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Abstract—The increased prevalence of cognitive impairment, specifically among the aging population, has
attracted attention in recent years. Trans-cinnamaldehyde (TCA), which is isolated from cinnamon, has
recently drawn attention because of its potent anti-inflammatory and antioxidant properties. This study aimed
to investigate the effects of TCA on learning and memory using a mouse model of cognitive impairment induced
by a combination of D-galactose (D-gal) and aluminum chloride (AlCl3). TCA (10 and 30 mg/kg/day) was
administered orally for 30 days after the induction of cognitive impairment. The Morris water maze (MWM)
task was performed to directly evaluate the neuroprotective effects of TCA on memory and spatial learning
abilities. We found that TCA treatment attenuated cognitive impairment and reduced brain damage in the
D-gal- and AlCl3-treated mice. To further investigate the mechanisms involved in the effects of TCA, we ana-
lyzed the nuclear factor erythroid 2-related factor (Nrf2) and related signaling pathways. We found that TCA
upregulated AMP-activated protein kinase (AMPK), Nrf2, heme oxygenase 1 (HO-1) and NAD(P)H dehy-
drogenase [quinone] 1 (NQO-1); this suggests that TCA may attenuate cognitive dysfunction by reducing
oxidative stress. We concluded that TCA reduced D-gal and AlCl3-induced cognitive dysfunction through
activation of the AMPK-mediated Nrf2/HO-1 signaling pathway in the brain. These results suggest that TCA
may be a candidate for treating age-associated cognitive impairment.
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INTRODUCTION
Memory is the basic cognitive function that is most

affected by aging [1], and cognitive decline has a sig-
nificant social and economic impact on older adults
and their families and caregivers [2]. Decreased cogni-
tive functions include impairments in working mem-
ory, long-term memory, information processing,
attention, and cognitive f lexibility [3, 4]. Additionally,
these conditions are accompanied by more serious
aging-associated diseases such as amyloidosis and vas-
cular dementia [5].

Reactive oxygen species (ROS) hypothetically play
a vital role in the pathogenesis in several neurodegen-
erative diseases, including Alzheimer’s disease (AD)
[6]. The central nervous system (CNS) is particularly
susceptible to oxidative stress because of its high oxy-

gen consumption and relatively low levels of ROS-
scavenging enzymes and endogenous antioxidants
compared with those in other organs [7–9]. The
imbalance between the generation and elimination of
reactive oxygen species (ROS) can cause extensive and
lasting damage in the CNS. This damage may acceler-
ate memory impairment [10–12].

Treatment with D-galactose (D-gal) may increase
neurodegeneration by increasing the activity of acetyl-
cholinesterases (AChE), ROS levels, and cognitive
deficits and by inhibiting antioxidant enzymes [13].
Aluminum causes neuronal vacuolization, cerebral
cortex atrophy, and cognitive/memory dysfunction
[14]. Furthermore, treatment with aluminum chloride
(AlCl3) and D-gal induce neurodegenerative symp-
toms similar to AD in rodents; these symptoms
include memory impairment, high levels of amyloi-
dogenic proteins, cholinergic dysfunction, and the
formation of senile plaques and neurofibrillary tangles
[15–17].
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Fig. 1. Graphical abstract and Schedule of the experiment. Schedule of the experiment. Eight-week-old BALB/C mice were
injected intraperitoneally with D-gal (120 mg/kg/day) and AlCl3 (20 mg/kg/day) for 60 days. TCA (30 mg/kg/day) was injected
intraperitoneally for 30 days. After behavioral analyses, mice were euthanized, and brain samples were collected for further anal-
ysis.
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Trans-cinnamaldehyde (TCA), a compound
derived from cinnamon, is used as a natural spice for
cooking and food processing. It is generally recog-
nized as safe by the United States Food and Drug
Administration (FDA). Extensive studies focusing on
the broad scope of medicinal applications for TCA
have been carried out [18–20]. These studies reported
that a cinnamon extract, which contains TCA, causes
antioxidant, antidiabetic, antineoplastic, and anti-
inflammatory effects in various diseases [21–23].
TCA has also been demonstrated to exhibit powerful
anti-inflammatory activities by affecting the activity of
toll-like receptor 4 (TLR4), nuclear factor-κB (NFκB)
and mitogen-activated protein kinase (MAPK) [24].
Considering the reported beneficial effects of TCA,
this study aimed to determine whether TCA treatment
can prevent memory deficiencies induced by D-gal
and AlCl3.

MATERIALS AND METHODS

Animals. Sixty BALB/C eight-week-old male mice
(20–22 g body weight) were purchased from Daehan
Biolink Co., Ltd (Eumseong, Korea). All mice were
housed in plastic containers under constant tempera-
ture (23 ± 1°C), humidity (60 ± 10°C), and a 12-h
light/dark cycle and given free access to food and
water. After a week of adaptation, mice were randomly
divided into five experimental groups (n = 12 per
group). All animal studies were performed per the
“Principles of Laboratory Animal Care” (National
NEUROCHEMICAL JOURNAL  Vol. 15  No. 1  2021
Institutes of Health publication number 80-23, revised
in 1996) and approved by the Animal Care and Use
Guidelines Committee of Kyung Hee University
(approval number: KHUASP(SE)-17-126-1).

Drug treatment. The TCA (C80687), D-gal
(G0750) and AlCl3 (294713) were purchased from
Sigma Aldrich (St. Louis, MO, USA). To induce cog-
nitive deficiencies, mice were injected intraperitoneally
with D-gal (120 mg/kg/day) and AlCl3 (20 mg/kg/day)
dissolved in saline (0.9% NaCl) for 60 days, referring
to the previous studies [25–27]. Control mice were
injected with the same volume of saline during this
period. TCA dissolved in saline was injected intraper-
itoneally for 1 month (Fig. 1). Mice were divided into
four groups according to treatment: control group:
saline + saline (WT-CON), mild cognitive impair-
ment group: D-gal + AlCl3 + saline (MCI-CON),
TCA at 10 mg/kg/day group: D-gal + AlCl3 + TCA at
10 mg/kg/day (TCA 10), and TCA at 30 mg/kg/day
group: D-gal + AlCl3 + TCA at 30 mg/kg/day (TCA 30).

Morris water maze. We performed the Morris water
maze (MWM) task to evaluate the spatial memory
performance. The water maze was a white tank (1.0 m
diameter, 30 cm height) filled with 20 cm of water
(22–24°C). We added white opaque nontoxic paint to
the water to hinder visibility. Also, a submerged Plexi-
glas platform (10 cm diameter; 6–8 mm below the sur-
face of the water) was located at a fixed position
throughout the training session. The position of the
platform varied from mouse to mouse while being
counterbalanced across experiment groups. In this
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Table 1. Primers, which were synthesized at COSMO Genetech (Seoul, Republic of Korea)

Gene Primers

LKB1 Forward 5'-AGCTGCGCAGGATCCCCAAT-3'
Reverse 5'-TGGCACACAGGGAAGCGCTT-3'

GAPDH Forward 5'-TGAATACGGCTACAGCAACA-3'
Reverse 5'-AGGCCCCTCCTGTTATTATG-3'
study, all mice were habituated to the maze 1 day
before training, and all animals were subjected to three
trials per day. A training session consisted of a series of
three trials per day over 8 consecutive days (24 trials in
total). During each of the three trials, animals were
randomly placed at different starting positions equally
spaced around the perimeter of the pool. Mice were
given 60 s to find the submerged platform. If the
mouse did not mount the platform within 60 s, it was
guided to the platform. The time to mount the plat-
form was recorded as the latency for each trial. All
mice were allowed to remain on the platform for 10 s
before being returned to their home cage. A single-
probe trial, in which the platform was removed, was
performed after the hidden platform task had been
completed (day 9). Each mouse was placed into one
quadrant of the pool and allowed to swim for 60 s. All
trials were recorded using a charge-coupled device
camera connected to a video monitor and a computer.

RNA isolation and quantitative real-time PCR. The
mice were anesthetized with intraperitoneal injection
of 2.5% Avertin (2,2,2-tribromoethanol) and immedi-
ately perfused through the heart with PBS. Mouse hip-
pocampi were isolated after behavioral testing and euth-
anization. The transcription of cytokines was analyzed by
quantitative real-time PCR (qRT-PCR). Using the
Hybrid-R (GeneAll, Seoul, Republic of Korea), we
extracted the total RNA from mouse hippocampi and
measured the concentration using a NanoDrop ND-
1000 spectrophotometer (Thermo-Fisher, Waltham,
MA, USA). Next, RNA samples (3 μg) were con-
verted to cDNA using TOPscript RT DryMIX (Enzy-
nomics, Daejeon, Republic of Korea). The cDNA was
amplified through qRT-PCR using TOPreal qPCR
2× PreMIX (SYBR Green; Enzynomics) and the
CFX Connect Real-Time PCR System (Bio-Rad
Laboratories, Hercules, CA, USA). Table 1 describes
primers, which were synthesized at COSMO Gene-
tech (Seoul, Republic of Korea).

Western blot. The mice were anesthetized with
intraperitoneal injection of 2.5% Avertin (2,2,2-
tribromoethanol) and immediately perfused through
the heart with PBS. Mouse hippocampi were isolated
after behavioral testing and euthanization. The hippo-
campi were weighed and lysed in a volume 10× that of
RIPA lysis buffer plus protease and phosphatase
inhibitors. Equal amounts of protein samples (20 μg)
in the sample buffer were subjected to 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis for
N

120 min at 110 V. And it transferred electrophoretically to
immunoblotting PVDF membranes (0.45 μm) for
80 min at 90 V by PowerPac™ Basic Power Supply
(Bio-Rad Laboratories). The membranes were then
pretreated with a blocking solution (5% skim milk,
0.1% Tween 20 in TBS) for 1 h at room temperature
and reacted with primary antibodies in the blocking
solution overnight at 4°C. The following primary anti-
bodies were used (Table 2): Nrf2 (rabbit, 1 : 500, Cell
Signaling Technology, #12721), phosphor-AMP-
Kalpha (rabbit, 1 : 500, Cell Signaling Technology,
#2535), AMPKalpha (rabbit, 1 : 500, Cell Signaling
Technology, #2532), HO-1 (rabbit, 1 : 1000, Cell Sig-
naling Technologies, #5853) and NQO1 (rabbit, 1 :
1000, Cell Signaling Technologies, #62262). Next,
membranes were washed with the washing solution
(0.1% Tween 20 in TBS) for 5 × 10 min and reacted
with HRP-conjugated secondary antibodies against
mouse or rabbit IgG in the blocking solution for 1 h at
room temperature. Membranes were rewashed with
the washing solution for 5 × 10 min. Protein signals
were detected by an enhanced chemiluminescence
reagent (Bio-Rad Laboratories) and visualized by
ChemiDoc (Bio-Rad Laboratories). After that, we
detected β-actin on the same blot as an internal con-
trol for the normalization of protein loading. The
intensity of bands was quantified using ImageJ soft-
ware (Bethesda, MD, USA).

Statistical analysis. All data were analyzed by using
SPSS version 25 (IBM corporation, NY, USA) with
statistical significance defined as a P value less than
0.05. The results are presented as the mean ± Standard
Deviation(SD). Parametric tests such as ANOVA were
used when the data satisfied the null hypothesis of the
Levene’s test. Tukey’s post hoc test was performed if
the P value was < 0.05 in one-way ANOVA. In case of
Levene’s test results do not satisfy null hyperphothe-
sis, the Kruskal–Wallis test followed by Dunn’s post
hoc multiple comparisons was used to compare
among the experimental groups. All graphs were con-
structed using GraphPad Prism 5.0 software (Graph-
Pad software Inc., CA, USA).

RESULTS
TCA improves cognitive function in mice with a D-gal-

and AlCl3-induced cognitive deficiencies in the Morris
water maze task. To examine whether TCA improves
cognitive performance in the D-gal- and AlCl3-
EUROCHEMICAL JOURNAL  Vol. 15  No. 1  2021
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Table 2. Primary antibodies

Antibody Host Source Catalog No. RRID Application

Nrf2 Rabbit Cell signaling,
Danvers, MA, USA

12721 AB_2715528 WB, 1 : 1000

Phosphor
AMPK alpha

Rabbit Cell signaling,
Danvers, MA, USA

2535 AB_331250 WB, 1 : 500

AMPK alpha Rabbit Cell signaling,
Danvers, MA, USA

2532 AB_330331 WB, 1 : 500

HO-1 Rabbit Cell signaling,
Danvers, MA, USA

5853 AB_10835857 WB, 1 : 1000

NQO1 Rabbit Cell signaling,
Danvers, MA, USA

62262 AB_2799623 WB, 1 : 1000

β-actin – Santa Cruz Biotechnology,
Dallas, TX, USA

sc-47778 HRP AB_2714189 WB, 1 : 5000

Rabbit IgG Goat Santa Cruz Biotechnology,
Dallas, TX, USA

sc-2054 AB_631748 WB: 1 : 5000
induced model of cognitive deficiencies, we assessed
memory formation using the MWM task, which is
widely used to measure hippocampus-dependent
learning and memory of mice [28]. We assessed spatial
memory by determining the escape time in a hidden
platform using three trials per day. In this study, the
MCI-CON group exhibited markedly impaired learn-
ing and memory compared with the WT-CON group
(Fig. 2a). Although there was no significant difference
in the escape latency times between the MCI-CON
and TCA 10 groups, the TCA 30 group (p < 0.01)
exhibited a significant decrease in escape latency time
and a decreased tendency similar to the WT-CON (p <
0.01) group (Fig. 2a). Additionally, representative nav-
igation paths on day 8 of training provided evidence
that spatial learning acquisition was impaired in the
MCI-CON group compared with the TCA 30 group
(p < 0.05), which exhibited a navigation pattern simi-
lar to that of WT-CON mice (Fig. 2b). The platform
was removed after the last training session, and the mice
were given 60 s to find the missing platform during the
probe trial. As illustrated in Fig. 2, the time spent in the
target quadrant for the MCI-CON group was signifi-
cantly less than that for the TCA 30 group (p < 0.01).

Effects of TCA on the Nrf2 signaling pathway in the
brain of D-gal- and AlCl3-treated mice. Previous stud-
ies indicated that the antioxidant effects are a repre-
sentative benefit of TCA [29, 30]. Nrf2 regulates the
expression of antioxidant proteins that protect against
oxidative damage triggered by injury and inflamma-
tion. In addition, some reports have demonstrated that
cognitive function is associated with the Nrf2 signaling
pathway [31, 32]. Therefore, we assessed whether TCA
could regulate Nrf2 levels in D-gal- and AlCl3-treated
mice. As illustrated in Fig 3a, the MCI-CON group
exhibited decreased Nrf2 levels compared to those in
the WT-CON group. However, Nrf2 levels were mark-
edly increased in the TCA 30 group, thus indicating
NEUROCHEMICAL JOURNAL  Vol. 15  No. 1  2021
that TCA might restore cognition through the Nrf2
signaling pathway. To clarify the antioxidant effects of
TCA induced by Nrf2 signaling, the hippocampal pro-
tein levels of HO-1 and NQO1 were evaluated using
immunoblots. HO-1 levels were slightly decreased in
the MCI-CON group, compared to those in the
WT-CON group. TCA treatment represented an
increased tendency of HO-1 compared to the MCI-
CON group, but there were no significant differences
between the groups (Fig. 3b). In the case of NQO1,
the MCI-CON group exhibited significantly lower
expression than that in the WT-CONgroup (p < 0.05).
However, NQO1 levels were markedly increased in a
concentration-dependent manner in the TCA 10 group
and TCA 30 treatment group (P < 0.01) (Fig. 3c).

Effects of TCA on the LKB1/AMPK expression of
D-gal- and AlCl3-treated mice. AMP-activated protein
kinase (AMPK), a major regulator of cellular energy
homeostasis and metabolism, also regulates Nrf2
expression [33]. We used westernblot analyses to mea-
sure changes in cerebral AMPK activity between
groups and found that AMPK activation was increased
by TCA treatment (p < 0.05, Fig. 4a). The serine-thre-
onine liver kinase B1 (LKB1), also known as ser-
ine/threonine kinase 11, is one of the main kinases
that mediate AMPK phosphorylation [34]. LKB1
expression was significantly increased in the TCA 30
group compared to that in the MCI-CON group (p <
0.01, Fig. 4b). Collectively, our results indicate that
TCA-mediated cognitive improvement is associated
with regulation of the LKB1/AMPK/Nrf2 signaling
pathway.

DISCUSSION
The present study demonstrates that TCA-depen-

dent activation of the Nrf2 pathway may ameliorate
behavioral dysfunction and neurological deficiencies
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Fig. 2. TCA improves cognitive function in D-gal- and AlCl3-induced cognitive deficiencies in mice. (a) 60 days of D-gal and
AlCl3 induced cognitive impairment, and 30 days of TCA treatment showed no significant difference in weight between groups.
(b) Spatial learning and memory were analyzed by estimating the time to reach a hidden platform for 8 consecutive days. To ana-
lyze cognitive function, we measured the time required to reach the platform. (c) After 7 days of training, a probe task was per-
formed. The amount of time that the mouse spent in the target quadrant was measured during a 60 s probe test. Time spent in the
target quadrant. All results are expressed as the mean ± Standard Deviation (SD) (n = 12–16 per group). **p < 0.01 compared
with the WT CON group; ##p < 0.01 compared with the MCI CON group.
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in a D-gal- and AlCl3-induced mouse model of cogni-
tive impairment. We found that TCA protected against
cognitive dysfunction and activate the AMPK/Nrf2
pathway to exert antioxidant effects. Therefore, TCA
might have potential as an effective natural product for
counteracting aging and aging-associated diseases
including cognitive impairment. Notably, this is the
first time the effect of TCA is demonstrated on the
learning and memory impairment in the D-gal and
AlCl3-induced mouse model.

Cinnamon has been widely used in food as a f lavor-
ing agent and as a component of traditional medicine
in Asia [35]. TCA, which is a major component of cin-
namon exhibits a wide range of biological activities,
including antitumoral, antibacterial, antidiabetic,
anti-inflammatory, and antioxidant activities [21–
23]. It also exerts neuroprotective effects on neurode-
generative models including AD and Parkinson’s dis-
N

ease [36, 37]. Because of these positive effects, we
hypothesized that TCA might protect against D-gal-
and AlCl3-induced cognitive impairment in mice.

The vsat majority of AD cases are sporadic, but the
causes underying these cases remain unknown. There-
fore, many transgenic mice were developed to mimic
AD pathophysiology [38]. Also, non-transgenic AD
mouse models induced by diverse methods including
Aβ, streptozotocin, LPS, D-gal, AlCl3, high-fat diet
and lesion were used for AD research [39]. Although
no single mouse model recapitulates all of the aspects
of the disease spectrum, each model allows for some
analysis of one or two components of the disease,
which is not readily possible with human patients or
samples. Therefore, the choice of animal model
depends on the experimental hypothesis. In this study,
we used D-gal- and AlCl3-induced model. This model
is commonly used because of its ability to increase free
EUROCHEMICAL JOURNAL  Vol. 15  No. 1  2021
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Fig. 3. Effects of TCA on the Nrf2 signaling pathway in the brains of D-gal- and AlCl3-treated mice. (a–c) Representative immu-
noblot images and quantifications for proteins relating to the Nrf2 signaling pathway. Immunoblot was carried out using antibod-
ies against Nrf2 (a), HO-1 (b) and NQO1 (c) using total protein lysates from the brain. All results are expressed as the mean mean ±
Standard Deviation(SD) (n = 3–10 per group). * p < 0.05 compared with the WT CON group; ### p < 0.001, ## p < 0.01 com-
pared with the MCI CON group. 
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radical production, decrease antioxidant enzyme
activity, attenuate the immune response, and repre-
sent age-related cognitive impairment [40]. However,
the protective effects of TCA on D-gal and AlCl3-
induced cognitive impairment have not been reported
before. Here, we found that TCA can prevent D-gal-
and AlCl3-induced cognitive impairment, although
further studies are needed to exactly explain this phe-
nomenon.

Oxidative stress plays an important role in the
pathogenesis of aging-related diseases. It has been
reported that abnormal oxidative stress is an early con-
tributor to the pathogenesis and development of neu-
rodegenerative diseases [41]. Nrf2 and its targeted
NEUROCHEMICAL JOURNAL  Vol. 15  No. 1  2021
antioxidants provide a defense system against oxida-
tive stress [42]. Activated Nrf2 translocates into the
nucleus and binds to the antioxidant response ele-
ments (ARE) to activate the expression of target genes,
including HO-1 and NQO1. Previous reports demon-
strated that TCA decreases neuroinflammation
through activation of the Nrf2 signaling pathway [30].
To determine how TCA improves cognitive function
in the D-gal and AlCl3 mouse model, we analyzed the
Nrf2 signaling pathway. Similarly to previous studies,
we found that TCA significantly increases the level of
Nrf2 and NQO1 but only slightly increases HO-1 pro-
tein expression. Several signaling cascades, such as
mitogen-activated protein kinases (MAPKs) and
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Fig. 4. Effects of TCA on the LKB1/AMPK expression of D-gal- and AlCl3-treated mice. (a) Representative immunoblot images
and quantifications for AMPK proteins. (b) mRNA expression levels of LKB1. All results are expressed as the mean ± Standard
Deviation (SD) (n = 4–7 per group). *** p < 0.001 compared with the WT CON group; # p < 0.05, ## p < 0.01 compared with
the MCI CON group. 
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Fig. 5. Graphical abstract. Schematic illustration showing the mechanism of Nrf2 pathway through AMPK activation by Trans-
cinnamaldehyde in mouse induced cognitive impairment with D-gal and AlCl3.
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AMPK, regulate nuclear activation of Nrf2. Activated
AMPK increases catabolic and decreases anabolic
activities, which increases ATP generation and
reduces ATP consumption [43]. Besides its role in
energy homeostasis, activated AMPK has also been
linked with reduced neuroinflammation and
decreased redox stress. AMPK-mediated enhance-
ment of Nrf2 signaling has been reported by some
investigators [44, 45]. Similarly to previous results, we
found that TCA increases AMPK activation and pos-
N

sibly activates the Nrf2 signaling pathway. Cal-
cium/calmodulin-dependent protein kinase kinase 2
is a well-known enzyme to regulate AMPK phosphor-
ylation. In our experimental conditions, however, we
did not find the differences of CAMKK2 levels among
experimental groups (data not shown). However, fur-
ther studies are needed to exactly explain this result.
One recent study demonstrated that the
LKB1/AMPK and Nrf2/HO-1 axes provide an
important role in prolonging the lifespan [46]. We also
EUROCHEMICAL JOURNAL  Vol. 15  No. 1  2021
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found that TCA increases LKB1 expression. Although
subsequent studies are required regarding its exact
molecular mechanisms, our results suggest that TCA
may prevent age-related cognitive dysfunction
through the LKB1/AMPK/Nrf2 signaling pathway
(Fig. 5). Future studies will be aimed at exploring the
effects of TCA and relating mechanisms on animal
models relating to neurodegeneration.
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