-Y.; Choi, W.S.; Kwon, O.S.; Lee, J.S.; Son, S.Y.; Lee, C.H.; Lee, S.; Song, J.Y.; Lee, Y.J.; Lee, J.-Y. Extract of Pinus densiflora
needles suppresses acute inflammation by regulating inflammatory mediators in RAW264. 7 macrophages and mice. Pharm. Biol.
2022, 60, 1148–1159. [CrossRef]

31. Lee, J.-S.; Kim, H.-G.; Lee, H.-W.; Kim, W.-Y.; Ahn, Y.-C.; Son, C.-G. Pine needle extract prevents hippocampal memory impairment
in acute restraint stress mouse model. J. Ethnopharmacol. 2017, 207, 226–236. [CrossRef] [PubMed]

32. Chen, J.; Chen, Y.; Zheng, Y.; Zhao, J.; Yu, H.; Zhu, J. Relationship between neuroprotective effects and structure of procyanidins.
Molecules 2022, 27, 2308. [CrossRef] [PubMed]

33. Zhu, Q.; Zhang, N.; Hu, N.; Jiang, R.; Lu, H.; Xuan, A.; Long, D.; Chen, Y. Neural stem cell transplantation improves learning
and memory by protecting cholinergic neurons and restoring synaptic impairment in an amyloid precursor protein/presenilin 1
transgenic mouse model of Alzheimer’s disease. Mol. Med. Rep. 2020, 21, 1172–1180. [CrossRef] [PubMed]

34. Yuki, D.; Sugiura, Y.; Zaima, N.; Akatsu, H.; Takei, S.; Yao, I.; Maesako, M.; Kinoshita, A.; Yamamoto, T.; Kon, R. DHA-PC and
PSD-95 decrease after loss of synaptophysin and before neuronal loss in patients with Alzheimer’s disease. Sci. Rep. 2014, 4, 7130.
[CrossRef] [PubMed]

35. Bonesi, M.; Menichini, F.; Tundis, R.; Loizzo, M.R.; Conforti, F.; Passalacqua, N.G.; Statti, G.A.; Menichini, F. Acetylcholinesterase
and butyrylcholinesterase inhibitory activity of Pinus species essential oils and their constituents. J. Enzym. Inhib. Med. Chem.
2010, 25, 622–628. [CrossRef]

36. Adedara, I.A.; Fasina, O.B.; Ayeni, M.F.; Ajayi, O.M.; Farombi, E.O. Protocatechuic acid ameliorates neurobehavioral deficits via
suppression of oxidative damage, inflammation, caspase-3 and acetylcholinesterase activities in diabetic rats. Food Chem. Toxicol.
2019, 125, 170–181. [CrossRef]

37. Yin, X.; Zhang, X.; Lv, C.; Li, C.; Yu, Y.; Wang, X.; Han, F. Protocatechuic acid ameliorates neurocognitive functions impairment
induced by chronic intermittent hypoxia. Sci. Rep. 2015, 5, 14507. [CrossRef]

38. Wang, Y.; Wang, Q.; Bao, X.; Ding, Y.; Shentu, J.; Cui, W.; Chen, X.; Wei, X.; Xu, S. Taxifolin prevents β-amyloid-induced
impairments of synaptic formation and deficits of memory via the inhibition of cytosolic phospholipase A2/prostaglandin E2
content. Metab. Brain Dis. 2018, 33, 1069–1079. [CrossRef]

39. Verri, M.; Pastoris, O.; Dossena, M.; Aquilani, R.; Guerriero, F.; Cuzzoni, G.; Venturini, L.; Ricevuti, G.; Bongiorno, A. Mito-
chondrial alterations, oxidative stress and neuroinflammation in Alzheimer’s disease. Int. J. Immunopathol. Pharmacol. 2012, 25,
345–353. [CrossRef]

40. Eckert, A.; Keil, U.; Marques, C.A.; Bonert, A.; Frey, C.; Schüssel, K.; Müller, W.E. Mitochondrial dysfunction, apoptotic cell death,
and Alzheimer’s disease. Biochem. Pharmacol. 2003, 66, 1627–1634. [CrossRef]

41. Dhanalakshmi, C.; Manivasagam, T.; Nataraj, J.; Justin Thenmozhi, A.; Essa, M.M. Neurosupportive role of vanillin, a natural
phenolic compound, on rotenone induced neurotoxicity in SH-SY5Y neuroblastoma cells. Evid. Based Complement. Altern. Med.
2015, 2015, 626028. [CrossRef] [PubMed]

https://doi.org/10.1111/ene.13439
https://doi.org/10.1016/S0891-5849(96)00629-6
https://doi.org/10.1016/S0925-4439(00)00040-5
https://www.ncbi.nlm.nih.gov/pubmed/12012089
https://doi.org/10.1007/s12264-013-1423-y
https://www.ncbi.nlm.nih.gov/pubmed/24664866
https://doi.org/10.1254/jphs.CPJ04006X
https://doi.org/10.1002/syn.21990
https://www.ncbi.nlm.nih.gov/pubmed/28650104
https://doi.org/10.3390/antiox11122497
https://doi.org/10.1007/s11357-014-9676-6
https://doi.org/10.1038/srep09651
https://doi.org/10.31083/j.jin2202026
https://doi.org/10.1016/j.neuint.2011.03.009
https://doi.org/10.1080/13880209.2022.2079679
https://doi.org/10.1016/j.jep.2017.06.024
https://www.ncbi.nlm.nih.gov/pubmed/28642096
https://doi.org/10.3390/molecules27072308
https://www.ncbi.nlm.nih.gov/pubmed/35408708
https://doi.org/10.3892/mmr.2020.10918
https://www.ncbi.nlm.nih.gov/pubmed/31922229
https://doi.org/10.1038/srep07130
https://www.ncbi.nlm.nih.gov/pubmed/25410733
https://doi.org/10.3109/14756360903389856
https://doi.org/10.1016/j.fct.2018.12.040
https://doi.org/10.1038/srep14507
https://doi.org/10.1007/s11011-018-0207-5
https://doi.org/10.1177/039463201202500204
https://doi.org/10.1016/S0006-2952(03)00534-3
https://doi.org/10.1155/2015/626028
https://www.ncbi.nlm.nih.gov/pubmed/26664453


Int. J. Mol. Sci. 2023, 24, 14084 23 of 24

42. Josiah, S.S.; Saliu, I.; Umar, H.; Famusiwa, C.; Akinmoladun, A. Taxifolin alleviates metabolic and neurochemical alterations in
hippocampus and cortex of brain of rotenone-toxified rats in vivo and effectively interacts with enzymes involve in neurotrans-
mission in silico. Res. Sq. 2021. [CrossRef]

43. Liu, Y.-M.; Jiang, B.; Bao, Y.-M.; An, L.-J. Protocatechuic acid inhibits apoptosis by mitochondrial dysfunction in rotenone-induced
PC12 cells. Toxicol. In Vitro 2008, 22, 430–437. [CrossRef]

44. Sajjad, R.; Arif, R.; Shah, A.; Manzoor, I.; Mustafa, G. Pathogenesis of Alzheimer’s disease: Role of amyloid-beta and hyperphos-
phorylated tau protein. Indian J. Pharm. Sci. 2018, 80, 581–591. [CrossRef]

45. Tanaka, M.; Saito, S.; Inoue, T.; Satoh-Asahara, N.; Ihara, M. Novel therapeutic potentials of taxifolin for amyloid-β-associated
neurodegenerative diseases and other diseases: Recent advances and future perspectives. Int. J. Mol. Sci. 2019, 20, 2139.
[CrossRef]

46. Hornedo-Ortega, R.; Alvarez-Fernandez, M.A.; Cerezo, A.B.; Richard, T.; Troncoso, A.M.; Garcia-Parrilla, M.C. Protocatechuic
acid: Inhibition of fibril formation, destabilization of preformed fibrils of amyloid-β and α-synuclein, and neuroprotection. J.
Agric. Food Chem. 2016, 64, 7722–7732. [CrossRef]

47. Chang, W.; Huang, D.; Lo, Y.M.; Tee, Q.; Kuo, P.; Wu, J.S.; Huang, W.; Shen, S. Protective effect of caffeic acid against Alzheimer’s
disease pathogenesis via modulating cerebral insulin signaling, β-amyloid accumulation, and synaptic plasticity in hyperinsu-
linemic rats. J. Agric. Food Chem. 2019, 67, 7684–7693. [CrossRef]

48. Ruan, W.; Shen, S.; Xu, Y.; Ran, N.; Zhang, H. Mechanistic insights into procyanidins as therapies for Alzheimer’s disease: A
review. J. Funct. Foods 2021, 86, 104683. [CrossRef]

49. Kannan, K.; Jain, S.K. Oxidative stress and apoptosis. Pathophysiology 2000, 7, 153–163. [CrossRef]
50. Paradis, E.; Douillard, H.; Koutroumanis, M.; Goodyer, C.; LeBlanc, A. Amyloid β peptide of Alzheimer’s disease downregulates

Bcl-2 and upregulates Bax expression in human neurons. J. Neurosci. 1996, 16, 7533–7539. [CrossRef]
51. Luo, Y.; Smith, J.V.; Paramasivam, V.; Burdick, A.; Curry, K.J.; Buford, J.P.; Khan, I.; Netzer, W.J.; Xu, H.; Butko, P. Inhibition

of amyloid-β aggregation and caspase-3 activation by the Ginkgo biloba extract EGb761. Proc. Natl. Acad. Sci. USA 2002, 99,
12197–12202. [CrossRef] [PubMed]

52. Lee, S.; Yang, M.; Kim, J.; Kang, S.; Kim, J.; Kim, J.-C.; Jung, C.; Shin, T.; Kim, S.-H.; Moon, C. Trimethyltin-induced hippocampal
neurodegeneration: A mechanism-based review. Brain Res. Bull. 2016, 125, 187–199. [CrossRef] [PubMed]

53. Song, D.-Q.; Liu, J.; Wang, F.; Li, X.-F.; Liu, M.-H.; Zhang, Z.; Cao, S.-S.; Jiang, X. Procyanidin B2 inhibits lipopolysaccharide-
induced apoptosis by suppressing the Bcl-2/Bax and NF-κB signalling pathways in human umbilical vein endothelial cells. Mol.
Med. Rep. 2021, 23, 267. [CrossRef] [PubMed]

54. Iannuzzi, C.; Liccardo, M.; Sirangelo, I. Overview of the role of vanillin in neurodegenerative diseases and neuropathophysiologi-
cal conditions. Int. J. Mol. Sci. 2023, 24, 1817. [CrossRef]

55. Xia, R.; Ji, C.; Zhang, L. Neuroprotective effects of pycnogenol against oxygen-glucose deprivation/reoxygenation-induced injury
in primary rat astrocytes via NF-κB and ERK1/2 MAPK pathways. Cell. Physiol. Biochem. 2017, 42, 987–998. [CrossRef]

56. Heneka, M.T.; Carson, M.J.; El Khoury, J.; Landreth, G.E.; Brosseron, F.; Feinstein, D.L.; Jacobs, A.H.; Wyss-Coray, T.; Vitorica, J.;
Ransohoff, R.M. Neuroinflammation in Alzheimer’s disease. Lancet Neurol. 2015, 14, 388–405. [CrossRef]

57. Laurent, C.; Buée, L.; Blum, D. Tau and neuroinflammation: What impact for Alzheimer’s Disease and Tauopathies? Biomed. J.
2018, 41, 21–33. [CrossRef]

58. Liu, J.; Li, H.; Gong, T.; Chen, W.; Mao, S.; Kong, Y.; Yu, J.; Sun, J. Anti-neuroinflammatory effect of short-chain fatty acid acetate
against Alzheimer’s disease via upregulating GPR41 and inhibiting ERK/JNK/NF-κB. J. Agric. Food Chem. 2020, 68, 7152–7161.
[CrossRef]

59. Kim, M.J.; Rehman, S.U.; Amin, F.U.; Kim, M.O. Enhanced neuroprotection of anthocyanin-loaded PEG-gold nanoparticles
against Aβ1-42-induced neuroinflammation and neurodegeneration via the NF-κB/JNK/GSK3β signaling pathway. Nanomedicine
2017, 13, 2533–2544. [CrossRef]

60. Go, M.J.; Kim, J.M.; Kang, J.Y.; Park, S.K.; Lee, C.J.; Kim, M.J.; Lee, H.R.; Kim, T.Y.; Joo, S.G.; Kim, D.-O. Korean red pine (Pinus
densiflora) bark extract attenuates Aβ-induced cognitive impairment by regulating cholinergic dysfunction and neuroinflammation.
J. Microbiol. Biotechnol. 2022, 32, 1154–1167. [CrossRef]

61. Zhao, M.; Zhou, A.; Xu, L.; Zhang, X. The role of TLR4-mediated PTEN/PI3K/AKT/NF-κB signaling pathway in neuroinflam-
mation in hippocampal neurons. Neuroscience 2014, 269, 93–101. [CrossRef] [PubMed]

62. Tak, P.P.; Firestein, G.S. NF-κB: A key role in inflammatory diseases. J. Clin. Investig. 2001, 107, 7–11. [CrossRef] [PubMed]
63. Giovannini, M.; Scali, C.; Prosperi, C.; Bellucci, A.; Pepeu, G.; Casamenti, F. Experimental brain inflammation and neurodegenera-

tion as model of Alzheimer’s disease: Protective effects of selective COX-2 inhibitors. Int. J. Immunopathol. Pharmacol. 2003, 16,
31–40.

64. Yen, G.-C.; Duh, P.-D.; Huang, D.-W.; Hsu, C.-L.; Fu, T.Y.-C. Protective effect of pine (Pinus morrisonicola Hay.) needle on
LDL oxidation and its anti-inflammatory action by modulation of iNOS and COX-2 expression in LPS-stimulated RAW 264.7
macrophages. Food Chem. Toxicol. 2008, 46, 175–185. [CrossRef] [PubMed]

65. Venkatesan, T.; Choi, Y.-W.; Lee, J.; Kim, Y.-K. Pinus densiflora needle supercritical fluid extract suppresses the expression of
pro-inflammatory mediators iNOS, IL-6 and IL-1β, and activation of inflammatory STAT1 and STAT3 signaling proteins in
bacterial lipopolysaccharide-challenged murine macrophages. Daru J. Pharm. Sci. 2017, 25, 18.

https://doi.org/10.21203/rs.3.rs-514482/v1
https://doi.org/10.1016/j.tiv.2007.10.012
https://doi.org/10.4172/pharmaceutical-sciences.1000397
https://doi.org/10.3390/ijms20092139
https://doi.org/10.1021/acs.jafc.6b03217
https://doi.org/10.1021/acs.jafc.9b02078
https://doi.org/10.1016/j.jff.2021.104683
https://doi.org/10.1016/S0928-4680(00)00053-5
https://doi.org/10.1523/JNEUROSCI.16-23-07533.1996
https://doi.org/10.1073/pnas.182425199
https://www.ncbi.nlm.nih.gov/pubmed/12213959
https://doi.org/10.1016/j.brainresbull.2016.07.010
https://www.ncbi.nlm.nih.gov/pubmed/27450702
https://doi.org/10.3892/mmr.2021.11906
https://www.ncbi.nlm.nih.gov/pubmed/33576443
https://doi.org/10.3390/ijms24031817
https://doi.org/10.1159/000478681
https://doi.org/10.1016/S1474-4422(15)70016-5
https://doi.org/10.1016/j.bj.2018.01.003
https://doi.org/10.1021/acs.jafc.0c02807
https://doi.org/10.1016/j.nano.2017.06.022
https://doi.org/10.4014/jmb.2207.07015
https://doi.org/10.1016/j.neuroscience.2014.03.039
https://www.ncbi.nlm.nih.gov/pubmed/24680857
https://doi.org/10.1172/JCI11830
https://www.ncbi.nlm.nih.gov/pubmed/11134171
https://doi.org/10.1016/j.fct.2007.07.012
https://www.ncbi.nlm.nih.gov/pubmed/17804140


Int. J. Mol. Sci. 2023, 24, 14084 24 of 24

66. Kang, J.Y.; Park, S.K.; Guo, T.J.; Ha, J.S.; Lee, D.S.; Kim, J.M.; Lee, U.; Kim, D.O.; Heo, H.J. Reversal of trimethyltin-induced
learning and memory deficits by 3, 5-dicaffeoylquinic acid. Oxid. Med. Cell. Longev. 2016, 2016, 6981595. [CrossRef]

67. Nitta, A.; Murai, R.; Suzuki, N.; Ito, H.; Nomoto, H.; Katoh, G.; Furukawa, Y.; Furukawa, S. Diabetic neuropathies in brain are
induced by deficiency of BDNF. Neurotoxicol. Teratol. 2002, 24, 695–701. [CrossRef]

68. DeNoble, V.J. Vinpocetine enhances retrieval of a step-through passive avoidance response in rats. Pharmacol. Biochem. Behav.
1987, 26, 183–186. [CrossRef]

69. Vorhees, C.V.; Williams, M.T. Morris water maze: Procedures for assessing spatial and related forms of learning and memory. Nat.
Protoc. 2006, 1, 848–858. [CrossRef]

70. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

71. Vincent, D.; Segonzac, G.; Vincent, M.C. Colorimetric determination of acetylcholine by the Hestrin hydroxylamine reaction and
its application in pharmacy. Ann. Pharm. Françaises 1958, 16, 179–185.

72. Ellman, G.L.; Courtney, K.D.; Andres, V., Jr.; Featherstone, R.M. A new and rapid colorimetric determination of acetyl-
cholinesterase activity. Biochem. Pharmacol. 1961, 7, 88–95. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1155/2016/6981595
https://doi.org/10.1016/S0892-0362(02)00220-9
https://doi.org/10.1016/0091-3057(87)90552-1
https://doi.org/10.1038/nprot.2006.116
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0006-2952(61)90145-9
https://www.ncbi.nlm.nih.gov/pubmed/13726518

	Introduction 
	Results 
	Behavioral Tests 
	Y-Maze Test 
	Passive Avoidance Test 
	Morris Water Maze Test 

	Antioxidant System 
	Cholinergic System and Synaptic Function 
	Mitochondrial Function 
	A and Tau Contents 
	Apoptosis-Relative Factors 
	Neuroinflammation-Relative Factors 

	Discussion 
	Materials and Methods 
	Sample Preparation 
	Animal Experimental 
	Animal Experimental 
	Y-Maze Test 
	Passive Avoidance Test 
	Morris Water Maze Test 

	Preparation of Tissue 
	Measurement of Antioxidant System Biomarker 
	Measurement of ACh Content and AChE Inhibitory Activity 
	Extraction of Mitochondria from Brain Tissure 
	Evaluation of Mitochondrial Activity 
	Western Blot 
	Statistical Analysis 

	Conclusions 
	References

