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Purpose: Although the onset mechanism of Alzheimer’s disease, which co-occurs with
aging, has been extensively studied, no effective methods that improve the decline in
memory and learning abilities following aging have been developed. Tranexamic acid
provided promising results for ameliorating photo-aging and extending the natural lifespan.
However, it is unknown whether it affects the decline in memory and learning abilities due to
aging. In this study, we examined the effect of tranexamic acid on memory and learning
abilities of naturally aging mice.

Methods: ICR mice were orally administered with tranexamic acid (12 mg/kg/day) three
times weekly for 2 years, and their memory and learning abilities were compared between
the tranexamic acid-treated and non-treated groups.

Results: The decline in memory and learning abilities due to aging was ameliorated by
tranexamic acid administration. The expression of plasmin and amyloid-f decreased follow-
ing the treatment with tranexamic acid. Furthermore, the number of M1-type brain macro-
phages diminished and that of M2 macrophages increased. In addition, administration of
tranexamic acid decreased the concentrations of interleukin (IL)-1f and tumor necrosis
factor-a, while it increased the levels of IL-10 and transforming growth factor-a in the brain.
Conclusion: These results indicated that tranexamic acid suppressed the secretion of the
inflammatory cytokines aging M1-type macrophages, thereby improving age-related memory
and learning abilities.

Keywords: plasmin, chronic inflammation, M1-type macrophage, M2-type macrophage,
TNF-a, IL-1B

Introduction

In animals, including human beings, vital body functions, such as muscle and nerve
conduction velocity diminish with aging. With regard to the functional change in
the brain or nervous system, the levels of dopamine D2 receptors and glutamate,
which mediate neurotransmission in the hippocampus, decrease with aging, thus
altering the motor function, memory, and learning abilities in mice.'

An aged mammal shows remarkable dysmnesia. In an aging brain, senile
plaques are formed with the aggregation and deposition of amyloid § proteins,
which are generated by the cleavage of amyloid precursor proteins, deposits besides
a cell appears. Accumulation of these aggregates appears like neurofibrillary tan-
gles. These neurofibrillary tangles are formed in the neuron by the accumulation of
paired helical filaments, which primarily consist of a phosphorylated protein called
tau.* Senile plaques and neurofibrillary tangles are observed in parts of the brain,
such as the cerebral cortex, a smell infield, and hippocampus, that are associated
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with memory and learning.” In addition, aging results in
altered expression of more than 100 genes in the brain of
mice.® In the human brain, the expression of genes asso-
ciated with synaptic transmission or synaptic plasticity
caused by aging is inhibited remarkably. Reactive oxygen
species (ROS), which produce oxidative stress, tend to
form lesions in the promoter region of such genes.’
Therefore, the increase in ROS with aging is considered
to be one of the causes for suppression of memory and
learning abilities. In this study, we suggest the possible
association of age-related memory impairment with
increased  expression of  pyruvate carboxylase,
a metabolic enzyme that affects the mitochondria in the
glial cells and not the neurons.® Thus, glial cells play an
important role in memory and learning, and research on
glial cells is still progressing.

Alzheimer’s disease (AD) and vascular dementia that
have cerebrovascular pathologies, along with aging in the
brain, lead to dementia. AD is a progressive central-neural
-degenerative disease that alters memory and learning
abilities, and there are more onsets as an underlying dis-
ease of dementia than vascular dementia.”'® In patients
with AD, deposition of senile plaques and neurofibrillary
tangles throughout the hippocampus and cerebral cortex
was observed.'' The main components of the plaques are
amyloid-p and tau proteins, which following aggregation
lead to the onset of AD,'*'* according to the amyloid
cascade hypothesis of AD.'* Additionally, the choline
acetyltransferase activity is reduced in the cerebral cortex,
and the number of cholinergic neurons in the nucleus
basalis of Meynert and basal forebrain is remarkably
reduced. Damage to cholinergic nuclei disrupts the choli-
nergic neurotransmission from the basal forebrain to the
cerebral cortex or hippocampus. Thus, the theory that
states that onset of AD occurs owing to an insufficiency
in acetylcholine production is called the cholinergic
hypothesis of AD.'®> Furthermore, it was recently reported
that the malfunction of the nervous system is closely
related to neurodegenerative diseases such as AD or
Parkinson’s disease. A malfunction in the nervous system
caused by a chronic inflammatory condition results in
continuous and accelerated production of inflammatory
cytokines and free radicals by microglia and astrocytes
resulting in histological changes.'® 2’

Although many reports regarding the onset mechanism
of AD in aging patients have been published, there is
a lack of effective treatments and prophylaxis for this
condition. However, trans-4-(aminomethyl) cyclohexane

carboxylic acid, also called tranexamic acid, is a known,
safe, and traditional treatment with anti-plasmin activity.
Plasmin inhibits arachidonic acid, increasing the level of
prostaglandins (PGs), which is a metabolite of arachidonic
acid.?' PG is associated with the induction of acute inflam-
mation and the secretion of cytokines during chronic
inflammation.”" Therefore, owing to its anti-plasmin func-
tion, tranexamic acid exhibits an anti-inflammatory
effect.?? Previously, we reported the beneficial effects of
tranexamic acid regarding the amelioration of skin photo-
aging.”> Moreover, the drug has been reported to extend
natural lifespan.”* However, the effect of tranexamic acid
against the decline in memory and learning abilities due to
aging has not been investigated.

In this study, we examined the effect of tranexamic
acid on memory and learning abilities in an aging mouse
model. Here, we continuously administered tranexamic
acid to mice for 2 years and compared memory and learn-
ing abilities between treated and untreated mice. In addi-
tion, we investigated the relationship of memory and
learning abilities with inflammation.

Materials and Methods

Animal Experiments

Eight-week-old male ICR mice (SLC, Hamamatsu, Shizuoka,
Japan) were maintained in individual cages in an air-
conditioned room at 23 + 1 °C under specific-pathogen-free
conditions with a 12-h light/dark cycle. Mice were distributed
among the following groups (six mice per group; total of 18
mice): control (non-treatment), solvent, and tranexamic acid
groups. All the experiments were performed in triplicate.
Blood and brain (cerebrum) samples were collected 2 years
after the initiation of the study (Figure 1). All the experiments
were blinded in this study. This study was performed in strict
accordance with the Guide for the Care and Use of Laboratory
Animals of Suzuka University of Medical Science and was
approved by the Animal Experiment Ethics Committee of the
Suzuka University of Medical Science on September 25, 2014
(approval number: 34). All surgeries were performed under
anesthesia using pentobarbital (50 mg/kg; Nacalai Tesque,
Kyoto, Japan), and complete efforts were made to minimize
the suffering of the mice.

Treatment with Tranexamic Acid

Approximately 12 mg/kg of tranexamic acid (Daiichi
Sankyo Healthcare Co., Ltd., Tokyo, Japan) in distilled
water was orally administered to each mouse three times
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Figure | Schematic representation of the experiment.

per week for 2 years, whereas the mice in the solvent
group received distilled water only.”” This dose of
12 mg/kg/day for mice was derived from that used in
humans (750 mg/60 kg). In addition, toxicity was not
observed with long-term tranexamic acid administration.

Treatment with Plasmin Inhibitor
(Aprotinin)

Approximately 100 KIU/kg of aprotinin (Cayman, Ann
Arbor, MI, USA) in saline solution was intraperitoneally
injected into ICR mice three times per week for 2 years.

The mice in the solvent group received saline solution.”**’

Treatment with a COX-2-Inhibitor
(Celecoxib)

Approximately 10 mg/kg of celecoxib (Tocris Bioscience,
Avonmouth, Bristol, UK) in 0.25% dimethyl sulfoxide

Control

Water
Tranexamic acid
Aprotinin

per week for 2 years

Control

Water
Tranexamic acid
Celecoxib

(DMSO) was orally administered into each ICR mouse
three times per week for 2 years. Mice in the solvent
group received 0.25% DMSO solution.”®

Open Field Test

The open field area (50 x 50 x 40 cm’) was made of
plastic. Motor activity (distance [cm] moved by mice)
was measured over a 15 min period using a video-
tracking system (Smart2, Bio Research Center, Nagoya,
Japan), and the data obtained was graphed.

Behavioral Assessment

The water maze test was adapted from the Morris
method.”’ Mice were given two blocks of training with
four trials, every day during the test week. Each mouse
remained on the platform for a 60 s interval. To evaluate
the memory and learning ability of mice, we measured the
swimming time (goal latency) from being placed in the
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water to reaching the platform in each trial. We measured
the time taken to arrive at this platform and set the average
of six mice to the mean escape latency.

Western Blot Analysis of the Brain

Samples

Cerebrum samples were collected from all mice 2 years after
treatment and were homogenized in lysis buffer (Kurabo,
Osaka, Japan) and centrifuged at 8000 x g for 10 min.
Western blot analysis was performed using previously
described methods.’® The membranes were incubated at
room temperature for 1 h with primary antibodies against
amyloid precursor protein (1:1000; Abcam, Cambridge, MA,
USA), amyloid-f (1:1000; Rockland Immunochemicals Inc.,
Gilbertsville, PA, USA), ionized calcium-binding adaptor
molecule 1 (Ibal, marker of microglial and macrophage,
1:1000; Wako, Osaka, Japan), chemokine receptor 7
(CCR7, 1:1000; Abcam), CD80 (1:1000; Bioss Antibodies
Inc., Woburn, MA, USA), CD163 (1:1000; Abcam), CD206
(1:1000; Abcam), plasmin (1:1000; Abgent, San Diego, CA,
USA), urokinase-type plasminogen activator (uPA, 1:500;
Abcam), and f-actin protein (1:5000; Sigma-Aldrich,
St. Louis, MO, USA). The protein bands on the membranes
were visualized following the incubation of membranes with
horseradish peroxidase-conjugated secondary antibody
(Novex, Frederick, MD, USA); band intensities were
detected using the ImmunoStar Zeta regent (Wako, Osaka,
Japan). The images of protein bands were acquired using the
multi-grade software program (Fuji-film, Greenwood,
SC, USA).

Quantification of IL-1f, IL-10, Tumor
Necrosis Factor (TNF)-a, and
Transforming Growth Factor (TGF)-a
Proteins Using Enzyme-Linked
Immunosorbent Assay (ELISA)

The levels of IL-1B, IL-10, TNF-0, and TGF-a in the
brain were determined using commercial ELISA kits (IL-
1B and IL-10: Abcam; TNF-a: RayBiotech Inc.,
Norcross, GA, USA; TGF-B: MyBioSource, San Diego,
CA, USA) according to the respective manufacturer’s
instructions.

Statistical Analysis
All the data were presented as means + standard devia-
tions. Results were statistically analyzed using one-way

analysis of variance using Microsoft Excel 2010, followed
by Tukey’s post hoc test performed using SPSS, version
20 (IBM, Armonk, NY, USA). Differences with p values
<0.05 were considered statistically significant.

Results
Effect of Tranexamic Acid on the
Behavior of Aging Mice

According to the open field test, after 2 years of treatment
with tranexamic acid, the motor activity of mice increased
(Figure 2A), while the mean escape latency in the Morris
water maze decreased (Figure 2B).

Effect of Tranexamic Acid on the Expression
of Plasmin and uPA in Aging Mice

The protein levels of plasmin, a target of tranexamic acid, and

uPA decreased in tranexamic acid-treated aging mice
(Figure 3).

Effect of Tranexamic Acid on the
Expression of Amyloid Precursor and
Amyloid-f3 Proteins in Aging Mice

The levels of amyloid precursor and amyloid-3 proteins in
the brains of mice treated with tranexamic acid decreased
compared with those in the brains of untreated mice or
mice treated with the solvent (Figure 4).

Effect of Tranexamic Acid on the
Expression of Ibal, CCR7, CD80,
CD163, and CD206 in Aging Mice

Although the expression of Ibal, which is a microglial
(microglia are a type of brain macrophage) marker, did not
change following the administration of tranexamic acid
(Figure 5A), the levels of CCR7 and CD80, which are
markers of M1-type macrophages, decreased in the treatment
group than in the control group (Figure 5B and C). However,
the expression of CD163 and CD206, which are markers of
M2-type macrophages, increased in mice from the tranexa-
mic acid group compared with that in mice from the control
group (Figure 5D and E).

Effect of Tranexamic Acid on the Levels of
IL-18, TNF-qa, IL-10, and TGF-f in the
Brains of Aging Mice

In the brains of mice treated with tranexamic acid, the
levels of inflammatory cytokines such as IL-1 and TNF-a
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Figure 2 Effect of tranexamic acid administration on memory, learning, and motor activities of aging mice as determined by Morris water maze (A) and open field tests (B).
The values are presented as means + standard deviations using samples from six mice; *p < 0.05.
Abbreviation: TA, tranexamic acid.
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Figure 3 Effects of tranexamic acid on the expression of plasmin (A) and urokinase-type plasminogen activator (B). Two years after treatment, we measured the levels of
plasmin and urokinase-type plasminogen activator in the mice brains by Western blotting analysis. The values are expressed as means + standard deviations derived from the
samples from six mice. *p < 0.05.

Abbreviation: TA, tranexamic acid; uPA, urokinase-type plasminogen activator.
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Figure 4 Effects of tranexamic acid on the expression of amyloid precursor (A) and amyloid-p (B) proteins. Two years after treatment, we measured the expression of
amyloid precursor and amyloid-p proteins in the mice brains by Western blotting analysis. Values are expressed as means * standard deviations derived from the samples

from six mice. *p < 0.05.
Abbreviation: TA, tranexamic acid.

(Figure 6A and B) decreased, while those of the anti-
inflammatory cytokines such as IL-10 and TGF-B
increased (Figure 6C and D), when compared to those in
the brains of mice from the control group.

Effect of Aprotinin on the Expression of
Amyloid-f3 and on the Memory and
Learning Abilities of Aging Mice

After the administration of aprotinin, the decline in mem-
ory and learning abilities in aging mice was ameliorated to
levels similar to those observed following treatment with
tranexamic acid (Figure 7A). Similar to mice from the
tranexamic acid-treated group, the aprotinin-treated group
had reduced expression of amyloid-f protein in the brain
compared with the control group (Figure 7B).

Effect of Celecoxib on the Expression of
Amyloid-f3 and on the Memory and
Learning Abilities of Aging Mice

Memory and learning abilities as well as the expression
of amyloid-p were not significantly different between the
celecoxib group and control group (Figure 8A). However,
a statistically significant increase in these parameters

were noted in the celecoxib-treated mice compared with
that in the tranexamic acid-treated mice (Figure 8B).

Discussion

In this study, treatment of mice with tranexamic acid for 2
years ameliorated aging-induced decline in memory and
learning abilities. We also observed that the expression of
amyloid-f proteins decreased in tranexamic acid-treated
mice. However, the expression of CCR7, CDS80, IL-14,
and TNF-o in mice brains decreased following tranexamic
acid administration, while that of CD163, CD206, IL-10,
and TGF-B increased. Amelioration of aging-induced
decline in memory and learning abilities in mice was
also observed after aprotinin administration, as opposed
to that after celecoxib administration.

AD
Parkinson’s disease alter the normal physiological condi-

Neurodegenerative  diseases such as and
tions of the immune system.’’ A continuous accelerated
production of inflammatory cytokines or free radicals from
microglia due to the malfunction of the immune system is
observed during chronic inflammatory conditions. In the
nervous system, microglia, a type of brain macrophages,’”
are activated by interferon-y when the inflammatory

cytokines such as amyloid-f and free radicals are

submit your manuscript

658

Dove

Journal of Experimental Pharmacology 2020:12


http://www.dovepress.com
http://www.dovepress.com

Dove

Hiramoto et al

(kDa)
hat 17> S
CCR7 47> P o sl
CD80 70 > GG §
CDI163 150 > ——— — 1.0
.;
CD206 175 > WO Sl =
. ° (.5}
B-actin e o S— =
ControlWater TA =
0
c D
%
o1sf " 15}
= =
[+ j
= | .
£1.0- £ 1.0F
)3 <
g &
= >4 I =
=0.5|- £ B0.51
=2 = Z| 2
8 =l O
0 0

B %
o 1.5F %
] | s l
E 1.0F
g
5 & 5
=S| S05F =
= & z| A
2 z
0
% E *
2 15) —
| =
p -
%1.0-
® ° &
1 P q_){
Q. = < | =
L |E| sosf 5
E ~ §. S =
<
&)
= 0

Figure 5 Effects of tranexamic acid on the expression of IbA microglia marker (A), CCR7 (B), CD80 (C), CDI63 (D), and CD206 (E). Two years after treatment, we
measured the levels of IbA, CCR7, CD80, CD163, and CD206 in mice brains by Western blotting analysis. Values are expressed as means # standard deviations derived from

the samples from six mice. *p < 0.05.
Abbreviation: TA, tranexamic acid.

produced.*® > When the inflammatory cytokines secreted
by the microglia affect the neuronal tissues by inducing

17:3637 the hypothalamic-pituitary-

a histological change,
adrenal system gets activated. If high corticoid levels are
maintained in the blood for a long period, a decrease in the
level of brain-derived neurotropic factor and the inhibition
of hippocampal neurogenesis may occur.***° Thus,
inflammatory cytokines are involved in the decline in
memory and learning abilities.

Chronic inflammatory conditions are induced by con-
tinuous ROS secretion during aging.*® Moreover, it was
reported that aging considerably increased the IL-6 and
TNF-a levels in cells.*! Thus, ROS, IL-6, and TNF-a play
important roles in chronic inflammatory conditions or
aging. Tranexamic acid inhibits plasmin production.**
Plasmin processes the cytokines via matrix metalloprotei-

nase (MMP)-9 and activates inflammatory reactions.*?

Furthermore, plasmin has an important role in migration
and infiltration of inflammatory cells after the degradation
of the extracellular matrix by MMP activation.** Thus, the
increase in the levels of inflammatory cytokines induced
by plasmin promotes the accumulation of amyloid-f.
However, tranexamic acid inhibits the production of
inflammatory cytokines by inhibiting the production of
plasmin, thereby eliciting protective effects against the
accumulation of amyloid-f.

Additionally, plasmin is directly involved in the activa-
tion of macrophages.* Here, as cytokine secretion by
brain microglia was modulated by tranexamic acid admin-
istration, we suggest that plasmin activates the microglia.
Furthermore, in this study, the expression of M1 macro-
phage markers (CCR7 and CD80) was reduced with the
administration of tranexamic acid. M1 macrophages
secrete inflammatory cytokines, such as TNF-a, IL-6,
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Figure 6 Effects of tranexamic acid on the levels of IL-1f (A), TNF-a (B), IL-10 (C), and TGF-B (D) in the mice brains. Two years after treatment, we measured the
concentrations of IL- 1B, TNF-a, IL-10, and TGF-B in the mice brains using ELISA kits. Values are expressed as means * standard deviations derived from the samples from 10

mice. *p < 0.05.
Abbreviation: TA, tranexamic acid.

inflammation.***’

and IL-12,
Conversely, the expression of M2 macrophage markers
(CD163 and CD206) increased after tranexamic acid
M2

inflammatory cytokines, such as TGF-§ and IL-10, thereby

thereby  promoting

administration. macrophages  secrete  anti-
inhibiting inflammation.”® Importantly, we hypothesized
that by altering the M1/M2 macrophage balance, the dena-
turation of neurons could be controlled. The decline in
memory and learning abilities due to aging was suppressed
by the inhibitory effect of tranexamic acid on the actions
of plasmin. Recently, Ni et al reported that the conversion
of M1/M2 polarization was regulated by a lysosomal
enzyme, cathepsin E, and its switch, cathepsin B.*
However, the plasmin-mediated regulation of M1/M2 con-
version requires further research.

Furthermore, plasmin inhibits 14-arachidonic acid and
induces the production of prostaglandin E2.°° However, in
our study, tranexamic acid exerted an anti-inflammatory

effect by inhibiting the production of the prostaglandin E2.

Moreover, mice administered with celecoxib, an anti-
inflammatory agent, inhibited COX-2-mediated prosta-
glandin E2 production, impaired memory and learning
abilities, and favored amyloid-f accumulation. A similar
effect, as observed with tranexamic acid administration,
was seen in the experiment of plasmin inhibition after
aprotinin administration. Therefore, we suggest that the
anti-inflammatory effect caused by COX-2 inhibition was
not related to the improvement in memory and learning
abilities caused by tranexamic acid.

Conclusions

In this study, we observed that tranexamic acid ameliorated
aging-induced decline in memory and learning abilities of
aging mice by inhibiting the synthesis of plasmin and
decreasing the levels of chronic inflammation and activity
of microglia (M2 macrophages) in the brain. Therefore, the
origin of aging is related to chronic inflammation. As tra-
nexamic acid suppresses chronic inflammation, it may
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Figure 7 Effects of aprotinin (plasmin inhibitor) on memory and learning abilities (A) and expression of amyloid- (B) in aging mice. Two years after treatment, we measured
the memory and learning abilities and levels of amyloid-f in the brain by the Morris water maze test and Western blot analysis, respectively. Values are expressed as means *
standard deviations derived from measurements from 10 mice. *p < 0.05.

Abbreviation: TA, tranexamic acid.
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Figure 8 Effects of celecoxib (COX-2 inhibitor) on the memory and learning abilities (A) and expression of amyloid-p (B) in aging mice. Two years after treatment, we
measured the memory and learning abilities and levels of amyloid-f using the Morris water maze test and Western blot analysis, respectively. Values are expressed as means
+ standard deviations derived from measurements from 10 mice. *p < 0.05.

Abbreviation: TA, tranexamic acid.

suppress neurodegeneration, which occurs owing to aging.  studies should be conducted to elucidate the relationship
Thus, it may be effective against the decline in memory and  between plasmin inhibitors and switching of M1 to M2 by
learning abilities associated with aging (Figure 9). Further = microglia, which could lead to the development of novel
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Figure 9 Mechanism of the effect of tranexamic acid on the decline of aging-induced memory and learning abilities in mice.

therapeutic methods against neurodegenerative conditions
associated with aging.
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