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A B S T R A C T   

The present study aimed to investigate the effect of 6-shogaol (6S) treatment on brain senescence. Mice were 
naturally aged until 25-month-old and treated with 10 mg/kg of 6S for a month. Behavioral tests were performed 
to measure locomotion and cognitive function. Neuronal damage, synaptic plasticity, neuroinflammation, neu
rogenesis and p75 neurotrophin receptor (p75NTR) expression were examined by immunohistochemistry or 
immunofluorescence. 6S treatment improved locomotion during open field test in the aged mice and spontaneous 
alternation in Y-maze. These data are in line with that 6S administration improved dopaminergic neuronal loss 
and dopamine signaling and attenuated hippocampal synaptic plasticity in the aged brain. Additionally, 6S 
treatment reduced striatal and hippocampal microgliosis and astrocytosis but promoted neurogenesis in sub
ventricular zone. Furthermore, 6S treatment reversed the p75NTR expression in the senescent brain. The current 
findings suggest that 6S can be a functional food for successful aging through brain rejuvenation at the molecular 
level.   

1. Introduction 

Age-quake is a neologism meaning that there is a significant de
mographic change due to highly increased aged population worldwide 
(Sabri et al., 2022). The National Institute on Ageing and the National 
Institute of Health in the United states of America documented that age 
over 65 covers approximately 10 % of world population (Nations, Eco
nomic, & Affairs, 2013; Sabri et al., 2022). With the Age-quake, one of 
the leading causes of mortality and morbidity in the people aged more 
than 70 in 2019 worldwide was dementias including Alzheimer’s dis
ease (Collaborators, 2022). In addition to dementia, approximately 1 out 
of 5 elderly people was reported to have movement disorders such as 
Parkinson’s disease which is one of the major drivers of morbidity 
among the aged population (Collaborators, 2022; Tse et al., 2008). Thus, 
it is important to properly manage neuronal dysfunction or loss in the 
aged population. 

During the normal aging, there are some mild but progressive and 
significant changes in the brain at the structural, metabolic and molec
ular levels (Lee & Kim, 2022). Age-related alteration in the brain in
cludes neuronal atrophy/loss, dysregulation of neurotransmitters and 
accumulation of damages in the neuronal environment, which result in 
behavioral changes such as movement deficit and cognitive decline (Lee 
& Kim, 2022). First, neuronal loss and impaired dopamine signaling are 
the major causes of movement deficit (Lubec et al., 2021). It was re
ported that dopaminergic signaling decreases 5–10 % every decade and 
the level of striatal dopamine is reduced up to 50 % with age in the 
human brain (Lubec et al., 2021; Morgan, 1987). In addition, secure 
dopamine signaling is one of the major contributors in synaptic plas
ticity which is closely related to memory and cognitive function as well 
(Madadi Asl, Vahabie, & Valizadeh, 2019; Speranza, di Porzio, Viggiano, 
de Donato, & Volpicelli, 2021). However, aged brain shows impairments 
in the synaptic plasticity and memory decline (Bergado & Almaguer, 
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2002; Burke & Barnes, 2006; Wong et al., 2021). This senescence-related 
neurodegeneration results from various biochemical changes in the 
neurons and one of the potential changes is p75 neurotrophin receptor 
(p75NTR) expression (Wong et al., 2021). The p75NTR is a superfamily 
of tumor necrosis factor (TNF) receptor and known to negatively regu
late neuronal plasticity in a structural and functional way (Dechant & 
Barde, 2002; Wong et al., 2021). In a previous study, mice with p75NTR 
depletion had resistance to hippocampal homeostatic long-term plas
ticity as well as cognitive function deficits (Wong et al., 2021). 
Furthermore, it was reported that p75NTR signaling can regulate neu
roinflammation and neurogenesis in the experimental meningitis rodent 
model (D. Zhang et al., 2021). Thus, it is important to regulate p75NTR 
expression to prevent or improve structural and functional damages 
found in neuronal senescence. 

The current study examined the effect of 6-shogaol (6S) treatment on 
aging-related behavioral changes, neuronal dysfunction and p75NTR 
expression in naturally aged mice. The 6S is a bioactive compound found 
in ginger (Zingiber officinale Roscoe) and especially highly included 
when the ginger is dried (Ha et al., 2012; Moon et al., 2014; Park et al., 
2013). In our previous studies, 6S showed anti-neuroinflammatory ef
fects in the several in vitro and in vivo models (Ha et al., 2012; Park et al., 
2013). Likewise, 6S treatment not only enhanced memory/cognitive 
function in healthy young mice but ameliorated dementia induced by 
scopolamine in mice (Moon et al., 2014). In this context, the current 
study hypothesized that 6S treatment can promote neuronal rejuvena
tion through improvement of neurodegeneration, synaptic plasticity, 
neuroinflammation and neurogenesis which are closely related to 
p75NTR expression in the elderly mice. 

2. Materials and methods 

2.1. Animals and experimental design 

Eighteen male C57BL/6 mice (2-month-old, 20–24 g) were obtained 
from DBL Inc. (Eumseong, Republic of Korea) and housed under 12-h 
light/dark cycle, at a constant temperature (23 ± 1 ◦C) and humidity 
(60 ± 10 %) in standard cages. All the mice had free access to food 
(standard chow diet purchased from DBL Inc.) and tap water. Among 
them, twelve mice were naturally aged until they reached at 25-month- 
old. 

Mice were divided into 3 groups (N = 6 per group) randomly as 
follows: (1) young group (2-month-old, young adult mice administered 
with vehicle); (2) aged group (25-month-old, naturally aged mice 
administered with vehicle); aged + 6S group (25-month-old, naturally 
aged mice administered with 10 mg/kg 6S synthesized and kindly pro
vided from professor Dong-yun Shin at the Gachon University of Medi
cine and Science, Incheon, Republic of Korea as previously described 
(Huh et al., 2023)). Vehicle (saline with 1 % dimethyl sulfoxide) or 6S 
was administered by gavage once a day for twenty-eight consecutive 
days. All the behavioral tests were performed between twenty-first and 
twenty-seventh day of administration as explained in following 
statements. 

2.2. Behavioral tests 

2.2.1. Rotarod test 
To evaluate motor deficit, the current study performed rotarod test. 

On the twenty-first day of administration, every mouse was trained on a 
rotating spindle (30 mm diameter, JD-A-07-TSM, Jeung Do Bio & Plant 
Co., Ltd., Seoul, Republic of Korea) with five individual compartments 
for testing five mice at the same time. The test comprised with two 
sessions as follows: (1) training session (accelerating rotation speed at 
from 5 rpm to 15 rpm for 3 min) and (2) test session (rotation speed at 
15 rpm for 3 min, performed one day after training session). Latency to 
fall was recorded when each mouse was first dropped from rotating bar 
and the mouse was immediately re-located on the rotating bar. By 

relocating mice, total number of falls were measured during 3 min test. 
Test session was performed three times and data were shown as the 
average values over the three test trials. 

2.2.2. Open field test 
To test locomotor activity, mice were allowed to acclimate to the 

behavioral room environment for 1 h before test commencement on the 
twenty-third day of administration. All the mice were located in the 
open field arena with dimensions [W × L × H = 45 × 45 × 45 cm] and a 
camera placed 2.5 m above the arena was used to record locomotion for 
30 min. The test was performed once to eliminate habituation issue and 
estimated between 9p.m. and 2 a.m. to avoid any circadian related 
fluctuation during performance. Total track length that each mouse 
travelled in the whole arena was computerized with automatic analysis 
system (Viewer; Biobserve, Bonn, Germany). 

2.2.3. Y-maze 
Y-maze was conducted on the twenty-fifth day of 6S treatment by 

using test apparatus with three arms (3 × 40 × 12 cm) at the 120◦ angle 
from each other. Mice were located in the middle of the Y-maze and let 
the mice freely explore the arms for 8 min. With a camera placed 2.5 m 
above the apparatus, the number of arm entries and the number of triads 
were recorded to calculate percentage alternation, a measure of spatial 
working memory. The calculation formula is shown as follows: (the total 
number of alternations/total number of arm entries − 2) × 100. When 
the mice consecutively enter all three arms (i.e., ABC, BCA, or CAB but 
not BAB), it was considered as an alternation behavior. 

2.2.4. Novel object recognition test (NORT) 
NORT was performed on the twenty-sixth (training session) and 

twenty-seventh (test session) day of 6S administration. In the training 
session, mice were acclimated in the middle of a dark open field box [W 
× L × H = 45 × 45 × 45 cm] for 4 min and then let them observe two 
identical objects for another 4 min. During the training session, it was 
measured how long the animals spent time for examining each object. 
When the mice were facing, sniffing, or touching any object, the mice 
were considered as examining or exploring the object. On the next day, 
mice were allowed to explore a novel object as well as one of the familiar 
objects (previously observed during the training session) for 4 min. Like 
the training session, it was measured how long the animals spent 
exploring either novel or familiar object during the test session. 
Recognition index was calculated as follows: (time spent for novel ob
ject)/[(time spent for novel object) + (time spent for familiar object)] ×
100). 

2.3. Necropsy and preparation of brain tissues 

On the last day of the animal experiment, mice were anesthetized 
with tribromoethanol (312.5 mg/kg, i.p.), perfused transcardially with 
0.05 M phosphate buffered saline (PBS), and then fixed with cold 4 % 
paraformaldehyde (PFA) in 0.1 M phosphate buffer. Brains were 
removed, post-fixed 4 % PFA overnight at 4 ◦C and then immersed in 
0.05 M PBS containing 30 % sucrose for cryoprotection. Serial 25 μm 
thick coronal sections were cut on a freezing microtome (Leica, Nus
sloch, Germany) and then stored in cryoprotectant (25 % ethylene gly
col, 25 % glycerol, and 0.05 M phosphate buffer) at 4 ◦C before use. 

2.4. Immunohistochemistry 

Free floating brain sections were treated with 1 % hydrogen peroxide 
and then incubated overnight with primary antibodies; tyrosine hy
droxylase (TH, 1:2000), dopamine transporter (DAT, 1:2000) purchased 
from Merck Millipore (Burlington, MA, USA); dopamine- and cyclic- 
AMP-regulated phosphoprotein of molecular weight 32,000 (DARPP- 
32, 1:1000) purchased from Cell Signaling Technology (Danvers, MA, 
USA); synaptophysin (SYN, 1:1000) purchased from Sigma-Aldrich (St. 
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Louis, MO, USA); metabotropic glutamate receptor 5 (mGluR5, 1:1000) 
purchased from Abcam (Cambridge, UK), ionized calcium-binding 
adapter molecule 1 (Iba-1, 1:500) purchased from FUJIFILM Wako 
Chemicals USA Corp. (Richmond, VA, USA); and doublecortin (DCX, 
1:1000) purchased from Santa Cruz Biotechnology (Dallas, TX, USA). 
After overnight incubation, sections were incubated with biotinylated 
secondary antibodies (matched to host of each primary antibody) fol
lowed by incubation in avidin–biotin complex [ABC; Vector Labs (Bur
lingame, CA, USA)] solution. The color of every section was developed 
with 3,3-diaminobenzidine [DAB; Sigma-Aldrich Inc. (St. Louis, MO, 
USA)]. Images were captured using confocal microscopy [K1-Fluo; 
Nanoscope Systems (Daejeon, Republic of Korea)]. TH- 
immunoreactive cells in substantia nigra pars compacta (SNpc), 
DARPP-32-immunoreactive cells in cortex and Iba-1-immunoreactive 
cells with more than 3 branches in striatum and hippocampus were 
quantified by stereological counting, and analyzed using the Image J 
software [National Institutes of Health (Bethesda, MD, USA)]. Organi
zational area was determined by comparing images with the stereotaxic 
atlas of the mouse brain (Franklin & Paxinos, 2013). The optical density 
of DAT in striatum, SYN in hippocampal CA3 stratum lucidum (CA3:SL) 
and mGluR5 in the hippocampal CA1 stratum oriens (CA1:SO) region 
was quantified and analyzed using the Image J software. Cell counting 
was conducted by an experimenter who did not know the treatment 
condition, and the result for each animal was the average of the number 
from its three sections. 

2.5. Immunofluorescence 

For immunofluorescence, free floating brain sections were incubated 
overnight with primary antibodies; glial fibrillary acidic protein (GFAP) 
purchased from Invitrogen (Waltham, MA, USA); and neuronal-nuclei 
(NeuN) purchased from Merck Millipore. After then, sections were 
incubated with secondary antibodies; goat anti-rabbit Alexa Fluor™ 488 
(dilution at 1:500, Invitrogen); and horse anti-mouse DyLight® 488 
[dilution at 1:500, Vector Laboratories, Inc. (Newark, CA, USA)] at room 
temperature. Especially, for double-staining of p75NTR with NeuN, 
sections were rinsed with PBS and then incubated with anti-p75NTR 
purchased from ABclonal Science, Inc. (Woburn, MA, USA). Again, 
sections were incubated with a goat anti-rabbit DyLight® 594 (dilution 
at 1:500; Vector Laboratories, Inc.). All the sections were incubated with 
anti-4′,6-diamidino-2-phenylindole (DAPI) (dilution at 1:1000; Vector 
Laboratories, Inc.) at the last step of staining. Images were visualized 
using K1-Fluo confocal microscopy. GFAP positive cells in striatum and 
p75NTR positive cells in cortex were quantified by stereological 
counting, and analyzed using the Image J software. Like the immuno
histochemistry, organizational area was determined by comparing im
ages with the stereotaxic atlas of the mouse brain (Franklin & Paxinos, 
2013). Percentage of GFAP or p75NTR positive area was quantified and 
analyzed using the Image J software as well. All the quantification was 
conducted by an experimenter who did not know the treatment condi
tion, and the result for each animal was the average of the number from 
its three sections. 

2.6. Statistical analysis 

Data were expressed as mean ± standard error of the mean (SEM). 
All statistical analyses were performed using the GraphPad Prism ver. 
8.0.1 (GraphPad Software Inc., San Diego, CA, USA). A one-way analysis 
of variance (ANOVA) with Dunnett’s post-hoc test was performed for 
multiple comparison, and difference between aged group and another 
group was considered as statistically significant at p < 0.05 and shown in 
each figure. 

2.7. In silico docking analysis 

The structure of 6S was downloaded in SDF format from PubChem 

(https://pubchem.ncbi.nlm.nih.gov/). Then it was imported into the 
software of Pymol and saved in mol2 format. The crystal structures of 
p75NTR and 6S were downloaded from RCSB Protein Data Bank (htt 
ps://www.rcsb.org/). The docking simulation was conducted via 
SwissDock with p75NTR. The scores of full fitness and estimated ΔG 
were used to predict the best ranked docking pose. Generally, the lower 
the score, the higher affinity (Zhong, Guo, & Zheng, 2022). The lowest 
docking score was selected and the corresponding conformation were 
visualized via SwissDock. 

3. Results 

3.1. Effects of 6S administration on weakened motor function in the aged 
mice 

The current study examined motor function by performing rotarod 
test and open field test as shown in Fig. 1. First, as shown in Fig. 1A, 
latency to fall during rotarod test session in the aged group was lower 
than that in the young group. At the same time, the number of falls 
during rotarod test was bigger in the aged group compared to the young 
group as shown in Fig. 1B. However, aged mice treated with 6S showed 
significantly higher latency to fall and smaller than the aged control 
group. Likewise, the aged group travelled less in open field test appa
ratus compared to the young group as shown in Fig. 1C. On the other 
hand, the aged + 6S group showed significantly longer track length 
compared to the aged group. 

3.2. Effects of 6S administration on impaired cognitive function in the 
aged mice 

To evaluate cognitive function, the current study performed Y-maze 
(Fig. 1D and 1E) and NORT (Fig. 1F and 1G). As shown in Fig. 1D, the 
aged group had lower spontaneous alternation compared to the young 
group but the aged + 6S group showed significant enhancement in the 
spontaneous alternation. Interestingly, the number of total entries which 
imply locomotive activity was smaller in the aged group compared to the 
young group as shown in Fig. 1E but there was no effect from 6S 
administration. Additionally, the aged group showed significantly 
smaller recognition index compared to the young group as shown in 
Fig. 1F. The aged + 6S group tended to show higher recognition index 
than the aged group but not significant. Furthermore, total exploring 
time during NORT was shorter in the aged group compared to the young 
group as shown in Fig. 1G. Even though the aged + 6S group showed 
quantitatively longer exploring time than the aged group, there was no 
significance between the two groups. 

3.3. Effects of 6S treatment on the dopaminergic neuronal loss and 
reduced dopamine signaling in the aged mice 

To examine the dopaminergic neuronal loss, brain section of SNpc 
was stained with anti-TH which is generally recognized as a dopami
nergic neuronal marker (Weihe, Depboylu, Schütz, Schäfer, & Eiden, 
2006). As shown in Fig. 2A and 2B, the aged mice showed significantly 
lower number of TH-positive cells in SNpc than the young group. 
However, number of TH-positive cells in SNpc was significantly bigger 
than that in the aged group. In addition to the dopaminergic neuronal 
loss, neuronal expression of DAT and DARPP-32 was measured to 
evaluate dopamine signaling in the aged mice as shown in Fig. 2C – 2E. 
The aged mice showed significantly lower DAT expression compared to 
the young group but the aged + 6S group had significantly higher 
expression DAT in the striatum compared to the aged group (Fig. 2C and 
2D). Likewise, DARPP-32 positive cells in cortex of the aged group were 
significantly lowered than that of the young group. However, the aged 
+ 6S group showed significantly more DARPP-32 positive cells in the 
cortex compared to the aged group (Fig. 2C and 2E). 
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3.4. Effects of 6S treatment on hippocampal synaptic plasticity in the aged 
mice 

The current study examined synaptic plasticity in the mouse hippo
campal region by staining SYN (a marker of presynaptic transmembrane 
vesicles) and mGluR5 (a marker of synaptic function and plasticity) as 
shown in Fig. 3 (She et al., 2009; Wiedenmann & Franke, 1985). The 
aged mice showed lower expression of SYN in CA3:SL as well as mGluR5 
in CA1:SO compared to the young group. On the other hand, the aged +

6S group showed significantly higher expression of SYN and mGluR5 
than the aged group. 

3.5. Effects of 6S administration on neuroinflammation in the aged mice 

To evaluate neuroinflammation, the current study examined micro
glial and astrocytic cell activation through measuring expression of Iba- 
1 and GFAP in striatum and hippocampus, respectively (Figs. 4 and 5). 
First, the aged group showed significantly higher expression of Iba-1 in 

Fig. 1. 6S treatment ameliorated motor and cognitive functions in the 25-month-old C57BL/6 mice. Aged mice were treated vehicle or 10 mg/kg of 6S for 28 
days (N = 6 per group). Rotarod test was performed and (A) latency to fall during and (B) the number of falls were measured during the test session. Open field test 
was performed to evaluate locomotive activity by measuring track length travelled by each mouse (C). Y-maze was used to measure cognitive function by calculating 
spontaneous alternation (D) and the number of entries to arms (E). During novel object recognition test, recognition index (F) was calculated and total exploring time 
(G) was measured. The data were analyzed by one-way ANOVA followed by Dunnett’s multiple comparison test: *p < 0.05, **p < 0.01 and ***p < 0.001 vs. the 
aged group. 

Fig. 2. 6S treatment improved dopaminergic neuronal loss and dopamine signaling in the 25-month-old C57BL/6 mice. Aged mice were treated vehicle or 
10 mg/kg of 6S for 28 days (N = 6 per group). Immunohistochemistry was performed to measure TH-positive cells in the SNpc region (A), striatal expression of DAT 
(C, upper panel) and cortical expression of DARPP-32 (C, lower panel). Optical density of each biomarker was quantified as shown in (B), (D) and (E), respectively. 
The data were analyzed by one-way ANOVA followed by Dunnett’s multiple comparison test: *p < 0.05, **p < 0.01 and ***p < 0.001 vs. the aged group. 
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both striatum and hippocampus than the young group. However, the 6S- 
treated aged group had lower expression of Iba-1 in striatum and hip
pocampus compared to the aged group (Fig. 4). At the same time, GFAP 
expression in both striatum and hippocampus was higher in the aged 
group compared to the young group. On the other hand, the aged + 6S 
group had lower striatal and hippocampal GFAP expression than the 
aged control group (Fig. 5). 

3.6. Effects of 6S treatment on neurogenesis in the aged mice 

In the present study, the number of DCX-positive cells, a marker of 
neurogenesis, was measured in the subventricular zone (SVZ) to eval
uate the impact of 6S on the neurogenesis (Couillard-Despres et al., 
2005). As shown in Fig. 6, the aged group had smaller number of DCX- 
positive cells in SVZ compared to the young group. However, DCX- 
positive cells in the SVZ of the aged + 6S group was increased than 
those of the aged group. 

Fig. 3. 6S treatment improved synaptic plasticity in hippocampus of the 25-month-old C57BL/6 mice. Aged mice were treated vehicle or 10 mg/kg of 6S for 
28 days (N = 6 per group). Immunohistochemistry was performed to measure synaptophysin expression (A, upper panel) and mGluR5 expression (A, lower panel) in 
the hippocampus. Optical density of each biomarker was quantified as shown in (B) and (C), respectively. The data were analyzed by one-way ANOVA followed by 
Dunnett’s multiple comparison test: *p < 0.05 and ***p < 0.001 vs. the aged group. 

Fig. 4. 6S treatment suppressed microgliosis in the striatum and hippocampus of the 25-month-old C57BL/6 mice. Aged mice were treated vehicle or 10 mg/ 
kg of 6S for 28 days (N = 6 per group). Immunohistochemistry was performed to investigate expression of Iba-1, a marker of microglial cell activation, in striatum (A) 
and hippocampus (B). Optical density was quantified as shown on the right panel of each section. The data were analyzed by one-way ANOVA followed by Dunnett’s 
multiple comparison test: *p < 0.05 and ***p < 0.001 vs. the aged group. 
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3.7. Effects of 6S administration on p75NTR expression in the brain of 
the aged mice 

As shown in Fig. 7, p75NTR expression in the cortex and hippo
campus was measured to evaluate whether effects of 6S treatment on 
neuronal rejuvenation is related to p75NTR signaling. The aged group 
showed increase in both cortical and hippocampal p75NTR expression 

contrary to the young group. Interestingly, the aged mice treated with 6S 
showed lower p75NTR expression in both cortex and hippocampus than 
the aged mice. 

3.8. Molecular docking analysis of 6-shogaol with p75NTR 

To estimate the interaction between 6-shogaol and p75NTR at the 

Fig. 5. 6S treatment inhibited astrocytosis in the striatum and hippocampus of the 25-month-old C57BL/6 mice. Aged mice were treated vehicle or 10 mg/kg 
of 6S for 28 days (N = 6 per group). Immunofluorescence was performed to investigate expression of GFAP, a marker of hyper-activated astrocytes, in striatum (A) 
and hippocampus (B). Optical density was quantified as shown on the right panel of each section. The data were analyzed by one-way ANOVA followed by Dunnett’s 
multiple comparison test: **p < 0.01 and ***p < 0.001 vs. the aged group. 

Fig. 6. 6S treatment stimulated neurogenesis in the subventricular zone of the 25-month-old C57BL/6 mice. Aged mice were treated vehicle or 10 mg/kg of 
6S for 28 days (N = 6 per group). Immunohistochemistry was performed to evaluate expression of doublecortin (DCX), a marker of neurogenesis, in the sub
ventricular zone (SVZ) of the 25-month-old C57BL/6 mice. Representative images were shown on the left panel and the optical density was quantified as shown on 
the right panel. The data were analyzed by one-way ANOVA followed by Dunnett’s multiple comparison test: *p < 0.05 and ***p < 0.001 vs. the aged group. 
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atomic level, the current study performed in silico molecular docking 
analysis using SwissDock. The full fitness value is − 3462.77 kcal/mol 
and the estimated ΔG value is − 7.35 kcal/mol, respectively (Table 1). 
The three-dimensional interaction of 6S and p75NTR was visualized 
using SwissDock as shown in Fig. 8. 

4. Discussion 

The current study demonstrated that 6S treatment can attenuates 
weakened motor function as well as impaired cognitive function in the 
25-month-old mice (Fig. 1). In the current study, 6S administration 
improved dopaminergic neuronal loss in SNpc and dopamine signaling 
which are associated with the motor deficits (Fig. 2). Likewise, 6S 
treatment significantly stimulated hippocampal synaptic plasticity 
which is closely related to the memory decline in aged mice (Fig. 3). 
Here, our group found that 6S administration not only reduced neuro
inflammation in the striatum and the hippocampus (Figs. 4 and 5) but 
promoted neurogenesis found in SVZ (Fig. 6). Moreover, 6S treatment 
inhibited p75NTR expression which is a potential key modulator of the 
brain rejuvenation (Fig. 7). 

As life expectancy has risen in last decades, people have more chance 
to encounter neurodegenerative diseases such as Parkinsonian and de
mentia (Kang et al., 2023). Thus, as the desire for a higher quality of life 
in old age so called ‘successful aging’ grows higher, as the people get 
motivated with desires for anti-aging medicines or products more 
(Barbaccia, Bravi, Murmura, Savelli, & Viganò, 2022; Flatt, Settersten, 
Ponsaran, & Fishman, 2013). Especially, brain fitness is highlighted in 
the successful aging because older adults and their behaviors are 
affected by multi-dimensional constructs including (i) biological/phys
ical, (ii) psychological/cognitive, (iii) social and (iv) environmental/ 
contextual perspectives which are all under control of central nervous 
system (CNS) (Barbaccia et al., 2022; Flatt et al., 2013). Hence, healthy 
brain aging can protect the older people from possible social isolation 
due to relatively low age of retirement and/or limited economic activity 
(Barbaccia et al., 2022; Murman, 2015). 

Unfortunately, normal aging is inevitably accompanied with per
formance decline mainly in terms of motor function (Noda, Sato, 
Fukuda, Tada, & Hattori, 2020) and memory/cognition (Murman, 
2015). In this context, the current study first examined whether 6S 
treatment can ameliorate motor deficits in the elderly mice (Fig. 1A – 
1C). As shown in Fig. 1, aged mice showed motor deficits in terms of 
both involuntary (Fig. 1A and 1B) and voluntary movement (Fig. 1C) 
compared to the young mice. However, 6S treatment significantly 
improved forced locomotion and general activity in the elderly mice. 
The result is in line with that the aged mice had lower TH expression in 
SNpc, striatal DAT expression and cortical DARPP-32 expression but 6S- 
treated aged mice showed higher TH expression in SNpc and promotion 
in both DAT and DARPP-32 expression (Fig. 2). Generally, TH is a 
biomarker of dopaminergic neurons (Weihe et al., 2006). As shown in 
Fig. 2A, aged mice had dopaminergic cell loss in SNpc compared to the 
young mice, which implies lower production of dopamine, a neuro
transmitter involving in movement, cognition, mood and reward 
(Vaughan & Foster, 2013). In addition to dopamine production, avail
ability of dopamine is controlled by DAT which plays a role in reuptake 
of extracellular transmitter into presynaptic neurons (Vaughan & Foster, 
2013). For this reason, DAT is often considered as a target for many 
diseases such as depression and Parkinson’s disease (Vaughan & Foster, 
2013). Additionally, DARPP-32 is a key target for dopamine signaling in 

striatal neurons and crucial integrator of dopamine and glutamate sig
nals (Fernandez, Schiappa, Girault, & Le Novère, 2006). Thus, our data 
implies that 6S can attenuate locomotion through promotion of dopa
mine metabolism and signaling in the neurodegeneration naturally 
occurred in senescence. 

In addition to motor deficits, the current study found that cognitive 
decline in the aged mice was attenuated by 6S treatment by measuring 
spontaneous alternation during Y-maze test (Fig. 1D). Moreover, the 
current study showed that 6S treatment improved hippocampal synaptic 
plasticity (Fig. 3). Synaptic plasticity plays a key role in learning and 
memory consolidation (Goto, 2022; Takeuchi, Duszkiewicz, & Morris, 
2014). Among the several molecules in synaptic plasticity, SYN is one of 
the major synaptic vesicle proteins sustaining presynaptic plasticity by 
regulation of synaptic structure and neurotransmitter release (Niu et al., 
2020). In addition to SYN, mGluR5 involves in synaptic plasticity as well 
by regulating glutamate-associated hyperactivity and postsynaptic 
excitatory synaptic transmission (Niu et al., 2020). In the current study, 
6S treatment significantly increased SYN expression in CA3:SL and 
mGluR5 expression in CA1:SO regions in the aged mice (Fig. 3). Thus, 
our data suggest that improvement of cognitive decline from 6S treat
ment was mediated by restoring senescence-induced impairments of 
synaptic plasticity in hippocampus. 

Next, the current study examined the effect of 6S administration on 
neuroinflammation which provides detrimental condition to the neu
rons toward neurodegeneration directly and indirectly (W. Zhang, Xiao, 
Mao, & Xia, 2023). Glial cells such as microglia and astrocytes are major 
immune cells during inflammatory process in CNS (Singh, 2022). When 
the microglia and astrocytes are highly activated, the cells produce 
substantial amount of pro-inflammatory cytokines including nitric 
oxide, interleukin (IL)-1 beta, IL-6 and TNF alpha which contribute to 
generate reactive astrocytes (also known as astrocytosis) and further 
microgliosis as well as cause synaptotoxicity and neurotoxicity (Singh, 
2022). Interestingly, when the microgliosis and astrocytosis remains 
uncontrolled, pathogenic proteins such as amyloid beta, alpha-synuclein 
and tau can be aggregated and accumulated in the CNS and conse
quently result in promotion of neurodegenerative diseases such as Alz
heimer’s disease and Parkinson’s disease (Singh, 2022; W. Zhang et al., 
2023). As proteinopathy in CNS cause further neuroinflammation, it is 
important to modulate neuroinflammation appropriately to stop vicious 
cycle of neurodegeneration and ensure healthy brain (Singh, 2022). In 
the current study, aged mice had microgliosis and astrocytosis in both 
striatum and hippocampus measured by Iba-1 and GFAP expression, 
respectively but 6S-treated aged mice showed lower Iba-1-positive and 
GFAP-positive cells in the CNS (Figs. 4 and 5). The data were in line with 
our previous researches elucidated that 6S reduced neuroinflammation 
induced by endotoxins or oligomeric form of amyloid beta (Ha et al., 
2012; Moon et al., 2014). Therefore, our data implies that the effects of 
6S treatment on aging-associated neuronal damages were also supported 
by its anti-neuroinflammatory attribute. 

Furthermore, the current study examined impact of 6S treatment on 
neurogenesis in the aged brain as shown in Fig. 6. In mammals, limited 
neurogenic brain regions such as SVZ and subgranular zone (SGZ) in 
hippocampus operate neurogenesis throughout life (Culig, Chu, & Bohr, 
2022; Kase, Shimazaki, & Okano, 2020). However, the number of neural 
stem cells (NSCs) or neural progenitor cells (NPCs) located in those 
neurogenic areas are decreased with advancing years (Culig et al., 2022; 
Seib & Martin-Villalba, 2015). Aged mice over 21 months had severe 
reduction of cells expressing doublecortin (DCX) which is a marker of 
immature neuroblasts in SVZ (Ahlenius, Visan, Kokaia, Lindvall, & 
Kokaia, 2009) and in SGZ (Yang et al., 2015). To evaluate effect of 6S on 
neurogenesis, the current study measured the number of DCX-positive 
cells in SVZ region where the largest pool of NSCs in rodents exists 
(Cutler & Kokovay, 2020). As shown in Fig. 6, aged mice had reduction 
of DCX + cells in SVZ region compared to the young mice. However, 6S- 
treated aged mice showed greater number of DCX + cells in SVZ region 
than the aged control group. Thus, the data suggests that 6S treatment 

Table 1 
Full fitness and estimated ΔG values predicted for ligands docked with p75NTR 
(3IJ2) by SwissDock.  

Proteina Full fitness (kcal/mol) Estimated ΔG (kcal/mol) 

3IJ2  − 3462.77  − 7.35  

a 4-character denotes PDB identifier or PDB ID. 
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can promote neurogenesis which might control the behavioral changes 
found in the aged mice accompanied with prevention of neuronal 
damages. 

Lastly, our group investigated the effect of 6S treatment on p75NTR 
expression in the brain (Fig. 7). As mentioned above, p75NTR plays a 
key role in the brain fitness in terms of synaptic plasticity, neuro
inflammation and neurogenesis in a negative way (Dechant & Barde, 
2002; Wong et al., 2021; D. Zhang et al., 2021). Indeed, aged mice and 
mice with neurologic disorders had higher expression of p75NTR 
(Manucat-Tan et al., 2019; Wang et al., 2011). Likewise, as shown in 
Fig. 7, the aged mice had significantly greater p75NTR expression in 
cortex and hippocampal CA3 region compared to the young mice. 
However, 6S administration substantially reduced p75NTR expression 
both in cortex and CA3 in the aged mice. Both data are in line with the 
results that the aged mice showed typical neurodegenerative features 
including more neuronal damages, less synaptic plasticity, higher neu
roinflammation and lower neurogenesis but 6S treatment repaired all 
the detrimental conditions. Similarly, a previous report demonstrated 
genetic and chemical normalization of p75NTR delayed the onset of 
motor deficits in rodent model of Huntington’s disease (Suelves et al., 
2019). Another group documented that p75NTR depletion inhibited tau 
phosphorylation and behavioral alteration in the tau-P301L transgenic 
mice (Manucat-Tan et al., 2019). Especially, our in silico data exhibited 
that 6S have high affinity to p75NTR (Fig. 8 and Table 1). Thus, the 
results imply that neuronal rejuvenating efficacy of 6S is mediated by its 
inhibitory effect on p75NTR. Additionally, 6S can be further considered 

as potent agent for any other human disease related to p75NTR 
expression such as schizophrenia, bronchial asthma and other autoim
mune disorders (Schor, 2005). 

5. Conclusions 

Taken together, the present findings provide the evidence that 6S can 
be a novel senolytic for brain senescence through attenuation of 
neuronal damages and neuroinflammation but promotion of synaptic 
plasticity and neurogenesis. Especially, this study is the first to 
demonstrate that 6S can normalize p75NTR expression in the aged brain 
which is potential target of brain rejuvenation. Thus, 6S has highly 
potential role in nutraceutical effects and treatment strategies for aging- 
related neurologic disorders. 
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